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PREFACE

Fluorescence microscopy plays an essential role in cell biology by allowing
visualization of specific molecular components of cells. The initial implementation
through immunofluorescence techniques transformed the cytoplasm from a gelat-
inous bag of enzymes into the highly organized cytoarchitecture that we appreci-
ate today. Methods for directly labeling proteins and successfully reintroducing
them into cells added a dynamic element, allowing specific chemical reactions,
such as polmerization/depolymerization, intracellular transport, and ligand bind-
ing, to be examined in living cells by time-lapse microscopy. The discovery
of GFP, the green fluorescent protein of the jellyfish Aequorea victoria, has
revolutionized experimental analysis of the dynamic molecular organization of
cells by reducing the methods required for fluorescently labeling proteins to the
techniques of molecular biology.

The beauty of GFP, aside from its brilliant green color, is that it has
established a universal method for introducing a fluorescent tag into nearly
any biological structure. GFP fusion protein technology is applicable to
essentially any protein, beginning with a gene, to visualize it in living cells.
At the cellular level, specific biological structures—membranes, spindles,
chromosomes, organelles—can be imaged using nonperturbing GFP-based
labels. Above the cellular level, GFP alone or as a fusion protein can be
used to mark populations of cells for experimental manipulation, to visualize
tissue organization, and to dissect cell lineage relationships. In short, GFP
has proven to be a tremendously versatile biological tool that has worked
its way into nearly all aspects of experimental biology in the scant four years
since its introduction.

This volume of Methods in Cell Biology contains a set of protocols for
work with GFP at several levels. Chapters 1-3 deal with GFP biophysics,
GFP variants, and quantitative imaging of GFP and provide a foundation for
thinking about GFP fluorescence and for building probes. The remainder of
the volume, Chapters 4-16, provide specific examples of GFP expression in
a variety of cell systems, including yeasts, plants, insects, and animal cells.
Many chapters focus on development and use of specific biological assay
systems and include details of the design and implementation of GFP-based
probes. Thus, the rationale for fusion protein design and cloning methods,
techniques for expression, microscopy and data collection, data analysis, and
other methods are discussed in several contexts. Other chapters detail specific
experimental techniques such as single-molecule fluorescence analysis, fluores-
cence resonance energy transfer, and flow cytometric applications of GFP. It
is our hope that this volume will serve as a source of specific protocols for

Xv
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researchers wishing to implement the methods described here, as well as a
guidebook that can help generate ideas on how to use GFP to solve new
experimental problems.
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CHAPTER 1

Biophysics of the
Green Fluorescent Protein

F. G. Prendergast

Department of Pharmacology
Mayo Graduate School
Rochester, Minnesota 55905

I. Introduction
II. Protein Folding and the Generation of This Chromophore
III. The Biophysics of the Fluorescence of GTP
IV. Resonance Energy Transfer Involving GFP
V. Summary
References

1. Introduction

Green bioluminescence has been known as a feature of marine coelenterates
for many years, but only in 1971 with the discovery by Morin and Hastings
(1971a) did it become known that the green color derives from an intrinsically
green fluorescent protein. Most of the early work to characterize this protein
was then done in the laboratories of Frank Johnson and Osamu Shimomura
(Shimomura and Johnson, 1975) and of John Blinks (Blinks ez al., 1978), who
studied the bioluminescence of the jellyfish Aequorea victoria and characterized
the tandem of proteins responsible for the light emission, namely aequorin and a
green fluorescent protein. Subsequently, Ward and Cormier (1978) characterized
another green bioluminescent system from the sea pansy, Renilla reniformis.
Although both systems evinced green bioluminescence and both had proteins
that were brilliantly green fluorescent evident on native polyacrylamide gels,
distinct differences in the bioluminescent processes were discovered early on. In
Aequorea, the bioluminescence per se derived from aequorin, a calcium-ion-
activated photoprotein that required no other exogenous cofactors for light

METHODS IN CELL BIOLOGY, VOL. 58
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emission (for review see Morie et al., 1976; Youvan and Larrick, 1996). Aequorin
luminescence was distinctly blue, and because the organism itself clearly emitted
green light only, there must be a process of energy transfer from aequorin
to the green fluorescent protein, at least in vivo. Interestingly, all attempts to
demonstrate such energy transfer in vitro have failed, as have attempts to show
physical interaction between aequorin and the green fluorescent protein of Ae-
quorea. The Renilla system was shown by the elegant work of Ward and Cormier
(1978) to be different. Bioluminescence derived from the action of a protein, a
luciferase, acting enzymatically upon a substrate, an imidazolopyrazinone, in
the presence of molecular oxygen. The light emitted from luciferase was then
transferred very efficiently via a Forster mechanism of resonance energy transfer
(RET) to a green fluorescent protein, the latter bound tightly to the luciferase.
Early on, the fluorescence emission spectra of both the Renilla- and Aequorea-
derived green fluorescent proteins were shown to be essentially identical despite
the differences in the bioluminescence processes of the parent organisms. Thus,
although the abbreviation GFP generally refers, for reason of popularity and
history, only to the protein from Aequorea victoria, on the basis of emission
spectra obviously it can be applied equally accurately to the green fluorescent
protein of Renilla, or for that matter to similarly fluorescent proteins from a host
of other marine coelenterates such as Mitrocomia (Halistaura), Phialidium, and
Ptilosarcus. However, there must be a caveat because there is not yet much
evidence published showing the measure of similarity or difference among all
of these green fluorescent proteins, especially with regard to their amino acid
sequences or tertiary structures.

The widespread occurrence of similar, or at least analogous, bioluminescence
processes in these marine organisms is peculiar. There are no simple explanations,
but the fact that the “substrate” for the Ca?*-activated photoproteins is chemi-
cally identical to the true enzymatic substrate for the enzyme luciferase (in
Renilla and presumably also in closely related species such as Ptilosarcus) and
the identity of the final green fluorescence emitted by these organisms is unlikely
to be simply coincidental. Given the apparently similar fundamental biophysical
processes underlying the fluorescence of GFP, comparisons of biophysical fea-
tures among the various organisms will inevitably raise some interesting ques-
tions, particularly if there are substantive differences in amino acid sequences
and molecular sizes for different natural green fluorescent proteins.

Shimomura (1979) was the first to show through a series of heroic experiments,
that the chromophore in GFP was covalently adducted and to speculate that this
chromophore probably arose from an unusual set of condensation and oxidation
reactions. Subsequently, Ward et al. (1993) published the correct structure of
the chromophore of BFP which largely corroborated Shimomura’s earlier struc-
ture and his speculation regarding the origin of the chromophore. It was left
to the molecular biology work of Prasher and co-workers (1992), however, to
demonstrate unequivocally that the visible green fluorescence must be genetically
encoded, the chromophore being derived from a -Ser-Tyr-Gly- sequence in the
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nascent protein. One has to suspect that those working earlier in the field had
failed to follow through with actual expression of the protein from recombinant
systems because they did not anticipate what was subsequently found. A priori
it seemed inevitable that the jellyfish employed some unique enzyme to synthesize
this unusual structure. Chalfie er al. (1994) did the seminal experiments to show
that the expressed protein (apparently) spontaneously turned green fluorescent,
an inference verified subsequently by Tsien and colleagues (Heim et al., 1994)
and (Kolb et al, 1996). The evidence is now conclusive that the chromophore
is formed autocatalytically by an unusual and unique series of reactions, all
occurring intramolecularly, the only exogenous agent needed being molecular
oxygen, which is required for a final oxidation step.

Many of these mechanistic details have been realized in the past few years
only, and with the elucidation of the tertiary structure of Aequorea GFP the
biophysical picture of this protein might be deemed largely complete. The princi-
pal purpose of this chapter is to show that this latter assumption is not justified;
many interesting questions regarding the biophysics of the green fluorescent
protein remain, questions which, if answered, may make this already remarkable
useful cell and molecular biology tool even more valuable as a probe.

II. Protein Folding and the Generation of This Chromophore

The tertiary structure of wild-type (wt) GFP and of selected mutants bearing
a limited number of amino acid substitutions (Ormd et al., 1996; Brejc and
Remington, 1997; Palm et al,, 1997; Yang et al., 1996) have revealed a unique
protein fold comprising primarily a tightly woven, 11-stranded B-barrel. There
are several short and distorted helical segments on one end of the cylindrical
structure and a central helical segment containing the imidazolidinone chromo-
phore, the plane of the latter being oriented at an angle of about 60° to the
symmetry axis of the cylinder (Ormd et al., 1996; Brejc and Remington, 1997,
Yang et al, 1996). This unusual structure has been called a “B-lantern” by
some, a “‘B-can” by ourselves. These seemingly trivial terms are actually usefully
descriptive, particularly if we consider the can to be closed on either end, creating
what Ormo et al. (1996) have termed a “‘completely encapsulated chromophore”
and describing a structure overall that, a priori, should be physicochemically
very stable either to the effects of denaturants or to the actions of proteases.
Ward and co-workers, in a series of very careful and detailed studies conducted
over many years, have shown that Aequorea GFP is indeed extremely stable to
such conditions (Levine and Ward, 1982; Ward et al., 1982; Ward and Bokman,
1982). Thermal denaturation results in essentially irreversible denaturation with
a Ty, of approximately (Ward and Bokman, 1982) but, as Ward and colleagues
have shown, GFP will show reversible denaturation in response to pH extremes.
Green fluorescence is completely lost upon protein unfolding and is regained
only when the protein refolds. This extreme sensitivity of the green fluorescence
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to solvent exposure is clearly valuable as a signal of regained tertiary structure
and hence a very useful indicator of tertiary structural perturbation of GFP itself.
However, the unusual B-barrel motif of GFP should not be ignored inasmuch
as it provides a useful, unique model of how proteins with this topology might fold.

Surprisingly little use has so far been made of GFP as a model for studying
the denaturation and renaturation of a predominantly 8-sheet protein. In fact,
the vast majority of folding studies have been done on proteins that are primarily
a-helical or of an a,8-motif. Such systems have substantially supported Kauz-
mann’s suggestion (1954) that the principal driving force for protein folding
is the thermodynamic advantage inherent in the sequestration of hydrophobic
residues in the interior of the protein away from solvent (water), which occurs
concomitantly with the equally advantageous thermodynamic circumstances of
having hydrophilic residues exposed to water. In recent years, evidence has
accumulated for the existence of folding ‘“intermediates’ in many, maybe most,
of the proteins studied to date. A “folding intermediate” is in effect a partially
folded structure intermediate between the presumably fully unfolded structure
and the fully folded structure, the latter defined as being replete with tertiary
interactions and solvent exclusion from the protein core (Kim and Baldwin, 1990;
Sosnick et al., 1994; Clark et al,, 1997). As Gierasch and colleagues have recently
discussed (Clark et al,, 1997), the folding of a B-sheet protein poses a different
problem, requiring as it does “‘concurrent formation of secondary structure and
native-like topology, since distant segments of the chain must approach one
another to form strand-strand contacts” (Clark et al,, 1997). These authors also
highlighted some of the key remaining questions regarding the folding of B-sheet
proteins, to wit: ‘“‘when does the native topology develop in the folding pathway;
do B-sheet proteins fold through ‘molten globule’ intermediates and, if so, what
is their structural nature; and when do the specific interactions that stabilize
the unique native state—such as hydrogen bonding—develop in the course of
folding?”’ (Clark et al., 1997). Although these questions are obviously generally
important for the folding of any and all 8-sheet proteins, they bear particular
significance for the biophysics of GFP, because it is now apparent that the
development of green fluorescence is critically dependent on the fidelity of pro-
tein folding.

Tsien and co-workers (Heim er al, 1994) have broached a plausible two-
step chemical mechanism for the intramolecular, autocatalytic formation of the
mature chromophore. This mechanism is depicted in Fig. 1. The evidence is good
and the chemical logic unchallengeable that the cyclization reaction occurs first.
Although mechanistically the reaction shown in Fig. 1 is reasonable, one has to
speculate the need for stringent steric relationships to facilitate attack of a poorly
nucleophilic amido nitrogen (of Gly-67) on the equally poorly electrophilic pep-
tidic carbonyl group of the Ser-65 moiety. Since either Ser-65 or Tyr-66 can be
replaced with other amino acids, even amino acids bearing bulky side chains,
with retention of the ability to cyclize, this implies that side chain (protein matrix)
packing around the site of the reaction is not critical. For application of the
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Fig. 1 Proposed scheme for the autocatalytic formation of the p-hydroxybenzylidene-
imidozolidinone chromophore of Aequorea GFP taken from Heim et al. (1994).

reactants, however, the secondary fold is critical and the available evidence
indicates strongly also that the nascent protein must complete at least an initial
tertiary structure before cyclization can occur. Thereafter, the changes in configu-
ration attending the formation of the imidazolidinone ring almost certainly re-
quire further secondary or tertiary structural accommodation, but there are as
yet no experimental data to substantiate this speculation and such experimental
evidence will be hard to acquire. These arguments gain credence from the fact
that there are other proteins with the -Ser-Tyr-Gly- sequence that are not green
fluorescent; a priori there is nothing inherently special about this sequence, which
by itself can confer no unique conformation sufficient to promote the cyclization
(condensation) reaction.

There are additional structural considerations. For example, the cyclization
reaction portrayed in Fig. 1 would not proceed efficiently in the presence of
water. As Remington and co-workers have discussed (Ormo et al., 1996; Brejc
and Remington, 1997), the X-ray structure of native GFP shows that the chromo-
phore is inaccessible to bulk water. Admittedly, these assessments are based on
the mature protein, but, as was noted earlier, it is improbable that the nascent,
folded protein can have a substantially different structure. The water formed as
a consequence of the condensation reaction either would then have to be expelled
or conceivably could become one of the “‘structural” water molecules accommo-
dated in the adjacent large cavity described by Ormo et al. (1996). Further, it is
not known whether formation of the imidazolidinone requires catalytic assistance
of as yet unidentified amino acid side chains as potential activating aides either
for the amido nucleophile or for the (assumed) electrophilic carbonyl.
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The conclusion may thus be drawn reasonably that the conformational circum-
stances promoting the (putative) first reaction in the generation of the GFP
chromophore are at least unusual and probably unique. Unfortunately, spectro-
scopic probing of this reaction will be difficult because there is no simple or
unique spectroscopic signal attending the reaction. The carbonyl functionality
of the imidazolidinone would have a good IR signature, but that signal would
almost certainly be buried by the much larger absorbance bands from the many
other (peptidic) carbonyl moieties. However, in principle, NMR experiments
could shed light on the process. In reality, it might be impossible to isolate the
protein prior to formation of the imidazolinone or to slow the reaction sufficiently
to allow spectroscopic analysis, and in any event the protein is close to the upper
molecular weight limit for NMR analysis using the techniques in common usage
today. Molecular biology manipulation of the amino acid sequence could provide
some interesting approaches to the problem, especially if mutants that fold
“normally” but are unable to promote the cyclization could be found. Such
mutants could then be gainfully studied at leisure by use of crystallography and
a variety of spectroscopic techniques.

Green fluorescent protein appears to be remarkably impervious to molecular
oxygen. The —C=N — double bond of the imidazolidinone moiety formed as a
result of the condensation reaction would promote spontaneous dehydrogenation
(oxidation) of the C,-C; bond of the adjacent Tyr-66 moiety, a reaction that
would be driven by the stability gained from the resulting conjugation. As Heim
et al. (1994) have pointed out, imidazolidin-5-ones are known to ‘‘undergo autoxi-
dative formation of double bonds at the 4 position (Kjaer, 1953; Kidwai and
Devasia, 1962).” Molecular oxygen is known to be the requisite oxidant, and
the reaction is known to be slow. (Because the product is green fluorescent, the
kinetics of oxidation is easily followed.) This reaction with molecular oxygen
appears to be the rate-limiting step for the appearance of green fluorescence
both in vitro and in vivo, and the reaction in vitro is often incomplete as evidenced
by the existence of unoxidized GFP molecules in purified preparations of the
recombinant protein. Admittedly, the kinetics of oxidation as reflected in the
appearance of green fluorescence could reflect the intrinsic slowness of the chemi-
cal reaction, not necessarily the rate of diffusion into the protein matrix. However,
oxygen quenches the fluorescence of Aequorea GFP very poorly, the apparent
bimolecular diffusion constant (k) for oxygen quenching of the green fluores-
cence being <10® s~!. Lakowicz and Weber (1973a,b) showed more than two
decades ago that oxygen could quench the fluorescence of Trp residues in pro-
teins, even for Trp residues whose side chains were apparently deeply buried in
the protein matrix, seemingly inaccessible to water, often with k, values >10°
s”! for oxygen quenching. The most straightforward interpretation of those data
was the existence of nanosecond fluctuations in the protein matrix structure of
sufficient amplitude to allow access of oxygen (probe radius 1 - 4 A) directly to
the fluorophore, whereupon there was collisional quenching of the fluorescence.
There are complications to this interpretation occasioned by the paramagnetism
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of ground-state oxygen, which raises the possibility that actual collision between
oxygen and the fluorophore may not be necessary for the quenching of Trp
fluorescence in proteins, especially if oxygen adsorbs weakly to the protein matrix.
That problem notwithstanding, in general the inference of Lakowicz and Weber
regarding fluctuations in protein structure seems reasonable, whence our conclu-
sion of the relative inaccessibility of the chromophore in GFP to molecular
oxygen. The most straightforward inference is that this protein is conformation-
ally rigid, whence the poor penetrance of molecular oxygen. It should be noted
that in an extensive study of the ability of oxygen to quench fluorescence we
ourselves have not found a single fluorophore whose fluorescence is insensitive
to oxygen'’s effects (Prendergast, P. G. unpublished data).

Despite the logic of these arguments, they should not be taken too far. For
example, the double bond of the dehydrotyrosine moiety is susceptible to reason-
ably facile reduction by agents such as dithionite, a relatively weak reductant,
with loss of green fluorescence. The structural pathway for access of the reducing
species to the reactive double bond can only be guessed at but is unlikely to
involve any sort of global conformational changes in the protein. The reduced
protein is also quite easily reoxidized, a finding that has been exploited for
studying the kinetics of oxidation in vitro. It is also known that the kinetics of
the “‘greening” process can also be accelerated, at least in vivo, by selective
amino acid substitutions, which could alter “oxygen accessibility” to the incipient
fluorophore and hence be the agent of accelerated oxidation. Palm et al. (1997),
however, have offered a different explanation for how some mutations might
affect the yield of soluble mature GFP, for example, for the F64L and V163A
mutations. The crystal structure of wt GFP shows no close contacts for the side
chains of either F64 or V163, which led Palm et al. to suggest that their replace-
ment with sterically less bulky amino acids is advantageous, not so much for the
mature protein but by promoting more rapid and efficient folding of the nascent
protein or for crucial, but unidentified, conformational steps in the formation of
the chromophore. Palm et al. suggest that the overall protein fold constrains
residues 57-71 to facilitate fitting this segment into the B-barrel and to ensure
the strained conformation of the -Ser-Tyr-Gly- sequence necessary for apposition
of the reactive moieties needed for the cyclization reaction. Their argument goes
further, namely, that the increased free volume afforded by the F64L and V163A
mutations eases the closing of the 8-barrel during protein folding. These specula-
tions are credible and offer a very different model for how the kinetics of
~hromophore formation may be controlled substantially by protein folding and
not be dominated by accessibility to oxygen. The hypothesis also suggests that
whereas some bulky side chain substitutions are apparently readily accommo-
dated (e.g., Y66W), others may not be.

All of these considerations suggest a host of experiments that might yield
fruitful information on the biophysical properties of GFP. Despite GFP’s rela-
tively high molecular weight and what was said earlier about the use of multidi-
mensional NMR, exciting new techniques (Ottiger et al., 1997; Pervushin et al.,
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1997) offer high promise for the easier application of NMR to solution structure
determination of proteins even larger than GFP. Also, there is no substantial
barrier to the use of NMR relaxation measurements for studying the dynamics
of GFP. Moreover, from the host of recombinant mutants that have already
been made, the protein is obviously conformationally very tolerant of sequence
changes, suggesting a variety of experiments that could be done by a combination
of selective amino acid substitutions and selective isotopic enrichment. Molecular
dynamics simulations would also be useful, although the high molecular weight
would make simulations computationally expensive. However, we could gain
some insight into the conformational fluctuations occurring in the vicinity of the
chromophore, particularly as these might relate to the dynamics of water into
and out of the protein and possible pathways of oxygen access. Molecular mechan-
ics and other simulations such as minimum perturbation mapping (Haydock,
19 ) Branchini et al., (1997) might also be useful to probe likely conformational
states of amino acid side chains believed to play roles in the proton transfers
posited to be key to the fluorescence properties of wt GFP and GFP mutants.

One final comment: As noted earlier, several coelenterates emit essentially
identical fluorescence from GFPs. We know that the chromophores of Renilla
and Aequorea GFP are structurally identical. The temptation is to speculate that
all green fluorescent proteins will be at least highly homologous in sequence
given the structural stringencies required, first for autocatalytic production of
the fluorophore and second for the fluorescence emission of the proteins. Yet,
there is no published evidence to substantiate such a speculation, and our own
admittedly incomplete work on the sequence of the GFP of a close relative of
Renilla, namely Ptilosarcus GFP, suggests an amino acid sequence very different
from that of Aequorea GFP (Homer, M., and Prendergast, F. G., unpublished
data). The implications of such a result are clear and underscore the need for
determination of the amino acid sequences of several GFPs.

III. The Biophysics of the Fluorescence of GFP

During the past few years, especially since 1994, a great deal has been learned
and much has been written regarding the physicochemical mechanisms underly-
ing the fluorescence of GFP. This veritable explosion of information has been
catalyzed by the availability of the tertiary structure. The latter has been particu-
larly valuable for those interested in structure-driven site-directed mutagenesis
in their quest primarily for mutant proteins with altered excitation or emission
spectra, or to find proteins that develop their green fluorescence more efficiently
in vivo than does the wild type. In this brief review, some duplication of informa-
tion with other articles in this volume is unavoidable. The principal objective
here, however, is a critical review of what we believe we understand of the
photophysics of the p-hydroxybenzylideneimidazolidinone chromophore of GFP.
The intense green fluorescence of this imidazolidinone in the folded green fluo-
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rescent protein stands in stark contrast to the virtual absence of fluorescence in
the denatured protein or for the isolated chromophore dissolved in any and
every solvent so far tested. The loss of fluorescence for solutions of the chromo-
phore occurs simultaneously with marked changes in its absorption spectrum,
the latter being also strongly dependent on pH. Under acidic conditions the
absorption wavelength maximum is approximately 384 nm, whereas upon base
denaturation (pH > 12) the absorption maximum is at 447 nm. These absorption
changes, ably described by Ward and Bokman (1982), are now known to presage
the prominent role of proton equilibria in the photophysics of GFP. They can
be understood generally from examination of the structure of the chromophore.

There are clearly two principal sites of potential pH sensitivity, namely the
phenolic hydroxyl and the imino nitrogen of the imidazolidinone ring. Under
the basic conditions described earlier an anionic form comprising a ground-state
phenolate and an unprotonated nitrogen would exist. Under acidic conditions
(pH < 4) the aromatic (phenyl) side chain would exist as the phenol and the
iminonitrogen might be cationic. The tautomeric equilibria will depend, there-
fore, on both pH and the solvent employed. Quantum mechanical evaluation of
transition energies and hence of the likely pH-induced absorption spectral shifts
should be tractable, particularly for the (simulated) chromophore dissolved in
polar solvents such as water. Calculations of this sort would be especially valuable
for investigating how torsional motions of one ring about the other (i.e., motions
that distort coplanarity might affect the absorption spectra and fluorescence
emission and also what effect there might be from the simulated “solvent”
environment created by the protein matrix. These are important questions be-
cause it is not evident, a priori, why the fluorescence quantum yield of the
chromophore in solution is so low. The most tempting rationalization is rapid
deactivation of the excited state by loss of planarity consequent on ring mobility,
motion that is restricted in the folded protein by steric factors (packing) and
(possibly) by electrostatic constraints. It would be interesting to study the spectral
properties of synthetic analogs of the chromophore dissolved in highly viscous
media or as inclusions in cyclodextrins to determine if fluorescence can in fact
be evoked in solution by constraining ring mobility.

The fluorescence of native GFP understandably has been the object of intense
interest. From a strictly spectroscopic perspective, two recent papers stand out,
namely those of Chattoraj er al. (1996) and Lossau et al. (1996). These authors
employed femtosecond and picosecond transient absorption and time-resolved
fluorescence methodologies to probe the photophysical processes of wt GFP and
mutants thereof. One of the principal objectives was to explain the appearance
of the two absorption maxima of wt GFP at 398 and 478 nm, respectively,
compared to mutants showing one or other of these absorption maxima but not
both. As Chatteraj et al. (1996) argue, these two excitation bands could derive
from transitions between a single ground state and first and second excited singlet
states of a single chromophore or could indicate the existence of separate species
in the ground state capable of interconverting in both ground and excited states.
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Recalling the tautomeric possibilities discussed earlier, one may readily imagine
the plausibility of the second possibility raised by Chattoraj et al. (1996).
Forster discovered the photolylic reaction depicted by the scheme

RH hy N RH* R R_* + H+,

where RH represents the protonated ground state species, RH" is its excited-
state counterpart, and R™" is the excited-state anion created by proton transfer
in the excited state. As Lossau et al. (1996) have discussed, photolytic protein
transfer is a classic feature of phenol photophysics. Phenolic hydroxyls are acidic
because of the participation of one of the lone pairs on the oxygen (in a 2p;
orbital) with the aromatic 7-system. (This in part also explains the chemical
reactivity of the ortho and para positions of the phenyl ring and the proclivity
of phenols to be transformed into quinonoid structures.) Upon photoexcitation
the 7—7" transition originating in the phenyl ring causes substantial loss of electron
density on the phenolic oxygen, which translates into increased acidity of the
phenol in the excited state compared to the ground state. If there are good
proton acceptors in the surrounding solvent or in the protein matrix adjacent to
the phenol, then formal proton transfer from the phenol is facilitated to create
a cationic acceptor and the anionic phenolate. Fluorescence emission spectrum
may thus occur from the protonated species, from the phenolate anion, or from
both, depending on the kinetics of interconversion between the two forms and
also on whether the phenolate can be stabilized long enough for emission to occur.

From first principles, therefore, there is every reason to believe that such
processes would be likely for the GFP chromophore, providing that the protein
matrix affords facile intramolecular proton transfer. The experiments of Chat-
toraj et al. (1996) and later of Lossau et al. (1996) show almost unequivocally
that the excitation spectra of wt Aequorea can indeed be rationalized in terms
of a ground-state phenol form absorbing maximally at 398 nm and a phenolate
form with maximal absorbance at 377 nm. These authors have summarized the
evidence particularly well. Their analysis is given next.

They noted first the sensitivity of the related intensities of the visible absorption
maxima of GFP to a host of physicochemical conditions, including pH, tempera-
ture, ionic strength, protein concentration, and exposure to light. Changes in any
of these properties evoke continuous shifts in the absorption spectra, with distinct
isobestic points indicating at least two interconverting ground-state forms. As
Chattoraj et al. (1996) point out, the ground-state energy barrier to interconver-
sion of the two forms must be quite high given the slowness of reversion of the
absorption spectrum to the usual spectrum subsequent to UV-photo excitation.

Picosecond spectroscopic measurements of the rise and decay of GFP fluores-
cence showed clearly that the electronic state created by excitation of the higher
energy band at 398 nm undergoes nonradiative decay to a second electronic
state whose emission is at lower energy and is subject to a substantial deuterium
isotope effect. The final scheme proposed by these authors from studies at room
temperature and at 77° K suggested a rather complicated set of unidentified
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intermediate forms to explain spectroscopic data obtained on the protein in a
77° K glass. The scheme proposed to explain the existence of these intermediates
(Fig. 7 of Chattoraj et al., 1996) is plausible, but experimental validation will be
hard to come by, and one also has to be concerned that the data recovered from
up-conversion spectroscopy could be tainted by the effects of the unavoidably
high excitation powers used. Chattoraj ef al. also proposed that excited-state
solvation is a principal determinant of at least some of the kinetics observed,
the “solvent™ in this instance being defined as comprising elements of the protein
matrix. These determinations of the kinetics of light emission in GFP corroborate
the hypothesis of the key role of proton transfer in the fluorescence process.
The tertiary structure of GFP combined with the detailed fluorescence spectro-
scopic studies of Lossau et al. (1996) subsequently provided added insight into
the role of both ground-state and excited-state proton transfer—abbreviated
ESPT by Lossau et al. (1996)—on the fluorescence process. Their conclusions
are summarized well by the Forster cycle depiction (Fig. 12 of Lossau et al,,
1996), which is duplicated in Fig. 2. Fundamentally, excitation into the high-
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Fig. 2 Proposed protonation states and partial hydrogen bonding patterns for the chromophore
in GFP—after Palm et al. (1997).
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energy (398 nm) band promotes the chromophore into an excited state with
initial retention of the phenolic proton (RH). The extensive H-bond network
inferred from crystallographic data (Ormé et al., 1996; Brejc and Remington,
1997), and particularly hydrogen bonding of the hydroxyl proton either to the
nitrogen of His-148 or via bridges to Glu-222, facilitates proton transfer—within
6 ps of excitation—to yield the phenolate (anionic) excited state. This latter
state emits light at 510 nm with a fluorescence lifetime of 3.3 ns, the typical
fluorescence lifetime measured for GFP in crystals (Palm et al., 1997) or in simple
aqueous solution. Examination of the extensive hydrogen-bonding network in
the vicinity of the chromophore shows that it comprises both elements of the
protein matrix and water molecules embedded inside the protein. Given the
inevitable existence of protein dynamics occurring on the same time scale as the
initial proton-transfer events, the proton initially transferred from the phenol
need not reside on any particular residue but could be moved around within the
network, the excited state union being stabilized by a reorganization of the H-
bonding pattern within the protein matrix and including water molecules. This
is schematically depicted in Fig. 3, taken from Palm et al. (1997).

From such a scheme it should be apparent that mutation of one or more of
the potential donors or acceptors could have a substantial effect, depending on
how overall proton exchange within the network is affected, and also could alter
the stability of the putative anionic form of the chromophore.

The complexity of the presumed network is striking, so much so that precise
definition of the path taken by a proton abstracted from the excited state of the
chromophore is not really tenable. The arguments of Brejc et al. (1997) for a
primary role for the carboxylate of Glu-222 in the photophysics of GFP are
intrinsically reasonable, but others, notably Lossau et al. (1996) and Palm et al.
(1996) have equally strong arguments in favor of a key role for His-148, nor
does it seem, a priori, that the question can be answered trivially by site-directed
mutations given the seeming adaptability (malleability) of the network. The large
deuterium isotope effect reported by Chattoraj et al. (1996) suggests strongly
that there are multiple proton transfer steps, but the simple reality is that there
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Fig.3 Schematic depiction of Férster cycle proposed by Lossau et al. to rationalize GFP photophys-
ics inferred from time-resolved fluorescence intensity decay data.
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is as yet insufficient evidence to support the precise patterns of proton movement
in the network.

These arguments are not meant to dissuade further study of the effects of
mutations on both the excitation and emission spectra of GFP. Quite the contrary.
Palm et al. (1996) have suggested several mutations that could yield considerable
insight into the motions of protons in the pocket and regulation of the excited-
state behavior of the GFP chromophore. For example, His-148N and E222Q
mutations would retain H-bonding capability but negate proton transfer, whereas
S205A or S205V mutations, they suggest, should prevent transformation of the
protonated (neutral) chromophore to the deprotonated anionic chromophore.
All of these possibilities focus only on the protonation of the phenolic moiety
and generally ignore either the possible protonation of the imino nitrogen or
the possible role of GIn-94 and Arg-96 in stabilizing the enolate (resonance)
form of the chromophore (Fig. 4). It is important to realize that conjugation
extends from the p-hydroxybenzylidene moiety to either the imino nitrogen or
to the carbonyl group of the imidozolidinone rings and hence that it is trivially
possible to delocalize charge from the phenolate to the carbonyl. This possibility
was raised by Heim et al. (1994) and by Lossau et al. (1996) but was not discussed
to any extent. This is a surprising omission because the enolate (quinonoid) form
would have red-shifted absorption and yellow-green fluorescence, and could have
its negative charge substantially stabilized by the cationic Arg-96 aided, through
hydrogen bonding, by Glu-94. The effects of site-specific mutations involving
both of these residues would therefore be interesting. We should also note here
that a quinonoid structure is feasible for the Y66H mutant providing that there
was either formal proton transfer from the histidyl moiety (e.g., to Glu-222) or
some way to stabilize a cationic resonance form of the imidazole side chain,
again possibly employing the Glu-222 carboxylate.
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Fig. 4 Simplified schematic depicting possible mechanism for generation and stabilization of
enolate form of GFP chromophore.
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The arguments regarding the potential malleability of the H-bond network in
the kinetics of proton transfer and our proposed indeterminacy of precise proton
transfer paths notwithstanding, it is clear that several amino acid substitutions
do profoundly affect the stability of the emitting state and could also ensure a
“permanent” ground-state phenolate and thereby a shift of the excitation
(ground-state or absorption) maximum to lower energy such as in the red-
shifted mutants of Youvan and colleagues (Delagrave et al., 1995). The results
of Delagrave et al. (1995), for example, show that mutations of amino acid
residues other than proton active species can also effect substantial red shifts in
the absorption spectrum of GFP. One of the most striking is the mutant denoted
RSGFP4 (Delagrave et al., 1995) which contains the sequence for residues 64-69
MGYGVL, compared to FSYGVQ for Aequorea GFP, which has an absorption
maximum of 498 nm, strikingly similar to the absorption maximum for Renilla
GFP. However, not only is the absorption maximum red shifted, it now shows
essentially mirror image symmetry with the fluorescence emission, an unusual
finding for a protein-bound fluorophore. Such symmetry indicates that the nuclear
configurations of the ground and excited state are identical, and implies strongly
not only a well-stabilized ground-state form but also that the chromophore is
held with both rings rigidly coplanar and is incapable of changing its physical
form in its excited state. The most probable rationalization is that there is more
dense packing around the chromophore in RSGFPU occasioned by the amino
acid substitutions and a stabilized, static hydrogen-bonding network supporting
the anionic form. Surprisingly, to this date the tertiary structure of this mutant
has not been solved, nor unfortunately has either the sequence or the crystal
structure of Renilla GFP been determined. Irrespective of the final sequence
identity between FSGFP4 and Renilla GFP, one may predict reasonably confi-
dently a strong similarity between the environments of the chromophores in the
two proteins.

Finally, although we have obviously come a long way in our understanding
of the basic processes underlying GFP fluorescence, there clearly are many
unanswered questions and hence many opportunities for further study. Some of
these have been either alluded to or described in the earlier discussions.

There is no easily discernible experimental approach to determining precisely
how deuteriation affects GFP photophysics and what role may be played by the
dynamics of protein matrix-embedded water molecules. It has already been noted
above that of the water molecules evident in the X-ray crystal structure, several
seem to be playing ““structural” roles and hence will exchange very slowly; others
form parts of the H-bond network but it is impossible a priori to predict local
residency times or exchange rates either within the chromophore “pocket” or
with bulk water. Absent such information, the role of water in any ‘‘solvent
relaxation” is highly speculative, albeit a rational notion. Unfortunately, specula-
tion based on water dynamics in other proteins is probably of little value. Water—
protein interactions are best evaluated for each individual protein, generalizations
being most tenable only for water molecules demonstrably capable of exchanging
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with bulk water, whence similar exchange rates can be reasonably predicted
from one protein to the next. Computer simulations of water dynamics might
provide useful insight, and one also can conceive of interesting NMR experiments
that might reveal the accessibility of water to and assess semiquantitatively the
dynamics of water in the chromophore binding region of GFP. Molecular dynam-
ics simulations would also be interesting to probe for potential energy barriers
to proton migration and to evaluate the validity of the speculation that the slow
recovery of the 398-nm absorption band after light excitation is indeed due to
a large energy barrier hindering rotation of the side chain of Thr-203. In our
view, the tertiary structure by itself does not show a compelling reason why
rotation of Thr-203 should present a barrier large enough to justify the very slow
conversion shown by Chattoraj et al. (1996). It would obviously be useful to
measure the height of this barrier. This could be achieved at least to first approxi-
mation by determining the temperature dependence of the spectral change.

Lossau et al. (1996) have discussed the nonexponential decay of the excited
protonated state (RH” in their notation). For the wt protein this can be reasonably
explained by the high probability of variable proton transfer paths and rates
mediated by the extensive hydrogen-bonding network, but this explanation does
not work for the mutants with blue-shifted excitation. The view of Lossau et al.
(1996) is that this phenomenon may reflect dipolar relaxation processes, but
there is as yet little experimental evidence to support this suggestion.

IV. Resonance Energy Transfer Involving GFP

The most dramatic display of energy transfer involving GFP is in vivo green
bioluminescence. For Renilla and bioluminescence, the careful experiments of
Ward and Cormier (1978, showed unequivocally some form of resonance energy
transfer. The high efficiency of the process in Renilla appears to be attributed,
at least in part, to the high-affinity complex formed between the bioluminescing
luciferase and the GFP. What is not clear is whether the energy transfer occurs via
a Forster-type mechanism or through a Dexter-type process from the chemically
excited luciferin to the GFP. By analogy, energy transfer in vivo in Aequorea is
also resonance determined. It is not due to trivial transfer (i.e., not due to simple
reabsorption of the blue chemiluminescence emitted by aequorin followed by
reemission as green fluorescence). For the aequorin—Aequorea GFP tandem the
overlap integral defined by the blue bioluminescence and the two absorption
bands of the GFP is optimal. Interestingly, this overlap is less ideal in the Renilla
bioluminescent tandem because of the relatively red-shifted excitation spectrum
of Renilla GFP. Energy transfer could be made very efficient in both systems
by perfect alignment of the respective energy donor and acceptor transition
moments and by minimizing the separation distance between donor and acceptor
chromophores. It would be interesting to construct an aequorin-Aequorea GFP
fusion protein to determine whether bioluminescence energy transfer can be
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detected for this system in vitro, although there is no reason, a priori, to believe
that such transfer would not occur given the in vivo result.

Aequorea GFP has a single tryptophan residue but displays no tryptophan
fluorescence. The tertiary structure reveals that both chromophores are separated
by about 15 A and are essentially coplanar. Given the relatively tight packing
around both the indole and the GFP fluorophore, hence the essential immobility
of the two moieties, the orientation factor is optimized, and with absorption
bands at 398 and 477 nm for wt Aequorea GFP, inevitably so is the overlap
integral. In other words, conditions are ideal for fluorescence resonance energy
transfer from the Trp to the green emitting chromophore, hence the total quench-
ing of intrinsic Trp fluorescence in the native GFP. This is a very useful spectro-
scopic signature because appearance of Trp fluorescence must then imply either
structural changes in the protein or substantial changes in the excitation absorp-
tion spectrum of the acceptor.

V. Summary

It is almost certainly a truism that interpretation of the fluorescence of a protein
matrix-embedded chromophore in terms of the physicochemical character of
its environment requires that the tertiary structure of the protein be known to
high resolution. This reality derives from the complexity of the photophysics of
most fluorescent molecules, complexity that reveals the imperfections of available
theory. The accuracy of these dicta is highlighted by the biophysical properties
of the green fluorescent protein now being so elegantly elucidated from the
application of X-ray crystallography, ultrafast optical spectroscopy, and site-
specific mutagenesis. Despite the mass of recent data, however, the physicochemi-
cal basis of the green fluorescence cannot be regarded as having been fully
defined, nor has the role of protein folding in chromophore formation been
solved. In addition, GFP consistently yields surprises typified by the recent experi-
ments of Vanden Bout et al. (1997) on the fluorescence of single molecules mutant
(T203F and T2034) GFPs, which showed unique reversible photobleaching and
were whimsically termed ‘“blinking molecules” by Moerner (1977). Given the
apparent malleability of the GFP sequence and the sensitivity of the chromo-
phore’s photophysics to a broad spectrum of physicochemical factors, it is inevita-
ble that additional useful and intriguing biophysical properties will emerge from
the study of other mutants. Although on the surface it may seem mundane,
determination of the amino acid sequence and tertiary structures of the GFPs
from other coelenterates is quite likely to provide very useful insights into the
biophysical bases of both protein folding and the green fluorescence per se.
Finally, a broader set of spectroscopic techniques need to be applied to the study
of GFPs, and future fluorescence examination should include measurements of
transient absorption and fluorescence emission anisotropy decays.
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I. Introduction

The green fluorescent protein (GFP) from Aequorea victoria is one member
of a small but important class of proteins that exhibit strong visible fluorescence
without the requirement of cofactors or other enzymes. The in vivo function of
GFP is to convert the blue light emitted by the photoprotein aequorin to green
light. By doing so it is believed to increase both the efficiency of light output by
aequorin and the transmission of the light in the ocean (Prasher, 1995). Learning
more about the physiological role of GFP and its interaction with aequorin could
help us to understand how to create mutants that exhibit efficiency energy transfer
and how to effectively control dimerization.

The interaction of GFP with aequorin is readily reversible (Morise et al., 1974)
and is stabilized by high protein and salt concentrations, conditions likely to be
encountered within the light-emitting organelles of Aequorea victoria. Both GFP

METHODS IN CELL BIOLOGY, VOL. 58

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved. 19
0091-679X/99 $25.00



20

Andrew B. Cubitt ef al.

(Yang et al.,, 1996) and aequorin (Prendergast and Mann, 1978) can dimerize
under appropriate conditions, and it is the dimerized forms that are believed to
interact. The molecular details of the interaction of aequorin with GFP are
unknown, although it has been suggested that a C-terminal hydrophobic patch,
deriving from amino acids 206, 221, and 223 (Yang et al., 1996), or a stretch of
negative electrostatic potential (Brejc et al., 1997) could be plausible interac-
tion domains.

At least nine isoforms of GFP have been identified from preparations of
purified protein prepared from mixed populations of jellyfish collected at Friday
Harbor, Washington (Tsien and Prasher, 1995). In the case of aequorin, five
isoforms have been identified from a single Aequorea circumoral ring, suggesting
that heterogeneity also exists within individual jellyfish (Charbonneau et al,
1985; Prasher et al., 1987). Although the significance of the heterogeneity of both
GFP and aequorin has largely been ignored, it is possible that it favors the correct
association of GFP with aequorin. At least one site of heterogeneity in the
Aequorea-derived GFP nucleotide residues occurs at a position involved in GFP
dimerization (Yang et al., 1996). Isoform variation at this position (172) was split
between positively and negatively charged amino acids, which would favor the
selective association of different isoforms.

II. Structure

The crystal structures of a number of GFP mutants have been described,
including wild-type GFP (Yang et al., 1996), S65T (Ormo et al., 1996), BFP
(Y66H, Y145F) (Wachter et al,, 1997), and T203Y, S65G, S72A, V68L (10C)
(Remington, personal communication). The main structural features of GFP are
very well conserved between these mutants, even though they have quite dissimi-
lar spectral properties. GFP resembles a cylinder with a diameter of about
24 A and a length of 42 A, and has a tight, well-packed structure that lacks any
large extended loop domains (Ormo et al, 1996). The cylindrical fold of the
protein is made up of 11 strands of B-sheet, which provide a regular pattern of
hydrogen bonding, within which the chromophore is buried. The chromophore
is located half way along the central stretch of irregular a-helix close to the
geometric center of the cylinder (Fig. 1, see color plate). Small sections of a-
helix also form caps on the top and bottom of the cylinder to directly protect
the chromophore. The cavity containing the fluorophore has a number of charged
residues in the immediate vicinity of the chromophore and also contains four
water molecules that are important in establishing a hydrogen-bonding network
around the chromophore. This network is probably critical in establishing the
spectroscopic and dynamic photochemical properties of GFP. The B-sheets that
make up the cylinder of GFP are separated slightly along the face of the cylinder
in which the chromophore faces (comprising residues 145-150 and 164-169).
The significance of this feature is not yet known, although it corresponds in part
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to the dimerization domain of wild-type GFP. Dimerization was also evident in
the crystal structure of the T203Y mutant 10C and BFP, but not that of S65T.
In the case of wild-type GFP, dimerization involved two main interaction areas,
around amino acids 142-151 and 200-208; additionally, a number of more isolated
contacts were identified (Y39, R168, N170, E172, L221, and F223) (Yang et
al., 1996).

Despite the identification of the dimerization contacts and direct verification
of dimerization in crystals of GFP, we still have relatively little idea how easily
different GFP mutants dimerize in free solution. Developing such an understand-
ing is critical for the use of GFP mutants in protein localization and tagging
experiments. Many mutations that improve the ability of GFP to fold efficiently
at 37°C may do so by replacing hydrophobic protein association contacts, with
less-hydrophobic substitutions potentially changing the ability of the protein to
dimerize. For example, Yokoe and Meyer (1996) observed an almost 10-fold
difference in translational diffusion between an optimized GFP mutant (F99S,
M153T, V163A Crameri et al., 1996) and wild-type GFP when expressed within
mammalian cells. However, these authors did not measure the relative diffusional
coefficients in buffer, so it is not possible to determine if the differences were
due to dimerization or collisional interactions of GFP with macromolecular
structures. An independent study determined the translational diffusion of wild-
type GFP in aqueous buffer as 8.7 X 1077 cm? - sec™! (Terry et al., 1995), a value
identical to that determined for S65T (Swaminathan et al., 1997). This mutant
exhibited only a 1.5-fold change in translational diffusion coefficient when mea-
sured in saline and within the cytoplasm of cells, suggesting that translational
diffusion may vary dramatically between mutants.

III. Chromophore Formation

The correct folding of GFP requires three distinct physical processes, the
attainment of the correct three-dimensional structure, cyclization of the chromo-
phore, and oxidation of the cyclized intermediate. Available evidence, based on
kinetic (Heim et al., 1994; Reid and Flynn, 1997) and mass spectra data (Cubitt
et al., 1995), is consistent with the idea that cyclization occurs prior to oxidation
of the chromophore. The mechanism of fluorophore formation is speculative,
but is believed to proceed through nucleophilic attack of the amino group of Gly-
67 on the carbonyl carbon of Ser-65 to form a five-membered ring (imidazolinone)
intermediate (Heim ez al., 1994). This process probably proceeds through a large
number of cooperative interactions that help to distort the central a-helix, thereby
moving Gly-67 close to the carbonyl of Ser-65. Ring closure, and the elimination
of water, is probably activated by interaction of Arg-96 with the carbonyl oxygen
of the imidazolidinone ring of the fluorophore (Ormo et al., 1996). Oxidation of
the hydroxybenzyl side chain of Tyr-66 by atmospheric oxygen produces the
final fluorescent product p-hyroxybenzylideneimidazolinone (Cody et al., 1993).
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Studies designed to investigate fluorophore formation have used either the
anaerobic production of GFP in bacteria (Heim et al., 1994) or the use of dena-
tured GFP to study the kinetics of refolding (Makino et al., 1997; Reid and Flynn,
1997). By comparing the rate of renaturation of reduced and nonreduced GFP,
Reid and Flynn concluded that folding and chromophore cyclization were rela-
tively fast and that oxidation of the fluorophore was rate limiting.

The rate of chromophore oxidation seems to vary significantly between mutants
in those cases where it has been measured. For example, the mutant S65T
becomes fluorescent about five times faster than wild-type GFP when oxygen is
readmitted to anaerobic bacterial extracts of the proteins (Heim et al., 1995). In
contrast, the mutant V163A, S175G (Siemering et al., 1996) becomes fluorescent
significantly slower than wild-type GFP when oxygen is readmitted to anaero-
bic cultures.

IV. Effects of Mutations on the Spectroscopic Properties
of GFP

Since the original demonstration that GFP could be functionally expressed in
Caenorhabditis elegans, GFP has been the subject of intensive study (Chalfie et
al., 1994). The need to create mutants that were brighter and could be spectrally
resolved and folded more efficiently at 37°C was soon recognized by a number
of groups who set out to develop enhanced mutants. Although mutants of GFP
retain the overall structural organization of the wild-type protein, they often
appear to fold less efficiently, exhibit greater sensitivity to environmental factors,
and display enhanced rates of photobleaching. To overcome these problems, it
has often been necessary to improve folding and stability of an identified mutant
protein with novel spectral properties by further mutagenesis. Mutations that
directly effect the spectroscopic properties of GFP do so either by directly effect-
ing the covalent structure of the chromophore or by significantly changing its
microenvironment. Presently known mutations that cause favorable changes in
the spectroscopic or folding properties of GFP are located at about 20 separate
positions within the molecule. Within this group all but three are conservative
changes (the exceptions being F99S, S148P, and T203Y), implying that GFP is
extremely intolerant to gross changes in structure. Many mutations result in a
total loss of fluorescence, presumably because they prevent fluorophore forma-
tion. For the most part these mutations remain uncharacterized, even though
they could potentially help to elucidate residues important in GFP folding and
chromophore formation.

The best and some of the earliest examples of mutations with direct effects
on the fluorophore structure are substitutions of Tyr-66 by other aromatic amino
acids (Heim et al., 1994). Changing the electronic properties of the side chain at
this position has a significant impact on GFP because the fluorescent properties
of the chromophore derive in large part from the #-electron-conjugated frame-
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work of Tyr-66. Substitution of Tyr-66 by amino acids with less electron-rich
side chains produces proteins with blue-shifted excitation and emission spectra.
Thus, phenylalanine, which has no electron donor group on its benzene ring side
chain, gives rise to the shortest excitation wavelengths (358x, 442m). Histidine,
with its imidazole group, has moderate electron-withdrawing ability and gives
rise to slightly longer excitation and emission spectra (382x, 448m). Tryptophan,
with its relatively large conjugated system and electron-rich indole, further red-
shifts the excitation and emission spectra to 433x and 475m. The most electron-
rich side chain is the charged (phenolate) form of tyrosine that is responsible
for the 475-nm excitation peak in wild-type GFP. When the tyrosine is not
charged, it is obviously much less electron rich and gives rise to the 395-nm
excitation peak. Proteins that retain Tyr-66 are considerably more fluorescent
than those with other aromatic substitutions at this position such as Y66H, Y66 W,
and Y66F (Table I). Of these mutations, the tryptophan mutants retain the
best fluorescent properties, exhibiting overall quantum yields around 50-60% of
typical tyrosine-based chromophores. These proteins also exhibit significantly
reduced molar extinction coefficients, resulting in proteins that are about 20%
as bright as the best GFP mutants. Improved versions of the tryptophan mutants
have been developed that fold efficiently at 37°C, and some of these can be
successfully resolved for multiple color analysis or for use in fluorescence reso-
nance energy transfer (FRET)-based measurements. Y66H mutants, although
well spectrally resolved from most other GFP mutants, have relatively low quan-
tum yields (0.24-0.3) and extinction coefficients (21,000-26,000), making them
relatively less fluorescent. In addition, most mutants of this type undergo rapid
photobleaching (Rizzuto et al., 1996; Patterson et al., 1997). Mutants that exhibit
improved folding at 37°C have been developed for the Y66H-based proteins,
for example, P4-3, +F64L, and V163A, although they provide only modest
improvements in spectral properties. The most blue-shifted mutants produced to
date incorporate Y66F; however, they remain almost completely uncharacterized.

In contrast, substitutions at position 65 have been extensively studied, primarily
because they significantly simplify and red-shift the excitation spectrum and
improve the molar extinction compared to wild-type GFP (Heim et al., 1995).
While within the tripeptide core of the fluorophore, mutations at Ser-65 act
through indirect environmental effects because their side chains are not conju-
gated to the double-bonded ring system of the chromophore. The best-
characterized mutations are substitutions at Ser-65 by small aliphatic amino acids
such as Ala, Cys, Leu, Thr, and Gly (Delagrave et al., 1995; Heim et al., 1995).
These mutations are thought to act by preventing the ionization of Glu-222
by changing the hydrogen-bonding network around the fluorophore, thereby
enabling the essentially complete ionization of Tyr-66 (Fig. 2, see color plate).
Within the series of S65 mutants, all but S65A result in small red shifts of the
475-nm excitation peak in the wild-type protein due to a reduction in the energy
required for the generation of the excited-state intermediate because of the
elimination of electrostatic repulsion between Ser-65 and the excited state (Brejc
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Table I
Spectroscopic and Biochemical Properties of Selected GFP Mutants
Quantum yield Relative
Common and molar Excitation and fluorescence
Mutations name extinction emission max at 37°C
i. S65T type
S65T, S72A, N149K, M153T, 1167T Emerald P = 068 487 100
e = 57,500 509
F64L, S65T, V153A ® =0.58 488 54
e = 42,000 511
F64L, S65T (EGFP) EGFP ¢ = 0.60 488 20
e = 55,900 507
S65T o = 0.64 489 12
e = 52,000 511
ii. Y66H type
F64L, Y66H, Y145F, V163A P4-3E =027 384 100
. e = 22,000 448
F64L., Y66H, Y145F P =026 383 82
e = 26,300 447
Y66H, Y145F P4-3 d =03 382 51
e = 22,300 446
Y66H BFP o =024 384 15
e = 21,000 448
iii. Y66W type
S65A, Y66W, S72A, N1461, M153T, V163A wiC o =039 435 100
e = 21,200 495
F64L, S65T, Y66W, N1461, M153T, V163A Wi1B ® =04 434 452 80
e = 32,500 476 (505)
Y66W, N1461, M153T, V163A w7 o =042 434 452 61
e = 23,900 476 (505)
Y66W 436 N.D.
485
iv. T203Y type
$65G, S72A, K79R, T203Y Topaz o = 0.60 514 100
e = 94,500 527
S65G, V68L, ST2A, T203Y 10C ® = 0.61 514 58
e = 83,400 527
S65G, V68L, Q69K, S72A, T203Y 10C Q69K d =071 516 50
e = 62,000 529
S65G, S72A, T203H ® =078 508 12
e = 48,500 518
S65G, ST2A, T203F ® = (0.70 512 6
& = 65,500 522
v. T2031 type
T203I, S§72A, Y145F H9-40 o = 0.64 399 100
& = 29,000 511
T2031 H9 D =06 399 13
& = 20,000 511

Quantum yields were calculated by comparison to the standards fluorescein or 9-amino acridine. Molar extinction
coefficients were calculated in Tris (10 mM )-EDTA (10 mM) buffer, pH 8.0, and represent the average of two determina-
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Table I (Continued)

tions. Protein measurements were carried out using the BCA assay kit (BioRad) with BSA as the standard for all proteins
at the same time to minimize assay-to-assay variation in protein determinations. It should be noted that the molar
extinctions presented here are all equivalent, but significant day-to-day and assay-to-assay variations in protein assays
can significantly influence apparent molar extinction coefficients. To reliably compare coefficients from different publica-
tions, at least one GFP of known extinction should be included with the unknown.

The ability of the GFP mutants to fold (relative fluorescence at 37°C) was determined by expression of the GFP in
the bacterial expression cassette pRSET, under the control of the T7 promoter in bacteria BL21 (DE3) at 37°C overnight.
Samples of bacteria grown at 37°C were measured for fluorescence at their peak excitation and emission wavelengths
in a SPEX fluorimeter after resuspension in TE buffer, pH 8.0. To normalize for the amount of bacteria, the same
samples were also measured for OD at 600 nm. Relative fluorescent intensities for each mutant were calculated by
adjustment of the fluorescence measurement by OD at 600 nm. Relative fluorescence in the table was normalized to
100% for the most fluorescent mutant measured.

etal., 1997). Although the mutations S65A, S65C, and S65G have been extensively
used both for dual-color imaging and FRET-based studies, the S65T-based mu-
tants are likely the most commonly used, probably because they were initially
well characterized, had reasonable fluorescent properties, and could be efficiently
excited with the popular argon laser line at 488 nm. A number of improved
mutants of S65T have been developed that exhibit improved folding at 37°C and
retain or exceed the fluorescent properties of the original S65T mutant. Mutants
such as Emerald (S65T, S72A, N149K, M153T, I167T) or EGFP (F64L, S65T)
have relatively high quantum yields and molar extinction coefficients, making
them highly detectable, and these are now commercially available.

Mutation of Ser-65 to Gly results in the most red-shifted mutants of this series.
One of these (RSGPF4) is available commercially, although its spectroscopic
properties have not been published (Delagrave et al., 1995). The inclusion of
additional mutations such as T203Y creates proteins with yet longer excitation
and emission spectra (Ormo et al., 1996). Aromatic mutations at Thr-203 achieve
their effect through 7-system interactions with Tyr-66, which reduce the energy
required to excite the fluorophore from the ground state to the excited state.
By doing so they enable lower energy light (redder light) to efficiently excite
the chromophore. All aromatic amino acids tested caused a shift in excitation
and emission spectra in the order Tyr > Phe > His > Trp, resulting in emission
spectra that range from 512 nm to 527 nm. T203Y creates the biggest red shift
of nonchromophore mutations yet described.

The mutant Topaz (S65G, S72A, K79R, T203Y) folds efficiently at 37°C and
exhibits a high molar extinction coefficient (94,500) and quantum yield (0.6),
making it the brightest GFP mutant developed to date. Probably the most inter-
esting aspect of the T203Y mutants is their ability to undergo a reversible photo-
chemical conversion process.

Like photoisomization in wild-type GFP, photoconversion of the T203 mutants
seems to involve the gain and loss of protons on Tyr-66 (Chattoraj et al., 1996;
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Niwa et al., 1996; Brejc et al., 1997). In wild-type GFP, excitation with UV light
causes proton transfer from the chromophore in its excited state to Glu-222,
followed by hydrogen bond rearrangement and isomerization of Glu-222, which
prevents the rapid reverse of the process after UV illumination has ceased (Fig.
2). By comparison, the T203Y mutants exhibit reversible photoconversion in
which conversion to a dark state by illumination at 488 nm can be reversed by
illumination at 400 nm (Dickson et al,, 1997). The greater spectral separation
between photoconverted forms, increased brightness, and reversibility of the
T203Y mutants should greatly improve the potential of GFP for studying spatial
dynamics of tagged proteins compared to wild-type GFP (Y okoe and Meyer, 1996).

Mutation of the residues that are close to the chromophore such as the T203Y
mutants can have effects on the spectral properties of GFP that are as significant
as those mutations actually within it. For example, Delagrave (1995) identified
a mutant (RSGFP1) that does not contain a substitution at Ser-65 but that
nevertheless red-shifts the excitation and emission spectra. This mutant contains
the mutation Q69L, which probably acts to disrupt the hydrogen bonding of
Glu-222, thereby destabilizing its negatively charged form, hence favoring ioniza-
tion of the fluorophore. Mutation of the same amino acid to lysine (Q69K) in the
'T203Y mutants results in a slight additional red shift, although it also significantly
reduces the ability of the protein to fold at 37°C. Direct mutation of Glu-222 to
Gly enables unrestricted ionization of Tyr-66 and results in a protein that lacks
the 395-nm excitation peak and has a much larger 475-nm absorption peak (Ehrig
et al., 1995). Conversely, mutation of Thr-203 to Ile results in a stabilization of
the neutral form of the chromophore, creating a protein that almost completely
lacks the 475-nm excitation peak (Heim et al., 1995). The emission spectrum of
this protein is well separated from that of Y66H-based mutants, potentially
making it a useful dual-color fluorescent tag for UV-based studies. Furthermore,
a version of the T203I mutant has been developed that exhibits efficient folding
at 37°C and has a superior quantum yield (0.62) and molar extinction comparable
to that of other blue-shifted GFP mutants.

V. Effects of Mutations That Improve Thermosensitivity

Mutations that improve the thermostability of GFP ultimately do so by improv-
ing the efficiency of fluorophore formation. Although these mutations may im-
prove the thermostability of GFP folding, they do not necessarily improve the
spectroscopic or biochemicaily properties of the mature protein. In fact, in a
number of cases absolute fluorescent brightness are decreased in the folding
mutants compared to their less thermostable versions. A number of groups have
addressed the problem of poor fluorophore formation in GFP when it is expressed
at elevated temperatures and have independently identified a core set of muta-
tions that are common to many enhanced mutants. This set includes the mutations
F64L (Delagrave et al., 1995; Cormack et al., 1996), M153T (Crameri et al., 1996;
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Heim and Tsien, 1996) and V163A (Crameri et al., 1996; Heim and Tsien, 1996;
Siemering, et al., 1996). Additionally, a number of mutations have been identified
that seem to aid folding in specific combinations, and these are discussed later.

The precise mechanisms through which the folding mutations work are un-
known; however, their distribution within GFP falls within four classes, those
buried and physically close to the chromophore, those buried and physically far
from the chromophore, and those with surface locations either close to the
chromophore or distant from it.

Folding mutations close to the chromophore include those actually in the
chromophore (S65A, -G, -C, -T, or -L) and two (F64L and S72A) that are close
to it in the central a-helix. Additionally, the mutations Y145F, 1167T, T203Y,
and S205T are also physically close to the chromophore and partially or com-
pletely buried. These mutations are presumed to directly improve chromophore
cyclization and oxidation but may also improve folding by other mechanisms.
V163A is distant from the chromophore and in a buried location. The indepen-
dent identification by three groups and its widespread occurrence in many differ-
ent mutants suggest that V163A is probably critical in directing folding through
more productive intermediates at elevated temperatures. The surface-located
folding mutations include F99S, S147P, N149K, M153T, and S175G, (Crameri
et al., 1996; Kimata et al., 1997, Siemering et al., 1996) and these presumably
act to reduce surface hydrophobicity. S147P and N149K also lie close to the
chromophore in locations that could influence the hydrogen-bonding structure
around the chromophore.

Studies to determine the optimum combinations of folding mutations (see
later) suggest that not all combinations of mutations act cooperatively to produce
progressively larger increases in folding efficiency. Rather, particular chromo-
phore structures appear to require particular limited combinations of mutations
for optimal folding. The fact that sets of some mutations act synergistically
(F64L+V163A) whereas others (F64L.+S72A) never appear to occur together
suggests that they may act through common mechanisms.

Mutations are generally introduced into GFP to improve its folding or spectral
properties, and their effects on the biochemical properties of GFP generally go
unscreened. Although wild-type GFP is structurally resistant to urea, detergents,
proteolytic attack, and thermal denaturation (Ward et al., 1982; Ward and Bok-
man, 1982), it does exhibit significant spectral changes in response to mild changes
in environmental conditions such as protein concentration, ionic strength, and
pH (Ward, 1981; Ward er al,, 1982; Robart and Ward, 1990).

VI. The Development of Enhanced Mutants

Although we have made dramatic improvements in the fluorescent properties
and folding of GFP, there is clearly a need for GFP mutants with enhanced
properties for FRET and multiple-color analysis of protein distribution. Further
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improvements in the spectral properties of GFP are possible by applying what
we presently know about the structure of GFP and reanalyzing known mutations
that create desirable improvements in folding, fluorescence, or pH stability.

One approach to do this is to take all known point mutations that have
been identified to improve folding, expression, or brightness of GFP, and to
systematically test them to identify the optimal combination for different-colored
fluorescent proteins. This can be achieved by designing the mutagenesis approach
so that at each position either the mutation will be introduced or the position
will be left unchanged. By carrying out the mutagenesis with pools of oligos,
which potentially incorporate large combinations of mutants, it is possible to
directly compare different combinations of mutants. For example, by using this
approach it is possible to identify optimal pools of mutants, based on the ability
to increase the brightness of GFP when expressed at 37°C. By repeated rescreen-
ing and mutagenesis of partially optimized mutants, it is possible to avoid the
potential limitation of becoming trapped in favorable but not optimal sequences.
It is also possible to determine if further improvements in folding could be
achieved by the progressive accumulation of additional mutations.

This approach was used to develop better folding versions of the mutants H9,
S65T, and 10C, and resulted in improvements of about eightfold for H9 and
S65T, and 1.7-fold for 10C. The much lower enhancement of 10C is due to the
relatively efficient folding of this protein prior to the addition of other mutations.
Surprisingly, no additional mutations (other than the reversion of V68L) were
identified that improved folding, despite our best efforts to introduce them. By
comparison to general mutagenesis screens this approach is relatively simple,
works well, and is quick. It suffers from poor diversity and is restricted to known
mutations, which may not always be the most optimal.

Further improvements in GFP will probably require mutagenesis screens with
large diversity libraries. The total number of mutants screened by different groups
involved in GFP mutagenesis to date is probably significantly less than 1 X 10°.
By comparison, the total potential diversity of GFP is around 20?%®, a value that is
vastly larger, yet not only were better mutations found, many were independently
identified by several groups. This observation is probably explained because in
PCR-based mutagenesis screens, which most (but not all) groups used, the most
common amino acid mutations introduced are single-point mutations at one
position within a codon. The maximum number of alternative amino acids that
can be encoded by variations at one position in a codon is three, severely restrict-
ing library diversity. Introducing two mutations per codon would dramatically
increase the maximum potential diversity but at the cost of creating vast numbers
of nonfluorescent or poorly fluorescent mutants. The development of improved
mutagenesis screens requires the development and refinement of an expert sys-
tem that can be used to restrict library diversity to functionally plausible mutants
that appear to be important in determining the spectroscopic or folding properties
of GFP. At the same time the library needs to contain sufficient diversity in key
structural motifs around the chromophore and in turns to enable structural
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I. Introduction

The advent of GFP as an expression marker in heterologous systems stands
as one of the most significant advances for optical microscopy of living cells
(Chalfie et al., 1994). A major advantage of GFP is that it opens up the possibility
of many experiments that are not possible using other existing fluorescence
techniques. Among these new applications are the use of GFP as a real-time
reporter gene in living systems, a dynamic marker for subcellular structures and
organelles, and a tracer of intracellular protein trafficking. However, another
application of GFP that has not yet been fully developed is its use as a quantitative
reporter of polypeptide concentrations and dynamics. For example, immunoflu-
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orescence intensity can be measured accurately, but the absolute values of the
target molecule are always uncertain due to limitations of the immunoreaction
chemistry. On the other hand, it is possible to couple a single GFP to each target
polypeptide, thus overcoming the uncertainties in fluorophore/target ratio or
nonspecificity of labeling. Although genetic manipulations have generated GFP
molecules with nearly ideal properties for fluorescence microscopy, GFP is not
a panacea, and its use brings up a new set of potential problems that may affect
any quantitative imaging.

In this chapter, we will discuss the properties of GFP that are important for
quantitative imaging. We will also discuss the properties of the fluorescence
microscope that are important in quantitative imaging, such as microscope com-
ponents (objective lenses, fluorescence filters, etc.), signal-to-noise ratio, detec-
tion linearity, and fluorophore saturation. Due to the large number of GFP
mutants and the variety of potential biological applications, a comprehensive
description of all possible quantitative imaging situations is not possible. Thus,
most descriptions of methods for quantitative imaging will be limited to the use
of fluorescein-like GFP mutants (e.g., ones containing the S65T mutation) with
laser scanning confocal microscopy.

II. Factors That Influence/Limit Quantitation of GFP in
Fluorescence Microscopy

A. Fluorescence Properties of GFP That Are Important for Quantitative Imaging

Spectral and physical properties of GFP affect the accuracy and usefulness of
any quantitative measurement. Many of these properties, such as extinction
coefficient, quantum yield, photobleaching rate, and pH dependence, can be
measured with purified GFP in vitro. However, other important properties, espe-
cially the time course of chromophore formation and protein degradation in
vivo, cannot be easily determined. In general one chooses the brightest, most
photostable GFP available (Heim and Tsien, 1996; Cormack et al., 1996), which
may make complicated corrections for background and photobleaching unneces-
sary in less demanding applications. In addition, improving the performance of
GFP by optimization of codon usage and using temperature stabilization muta-
tions is still helpful in quantitative experiments (Siemering et al., 1996; Patterson
et al. 1997). For more demanding imaging applications in which the amount of
GFP is low (i.e., in which GFP is fused to a protein that is in low abundance),
the intrinsic properties of GFP will likely be the limiting factor. Therefore, it is
necessary to understand the properties described here and use appropriate con-
trols to minimize artifacts arising from them.

Photobleaching (photoinduced destruction of the chromophore) of GFP is
much slower than fluorescein under similar conditions (Patterson et al., 1997).
This resistance to photobleaching is likely due to the protection of the GFP
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chromophore by the tightly packed B-can structure (Ormo et al., 1966; Yang et
al., 1996). Still, it is important to perform bleaching control experiments in any
quantitative imaging experiment. Generally, one can simply acquire a time-lapse
image series on GFP-labeled control cells (Niswender et al., 1995) and measure
the photobleaching time (photobleaching will generally give an exponential decay
of intensity). This photobleaching time can then be used to correct the imaging
experiments. If photobleaching becomes a limiting factor in the imaging of living
cells, it is sometimes possible to reduce it by adding 10 u M Trolox (Rizzuto et
al., 1996). Using the S65T or F64L, S65T mutants of GFP, we find the photo-
bleaching to be close to a single exponential decay with a half-time of >20 min
for typical illumination intensities (Patterson et al., 1997). However, it is very
important to note that photobleaching of wild-type GFP is not characterized by
a simple exponential decay. Wild-type GFP has two absorption peaks, 395 nm
and 475 nm, which are related via an intramolecular rotation (isomerization) of
the chromophore structure. The isomerization can be induced by irradiation of
wild-type GFP with either 395- or 490-nm light, and the kinetics of this photoin-
duced reaction have recently been measured (Chattoraj et al., 1996). Because
both photoisomerization and photobleaching are occurring when wild-type GFP
is irradiated at 488 nm, the temporal behavior is complicated: At first the photo-
isomerization dominates so the intensity increases, then, as the isomerization is
complete and photobleaching begins to dominate, the intensity falls. Correcting
a time-lapse series of images for such photoinduced behavior is difficult, so we
have generally only used ‘“‘red-shifted” fluorescein-like GFP mutants in our ex-
periments.

Because the photobleaching of GFP is low, photodamage arising from GFP
can also be expected to be low. Anecdotal evidence suggests that this is the case
and indicates that GFP will be excellent for time-lapse and four-dimensional
imaging. Although photodamage may be low, it is still important to perform
viability controls during any imaging experiments on living cells. This is discussed
in more detail in Section III.

The brightness of GFP and its mutants is also sensitive to pH. As an example,
wild-type GFP shows relatively even brightness from pH 5 to pH 10 (Ward,
1981), whereas the S65T and F64L, S65T mutants are twofold brighter at pH 7
than at pH 6 (Patterson et al., 1997). This behavior may affect any measurements
in subcellular compartments such as lysosomes.

Finally, many physical parameters of GFP may dramatically affect its measure-
ment but cannot be measured in vitro. The most important of these properties
is the chromophore folding kinetics (or ‘‘turn-on” time). Because GFP chromo-
phore formation requires oxidation and oxygen does not readily penetrate the
GFP B-can structure, there can be a considerable delay (>1 h) between protein
expression and the appearance of fluorescence. Unfortunately, it is not easy to
distinguish between delays due to GFP expression (which one would like to
measure) and those due to slow chromophore formation (which is an artifact of
the GFP). In addition, the opposite process, GFP degradation, is also difficult
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to determine in vivo, although evidence from many studies indicates that GFP
is very stable in cells (see, e.g., Hampton e al., 1996).

B. Quantitative Imaging of Fluorescence in a Microscope

The fluorescence microscope is commonly used for visualizing biological speci-
mens. Its basic elements are the excitation light source, objective lens, filter cube,
and detector. The choice of each of these components can affect the accuracy
of any image quantitation. Generally, a mercury lamp or argon-ion laser is used
for GFP excitation; these two sources have bright blue lines that are nearly ideal
for GFPs containing the S65T mutation. For use with blue-shifted BFPs, other
light sources, such as a xenon arc lamp, may be preferable. Regardless, the only
issue for quantitative imaging is that there be enough excitation light available
to obtain the required fluorescence signal. The second element is the objective
lens, which is defined by three parameters: magnification, numerical aperture
(NA), and lens design type. Despite general belief to the contrary, magnification
is the least important of these parameters. It determines how large an object
will appear in the eyepiece or detector, but not the resolution (i.e., the smallest
detail that can be clearly observed) or brightness (the amount of fluorescence
signal that will be collected). Both of these parameters are a function of the NA,
which is the most important criterion for selection of an objective. The NA
defines the amount of light that will enter the objective lens. The larger the NA,
the higher the resolution and the brighter the GFP signal will be. In general,
the highest NA lens available should be used, although the working distance
(the maximum focal depth into the sample) decreases with higher NA. The lens
design is also important, and for GFP a Fluor or Plan-Neofluor design is prefera-
ble because it will be brighter (i.e., it will pass more of the fluorescence signal)
than a Plan-Apochromat design.

The two most critical components for quantitative imaging are the emission
filter and the detector. The excitation filter, dichroic mirror, and emission filter
are usually combined in a “filter cube.” The choice of an excitation filter depends
on the light source to be used for the fluorescence excitation. For example, with
a mercury lamp an excitation filter with transmission of 450-490 nm is typically
used. Similarly, the choice of dichroic mirror is defined by the excitation and
emission filters, which leaves only the choice of the emission filter.

The general rule of thumb for GFP visualization is that if the level of GFP
expression is high enough, GFP can be easily imaged (or even observed by eye)
using a standard fluorescein filter set. However, use of a filter set designed
specifically for GFP will enhance GFP signal collection (Niswender et al., 1995;
Endow and Komma, 1996). A dedicated fiiter set for quantitative imaging of
GFP should use a narrow bandpass filter to maximize the collection of GFP
signal versus the collection of background (usually due to autofluorescence).
With a narrow bandpass filter, the sharp green GFP signal is preferentially passed
to the detector over the greenish yellow or greenish orange background of cellular
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autofluorescence (autofluorescence generally exhibits a very broad spectrum,
whereas the GFP emission is relatively narrow). In principle, one would choose
the narrowest bandpass filter to increase the discrimination of the GFP over
other background signals. However, the optimal passband of the filter will be
limited by the required signal-to-noise ratio (S/N), as discussed later. The optimal
bandpass (i.e., the narrowest bandpass that allows a sufficient S/N) should be
determined for each imaging situation, but we have had good luck using filters
with ~30 nm bandpass (e.g., a 27-nm bandpass centered at 512 nm for wild-type
GFP). It should be noted that for qualitative applications a wider bandpass filter
will yield a “prettier” image. In addition, the specific filter chosen depends not
only on the GFP signal strength, but also on the fluorescence spectrum of the
particular GFP being used.

The use of a narrow bandpass is demonstrated in Fig. 1, which shows HeLa
cells transfected with a glucokinase—GFP fusion plasmid (Niswender et al,
1995). The autofluorescence background is considerably more pronounced
using the longpass filter (panel A). If the level of GFP expression is high,
then the choice of filter would make little difference (see the cells labeled
“a” and “b”). However, for a cell that is expressing very low levels of GFP
(see cell “c™), it is difficult to distinguish the GFP signal from autofluorescence
with a longpass filter, although this cell clearly stands out with the narrow
bandpass emission filter.

Fig. 1 Fluorescence images of HeLa cells transfected with a giucokinase—GFP fusion plasmid
(Niswender et al., 1995). Laser scanning confocal microscopy was performed using a Zeiss 410
microscope with a 40X Plan-Neofluar 1.3-NA oil-immersion objective. Excitation was by the
488-nm line of an argon-krypton-ion laser, and a Q498LP dichroic mirror was used. In panel A, a
515LP longpass emission filter was used, and in panel B a HQ512/27 emission filter designed specifi-
cally for GFP was used. Three GFP-positive cells (labeled a, b, ¢) can be seen in each panel.
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The detectors that are typically used for quantitative microscopy are the photo-
multiplier tube (PMT) and the cooled charge-coupled device (CCD). PMTs are
not imaging devices, so raster scanning (as is used in LSCM) must be performed
to build up the image. Conversely, CCD cameras are imaging devices and can
basically be used as a sensitive and linearly responding “‘eye.”” Other digital
imaging cameras can be used for quantitative imaging as long as they yield a
linear response to the fluorescence signals, but because film does not have a
linear response, rigorous quantitation of photographs is not possible. One impor-
tant design criterion for mounting the detector to the microscope is to avoid
using an intermediate eyepiece lens. For example, an “iso C’” mount connects
the camera directly to the microscope with no extra lenses, which yields maximal
optical efficiency. Although both PMT and CCD detectors have their own
strengths and weaknesses, the usual bottom line is that PMTs are useful in
microspectrofluorometry and laser scanning confocal microscopy (LSCM),
whereas CCDs are more useful in widefield microscopy. Regardless of the detec-
tor used, basic principles such as the signal-to-noise ratio, detection linearity,
and fluorophore saturation must be understood to ensure the accuracy of any
quantitation.

The most important parameter for defining the usefulness of quantitative
imaging is the signal-to-noise ratio (S/N). In modern commercial fluorescence
microscopes the S/N is generally given by the shot noise, which is defined as the
square root of the number of photons collected. Some systematic errors may be
introduced in the detection system, but they are small compared to the shot
noise for the two detectors, PMT and CCD camera, discussed in this chapter.
For example, if one collects 100 photons per pixel the noise would be expected
to be V100 = 10, or 10% of the signal, and for 10,000 photons per pixel,
/10,000 = 100, or 1% of the signal. These examples reflect the typical signal
levels in fluorescence microscopy, and errors introduced in the detection electron-
ics are usually less than 1%. It would appear that one would always want to
attain a maximal S/N, but in reality, factors such as photobleaching, fluorophore
saturation, number of fluorophores in the sample, and spatial resolution limit
the available S/N.

Photobleaching is often the ultimate limiting factor in fluorescence microscopy.
Although the photobleaching rate of GFP is slow (as discussed earlier), photo-
bleaching can still limit the amount of signal that can be obtained from a GFP-
labeled sample. Another limiting factor, fluorophore saturation, does not occur
in widefield fluorescence microscopy, but in LSCM, excitation intensities high
enough to reach saturation are sometimes used. Saturation occurs when all the
available fluorophores are constantly in the excited state, so that an increase in
excitation light gives no increase in fluorescence. In this case, it is very difficult
to calibrate fluorescence signals due to the introduced nonlinearity. Saturation
can be avoided, though, by lowering the laser input power, and in general, the
lowest excitation power that yields a sufficient S/N should be used. The number
of fluorophores per pixel also limits the S/N. Each fluorophore can only generate
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one fluorescence photon at a time, so to obtain a high S/N, a large number of
fluorophores is required. In addition, if a high degree of spatial resolution is
required, then there will be fewer fluorophores in each pixel, which will limit
the S/N.

Another consideration in the detection system is its linearity and offset. Both
PMT and CCD detectors are highly linear, but it is sometimes possible to adjust
the offset (sometimes called black level). This should be set so that the image
reads ~0 (in analog-to-digital units, ADU) when there is no fluorescence coming
from the sample. If there is a nonzero offset in the system, then it will not be
possible to quantitate accurately differences between images. For example, if
there is an offset of 10 ADU, then a cell with an average value of 30 ADU
would actually contain twice as much GFP as one with an average value of
20 ADU (30 — 10 = 20, which is twice 20 — 10 = 10). A negative offset causes
even worse problems, because cells with the GFP signal may not even show up
in the image. Details about how to set the correct offset in LSCM are given in
Section III.

C. Microscopy Modes for Quantitative Fluorescence Imaging

Each technique that is used to measure fluorescence has advantages and limita-
tions that require special consideration. Because many GFP mutants with altered
spectral characteristics are now available, it is impossible to detail the optimal
quantitative imaging criteria for each GFP mutant in every specimen with each
type of instrument. The one basic principle that governs the visualization of GFP
is to maximize the GFP signal over existing background. Because the background
varies from specimen to specimen, optimization of the GFP signal over back-
ground can be accomplished by a combination of different means. These may
include selecting an excitation wavelength that minimizes autofluorescence of
the specimen, using a narrower bandpass emission filter, or using a GFP variant
that is optimized for the specific organism under consideration. Specific considera-
tions related to instrument selection and use are described in this section for
four different types of microscopy: microspectrofluorometry, widefield (or con-
ventional) fluorescence microscopy, confocal microscopy, and two-photon excita-
tion microscopy.

1. Microspectrofluorometry

One of the simplest ways to measure total fluorescence from a cell population
is with a spectrofluorometer. Although this technique is not imaging based, it is
a very useful way to measure GFP spectra both in vitro and in vivo, quantitate
GFP signals, and help calibrate results from quantitative imaging experiments.
In a spectrofluorometer, fluorescence is measured directly from a solution (this
could be a cell suspension, a whole cell extract, a purified GFP sample, etc.) placed
in a cuvette, so very little special preparation is needed. For some mammalian cells



38

David W. Piston et al.

that are particularly adherent, a stir bar must be used in the cuvette, and most
commercial spectrofluorometers have accessories for stirring the sample. In gen-
eral, samples should be diluted to an optical density (O.D.) of less than 1.0. We
typically measure fluorescence preparations in the spectrofluorometer at an O.D.
of 0.1 or less. A useful variation of the spectrofluorometer is the microspectroflu-
orometer, in which the sample is observed on an attached microscope stage
instead of in a cuvette. Although it still uses cell preparations (mounted on slides,
perfusion chambers, etc.), this system give a couple of advantages over imaging
methods. First, because many cells are usually observed in the field of view, the
fluorescence signal is much larger than in an imaging experiment. This increases
the S/N and also allows a lower excitation intensity, which in turn can reduce
any possible photodamage to the cells. Second, one can acquire a complete
fluorescence spectra. This can yield separation of many different GFP variants
and may prove extremely useful for FRET experiments based on multiple GFPs.
Of course, the microspectrofluorometer has the major disadvantage that there
is no subcellular resolution.

2. Conventional Microscopy Using a Cooled CCD Camera

A conventional fluorescence microscope can be used for quantitative imaging
by equipping it with a low-light, linear-response camera. These cameras are
typically based on a CCD chip, which is inherently extremely linear and intro-
duces little offset. Thermoelectric cooling of a CCD detector greatly improves
sensitivity by reducing electronic noise, thus yielding essentially zero background,
high dynamic range (16 bits = 2! gray scales), and high detection efficiency (40
to 80%). Because low illumination levels can be used with this type of imaging
detector, fluorophore saturation is not a problem. In addition, it is possible to
use a long integration time so that very low light levels can be detected, but in
living samples, usable integration times may be limited by the time scale of the
biological events under investigation.

The use of a cooled CCD permits quantitation of GFP signals, especially in
thin samples such as cell monolayers. However, because the CCD is used on a
conventional fluorescence microscope, there is no discrimination between in-
focus and out-of-focus fluorescence. Therefore, image quantitation can be compli-
cated due to nonuniformities in cell thickness (i.e., a thicker cell can easily be
confused for a cell with higher GFP expression). In some cases in which out-of-
focus background is a problem, image deconvolution (described later) can be
used to allow accurate quantitation and subcellular resolution.

In practice, many of the factors that must be considered for quantitative
imaging with a CCD camera are the same as those for LSCM (see Section III),
especially for time-lapse imaging. Some issues, though, are specific for use with
a CCD. One requirement is a computerized image acquisition system that is
capable of controlling the camera, shutter, and focus motor. Synchronization of
the shutter and camera so that the samples are irradiated with excitation illumina-
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tion only when the camera is taking an exposure minimizes photodamage and
photobleaching. Because of time constraints due to the dynamics of the process
under observation, it is often not possible to optimize exposure times with respect
to the camera’s dynamic range for imaging live specimens. In these cases, it is
sometimes possible to increase the image acquisition rate by increasing the
illumination intensity, but often the optimal exposure times for acquiring images
of good to acceptable quality over the observation time should be determined
empirically. Usually, it is possible to reduce the illumination so that cells can be
observed on the microscope stage for at least an hour (Endow and Komma,
1996; Moores et al., 1996).

a. Image Deconvolution

Because a widefield microscope collects fluorescence from throughout the
sample and the cells are not always of a uniform thickness, the volume that is
contributing to the observed signal is unknown. This uncertainty greatly compli-
cates any absolute quantitation. For this reason, we use confocal microscopy for
our quantitative imaging applications. However, image deconvolution can allow
absolute quantitation of widefield microscopy data by using a mathematical
algorithm to deblur a three-dimensional data set (Agard et al., 1989; Carrington
et al., 1990; Holmes et al, 1995). The advent of fast desktop computers has
allowed deconvolution to be useful to a wide variety of laboratories for many
applications. However, deconvolution algorithms may introduce artifacts in the
data set and are less useful on densely fluorescent samples. A *‘densely” fluores-
cent sample is one where fluorescence arises from many places in the cell or
sample (i.e., not just the DNA or a single organelle). For instance, cytoplasmic
staining or microtubule staining of an embryo may look like a blur in a widefield
microscope, whereas a confocal image may show sharp detail. There is a point,
for any given number of collected photons, at which deconvolution techniques
can no longer find the details in the blurry image and deconvolve them. This
point, however, has never been strictly determined, and each research team using
deconvolution usually establishes its own rule of thumb about which samples
are appropriate.

To use image deconvolution, three criteria must be met. First, a computer-
controlled fluorescence microscope with a high-quality cooled CCD camera and
an accurate motorized focus control is required. Optical sections are generally
taken throughout the sample at 0.1- to 0.5-um intervals, and from 4 to 128
sections are used to perform the deconvolution. To achieve the best results, the
acquired data set must be optimized for every sample in terms of spacing and
number of sections. Second, a powerful computer must be available for the image
processing: Requirements depend mainly on the number of sections in the data
set, but Pentium-based computers with sufficient memory can be used to decon-
volve most data sets in under an hour. Third, the PSF (point spread function)
of the microscope—how the microscope images a single point of fluorescence—
must be carefully measured using small (<0.2-um) fluorescent latex beads. Some
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new algorithms, however, do not require a priori knowledge of the PSF (Holmes
et al., 1995).

3. Confocal Microscopy

Although limitations on quantitative imaging with a cooled CCD camera can
sometimes be overcome through image deconvolution, we have found that confo-
cal microscopy offers significant advantages for fluorescence quantitation in tis-
sues and optically thick samples. Because a well-defined optical section (typically
~1 wm thick) is acquired in confocal microscopy, nonuniformities in cell thickness
are not a major problem. However, during imaging of thick samples such as
tissue slices, the fluorescence signal may decrease as the focal plane moves deeper
into the sample, making it more difficult to interpret the quantitative amount of
GFP in the cells.

In a laser scanning confocal microscope, the illumination is scanned in a
raster pattern to form the image and a PMT detector is used. In most confocal
microscopes, PMTs usually give lower dynamic range (8 bits = 2% gray scales)
and detection efficiency (15 to 30%) than a cooled CCD. Although it would be
desirable to increase the detection efficiency, the 8-bit dynamic range is usually
not a problem because generally fewer than 255 photons/pixel/scan are collected.
Still, the excellent linearity of the PMT response, background rejection proper-
ties, and availability of appropriate lasers (particularly the 488-nm line of an
argon-ion laser) make confocal microscopy near ideal for quantitative imaging
of GFP fluorescence. The use of confocal microscopy for quantitative imaging
of the fluorescein-like S65T mutants of GFP is detailed in Section III.

4. Two-Photon Excitation Microscopy

Two-photon excitation microscopy (TPEM) is a new alternative to confocal
microscopy. Use of this technique eliminates out-of-focus photodamage, avoids
chromatic aberrations, and provides high-resolution three-dimensional measure-
ments. Two-photon excitation arises from the simultaneous absorption of two
photons, each of which is half the energy required for the transition to the excited
electronic state of the fluorophore. In practice, two-photon excitation is made
possible by the very high local instantaneous intensity that is provided by a
combination of diffraction-limited focusing of a single laser beam in the micro-
scope and the temporal concentration of a subpicosecond mode-locked laser.
Resultant instantaneous peak excitation intensities are 10° times greater than
those that are typical in confocal microscopy, but the pulse duty cycle of 10~
maintains the average input power at less than 10 mW, which is only slightly
greater than the power that is typically used in conventional confocal microscopy.
Currently, the cost of state-of-the-art lasers, which are required for TPEM, has
limited this technique to only a few laboratories. However, the field of ultrafast
lasers is undergoing rapid development, and as the price of lasers decreases
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over the next 10 years, TPEM may become a widely used method of optical
sectioning microscopy.

Three properties of two-photon excitation provide the significant advantages
over conventional optical sectioning microscopies for the study of UV excitable
fluorophores in thick samples:

1. The excitation is limited to the focal volume due to the second-order depen-
dence of the two-photon excitation on intensity and the decrease in intensity
with the square of the distance from the focal plane. The excitation localization
yields three-dimensional discrimination equivalent to an ideal confocal micro-
scope without requiring a confocal spatial filter. Absence of the need to descan
the fluorescence to pass a confocal aperture enhances fluorescence collection
efficiency. Confinement of fluorophore excitation to the focal volume minimizes
photobleaching and photodamage associated with UV illumination—the ultimate
limiting factors in fluorescence microscopy of living cells and tissues.

2. Two-photon excitation allows imaging of UV fluorophores with conven-
tional visible light optics in the scanning and detection systems because both the
red excitation light (~700 nm) and the blue fluorescence (>400 nm) are within
the visible spectrum.

3. Red light interacts much less strongly than UV light with most living cells
and tissues (aside from plant cells) because fewer biological molecules absorb
at longer wavelengths and red light is scattered less than shorter wavelengths.
This nearly eliminates out-of-focus photodamage and background, and allows
most of the input power to reach the focal plane. The relative transparency of
biological specimens at 700 nm permits deeper sectioning than would be possible
with UV excitation.

A limitation of TPEM is that the two-photon excitation spectrum may bear
little resemblance to the one-photon absorption profile. GFP is easy to use in
TPEM, however, because the two-photon excitation spectra of both wild-type
GFP and the S65T mutant have been shown to overlap twice the one-photon
absorption spectra, with the same relative absorption cross sections (Xu et al,
1996). This overlap means that the major absorption peak of 395 nm for wild-
type GFP is found at 2 X 395 nm (790 nm) with two-photon excitation. Prelimi-
nary results show a similar behavior for two-photon excitation of the F64L, S65T
double mutant, and also that it is one of the strongest two-photon absorbers
ever measured (C. Xu, M. Albolta, and W. W. Webb, personal communication).
This is consistent with the extremely large one-photon absorption of this double
mutant. Using wild-type GFP, useful two-photon-excited images have been ob-
tained using ~790- (Niswender et al., 1995; Patterson et al., 1997) and ~900-nm
(Potter et al., 1996) excitation from a Ti:Sapphire laser.

The use of two-photon excitation microscopy is identical to that of confocal
microscopy (as described later) except for the use of a different laser and elimina-
tion of the confocal pinhole. Currently, the laser of choice for TPEM is an
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ultrafast mode-locked Ti:Sapphire (e.g., Coherent Mira or Spectra-Physics Tsu-
nami) pumped by either an argon-ion laser or an all-solid-state, frequency-
doubled Nd:YAG laser that has recently achieved the power levels necessary
for this application. The mode-locked Ti:Sapphire laser produces ~100-fs pulses
at a repetition rate of ~100 MHz and can be tuned over a broad range of output
wavelengths from 700 to 1100 nm, allowing two-photon excitation of most UV
and visibly excited fluorophores. The ability to adjust laser wavelength, though,
makes this laser considerably more complicated than the “turnkey’ lasers used
in confocal microscopy.

In the future, ultrafast lasers yielding a single wavelength or a small group of
selected wavelengths may allow the development of easy-to-use and relatively
inexpensive two-photon excitation microscopes. Most current two-photon excita-
tion systems have been built around a confocal laser scanning microscope, but
because the pinhole is not needed to obtain optical sectioning, it should be
opened fully or removed when using two-photon excitation. The lack of a pinhole
requirement also allows for various other detection schemes. For instance, one
can use a CCD camera or full-field photomultiplier detector to increase the
fluorescence collection efficiency and still acquire optical sections from thick
samples. The lasers and detection schemes available have been described in
detail elsewhere (Denk et al., 1995).

III. Applications of LSCM for Quantitative Imaging of GFP

The basic strategy used to quantitate GFP images is to perform parallel spec-
troscopy and microscopy experiments on a standard solution of fluorescein (Mo-
lecular Probes #F-1300, extinction coefficient = 90,000 cm™! M~! at 488-nm
excitation, quantum yield = 85%) and a purified GFP solution, and compare
these results to images of GFP-labeled cells. We have used both GST-GFP and
Hiss—GFP (Patterson et al., 1997) for fast and easy GFP purification (a useful
protocol for Hise—GFP purification is given in Section I'V), and in neither case
did we find any photophysical differences between purified GFP and the purified
fusion proteins. Once a purified GFP sample is obtained, its concentration can
be determined by absorption and fluorescence spectroscopy using the known
extinction coefficient and quantum yield of the particular form of GFP being
used (Heim and Tsien, 1996; Patterson et al, 1997). For example, the S65T
mutant of GFP has an extinction coefficient of ~55,000 cm™! M~! at 488 nm
(Patterson et al., 1997). The concentration of the GFP sample is then calculated
from the absorption relative to fluorescein, that is, if the absorption at 488 nm
of the S65T sample is the same as that of a 1 M fluorescein sample, the S65T
concentration is [S65T] = [fluorescein] (extinction coefficient of fluorescein/
extinction coefficient of S65T) = 1 uM X (90/55) = 1.64 uM. It is also helpful
to compare any spectral determination of GFP concentration with a standard
biochemical method, such as the BCA assay (Patterson et al., 1997).
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As described in Section II, it is important to set the correct gain and offset
for the detection system. To begin, set the gain so that the image of a typical
GFP-labeled cell is not saturating (i.e., no pixel values = 255). Once the correct
gain is set, it should not be changed during the calibration or imaging steps.
Next, the microscope offset must be set so that zero pixel value corresponds to
zero fluorescence signal. This can be done using the fluorescein sample as follows:
Image four concentrations (in a ratio of 1:2:3:4) of fluorescein that each give
a good signal but for which the maximum pixel value is <255 at the gain used
for the GFP imaging. Determine the mean pixel value of each image using the
histogram command, and plot the mean pixel value versus the concentration.
The resulting plot should be a straight line, and the y-intercept will go through
zero when the black level is correctly set. If the y-intercept is positive the offset
should be reduced, and if the y-intercept is negative the offset should be increased.
Image the GFP-labeled cell again. It may require several trials to achieve the
optimum gain/offset combination for your sample. Dilute or concentrate the
GFP sample to match the signal obtained in the cell GFP image, and determine
the concentrations of GFP in the cell over the linear range of the image data
(pixel values = 0-255). This procedure is somewhat difficult and time-consuming,
but it only needs to be done one time. Once the correct offset is obtained, it
should not change unless there is a modification/repair to the detection system
of the microscope.

The known GFP sample can now be compared with GFP-labeled cells imaged
by the confocal microscope. This is done by comparing the mean pixel values
of the regions of interest in images of GFP with the mean pixel values from
known GFP standards. The GFP standards are simply various concentrations of
purified GFP sealed in deep-well slides or embedded in polyacrylamide. The
unknown GFP concentration is determined from the linear equation generated
by the mean pixel values of the standards. In addition to estimating absolute
levels of target proteins, the standards also give experimenters two important
advantages. First, the standards provide a way to normalize imaging experiments
performed under different conditions, such as day-to-day fluctuations in excita-
tion power or different optical alignments. Second, even though GFP photo-
bleaches slowly, the standards allow compensation of photobleaching that may
occur over the course of a lengthy experiment.

A. Setting Up the Confocal Microscope

Many of the details here depend on the particular microscope used. We usually
use the Zeiss LSM410 confocal microscope for our quantitative GFP experiments,
but all currently available confocal microscopes are integrated with comprehen-
sive software packages that allow time-lapse and three-dimensional image acqui-
sition. In addition, most of the processing needed for accurate quantitative im-
aging can be done with the resident confocal software or NIH Image, which is
available free from the National Institutes of Health Web page (http://hrsb.info.-
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nih.gov/nih-image/). For experiments on living cells, it is almost always necessary
to have a temperature-controlled sample chamber. For work on an inverted
scope, it is important to have a sufficiently large opening to allow access to high-
NA objectives. In addition, if perifusion of different solutions is used, we have
found it extremely advantageous to heat the perfusate to the temperature of the
cell bath before it reaches the sample chamber. All the protocols described
here are normally performed using a 40X/1.3-NA Plan-Neofluar oil-immersion
objective. For this 40x objective, we use a pinhole value of 60, which maximizes
the signal-to-noise ratio in the confocal microscope (Sandison et al., 1995). We
use the 488-nm line of the argon-ion laser with custom filters from Chroma
Technology (Brattleboro, VT), a Q498LP dichroic mirror, and an HQ512/27
bandpass filter.

When working with a new preparation of cells in a case in which we are not
sure of the GFP intensity, we begin with the following procedure. First, place
the cells on the microscope stage and focus on the cells using transmitted light.
The use of phase contrast or Nomarski DIC is often helpful in locating the cells.
To minimize photobleaching and photodamage, fluorescence should not be used
to initially focus the microscope. If a temperature-controlled stage is used, the
cells should be allowed to equilibrate in the sample chamber for ~10 min.
Next, it is usually helpful to quickly observe the cells by eye with conventional
epifluorescence to assure that there is a sufficient GFP signal and to gauge how
strong this signal is. Preliminary examination is also helpful to find positive cells
in transient transfection experiments in which only a small percentage of them
may contain GFP. Once an appropriate cell has been found, let the confocal
imaging begin. It is a good idea to start the laser scanning with a low laser power
and a high PMT gain. For example, we start with laser power = 10 (out of 100),
and contrast = 325. Conveniently, the correct offset on our LSM410 is brightness
= 9800 for all contrast values between 200 and 400. The exact offset value is
likely to be different for each LSM410, though, and for some microscopes, the
correct offset may change depending on the gain used. It should be noted that
on the Zeiss system, the F9 key will automatically adjust the contrast and bright-
ness to give a low-noise image, but this will not give appropriate values for
quantitative measurements. While scanning, the laser power should be increased
until an image of the cell is visible on the display. Once an image has been
acquired, the laser power and gain can be adjusted to optimize the image S/N,
but this procedure should be performed as quickly as possible to minimize
photobleaching and photodamage. For example, with brighter samples a lower
gain can be used. If the GFP sample is extremely dim, the pinhole can be opened
further to allow more light to be collected, but this will reduce the spatial
discrimination of the confocal microscope and thus decrease the accuracy of
any quantitation.

B. Preparation and Imaging of Standards

For most applications of this technique, a range of concentrations that bracket
the expected levels in the region of interest should be prepared. If the concentra-
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tion of GFP and/or its fusion partner is completely unknown, a good starting
range is ~200 nm to 10 uM. The GFP standards for the deep-well slides consist
of ~100-u! GFP solutions containing 100 wg/ml BSA to minimize adherence of
the GFP to the glass surfaces. These are loaded into the slide well, covered
with coverslips, and sealed with hot paraffin. Images from the middle of the
homogeneous solutions will give fluorescent signals and thus mean pixel values
indicative of that GFP concentration. Although this method works well and
provides excellent quantitation, it requires the inconvenience of replacing the
sample slide, culture dish, chamber, and so on with the standard slide. An
alternative method is to embed the GFP in a polyacrylamide slab, place the
slab with the sample, and image both simultaneously. The GFP is mixed with
acrylamide-bisacrylamide and diluted with GFP elution buffer (see Section IV)
to the appropriate concentrations for each. One ul of 10% ammonium persulfate
(APS) and 0.5 ul of N,N,N’,N'-tetramethylethylenediamine (TEMED) per
100 wl solution are added and mixed thoroughly. Ten microliters are placed on
a microscope slide, covered by a coverslip to form a flat GFP-polyacrylamide
slab, and allowed to polymerize over 5 to 10 min at room temperature. Once
the slab has polymerized, the coverslip can be removed, the slab can be sliced
with a razor blade, and the pieces placed with samples for imaging experiments.
An example of this method is shown in Fig. 2 (see color plate). Panel (A)
shows the fluorescence, panel (B) shows the DIC, and (C) shows the overlay of
GFP-polyacrylamide imaged simultaneously with yeast, Saccharomyces cerevis-
iae, growing on 1% agarose supplemented with medium. In regions close to the
GFP-polyacrylamide slab, the DIC images of the yeast are slightly distorted,
but the fluorescence images are not hampered at all.

C. Time-Lapse Imaging

One major strength of GFP is that, because it is used with living cells, temporal
dynamics can be observed and measured using time-lapse imaging. Methods for
time-lapse imaging are described in detail in Chapters 10 and 12, but we will list
some of the considerations for such experiments. First, one must make sure that
the sample does not move too much during the time lapse. This is very sample
dependent; for example work with Caenorhabditis elegans is often performed
on anesthetized animals. The sample can also appear to “move” if there is any
drift in the microscope focus. Problems of focus drift can be overcome by manu-
ally refocusing during the time lapse, acquiring a full three-dimensional data set
at each time point, or using a feedback-controlled focusing stage (these can
maintain focus position to nanometer precision). Second, it is important to know
that the sample remains viable throughout the imaging process. With embryos
and whole organisms, a morphological viability assay can be used. With yeast
cells, for instance, it is possible to observe the cells by eye using transmitted
light and to confirm that cell division is continuing. For quantitative imaging,
the only additional consideration is a correction for photobleaching effects. As
described earlier, most photobleaching exhibits an exponential decay profile. In
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this case, it is straightforward to correct any quantitation by a simple normaliza-
tion to the exponential decay curve. However, for long-time-lapse series of GFP-
labeled cells, the absolute quantitation can be complicated by the fact that new
GFP is being expressed throughout the experimental period.

IV. Preparation of Purified GFP Samples

To use many of the methods described here, a source of purified GFP is
required. Because the addition of an affinity tag does not greatly perturb GFP
fluorescence, purification of Histidine-tagged proteins from E. coli offers a quick
and easily prepared source of highly purified GFPs. The protocol listed here is
from an earlier study of GFP comparisons and should be easily adaptable for
any GFP mutant (Patterson et al., 1997).

A. Plasmid Construct

The 2.9-kb plasmid pRSET A (Invitrogen Corporation, Carlsbad, CA) was
used for expression of Histidine-tagged protein. The cDNA of GFP was sub-
cloned in frame with the hexa-Histidine tag sequence to produce an N-terminal
Hisg fusion protein. GFP was prepared by PCR amplification using the N-terminal
primer containing a BamHI site and the C-terminal primer containing an EcoRI
site and the TU#65 plasmid as template. The amplification product was gel
purified, digested with the restriction endonucleases, BamHI and EcoRI, and
ligated into a similarly digested pRSET A to produce the GFP expression plas-
mid. The pRSET plasmid was transformed into the Escherichia coli strain BL21
pLysS for protein expression. In this system, high-level expression is driven by
the T7 promoter in front of the His6-tagged proteins and the T7 RNA polymerase
is provided by the host BL21 strain (Studier et al., 1990). The pRSET and pLysS
plasmids confer ampicillin and chloramphenicol resistance, respectively, to the
expression strain.

B. Protein Expression and Purification

The His-tagged GFP protein was expressed in E. coli grown at 28°C. A
100-ml starter culture grown overnight in Terrific Broth (Sambrook et al,
1989) containing 100 ug/ml ampicillin and 25 wg/ml chloramphenicol at 37°C
was used to inoculate a 1-liter culture at 28°C. This culture was incubated for
2 h, induced with 0.1 mM isopropylthio-B-p-galactopyranoside (IPTG), and
grown for 5 h before harvesting by centrifugation. The cells were resuspended
in sonication buffer (50 mM Na,HPO,, 300 mM NaCl, pH 8.0) and stored at
~70°C until purification was continued. After thawing, the cells were lysed by
incubation with lysozyme followed by sonication. Insoluble debris were pelleted
by centrifugation. The supernatant was incubated with Ni NTA agarose (Qiagen
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I. Introduction

The first measurement of the activity of a single protein molecule was reported
for an ion channel using patch-clamp methods in 1976 (Neher and Sakmann,
1976) and spawned the vast enterprise of ion channel biophysics that exists today.
Thirteen years elapsed before the second single molecule measurement, which
was detection of the movement induced by a single kinesin molecule in 1989
(Howard et al., 1989; Block et al., 1990). Single-molecule measurements on motor
proteins have also proliferated (Svoboda et al., 1993; Finer et al., 1994; Ishijima
et al., 1994; Coppin et al., 1995; Meyhofer and Howard, 1995). What both these
systems have in common is that a unique property of the enzyme was exploited
to perform the measurement. Ion channels are essentially amplifiers of their own

METHODS IN CELL BIOLOGY, VOL. 58

Copyright © 1999 by Academic Press. All nghts of reproduction in any form reserved. 49
0091-679X/99 $25.00



50

Daniel W. Pierce and Ronald D. Vale

activity, allowing picoampere ion currents to flow in response to changes in
membrane potential or the presence or absence of ligands. Motor proteins elicit
movement, and the forces they produce are sufficient to move objects visible in
the light microscope.

Meanwhile, Moerner and Kador (1989) achieved single-molecule detection of
a small organic molecule in 1989, again making using of a unique molecular
property: fluorescence light emission. The capability of an efficient fluorophore
to shift the wavelength of and reradiate thousands of photons per second allowed
its detection in a manner analogous to that of ion channels. However, a fluoro-
phore is a far more modular “amplifier”” than an ion channel because it can be
attached to almost any molecule of interest. In addition, various parameters of
fluorescence emission can be measured. The most widespread measurements are
those of position and intensity, in which case the fluorescence image of a sample
is obtained. However, the spectrum, polarization, and lifetime can also provide
valuable information on the environment of the probe. Here we restrict our
attention to fluorescence imaging of single molecules.

Two recent developments have set the stage for more widespread use of single-
molecule fluorescence detection in the study of protein dynamics. First, the
development of a very low-background, high-sensitivity total internal reflection
(TIR) fluorescence microscope by Funatsu and co-workers (1995) enabled single
Cy3 molecules to be imaged at video rate (30 images per second). This allowed
dynamic processes such as the turnover of ATP molecules by surface-bound
myosin or the movement of fluorescently labeled kinesin (Vale et al., 1996) to
be observed in real time. Second, the cloning (Prasher et al., 1992) and rapid
improvement (Heim et al., 1995) of Aequoria victoria green fluorescence protein
(GFP) has allowed proteins to be labeled at known sites with hitherto unimagin-
able specificity while circumventing the need to purify the protein and avoiding
the inactivation that often accompanies labeling by chemical means.

To be a potential candidate for single molecule imaging, a fluorophore should
have an extinction coefficient of at least 10,000 M~! cm™! at a convenient laser
wavelength and a high (>0.8) fluorescence quantum yield (®r). However, the
most important parameter is the quantum yield for photobleaching (®,) because
the ratio ®¢/d, gives the number of photons available from the fluorophore
before photobleaching. This quantity determines for how long, and with what
signal-to-noise ratio, a fluorophore can be imaged. In addition to Cy3, single-
molecule detection of common fluorophores such as CyS (Funatsu et al., 1995),
Texas Red, FITC (Enderle et al., 1997), tetramethylrhodamine (Ha et al., 1997),
and others has been reported.

Because the GFP mutant S65T has an extinction coefficient of ~39,200 at
488 nm (Heim et al., 1995) and is believed to have a high fluorescence quantum
yield, we anticipated that single-molecule GFP imaging would be possible. In
the last year, our laboratory (Pierce et al., 1997) and others (Dickson et al., 1997;
Iwane et al.,, 1997) have demonstrated that single-molecule fluorescence detection
of GFP is feasible. This method has already proven useful in observing the
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motion of single kinesin molecules (a motor protein) fused to GFP along microtu-
bules (termed ‘“processive movement”) (Case et al., 1997; Pierce et al, 1997).
GFP was also found to exhibit fluorescence behavior distinct from that of small
organic fluorophores (Dickson et al., 1997; Pierce et al., 1997).

In this chapter, we discuss the features of fluorescence microscopes for single-
molecule detection and describe the design and construction of the low-
background TIR fluorescence microscope that we have used in our experiments.
In addition, the unusual properties of GFP compared to small organic fluoro-
phores are discussed, with particular attention to its behavior under single-
molecule imaging conditions. Finally, applications of single-molecule GFP im-
aging are summarized. We have utilized single-molecule detection of kinesin—
GFP, expressed by conventional means or by ir vitro translation, to develop an
assay for visualizing single-molecule motility of this motor protein. The assay is
described in greater detail in a related contribution to Methods in Enzymology
(Pierce and Vale, 1998). GFP fusions of many molecules of interest are already
available, and more appear on a daily basis. Thus, it should be possible to extend
these studies to other moving-enzyme systems such as helicases, polymerases,
and ribosomes, and more generally to the quantitation of affinities and rate
parameters of protein—protein interactions. Lastly, preliminary evidence suggests
that, in some circumstances, single-molecule imaging of GFP fusion proteins in
living cells may be possible.

II. Design Considerations for Fluorescence Microscopes for
Single-Molecule Detection

What refinements to a conventional fluorescence microscope are necessary to
detect the fluorescence of single molecules? With focused laser illumination and
fluorescence collection using a modern 1.3- or 1.4-numerical-aperture (NA) oil-
immersion objective lens, signal levels are adequate for detection with cooled
CCD cameras and integration times in the range of tens of seconds, ICCD
cameras at video rate, or nonimaging photon-counting detectors at kHz rates.
The key technical problem is not boosting the signal levels, but reducing the
background so that the single-molecule signal is not obscured.

There are two fundamental choices to be made when designing a fluorescence
microscope: the illumination mode to be employed and the nature of the detector
that will measure the resulting fluorescence. Single-molecule fluorescence detec-
tion has been achieved using all three illumination modes in current use, which
are epi-illumination (Funatsu et al., 1995; Ha et al., 1996), near-field excitation
(Betzig and Chichester, 1993; Ha et al., 1996), and TIR illumination (Funatsu et
al., 1995; Macklin et al., 1996; Dickson et al., 1997; Lu and Xie, 1997; Pierce et
al., 1997). In epi-illumination, which is employed in all standard fluorescence
microscopes, the excitation light is focused on the sample by the lens that is used
to collect the fluorescence and therefore traverses the sample traveling away
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from the collection lens. In near-field excitation, an optical fiber with an extremely
thin (~10-nm) tip is brought in close proximity to molecules in the sample,
resulting in energy transfer from the fiber to the molecule. The advantage of
this technique is that, because the excitation is confined to an area related to
the diameter of the tip, the diffraction limit of resolution does not apply and
images with a resolution of a few tens of nanometers may be obtained. In TIR
illumination, the illumination totally internally reflects within a glass or quartz
slide at the surface bounding the sample and therefore does not traverse the
sample. Fluorophores in the sample near the interface are excited by an evanes-
cent field that weakens exponentially with distance from the interface, with a
falloff constant [~150 nm for visible light (Funatsu et al., 1995) at a fused silica/
water interface] related to the wavelength of the light, the angle of incidence,
and the contrast in refractive index (Axelrod, 1989).

Detectors can be either cameras, in which case an image is obtained directly,
or nonimaging devices such as avalanche photodiodes or photomultiplier tubes.
In the latter case, images are built up by raster-scanning the sample; a plot of
detector signal versus sample coordinates yields the image (Ha et al.,, 1997). In
terms of fundamental characteristics such as quantum efficiency, noise character-
istics, and bandwidth, nonimaging detectors are superior. Because images must
be built up by raster scanning, frame rates are slow (typically minutes to acquire
an image with a surface area of ~100 um?), but if high-temporal-resolution data
from a fixed position in the sample is desired, these systems can offer bandwidths
in the kHz range. Imaging detectors allow acquisition of images with much higher
frame rates [up to 30 Hz continuously in the case of intensified charge- coupled
device (ICCD) or intensified silicon target (ISIT) cameras] but do not have
as high quantum efficiency (50% for a Gen III+ intensified camera at the
peak wavelength vs. 80% for a silicon avalanche photodiode) and suffer from
intensifier-derived noise, both in the form of “snow” (bright pixels) resulting
from thermal emission from the photocathode of the intensifier tube and from
amplifier noise in the traditional sense of decreased signal-to-noise ratio of the
output relative to the input signals.

In epi-illumination using a camera, the entire field of view is illuminated,
whereas the illumination is focused to a diffraction-limited spot to minimize
photodamage to the remainder of the sample when a nonimaging detector is
employed. TIR illumination could in principle be used with either type of detec-
tor, but in practice is used with cameras because the grazing angle of incidence
of the illuminating light on the sample interface renders the area illuminated
much larger than the diffraction limit (Axelrod, 1989). Near-field illumination,
in contrast, is only used in conjunction with nonimaging detectors because only
sub-diffraction-limited areas of the sample are illuminated.

Which design is then optimal? If high-bandwidth data from single points in the
sample is required, a nonimaging detector is necessary, in which case diffraction-
limited epi-illumination or sub-diffraction-limited near-field excitation should be
employed. If higher frame rates are required, a camera is necessary, in which
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case either epi-illumination or TIR illumination can be employed. Because the
illumination traverses the entire sample in epi-illumination, background due to
out-of-focus fluorescence is increased relative to TIR illumination, and TIR
illumination is therefore preferred. However, this reduction in background comes
at the cost of only being able to observe parts of the sample within ~150 nm of
the surface.

Our experiments require use of an imaging detector with high frame rates, so
the microscope constructed in this laboratory employs TIR illumination. How-
ever, there are two ways of introducing the illuminating laser beam into the area
of the sample: through the slide on the far side of the sample from the objective,
or through the objective lens (Axelrod, 1989) (Fig. 1). If the sample is illuminated
from the far side of the objective, the short working distances and aberration
correction characteristics of 1.4-NA oil-immersion objectives restrict the thick-
ness of the samples that can be imaged to a few tens of microns, because the
objective must focus across the sample to the slide surface. This restriction makes
use of microscopic perfusion chambers (flow cells) impractical and examination
of thicker samples such as tissue slices impossible. Through-the-objective or
“prismless” TIR circumvents these limitations because the coverslip surface is
imaged. A 1.4-NA oil immersion objective is an absolute requirement in this
case to attain a high enough angle of incidence to obtain total internal reflection
inside the coverslip. However, because all the illumination light passes through
the objective lens, immersion oil, and coverslip, background autofluorescence
from these materials decreases the signal-to-background ratio. High-NA ob-
jectives make use of high-index rare earth glasses, and substitutes using
quartz are not available. Use of a low-fluorescence silicon oil substitute for
standard immersion oil is recommended in this case (Funatsu ez al., 1995), but
the background is still on the order of threefold higher when using 488- or
514-nm illumination as compared to TIR illumination from the far side of the
objective (T. Funatsu, personal communication). Because we wished to optimize
our system for single-molecule detection at video rate and did not envision
imaging thick specimens, our instrument employs TIR illumination from the far
side of the objective.

TIR illumination reduces background, because the illumination light is con-
fined to a thin boundary layer between the sample and the slide or coverslip.
However, even when TIR illumination is used, several technical points need to
be optimized for good single-molecule viewing. First, illumination light scattered
by optical imperfections at the slide/sample interface or sample objects resting
on this interface is typically as much as six orders of magnitude brighter than
the fluorescence of a single molecule. Thus, the dichroic mirrors and barrier filters
used to isolate the fluorescence must be designed to attenuate the illumination
wavelength by at least this amount while passing the fluorescence band as effi-
ciently as possible. Second, care must be taken in choosing all the optics that
the illumination light passes through to minimize autofluorescence, particularly
in the immediate area of the sample. Ultraviolet-grade synthetic fused silica
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Fig. 1 Possible geometries for total internal reflection (TIR) illumination of the sample. The ray
in the upper part of the figure shows the pathway for TIR from the far side of the objective. It
enters a prism (preferably antireflection coated and fabricated from UV-grade fused silica) and exits
the bottom (uncoated) surface into liquid glycerol (n = 1.47), which approximately matches the
index of refraction of fused silica (1.43). The beam continues into the fused silica microscope slide,
again experiencing minimal change of refractive index at the interface. At the lower surface of the
slide, the index contrast between the fused silica and the aqueous sample leads to total internal
reflection inside the slide if the angle of incidence is greater than ~66°, assuming the index of the
sample is close to that of pure water (n = 1.33). Note that in this geometry, the surface of the slide,
not the surface of the coverslip, is imaged. Because high-NA plan-apochromatic objective lenses are
corrected to image objects near (within a few microns of) the surface of the coverslip, aberration
correction and image brightness both decline for thicker samples, and the sample thickness that can
be imaged at all is limited by the working distance of the objective. The ray in the lower part of
the figure shows the path followed by the illumination for TIR through the objective. The laser
beam is introduced into the back aperture of a NA 1.4 objective at the extreme edge of the back
aperture propagating parallel to but displaced from the optic axis. Total internal reflection occurs
at the interface between the coverslip and the sample, so sample thickness is not an issue. However,
because the full-strength illumination passes through the objective lens, autofluorescence of the
optical glasses and cements in the objective can lead to significant increases in background light levels.

(quartz) has the lowest leve! of fluorescent impurities of all the commonly avail-
able optical materials used for visible light and is therefore the material of choice.
Third, care should be taken that the bandpass of the filters employed to isolate
the fluorescence does not include the major ~3400 cm~' Raman line of water
(assuming aqueous samples will be imaged) to eliminate this background source.
For example, for 488-nm excitation, the water Raman line will appear at
~584 nm, so the barrier filter should be chosen to attenuate this wavelength.
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Dust was also minimized in the Funatsu et al. work (1995) by placing the entire
microscope in a clean room, because the autofluorescence of dust particles is on
the same order as the intensity of single fluorophore. However, we have not found
it necessary to operate in a clean room environment to reduce dust background to
negligible levels.

TIR optics can be set up on commercial upright or (preferably) inverted
microscopes without great difficulty (Axelrod, 1989). The advantages of this
approach are that the optical performance of the microscope with regard to
aberration correction is preserved and that optical path lengths are generally
short, yielding a compact instrument. The disadvantages are that commercial
microscopes generally contain numerous optics between the sample and the
detector, and each of these components causes an inevitable loss of light. In
addition, the user has less flexibility in determining the overall magnification of
the system. With a custom optical bench design, there is ready access to the
sample area from above so that the TIR prism can be easily moved in and out
of position (see Fig. 1), unnecessary folds of the image light path and attendant
light losses can be avoided, and high-magnification images can be formed by the
use of long optical paths, as opposed to the short paths and compound lens
systems (and accompanying reflection losses) found in commercial microscopes.
For these reasons, we elected to build a custom optical bench microscope. The
optical layout of our instrument is given in Fig. 2. Details of the components
used and the purposes they serve are given in Appendix I, which also includes
a discussion of camera selection. The legend to Fig. 2 gives further details of
the optics.

III. Characteristics of the Fluorescence from Single
GFP Molecules

A TIR fluorescence image of a sample containing surface-adsorbed GFP at
low density appears as bright spots on a dark background (Fig. 3). What character-
istics allow the observer to conclude that the spots arise from the fluorescence
of a single GFP molecule? The arguments are best understood in the context of
similar observations on Cy3, as this fluorophore exhibits less complex behavior.
In the original report by Funatsu and co-workers (1995) of Cy3 single-molecule
detection, surface-adsorbed myosin labeled with Cy3 was imaged. In this situa-
tion, labeling at independent sites on the myosin is expected to lead to a mixture
of single, double, and more highly labeled myosin molecules, so not all the spots
were expected to contain only one Cy3 molecule. Three arguments based on
the characteristics of the fluorescence led to the conclusion that the dimmer
subpopulation of the spots contained single Cy3 molecules: first, the intensities
of the spots were quantized (occurred in multiples of a fundamental value), as
was expected for statistical labeling. Second, increasing the illumination intensity
made the individual spots brighter, but did not reveal new spots that had pre-
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Fig.2 Opticallayout of the TIR microscope constructed in this laboratory. This diagram is intended
for schematic purposes only, and not all the fold mirrors for the illumination pathway are shown;
all optics present between the sample and the camera are indicated. The objective lens, telen
lens, dichroic mirror 2, and barrier filter are housed within a Nikon nosepiece and epifluorescence
attachment; the binocular head and lens L2 are from a Zeiss infinity-corrected inverted microscope.
All other components are mounted in standard or custom optical bench mounts. The sample is held
on a Leitz X-Y stage using a custom-made low-profile slide holder so as not to constrain motion
of the prism relative to the slide; the prism, slide, and stage are moved as a unit by the focus
micrometer (Newport ESA-CSA electrostrictive actuator). The lasers and ICCD camera are discussed
in Appendix L. In brief, the other components are these:

Shutters: Newport 846 HP.

Interference filters: CVI Laser F10-490-4, F03514.5-4, and F10-632.8-4 for the 488-, 514-, and
632-nm laser lines respectively.

M4 plates: for 632 nm, CVI laser QWPM-632.8-05-4; for 488 and 514 nm, CVO QWP(-514.5-05-
4 (this is a zero-order waveplate with sufficient bandwidth to circularly polarize both 488- and
514-nm light).

ND 1.0 filter: Melles—Griot, quartz substrate.

Dichroic Mirror 1: Chroma 530 DCLP.

ND Filter Wheel: New Focus 5214A.

Mirrors 1 and 2 (and other mirrors not shown): New Focus 5101-VIS.
Power Meter: Melles—Griot 13PEMO001.

Lens L1: 100-mm doublet achromat.

Prism: CVI laser custom fabricated from UV-grade fused silica with CVI BBAR antireflection
coating for 488-633 nm on the two diagonal surfaces only.
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Fig. 3 Image of surface-adsorbed kinesin—-GFP. This image is the average of four video frames.
The excitation power is 20 mW. A monomeric kinesin—GFP construct at a concentration of 1 n M
in a low-ionic-strength buffer containing 7.5 mg/ml bovine serum albumin was spotted onto a cleaned
quartz slide, covered with a coverslip, sealed with rubber cement, and imaged by TIR fluorescence
microscopy. A large fraction of the bright spots in the image correspond to single GFP molecules,
although some may contain two GFP molecules whose positions are not resolved. The resolution
of the image is diffraction-limited and the diameter of the spots is ~300 nm. Scale bar, 5 um.

Fig. 2 (Continued)
Slides: fused silica, from Matsunami Trading Company, Japan.

Objective lens: Nikon PlanApo100/1.4.

Lens L3: CVI laser-fused silica PLCX-25.4-257.5-425-675, with the last two numbers indicating
the approximate range of the antireflection coating. The magnification can be changed (without
changing the objective) by substitution of this lens and movement of the camera (mounted on
an optical rail) to the new focal plane.

The telen lens is supplied with the Nikon nosepiece. The dichroic mirror 2 and barrier filter sets
for GFP, Cy3, and Cy$ are from Chroma (see text and Fig. 6). Mirror 3 is a custom optic from CVI
coated with visible-enhanced aluminum.
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viously been too dim to see, confirming that sources dimmer than the single-
molecule spots were not present. Third, spots containing one quantum of intensity
disappeared (photobleached) in an abrupt manner (Fig. 4, trace A), and spots
containing two quanta of intensity photobleached in two abrupt steps (Fig. 4,
trace B).

Similar data for GFP spots is shown in Fig. 5. Parallel arguments to all three
mentioned above for Cy3 can be advanced. In this case, the labeling is not
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Fig. 4 Cy3 single molecule spot intensity records. Most of the records obtained resembled record
A, with a stable fluorescence intensity followed by an abrupt photobleaching event. The signal
measured from a 100-nm-diameter fluorescent microsphere using 10* lower illumination intensity is
also shown. The noise in this trace is instrument limited and is due to photon statistics and the
camera intensifier. Because the sample imaged was a kinesin motor chemically labeled with Cy3,
some motors are expected to carry more than one Cy3 molecule, and the two-step photobleaching
behavior shown in record B indicates that two Cy3 molecules were present in the corresponding
spot in the image. The remainder of the records illustrate that, although uncommon, more complicated
behavior is also observed with Cy3. Record C shows that the photobleaching is not always irreversible
and photobleached molecules occasionally recover. Records D and E illustrate that not all Cy3
molecules give a stable intensity. The abrupt transitions in these records confirm that they are single-
molecule fluorescence, as opposed to multiple molecules or an artifact such as autofluorescence of
dust. Record F is an extreme example and illustrates the most complex behavior seen in hundreds
of records.
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Fig. 5 GFP single-molecule spot intensity records. These records were selected to illustrate the
types of behavior observed. Record A shows the classic behavior expected of a unitary photobleaching
event of a single molecule; however, note that before bleaching, the noise level is higher than that
observed for a Cy3 molecule or fluorescent bead at a similar intensity (Fig. 4). A majority of the
records resemble one or the other of the examples shown. Record B shows a molecule that first
exhibited “blinking” behavior, then photobleached for a ~2-s interval, recovered for another ~3 s,
and finally photobleached. Record C was chosen to illustrate the high noise, rapid blinking, and
decline in the average intensity that were often observed. Record D shows the extreme case of
“plinking” behavior, with on the order of 100 trips to the baseline level occurring within the observa-
tion time. Records E and F show yet more complex behaviors, with declining fluorescence intensity,
blinking, and the absence of a clearly defined, unitary photobleaching event. All the records were
obtained from image data by summing up the intensity present in a 7- X 7-pixel window (corresponding
to the diffraction-limited spot size) in each video frame over the 27-s time interval shown. Each
record therefore contains 30 X 27 = 810 intensity measurements. Video data was obtained without
frame averaging at an excitation power of ~1600 W/cm®. Acceptable signal-to-noise images may be
obtained at video rate with a fourfold lower excitation power, with a corresponding decrease in the
rate of photobleaching.

statistical, so a quantized intensity histogram is not expected. However, an analo-
gous argument can be made by comparing the intensities of monomeric and
dimeric protein constructs (Pierce et al, 1997). Two dimeric constructs were
found to have an average spot intensity of 1.9 and 2.1 times that found for
a monomeric construct under identical illumination conditions. Increasing the
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illumination intensity was found to increase the brightness but not the number
of spots present in an image. Last, and most important, abrupt, quantal photo-
bleaching events were often observed (Fig. 5, trace A).

In addition to these arguments, the intensities of single GFP spots and single
Cy3 spots (obtained by labeling a kinesin construct at very low stoichiometry)
can be quantitatively compared to see if they occur in the predicted ratio. The
extinction coefficient of Cy3 at 514 nm is 67,500 M~! cm™!, whereas that of GFP
S65T is 39,200 M~! cm™! at 488 nm, allowing calculation of the relative excitation
rates of the two fluorophores at a given laser power. The overall efficiency of
detection for Cy3 and GFP can also be calculated based on the filter set spectra
shown in Fig. 6 and the wavelength-dependent quantum efficiency of the camera.
If the quantum yields for fluorescence are the same for GFP and Cy3, the
predicted GFP/Cy3 intensity ratio is 0.90 for twofold more intense illumination
of the GFP. The intensities of GFP (44,056 * 1302; n = 182) and Cy3 spots
(51,043 = 1592; n = 166) under these conditions give a ratio of 0.86. This close
agreement is further evidence that the GFP spots are single molecules.

Lastly, reversible photobleaching events in which the fluorescence disappears
and then reappears at the same level after some delay are occasionally observed
for Cy3 (Fig. 4, trace C). For GFP, this behavior is more the rule than the
exception, and it generally occurs on a faster time scale (Fig. S, trace B and
others). This behavior is strong evidence of the quantal nature of the fluorescence
for both GFP and Cy3.

However, the GFP spot records differ in many respects from those obtained
for Cy3. A large majority of the records observed for Cy3 follow the pattern of
trace A in Fig. 4, where the intensity is stable and well defined until an abrupt
photobleaching event. The noise level at this intensity is comparable to that
obtained for a fluorescent bead illuminated with very dim laser light (~10*
attenuation relative to the intensities used for single-molecule imaging). This
indicates that the noise is dominated by photon statistics and intensifier noise
from the camera as opposed to true fluctuations in the intrinsic brightness of
the fluorophore. In contrast, none of the records for GFP show low, instrument-
and photon-statistics-limited noise levels (Pierce et al., 1997). Some of the records
follow the pattern of trace A in Fig. 5, but a majority are more similar to one
or the other of traces B to F. For a large majority of records, at least one clear
example of an abrupt transition from fluorescent to photobleached (or vice versa)
is present, and the hypothesis that this complex intensity behavior is due to the
presence of multiple GFP molecules is not tenable. Although noisy intensity
records are the rule for GFP, traces in D, E, and F in Fig. 4 show that they are
also occasionally observed for Cy3.

In addition, the GFP intensity records are characterized by frequent, short-
lived periods in which the spot appears to be photobleached but rapidly recovers,
shown most dramatically in Fig. 5, trace C (Pierce et al., 1997). Dickson and co-
workers (1997) also reported repeated photobleaching and recovery cycles, which
they termed “‘blinking,” and additionally found that the long-lived photobleached
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Fig. 6 Spectra of the chromophores and corresponding dichroic mirror/barrier filter sets. These
filter sets were optimized for the maximum possible transmission of the fluorescence spectrum
consistent with acceptable (>10°) attenuation of the laser line used to excite each fluorophore. The
fluorescence spectra are plotted on the left intensity axis and are not corrected for distortion due
to the wavelength- and polarization-dependent sensitivity of the SLM fluorimeter employed. The
filter sets were custom manufactured by Chroma and the spectral data were supplied by them.
Transmittance spectra of the dichroic mirrors are for unpolarized light at 45° incidence and are
plotted on the left transmittance axis. Transmittance spectra of the barrier filters are for normal
incidence and are plotted on the logarithmic right axis. The transmitted spectrum (i.e., the spectrum
one would measure after filtering) is the product of the preceding three spectra and is plotted on
the left axis. The integrated areas of these transmitted spectra are 62, 75, and 72% for GFP, Cy3,
and CyS, respectively. The overall detection efficiency (as defined by the ratio of the number of
photoelectrons generated at the intensifier tube in the camera to the number of photons collected
and passed by the objective) may be calculated by multiplying the transmitted spectra by the quantum
efficiency curve of the camera (not shown), and is 23, 30, and 30%, respectively.

state could be rendered fluorescent again by illumination at shorter wavelength.
In their case, this wavelength was 405 nm, but it should be noted that this data
was obtained on two yellow-shifted GFP triple mutants (S65A/S72A/T203F and
S65A/S72A/T203Y), not with GFP S65T.

Lastly, we noted (Pierce et al.,, 1997) that the fluorescence intensity of (un-
bleached) spots tends to decline with time. In order to quantitate this effect, the
photobleaching rate was measured in two ways. First, 297 records of the type
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shown in Fig. 5 were averaged, the average of similar records from background
areas in the image was subtracted, and the resulting decay was fitted to a single
exponential model function, yielding a photobleaching rate constant of 0.48 s
under these illumination conditions (Fig. 7). Second, the number of spots present
at various time delays after illumination was scored from the same image data,
and the histogram of spot number versus time was again subjected to exponential
fitting, yielding a rate constant of 0.39 s™!. Both methods are insensitive to
blinking, as a spot that disappears and then reappears is scored as present in the
later image and contributes to the average intensity at that time. The difference
is that the averaging method takes into account the quantitative intensity of the
spots, whereas the histogram method is binary: spots are either present or absent.
The difference in the two rate constants may represent a real, although somewhat
subtle, effect, and gives an effective lifetime for this decline of ~10 s. This value
is in qualitative agreement with the appearance of records A, C, E, and F in
Fig. 5 and many other records not shown. In contrast, a similar analysis of Cy3
fluorescence gave lifetimes of 0.15 s™' (averaging) and 0.16 s™' (spot counting).
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Fig. 7 Photobleaching of GFP spots quantitated by two different methods. In the first method,
plotted against the right axis, 297 spot records such as those shown in Fig. 5 were summed, baseline
subtracted using records from dark areas of the image, scaled, and fit to a single exponential model
function (shown as a solid line through the data), yielding a photobleaching rate constant of
0.48 s~! under these strong (20 mW) illumination conditions. The curvature in the fit is due to the
presence of a baseline parameter. In the second method, the number of spots present as a function
of time was scored from the same video data and similarly fit to an exponential model function,
yielding a rate constant of 0.39 s~!. Because the first method is sensitive to any changes in the average
intensity of the spots, whereas the second is not, we interpret this discrepancy to indicate that the
GFP spots decline in intensity in an average sense during illumination.
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We have also investigated the effect of oxygen depletion and triplet-quenching
reagents on the stability of GFP fluorescence. In contrast to the ~fivefold increase
of the photobleaching rate of Cy3 when a coupled-enzyme oxygen scavenger
system is omitted from the sample (Harada et al., 1990; Pierce and Vale, 1997),
GFP is not affected by either oxygen depletion or by addition of the vitamin E
derivative Trolox (Aldrich Chemical Company). For both Cy3 and GFP, the
photobleaching rate was found to be linear with excitation power over the 1- to
20-mW range tested, indicating that nonlinear phenomena such as excited-state
absorption or two-photon absorption do not play a role in the observed photo-
bleaching behavior.

What gives rise to the complex behavior observed for GFP? It is likely that
several phenomena are occurring simultaneously. In wild-type GFP, structural
(Brejc et al., 1997) and spectroscopic (Chattoraj et al., 1996) evidence suggests
that the two observed absorption maxima at 396 and 475 nm (Heim et al,
1994) correspond to the protonated and deprotonated states, respectively, of the
hydroxyl group of Tyr-66, which forms part of the chromophore. Excitation at
396 nm results in rapid deprotonation and emission from the deprotonated form
(Chattoraj et al.,, 1996). Due to differences in the hydrogen-bonding pattern
around the chromophore in GFP S65T, the 396-nm absorption is absent and the
deprotonated state is observed in the crystal structure (Brejc et al., 1997; Ormo
et al., 1996). Because the excited state is expected to be even less readily proton-
ated at the phenolic oxygen, it seems unlikely that the blinking behavior is due to
direct protonation of Tyr-66; it may result from protonation of the imidazolinone
moiety of the chromophore. The long-lived photobleached state may be due to
either further relaxation and stabilization of this species, its isomerization to
the protonated form of the Tyr-66 side chain, or an independent process. We
note that if the long-lived dark state involves protonation of Tyr-66, the re-
sulting species must have an extremely low absorption at 488 nm or it would be
rapidly re-ionized under the strong illumination conditions required for single-
molecule imaging.

Proton transfers, if indeed they occur, do not yet account for the excess noise
and possible intensity decrease we observe. The greater noise may not be a
separate phenomenon but simply on/off blinking on a time scale too short to be
resolved by our video rate apparatus (and hence the traces are not always
observed to fall to the background level when the “off” state is generated), or
it may result from shifts in the absorption spectrum relative to the laser wave-
length and/or a shift of the fluorescence spectrum relative to the cutoff wave-
lengths of the filter set. Light-driven fluctuations in the GFP absorption and/or
fluorescence spectrum, such as those observed for sulforhodamine 101 at a glass/
polymethylmethacrylate interface (Lu and Xie, 1997), would also provide an
explanation of the apparent intensity decrease, as high-intensity illumination
would tend to drive chromophores to configurations that absorb the laser wave-
length less strongly. Testing this possibility will require use of an apparatus
capable of measuring transient spectra. Another possible source of intensity
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variations is rotation of the absorption and fluorescence transition dipoles. This
could affect both the probability of absorption per unit time and the efficiency
with which fluorescence is collected, and could be observable at video rate for
surface-adsorbed GFP but unobservable on this time scale for small organic
fluorophores due to their rapid motion. Because there is no plausible mechanism
by which illumination could orient the sample, such rotations cannot explain the
intensity decrease.

To what degree does this complex behavior compromise the utility of GFP
for fluorescently tagging proteins for single-molecule studies? This will largely
depend on the application. Measurement of phenomena on the same time scale
as the blinking, or measurements such as resonance energy transfer that rely on
quantitation of intensity differences, could be complicated by such fluctuations.
However, in our experience, the blinking and intensity fluctuations do not create
serious difficulties in tracking the movements of GFP-tagged Kinesin motors,
principally because the time scale of the intensity changes is short compared to
the duration of a movement. The photobleaching behavior may turn out to be
quite useful in certain situations. Because the fluorescence of the yellow-shifted
mutants S65A/S72A/T203F and S65A/S72A/T203Y can be regenerated by expo-
sure to 405-nm light, it may be possible to label a population of GFP molecules
by photobleaching them, and subsequently reactivate them to examine changes
in their distribution (Dickson et al,, 1997). If the fluorescence of GFP S65T
can also be recovered by exposure to shorter wavelength light, simultaneous
illumination at 488 nm and this second wavelength may allow single molecules
to be continuously imaged for longer than would be possible with 488-nm illumi-
nation alone. Performing detailed side-by-side comparisons of the available GFP
variants (Heim et al,, 1994; Cormack et al., 1996; Dickson et al., 1997) will be
necessary to characterize the unique limitations and advantages of different GFPs
for single molecule experiments.

IV. Advantages of Using GFP for Single-Molecule Detection

What are the advantages of fluorescent labeling with GFP relative to labeling
by chemical modification with an organic fluorophore? In our experience with
GFP fusions of kinesin motors, we have realized several advantages of this ap-
proach:

1. Many proteins are partially or completely inactivated by chemical modifica-
tion. For instance, dye labeling of the Drosophila mitotic kinesin Ncd causes
inactivation due to the presence of reactive cysteine groups in the motor domain.
Even if labeling does not cause inactivation, time must be devoted to experiments
demonstrating that this is the case.

2. Labeling reactions require quantities of highly purified protein in the hun-
dreds of micrograms to milligram range, most of which is usually lost in the
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separation of the dye-labeled protein from free dye and inactive aggregates
(~90% of the starting material in the case of kinesin). For many interesting
proteins, purification of the active, native forms is difficult or impossible, and
fragments containing tags for affinity purification are often expressed instead.
In such cases, GFP fusions can be generated with very little additional effort.
Furthermore, purification of GFP fusion proteins is not necessary, as they can
be tested in crude extracts. For example, we have shown that kinesin—-GFP
fusions can be expressed by in vitro translation in rabbit reticulocyte and wheat
germ lysates, and, when diluted into the appropriate motility buffer, display
motility in vitro.

3. When proteins are chemically labeled, a statistical mixture of proteins with
differing numbers of fluorophores is obtained. This mixture must be character-
ized, particularly if single-molecule experiments are anticipated, because demon-
stration of single-molecule protein activity will require that the correspondence
between numbers of fluorophores and numbers of protein molecules be estab-
lished. GFP labeling is nonstatistical, with exactly one GFP molecule per polypep-
tide chain.

4. Use of GFP fusions saves experimental time. For in vitro assays, proteins
can be tested in crude extracts or immediately after column purification.

5. Invivo experiments on cells and tissues are possible. With chemical labeling,
only cells that can be microinjected and only tissues in which one or a few
cells contain the labeled protein can be investigated. With GFP fusions, these
limitations do not apply.

6. Dickson et al. (1997) have shown that GFP fluorescence can be induced by
light of the appropriate wavelength. As they discussed, this opens up possibilities
for photoactivating fluorescence of GFP fusion proteins in vitro or in living cells,
as well as potential applications in optical information storage

V. GFP in Vitro and in Vivo Assays

We have used the methods described in this chapter to image single-molecule
movements of kinesin. Details of the assay and the preparation of fluorescent
kinesin are given in a companion contribution to Methods in Enzymology (Pierce
and Vale, 1998) and will not be recapitulated here, but we wish to give the reader
a sense of the kinds of experiments that may be undertaken using this type of
imaging system and GFP-labeled kinesin motors. A single molecule of conven-
tional kinesin (Vale et al., 1985) can walk over many tubulin subunits without
detaching and diffusing away from the microtubule. Such continuous single-
molecule movement is called “processivity,” a term applied to polymerases to
describe their long-range movements along a DNA polymer (Capson et al., 1991).
Elucidation of the mechanistic basis of kinesin processivity and determination
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of whether other motors in the kinesin superfamily are also processive are areas
of active study (Case et al., 1997).

Processive movement of conventional kinesin was first detected in conventional
motility assays (Howard et al., 1989; Block et al., 1990) and relied upon the ability
of this enzyme to adsorb to surfaces with very little loss of activity. Proof of
single-molecule motility required painstaking statistical analysis. For both gener-
ality and convenience, we sought to develop a kinesin processivity assay in which
single molecules were directly observed. Because the intensity of a fluorescent
spot containing labeled kinesins gives a direct readout of the number of kinesins
present, single-molecule imaging provides an attractive route to such an assay,
which was realized in 1996 (Vale et al., 1996). Fig. 8 shows the type of data
generated by this assay, in which axonemes (a 9 + 2-microtubule array) are
adsorbed to the surface of a quartz slide and single molecules of fluorescently
labeled kinesin are observed binding to and moving along the axonemes. From
the image data, the travel distance, association time, and spot intensity can
be measured, allowing assessment of velocity, processivity (the mean distance
traveled before dissociation), and the number of kinesins present in the moving
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Fig. 8 Movement of kinesin—~GFP on an axonemal microtubule. The topmost panel shows an
image of a Cy5-labeled axoneme, recorded with a Cys5 filter set and 632-nm excitation. Subsequent
panels show the same area imaged with a GFP filter set and 488-nm, 10-mW excitation. Each panel
shows a single video frame acquired with a four-frame rolling average. The numbers on the left
indicate time in seconds. The letters A, B, C, and D indicate kinesin—~GFP molecules. Molecules A
and B are bound to and moving along the axoneme over the entire 4-s interval displayed. Molecule
B becomes dimmer between 1 and 2 s, probably due to photobleaching of one of the two GFP
molecules present in the kinesin—~GFP dimer. Molecule C binds to the axoneme or adjacent glass
surface between 0 and 1 s, but does not move. Molecule D binds just behind molecule A between
1 and 2 s and maintains its position relative to molecule A. Reprinted from Pierce and Vale (1998).
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spot. Ten minutes of recorded videotape are sufficient to score hundreds of move-
ments.

Single-molecule GFP imaging could be applied to develop new in vitro assays
in many other areas of biology. For example, it should be possible to develop
single-molecule in vitro assays for DNA- or RNA-based motors such as helicases
and polymerases. In some cases, the motion is slower than kinesin-driven move-
ment, but slower processes can be captured with time-lapse data acquisition.
These methods may prove useful in assaying the properties of protein complexes
that are not motile. Particularly by using two or more fluorescent probes, it
should be possible to measure the formation and dissociation of a variety of
protein “‘machines” (e.g., signaling, transcription, and translation complexes).
Moreover, by coating a surface with one component of a complex and monitoring
the extent of surface binding of other (GFP-tagged) component(s) present at
known concentrations in solution, precise affinity constants could be measured.
Following substitution of the solution with buffer, the dissociation kinetics could
then be measured by following the time course of loss of fluorescence spots from
the surface, and association kinetics can be measured by the reverse experiment.
Such measurements equate to a single-molecule version of surface plasmon
resonance techniques, which are currently widely used to measure protein-
protein interactions in bulk solution.

Lastly, we have preliminary evidence that it may be possible to image single
GFP molecules in living cells. Images of the lamella of MDCK cells containing
a GFP-E-cadherin construct (Y. T. Chen and W. J. Nelson; C. Adams and S. J.
Smith, unpublished data) show fluorescent spots that have the intensities and
photobleaching lifetimes expected for single GFP molecules. The contact regions
between cells, where most of the E-cadherin is localized, are far brighter and
show good structural detail. An advantage of imaging living cells on a highly
sensitive TIR microscope is that photodamage is minimal. We have been able
to image cells for tens of minutes without noticeable effects on cell viability. In
contrast, the intense illumination of confocal microscopy, which penetrates the
entire cell, can often produce damaging effects with much shorter illumination
times. Obviously, a limitation of this approach is that it can only be used for
GFP fusion proteins that are adjacent to the cell cortex. However, we envisage
that this approach will be useful for providing new information on a variety of
plasma-membrane-associated and cytoskeletal proteins.

Appendix 1. Details of the TIR Microscope

Figure 2 shows the optical layout of the TIR microscope constructed in this
laboratory. Illumination light is provided by an argon-ion (Ar*) laser (Ion Laser
Technology ILT5000 S490AWC) equipped with an intracavity Littrow prism for
single-line operation. This laser provides a minimum of 40 mW of TEM0-0-mode,
polarized light at 488 or 514 nm. The power can be adjusted between ~2 and
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40 mW by adjustment of the tube current, and the light output is feedback
controlled. A second helium-neon (HeNe) laser (Melles—Griot 0SLHP927) pro-
vides 35 mW of polarized, TEMO0-0 light at 632 nm without power adjustability
or feedback control. It is important that laser sources provide polarized output
in order that they may be effectively depolarized before illuminating the sample.
Illumination with a polarized laser will result in photoselection (selective excita-
tion of fluorophores depending on their orientation), a generally undesirable
source of variation in the fluorescence intensity of isolated fluorophores or ori-
ented sets of fluorophores. However, ‘“‘unpolarized” laser sources are generally
not actually unpolarized, but rather have an output polarization that varies
unpredictably on all time scales. A polarized laser can be passed through a
quarter-wave plate (oriented at a specific angle relative to the input polarization)
to generate circularly polarized light, which may be regarded as depolarized for
present purposes [see, however, Axelrod’s discussion (Axelrod, 1989) of the
polarization properties of the evanescent wave]. In addition to the polarization
transformation discussed earlier, each laser is also passed through an interference
filter (centered at 490, 514.5, and 632.8 nm, respectively, for the 488-, 514-, and
632-nm laser lines) to ensure the spectral purity of the light impinging on the
sample. There are two reasons to further filter the already highly pure spectral
output of the lasers: First, cavity fluorescence within the passband of the barrier
filter used to detect fluorescence can increase the background, even if it is many
orders of magnitude dimmer than the laser line itself (for instance, the 514-nm
fluorescence of excited argon ions will pass through GFP barrier filters with high
efficiency); second, short-wavelength cavity fluorescence can lead to photobleach-
ing of samples with a quantum efficiency many orders of magnitude higher than
that of visible light (K. Q. Lao, personal communication).

After circular polarization and filtering, the Ar* and HeNe beams are combined
at a dichroic mirror, passed through an ND filter wheel to allow attenuation of
the beams to less than the ~2 mW minimum output of the Ar* laser, and focused
by a 100-mm lens into the sample. After this lens, a mirror mounted on a vertical
translation stage serves to route the beam toward the sample at the correct angle
for total internal reflection to occur; movement of the translation stage allows
the beam to be centered over the objective lens without concomitant change in
its angle of incidence. The lens is also mounted on a translation stage to allow
for adjustment of the beam diameter at the sample. In practice the lens is not
adjusted for the minimum spot size at the sample, as this would cause uneven
illumination of the field of view imaged by the camera. The lens is translated
away from the position that gives the smallest spot until the 1/e points are
approximately twice as far apart as the image area is wide, yielding approximately
even illumination. Under these conditions in our microscope, the area illuminated
is ~30 um X ~40 um. Laser powers of 1-20 mW therefore yield power densities
of ~80-1600 W/cm? in the quartz slide, and ~320-6400 W/cm? in the aqueous
sample at the interface.
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Fluorescence from the sample is collected by a Nikon PlanApo 100/1.4 objec-
tive lens. This lens is held in a standard Nikon nosepiece, which in turn is attached
to a Nikon FX-A epifluorescence attachment. The dichroic mirror/barrier filter
sets used to isolate the fluorescence bandpass are housed within this attachment
and are selected by means of a thumbwheel. Because the objective is not designed
for operation at infinite conjugate and the image light must be at infinite conjugate
when passing through the dichroic mirror (angled at 45° to the optic axis), a
negative telen lens (included with the nosepiece) acts to collimate the image
light before it reaches the dichroic mirrors. After the original submission of this
manuscript, we replaced this objective with an infinity-corrected Nikon Plan Apo
60x/1.40 objective and removed the telen lens. With either objective, the two
lenses supplied in the FX-A epifluorescence attachment (which serve to collimate
and then refocus the image light for noninfinity objectives when the nosepiece
telen lens is not present) were removed.

The dichroic mirror/barrier filter sets in this instrument were custom made by
Chroma, and their spectra are given in Fig. 6. The key features of these filter
sets are that they provide at least six to eight orders of magnitude of attenuation
of the laser wavelength used to excite the corresponding fluorophore (488 nm
for GFP, 514 nm for Cy3, and 632 nm for Cy5) while passing as much of the
fluorescence spectrum as possible. In this microscope, the dichroic mirrors do not
fulfill their usual role of directing epifluorescence illumination into the objective.
However, their presence is still important for two reasons: First, by reflecting
>99% of the laser wavelength, they provide an additional two orders of magnitude
of reduction of this background source, and second, because less laser light
impinges on the barrier filter, background due to filter fluorescence is also reduced
by the same factor.

After filtering, the image light is reflected by a visible-enhanced aluminum
mirror on a turntable to allow the image to be directed to either a binocular
head for viewing or towards the camera. In the latter case, a single planoconvex
tube lens focuses the image light onto the active surface of the camera. The focal
length of this lens is 561 mm (at 560 nm), and the ratio of this focal length to
that of the objective (1.6 mm, obtained by dividing the standard tube lens focal
length of 160 mm by the 100X magnification of the objective) gives the 350X
magnification of the microscope. The magnification can be changed by either
changing the objective or changing the focal length of the tube lens with concomi-
tant movement of the camera to the new image plane.

To achieve the same magnification for all wavelengths across the visible spec-
trum, high-performance objectives are designed to be used with a particular tube
lens located a particular distance from the shoulder of the objective. This design
uses a nonstandard tube lens to achieve the desired magnification and is therefore
not as well corrected as a standard microscope in this respect. However, the
bandwidth of the fluorescence colors detected is relatively narrow and in practice
the resolution is diffraction limited, with no observable differences in magnifica-
tion or location of the image plane for fluorescence centered at ~510 nm (GFP)
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and ~667 nm (CyS). This design employs as few optical elements as possible in
the image path (two lenses, one dichroic mirror, one barrier filter, and one fold
mirror) and therefore minimizes light losses. The fold mirror could in principle
be eliminated for the path to the camera, but its presence greatly simplifies the
mechanical layout of the microscope.

The entire apparatus is located on a vibration-isolated optical bench air table,
and a dramatic loss of resolution is observed if the vibration isolation is compro-
mised. Both the long optical path lengths and lack of a rigid, unitized body make
this microscope highly vulnerable to building vibrations relative to a standard
design.

The choice of camera is generally by far the most complex issue in component
selection. If high frame rates and single-molecule sensitivity are desired, intensi-
fied video cameras are at present the best option. Many kinds of intensifier tubes
are available. GEN III types are preferred based on sensitivity; a “‘selected SR
UB GEN III+” is the best available intensifier for most visible applications. It
has a quantum efficiency of 41% at the peak wavelength of 750 nm and a quantum
efficiency of ~37% at 510 nm, near the center of the GFP fluorescence spectrum.
However, GEN III intensifier tubes are not widely available, and GEN IV tubes
may also offer adequate sensitivity and superior resolution. Either ICCD or ISIT
cameras may be employed. ISIT cameras tend to give a slightly “quieter” image,
but suffer from greater geometric distortions due to imperfections in the electron
optics and lower effective time resolution due to the tendency of a transient
bright object to fade slowly over several video frames rather than disappear
abruptly from one frame to the next. ICCD designs differ in the manner in which
light is coupled from the intermediate phosphor image to the CCD, in what type
of CCD is used, and in the number of intensifier stages. Light may be relayed
from the intermediate phosphor to the CCD by either a lens or a fiber-optic
bundle. The fiber-optic bundle gives a higher effective NA than any lens design
and is preferred. The CCD may be either a standard video chip or a scientific-
grade sensor. The latter offers greater dynamic range and more pixels; however,
depending on the gain setting of the camera, the dynamic range may be limited by
intensifier-derived noise. The usefulness of designs incorporating two intensifier
stages is sample dependent. In our experience, if other background sources have
been carefully minimized and for samples with fluorophore concentrations in
the range of 0.1 to 10 nM, the intrinsic background due to out-of-focus or rapidly
diffusing fluorescence in the sample is significant and further amplification of
the image by a second intensifier stage does not yield an image with a higher
signal-to-noise ratio. The camera employed in our microscope is made by Stan-
ford Photonics and incorporates a “‘selected SR UB GEN III+” intensifier tube,
fiber-optic coupling of the phosphor to the CCD, and a standard 8-bit video
sensor. The output of this camera is contrast enhanced using an Argus 20 image
processor (Hamamatsu Photonics) before recording to sVHS videotape. Real-
time rolling frame averaging is supported by the image processor, and data may
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optionally be averaged to increase the signal-to-noise ratio at the expense of
temporal resolution.

Intensified cameras, particularly when operated at high gain, suffer from lim-
ited dynamic range. Due to intensifier noise, only about 6 bits or 64 gray levels
of useful information are obtained, and it is not possible to quantitatively image
bright and dim objects in the same field of view. However, the intensifier is able
to amplify dim signals above the readout noise of the CCD. If longer (seconds)
exposure times can be tolerated, cooled CCD cameras can also detect single
molecules and can give images with far better dynamic range. Front-illuminated
sensors suffer from low quantum efficiency and should be avoided if the ultimate
in sensitivity is desired. Back-illuminated CCD sensors have quantum efficiencies
of up to 80%. However, to prevent readout noise from obscuring faint signals,
back-illuminated CCD cameras are usually supplied with relatively slow
(100 kHz to 1 MHz) pixel clocks, which limits the frame rates that can be ob-
tained (for example, a 1000- X 1000-pixel sensor read at 1 MHz can be read
out in 1 s, so this is the fastest frame rate that can be accomplished, assuming
no computer overhead time and zero integration time). An attractive option that
offers a balance between frame rate and quantum efficiency is the interline
transfer microlens array CCD. In this front-illuminated design, a readout register
is located between each row of pixels, and light that would have been lost had
it fallen on these readout registers is focused into the adjacent row of pixels by
a microlens. This boosts the quantum efficiency to the 40 to 50% range, and the
presence of the readout registers allows fast (10-20 MHz pixel clock rate) readout
with low noise. In addition, like frame-transfer CCD sensors, charge integration
in the pixels can occur simultaneously with readout. Although it is interesting,
this technology is not mature, and the cameras currently available all fail to
realize the potential of these sensors, although improvements are in progress.

Appendix II. Data Acquisition and Analysis

For video-rate systems such as ours and when hours of continuous data collec-
tion are anticipated, there is at present still no good digital alternative to sVHS
videotape for data storage. The Argus 20 image processor is essentially a stand-
alone frame grabber and allows for basic image quantitation on an individual
captured frame, but for frame-by-frame analysis it is far more convenient to
digitize limited portions of the image data. Given the speed limitations of avail-
able hard drives, it is not at present possible to capture and store to disk long
(minutes) segments of 8-bit video data at 640- X 480-pixel resolution without
compression. However, with a video capture board that supports on-board com-
pression and a fast disk array, it is possible to capture and store minutes of
images. Data such as the intensity records shown in Figs. 4 and 5 requires
digitization of the video frames followed by frame-by-frame quantitation of the
intensity present within a box of pixels centered on a fluorescence spot. Because
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analysis of 30 s of data requires quantitation of many such regions within each
of 900 frames, there is no alternative to automation of this process. We have
developed a set of virtual instruments in the LabVIEW programming environ-
ment (National Instruments), using image display and manipulation functions
from the IMAQ VI library, that accomplish the necessary tasks. For instance,
to define the center coordinates of fluorescent spots, one virtual instrument
allows the user to view an image and approximately locate fluorescence spots
with the computer mouse, after which the virtual instrument refines the spot
positions by two cycles of searching for the brightest pixel within a mask centered
on the initial location followed by two cycles of refinement based on calculation
of the first moment of the intensity distribution. A second virtual instrument
takes a set of refined spot locations as its input, quantitates the intensity within
a mask centered at each location in a series of images, and writes out records
of intensity versus time.
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I. Introduction

The possibility of directly identifying intracellular organelles in living cells has
a major relevance in cell biology studies. Indeed, not only can key events, such
as organelle distribution and dynamics, be monitored, in a variety of physiological
phenomena (e.g., localized Ca?* rises) the intracellular location can be unambigu-
ously identified. In the past years, the imaging technology (traditional and two-
photon confocal microscopy, deconvolution of wide-field images, etc.) has sig-
nificantly improved, thus increasing the need for dyes capable of specifically
labeling the various subcellular structures. GFP, the emerging tool in cell biology,
to which this volume is devoted, appears ideally suited for this task. In fact, its
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fluorescence depends on an internal chromophore (thus does not require the
addition of a cofactor), is not species specific (its simple recombinant expression
yields a strong fluorescence signal in cell systems as diverse as bacteria, yeasts,
plants, and mammalian cells), and is very resistant to photobleaching. Moreover,
its sequence can be modified and appropriate targeting information can be added.
In this chapter, we will show that, through suitable chimeras, GFP can be targeted
to various intracellular locations (the cytosol, the nucleus, the mitochondria, the
endoplasmic reticulum, the Golgi, the subplasmalemmal space), thus providing
powerful in vivo markers of these compartments.

II. Construction and Expression of the Organelle-Targeted
GFP Chimeras

The Cytosol. The starting point for the various GFP chimeras described in
this article is the S65T mutant of GFP (Heim et al, 1995). The GFP(S65T)
cDNA, which will be also referred to in this chapter as cytGFP, has been modified
at the 5' end of the coding region to include the HA1 epitope tag and an
appropriate cloning site (Fig. 1A); when expressed in mammalian cells, the
recombinant protein shows mainly a cytosolic distribution with no nuclear exclu-
sion (Fig. 2A). This modified cDNA, encoding a GFP moiety with the HA1

B CcytGFP A

nuGFP B

TKLEADER GR

[ miGFP C

coxs
-HF——_1—1lll eGFP D
L vl CHt
(Ml 9oGFP E
ST-™M
[Nl pmGFP F
SNAP2S

Fig. 1 Schematic representation of the GFP chimeras: cytGFP (A); nuGFP (B); mtGFP (C);
erGFP (D) goGFP (E); pmGFP (F). The GFP moiety is indicated in gray; the HA1 epitope is
indicated in black.
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Fig.2 HeLa cells expressing organelle-targeted GFP: cytGFP (A), nuGFP (B), mtGFP (C), erGFP
(D), goGFP (E), pmGFP (F). Cells have been observed 36 h after transfection using the CCD
camera. The nuGFP-expressing cell has been treated for 4 h with 10 u M dexamethasone.
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epitope at the N terminus represents the initial building block of all targeted chi-
meras.

The Nucleus. The nuclear localization signal of nuclear-targeted GFP (nuGFP)
was obtained from the glucocorticoid receptor (GR), a polypeptide that is translo-
cated to the nucleus when, upon the conformational change induced by hormone
binding, a typical nuclear localization signal (aa 497-795 of the GR sequence)
is exposed (Picard and Yamamoto, 1987). A schematic map of nuclear-targeted
GFP (nuGFP) is shown in Fig. 1B: nuGFP includes aa 407-794 of GR (i.e., both
the NLS and the hormone-binding domain) and GFP, and thus can be expected
to retain the sorting fate of the wild-type GR, as was previously shown for an
aequorin chimera including the same GR domain (Brini et al., 1993). Indeed,
when expressed in dexamethasone-treated mammalian cells (Fig. 2B), the chi-
mera shows an exclusively nuclear distribution with nucleolar exclusion. With
wild-type GFP, the staining pattern was the same, but the intensity of fluorescence
was markedly lower (Rizzuto et al., 1996).

The Mitochondria. All mitochondrial proteins but the 13 encoded by the
organellar genome are synthesized on cytoplasmic ribosomes and then imported
into the organelle. In most cases, importation depends on the presence of a
cleavable signal at the N terminus of a precursor protein (Hartl et al., 1989).
This signal (rich in basic and hydroxylated residues, and devoid of acidic ones),
usually referred to as mitochondrial presequence, is removed after import by
matrix proteases (Hendrick et al., 1989). When added to a heterologous protein,
a mitochondrial presequence is sufficient to drive its import into mitochondria.
We previously employed a mitochondrial presequence derived from subunit VIII
of cytochrome ¢ oxidase to construct a mitochondrially targeted aequorin chimera
(Rizzuto et al., 1992). The same cDNA fragment (encoding the 25-aa-long prese-
quence and 6 aa of the mature polypeptide) was fused in frame with HA1/
GFP(S65T) to construct mitochondrially targeted GFP (mtGFP) (Rizzuto et al.,
1995) (Fig. 1C). When expressed in mammalian cells, the chimera shows a typical
mitochondrial distribution (Fig. 2C), as is also verified by the colocalization with
a mitochondrial resident protein (not shown).

The Endoplasmic Reticulum (ER). Resident ER proteins are usually correctly
sorted because of the presence of two signals: an N-terminal hydrophobic leader
sequence, and a “‘retention” signal, which prevents their escape into the secretory
pathway. In most cases, the latter signal is a defined sequence (KDEL) located
at the C terminus of the protein (Munro and Pelham, 1987). This tetrapeptide
is recognized by a specific receptor, which mediates the retrieval into the ER of
the protein. In other cases, however, the retention signal is not at the C terminus
but is located in internal domains of the protein. One of these cases is the
immunoglobulin heavy chain, which, in the absence of the light chain, is retained
in the ER because of the binding of the CH1 domain to the resident ER protein
BiP (Sitia and Meldolesi, 1992). This binding is displaced only by the light chain;
in cells that don’t express the latter polypeptide, the Ig heavy chain can thus be
considered a bona fide ER protein. To include all the targeting information at
one end of the protein, we decided to take advantage of this sorting mechanism.
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The ER-targeted GFP chimera (erGFP) thus includes a portion of the u heavy
chain (leader, VDJ and CH1 domain) and GFP (Fig. 1D). When expressed in
mammalian cells, the strong fluorescent labeling shows the typical reticular pat-
tern of ER (Fig. 2D). As previously shown for a similar aequorin chimera
(Montero et al., 1995), this staining overlaps with that of calreticulin, an ER-
resident Ca2*-binding protein. In the case of erGFP, a dramatic difference was
observed in the fluorescent signal of the chimera including wild-type GFP and
the S65T mutant. Immunofiuorescence revealed that the recombinant protein was
properly sorted and expressed at comparable levels in the two cases. However,
although with erGFPwt very few, weakly fluorescent cells could be identified,
with etGFP(S65T) a strong labeling was observed in ~50% of the cells. The
difference in fluorescence intensity, much more pronounced than with the other
organelle-targeted chimeras, may depend, at least in part, on the different rate
of chromophore formation (Heim er al, 1995), which may be crucial in the
intralumenal environment of the ER.

The Golgi. The Golgi retention of glycosylation enzymes resident in the Golgi
has been shown to depend on their single transmembrane domain (TMD), in a
process in which the length of the TMD appears to play a key role (Masibay et
al., 1993). Sialyltransferase (ST) has been employed as a model system for these
studies, and, indeed, it has been shown that the TMD of ST causes the retention
of heterologous proteins in the Golgi (Schwientek ef al, 1995). We thus con-
structed a cDNA chimera encoding the TMD of ST fused to GFP (Fig. 1E).
When expressed in mammalian cells, the recombinant fluorescent protein appears
largely confined to the Golgi (Fig. 2E), although in some cells a weak staining
of the ER can also be observed.

The Plasma Membrane. Two different approaches could be employed for
targeting GFP to the inner face of the plasma membrane: (@) fusing GFP to a
cytosolic domain of an integral plasma membrane protein or (b) fusing to GFP
the signal that recruits cytosolic proteins to this restricted space. Our past experi-
ence with aequorin chimeras showed that the latter approach is significantly
more efficient. In fact, whereas a glutamate receptor/aequorin chimera was only
partly sorted to the plasma membrane (Rizzuto, R., unpublished observations),
a fusion protein including aequorin and SNAP25 (a polypeptide that is posttrans-
lationally recruited to the plasma membrane upon palmitoylation of four internal
cisteine residues), was fully sorted to the subplasmalemmal region (Marsault et
al., 1997). Figure 1F shows the schematic map of the plasma-membrane-targeted
GFP (pmGFP). When pmGFP was expressed in mammalian cells, a clear mem-
brane staining could be observed (Fig. 2F), which was also confirmed by the
confocal analysis of the transfected cells.

III. Dynamic Monitoring of Organelle Structure with the
Targeted GFPs

The GFP chimeras described in this chapter are currently utilized in our lab
for monitoring the dynamic changes of organelle structure that occur in living



80

Francesca De Giorgi et al.

cells. For this purpose, the cells are seeded onto round coverslips (diameter
24 mm) and transfected with the various GFP constructs, as described in the
Section VI, “Protocols.” The coverslip is fitted at the base of a thermostatted
chamber, which is placed in the microscope stage. Two types of instruments are
currently used for detecting GFP fluorescence: (a) a wide-field fluorescence
imaging system, based on a Zeiss Axiovert inverted microscope and a Princeton
Instruments back-illuminated camera, and (b) a Nikon RCM 8000 confocal micro-
scope. In both cases, the microscope is equipped with motorized control of the
Z stage, thus allowing the acquisition of three-dimensional images. Figure 3
shows the result of a typical experiment carried out (i.e., the dynamic monitoring
of ER structure in Cos-7 cells, as obtained by confocal imaging of erGFP express-
ing cells). It is obvious that by confocal imaging, the dense ER structure of HeLa
cells can be finely resolved, and the continuous rearrangement of organelle
structure (the three images of the panel are taken 5 min apart) can be clearly ap-
preciated.

IV. Expression in Primary Cultures

Figure 2 showed the expression of the GFP chimeras in the HeLa cell line
using standard transfection procedures (see Section VI, ‘Protocols™). Similar
results were obtained with a large variety of cell lines of different embryological
origin: CHO (epithelial), L929 (fibroblast), N13 (glial), PC12 (chromaffin), and
others (data not shown). Figure 4 (see color plate) shows that this approach can
easily be extended to the study of primary cultures, which often require specific
culturing procedures.

Figure 4A refers to the expression of the nuGFP chimera in a primary culture
of skeletal myotubes. Under appropriate experimental conditions (see Section

CH1-GFP

. AR A

Fig. 3 Dynamic changes of the ER structure in a Cos7 cell in resting conditions: The three images
correspond to the same cell expressing erGFP, observed on the confocal microscope at 5-min intervals.
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VI, “Protocols’), the expression of a recombinant protein can be restricted, in
the mixed culture, to the differentiated myotubes. Indeed, the fluorescent live
image of a coverslip of cells reveals a strong, specific labeling of the nuclei of
transfected myotubes. Figure 4B shows the expression of mtGFP in a primary
culture of cortical neurons derived from rat embryos. Cells were transfected at
the fifth or sixth day of culture, and the image was taken 36 h after the same
transfection procedure employed for HeLa cells. The fluorescent labeling of the
mitochondria both in the soma and in the fine processes can be clearly appreci-
ated. Though for brevity no other example is provided, the technique also proved
successful with the other chimeras in a variety of other cell lines and primary
cultures (e.g., hepatocytes, hepatic ductal cells, etc.). Thus, although a transfection
step is necessary, in our experience this does not represent a major limitation,
and targeted GFPs may be regarded as a simple and powerful tool for labeling
the various organelles of a living cell.

V. Visualizing GFP Chimeras with Different
Spectral Properties

Although GFP itself rapidly emerged as an exciting new tool in cell biology,
the successful isolation, in the past years, of various useful mutants has further
expanded the possible applications. A first group of mutants essentially improves
GFP light emission; among those, the S65T mutant, which, as the wild-type
protein, can be excited with blue light and emits green light (peak ~510 nm), is
in most applications (including the targeted chimeras described earlier) the GFP
moiety of choice, thanks to the higher extinction coefficient and faster rate of
chromophore formation. A second group of mutants also appears extremely
interesting (i.e., those characterized by the possibility of being excited and/
or emitting light of different wavelength) because they open the possibility of
differentially labeling two or more structures of the same cell. The GFP mutants
will be covered in detail by another chapter of this book, so we will not describe
them in detail. We will rather provide a simple example of how the combined
use of two GFP variants with different spectral properties allows us to unambigu-
ously label two different intracellular organelles, namely the nucleus and the
mitochondria. For this purpose, we employed the (Y66H,Y145F) mutant, which,
when excited in the UV, emits blue light (peak ~445 nm) and thus can easily
be distinguished from the green GFPs (wt or S65T). Figure 5A (see color plate)
shows the fluorescence spectra of the two GFP moieties, thus revealing the major
shift in the emission (~65 nm at the peak). Figure 5B (see color plate) shows
the fluorescence image of a HeLa cell, transiently expressing nuGFPwt and
mtGFP (Y66H,Y145F) upon illumination with UV light. The two GFP moieties
can clearly be distinguished, thus allowing specific labeling of the two organ-
elles.
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VI. Protocols

A. Primary Cultures
1. Cultures of Rat Myotubes (Brini et al., 1997)

Day 1

Remove posterior limb muscle from newborn rats (2-3 days).
Mechanically dissociate cells.

Incubate for 5 min with 0.125% trypsin in phosphate-buffered saline (PBS)
and discard the harvest (containing mostly fibroblasts and endothelial cells).

Dissociate muscle cells by three successive 20-min treatments with 0.125%
trypsin in PBS and collect the harvests, neutralizing trypsin with fetal calf
serum (FCS).

Filter the cell suspension through a double gauze.
Collect cells by centrifugation (10 min at 1200 rpm in a Haereus Minifuge GL).

Resuspend cells in Dulbecco’s modified Eagle medium (DMEM) supple-
mented by 10% FCS and 4.5 g/liter glucose.

Plate in 10-cm Petri dishes at a density of 10° cells/dish and incubate for 1 h
at 37°C to decrease the number of fibroblasts.

Collect the nonadherent cells and seed at the density of 2 X 10° cells onto 24-
mm coverslips coated with 2% gelatin.

Day 3

Change the medium.
Perform transfection as described here.

Day 4

Change the medium with DMEM supplemented with 10% horse serum to
increase myoblast fusion.

Day 5

Add to the medium 5 uM 18-p-arabinofuranosylcytosine to decrease the
number of fibroblasts.

Day 6

Change the medium with a DMEM supplemented with 2% horse serum and
keep under these conditions.

2. Cultures of Cortical Neurons

Day 1

Remove the uterus from a Wistar timed pregnant female rat (16-17 days
of gestation).

Transfer the embryos in a 10-cm Petri dish with cold PBS supplemented with
6 mM glucose and 1% bovine serum albumin (BSA).
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Remove the brains from the embryos and put them in the same buffer.

Using a dissection microscope and optical fibers, remove the meninges, extract
the cortical regions, and incubate them in a 35-mm Petri dish containing
the same cold buffer.

Transfer the cortex in a tube and incubate for 6-7 min with 4-5 ml of PBS
supplemented with 0.33 mg/ml papain (prepare it 1 h before use and store
at 37°C).

Change the enzyme solution with PBS and dissociate the cells by 5 or 6 passages
through a narrowed bore of a fire-polished pasteur pipette.

Centrifuge cells for 5 min at 800 rpm in a cell centrifuge (Haereus Mini-
fuge GL).

Resuspend in modified DMEM (Brewer and Cotman, 1989).

Plate the cells in 24-mm-diameter coverslips pretreated overnight with polyly-
sine at the density of 2.5-3 X 10° cells/coverslip.

Change the medium when living cells are attached (normally after 4-5 h).
Day 2
After 18 h add 5 uM 1B-p-arabinofuranosylcytosine to the medium to block
the glial cells grown.
Day 6-7
Perform transfection as described later.

B. Transfection (Calcium Phosphate Method)
Day 1
Precipitate 4-8 ug of plasmid DNA for each coverslip in 70% ethanol, incubate

at —80°C for 30 min, centrifuge at 14,000 rpm in a Microcentrifuge Eppen-
dorf, remove the ethanol, and let the pellet dry for 30-40 min.

Resuspend the DNA in 180 wl of TE (10 mM Tris, 1 mM EDTA, pH 8) and
then add 20 ul of a 2.5 M CaCl, solution.

Add this solution dropwise under vortexing to a tube containing 200 ul of 2%
HBS (280 mM NaCl, 50 mM HEPES, 1 mM Na,HPO,, pH 7.12 at 25°C).

Incubate for 30 min at room temperature.
Add the DNA precipitate to the coverslip dropwise.
Day 2

Change the medium.

C. Visualization of GFP Constructs

Mount a coverslip with transfected cells, after 36 h of transfection, on a thermo-
statted chamber containing saline buffer and observe with one of following
systems.
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1. Fluorescence Microscope
We use a Zeiss Axiovert inverted microscope with a mercury lamp as the
light source.
For GFP S65T we use the following filter set:

excitation HQ480/40
dichroic Q480LP
emission HQ510LP

For BFP we use the following filter set:

excitation D390/20
dichroic 425DCLP
emission D460/50

For contemporary visualization of GFPwt and BFP:

excitation D360/40
dichroic 400DCLP
emission E420LP

All the filter sets are provided from Chroma Technology Corporation.

2. Videoimaging

The microscope previously described is equipped with the following devices
to form a system for high-speed acquisition and processing of fluorescence images:

» A computer-controlled light shutter.

* A six-position filter wheel.

* A piezoeletric z-axis focus device.

* A back-illuminated 1000 X 800 CCD camera (Princeton Instruments)

» A computer equipped with a software for image acquisition, 2-D and 3-D
visualization and analysis (Metamorph software).

3. Confocal Microscopy

We employ the Nikon RCM 8000 confocal microscope based on the Nikon
Diaphot 300 inverted microscope, equipped with a 40X water immersion objec-
tive (NA = 1.1). The 365-nm band of an argon ion laser is used for excitation
of wtGFP and BFP, and the emitted light, separated in two components by a
dichroic mirror (47SDXCR), is collected by two separate photomultipliers. For
visualizing the GFPS65T fluorescence, the 488 band of a helium-neon laser is

- used and the emitted light (emission filter HQ525/50) is collected by one of the
photomultipliers.
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I. Introduction

|

All eukaryotic cells have at least two cytoskeletal filament systems: actin and
microtubules. In different cells these filaments carry out different tasks, but one
universal feature is that control over their polymerization and depolymerization
is essential to their function. In some situations, the filaments are stabilized so
that they provide a permanent framework, such as the actin filaments in muscle.
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In others, the filaments must constantly grow and shrink as part of their function,
as for microtubules in the mitotic spindle. The dynamics of the cytoskeletal
filaments in animal and plant cells have been extensively analyzed with fluores-
cent probes. Most commonly, the subunit of the filament system under study is
purified and labeled with a fluorescent molecule. This labeled protein is then
introduced back into cells, where it polymerizes along with the unlabeled sub-
units. This results in fluorescent filaments that can be studied over time. Such
experiments have shown that for both actin and microtubules the length and
number of filaments, as well as their location within the cell, can change rapidly.
Although the wealth of genetic information from yeast would be most useful
for understanding how the cytoskeleton is controlled, it has not previously been
possible to observe cytoskeletal dynamics directly in yeast cells. This is mostly
due to the difficulty of introducing fluorescently labeled proteins into the small,
cell-wall-bound yeast cell body. However, yeast cells can easily be transformed
with exogenous DNA. Thus, by fusing the gene for GFP to the coding sequences
for the major cytoskeletal proteins and associated proteins, it is possible to
observe dynamics directly. There are interesting similarities and differences when
comparing the results from yeast, animal, and plant cells. Finally, there are
several advantages to studying these cytoskeletal processes in yeast. First, genetic
and molecular techniques, used in combination with the complete genome se-
quence, allow GFP fusions to any protein to be rapidly constructed, expressed,
and analyzed in cells. Second, cytoskeletal dynamics can be examined in the
many mutants already known to affect the function of the cytoskeleton. Third,
the small size and rapid growth of yeast cells allows observation of the entire
cytoskeleton and examination of the changes that occur during the cell cycle.

II. Generating GFP Fusions

The remarkable ability of GFP to form fluorescent molecules in heterologous
systems has led to its widespread use in the analysis of both gene expression
and protein localization. In yeast cells, expression of GFP alone results in general
cytoplasmic fluorescence; GFP is able to enter the nucleus, but is excluded from
the vacuole. Cells remain viable, and photobleaching occurs only after several
minutes of continued exposure (Stearns, 1995). For the purposes of observing
cytoskeletal proteins, gene fusions with GFP must be constructed, and there are
several points to consider in the design of a fusion. We will concentrate on the
strategies and techniques that our lab has developed for generating and analyzing
fusion proteins, although it is important to note that many variations are possible.

A. GFP Fusion Vectors

The goal in designing a GFP fusion protein is to make a fusion protein that
is both functional and fluorescent. At the very least, the fluorescent protein
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should not negatively affect the function of the wild-type protein. Unfortunately,
no definitive prediction can be made about whether a particular fusion construct
will generate such a functional and fluorescent protein. Therefore, a reasonable
approach is to create a variety of fusion constructs, to characterize the properties
of the fusion proteins, and to use the “best” one for further analysis.

Two types of yeast vectors can be used to generate GFP fusions: Yeast integrat-
ing plasmids ( YIps) allow the integration of the fusion protein into the genome,
and yeast centromeric plasmids (YCps) allow the expression of the fusion protein
from an autonomously replicating element. Centromeric plasmids contain a yeast
origin of replication and centromeric sequences, allowing for their relatively
stable segregation and maintenance at low copy numbers. Integrating plasmids
do not contain a yeast replication origin and must be integrated into the genome
for maintenance; integration is done using standard yeast molecular techniques
(Stearns et al., 1990). Both types of vectors are available for expression of GFP
fusions in yeast, using the URA3 gene as a selectable marker (Fig. 1). Overexpres-
sion of proteins sometimes causes novel phenotypes and altered localization
properties, so it is advantageous in studying an uncharacterized protein to inte-
grate the GFP fusion at the endogenous locus, such that the endogenous promoter
drives the fusion protein. In this way, a fusion protein can be examined as it is
being expressed by its own promoter in the genome. A second advantage of
using integrating plasmids becomes apparent with very large genes, for which it
is difficult to work with full-length versions on a centromeric plasmid. In such
cases it is sufficient to clone a portion of the gene into the YIp vector, creating
a GFP fusion to the full-length protein by an appropriate integration event at
the chromosomal locus.

When higher levels of expression are desired, overexpression of GFP fusions
from centromeric plasmids (YCps) with inducible promoters is favored. High
expression levels might be necessary to visualize the localization of an uncharac-
terized protein and may be useful if overexpression does not result in deleterious
phenotypes. High levels of expression can be attained using the galactose-
inducible promoter GALI-10, in which the fusion protein is induced by growing
cells in galactose-containing media; all of our GFP vectors contain the GALI-
10 promoter (Fig. 1). All vectors also contain termination sequences downstream
of the GFP fusion to aid in its proper expression; the vectors described here
contain 400 bp of the ACTI 3’ UTR. GFP vectors with different promoter/
terminator sequences may be useful for specific needs and can be easily con-
structed. GFP fusion vectors containing the inducible MET25 promoter and
CYCI terminator sequences are also available, as is a gene replacement cassette
allowing for expression levels of a promoter of interest to be determined (Nieden-
thal et al,, 1996).

GFP fusions can most easily be made to either the amino or carboxy terminus
of proteins (Fig. 1). In most cases, it is not possible to predict a priori which
fusion position will result in the most useful fusion protein, so it is best to try
both. There are exceptions of course, for example, proteins in which localization
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A. C-terminal GFP B. N-terminal GFP
fusion vectors fusion vectors
GALp-(BHX)-GFP-ACT1t GALp-GFP-(BHX)-ACT1t
YCp YCp
Amp URA3 Amp URA3
CEN/ARS CEN/ARS
pTS395: WT GFP pTS408: WT GFP
pTS544: S65T pTS545: S65T
pTS566: GFPmutl pTS683: GFPmutl
pTS567: GFPmut2 pTS684: GFPmut2
pTS568: GFPmut3 pTS685: GFPmut3
pTS563: F.L.-GFP pTS686: GFP-F.L.
pTS564: F.L.-S65T pTS680: GFP/YIp

pTS681: S65T/YIp

Fig. 1 A, Vectors for fusing GFP to the C terminus of a given protein. pTS395 was constructed
by PCRing GFP from pGFP10.1 (Chalfie et al., 1994) with the primers GFP.1 (GCTCTAGACTCGA-
GATGAGTAAAGGAGAAG) and GFP.2 (GCCGCTAGCGGCCGCTTATTTGTATAGTT-
CAT). The PCR fragment was cut with Xbal and Nhel and inserted at the Xbal site of pTS210, a
YCpS50-based vector with the GALI-10 promoter (0.7 kb), a polylinker containing BamHI-HindIlII-
Xbal (BHX) sites, and the ACTI terminator (0.4 kb) (Carminati and Stearns, 1997). The sequence
of the polylinker is GGATCCGCAAGCTTCGTCTAGA. GFP can be fused to the C terminus of
a protein by inserting a gene such that its coding sequence is in frame with the ATG of GFP in
primer GFP.1. The plasmids listed below have GFP variants in place of wild-type GFP; S65T as
described (Heim er al, 1995), and GFPmutl-3 as described (Cormack et al, 1996). pTS563 and
pTS564 contain a flexible linker (F.L.) between the polylinker and GFP: GAGAPGAGA. B, Vectors
for fusing GFP to the N terminus of a given protein. pTS408 was constructed by PCRing GFP
from GFP10.1 with the primers GFP.3 (GCCAGATCTCAAAGATGAGTAAAG) and GFP4
(CGGGGATCCTTTGTATAGTTCATCCAT). The PCR fragment was cut with BamHI and
BglI and inserted at the BamHI site of pTS210. GFP can be fused to the N terminus of a protein
by inserting a gene such that its coding sequence is in frame with the last codon of GFP (TTT in
primer GFP.4). GFP variants are as described in A. In addition, two YIp plasmids were constructed
from a YIpS5 derivative; these can be digested and integrated into the genome. pTS680 and pTS681
are similar to pTS408 and pTS545, respectively, except for the absence of ARS/CEN.

information is known to reside in either the N or C terminus, in which case it
would likely be best to make the fusion to the other end. Internal fusions are
possible in theory, although there is little information on whether GFP can fold
productively if both its N and C termini are attached to other protein sequences.
It may be desirable to separate GFP and the target protein by a flexible linker
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sequence, with the notion that a linker without secondary structure would allow
both proteins to fold and function without interfering with each other (Fig. 1).
For example, a construct containing ten alanine residues between the actin gene
ACTI1 and GFP resulted in lower cytoplasmic background than did constructs
containing either no linker or a shorter linker of four residues (Doyle and
Botstein, 1996).

B. Which Version of GFP?

GFP is a 238—amino acid polypeptide that forms a fluorescent protein in the
absence of any specific cofactors. Chromophore formation occurs following the
cyclization and oxidation of a tripeptide located at amino acid positions 65-67.
Deletion analysis has shown that most of the protein is necessary for chromophore
formation (Dopf and Horiagon, 1996), so fusions must be made to the entire
GFP coding sequence. Wild-type GFP has a maximal excitation peak at 395 nm
and a secondary peak at 470 nm. Excitation at 395 nm is often detrimental to
cells and also causes rapid photobleaching of GFP. Excitation at approximately
470 nm results in better cell survival and less photobleaching. Mutant versions
of GFP have been made in which the maximal excitation peak is shifted to
470 nm, resulting in brighter fluorescence at this wavelength; these are known
as red-shifted mutants (Fig. 1). The most well-characterized of these is a mutation
of serine to threonine at amino acid position 65 (S65T) (Heim et al., 1995).
GFP(S65T) shows faster folding, has six-fold increased fluorescence, and has
been used extensively in yeast (Doyle and Botstein, 1996; Waddle et al., 1996).
However, under certain conditions, fusions using GFP(S65T) in yeast show much
faster rates of photobleaching under 470-nm illumination when compared to the
same fusions using wild-type GFP (Doyle and Botstein, 1996; 1. Carminati,
unpublished data). Several other versions of GFP have also beer constructed;
many contain a mutation at Ser-65 along with further mutations and are also
useful in generating brighter fusions in yeast (Cormack et al., 1996; Kahana and
Silver, 1996) (Fig. 1).

More recently, blue-shifted GFP variants were made that have a single excita-
tion peak at 380 nm and an emission peak in the blue at 445 nm (Heim et al,
1994; Heim and Tsien, 1996). GFP variants that show emission spectra different
from those of wild-type GFP will be useful in double-labeling experiments. By
generating fusions with distinct GFP molecules, the localization of multiple fusion
proteins could be tracked in the same cell in vivo, although this has yet to be
put into common use in yeast.

C. Characterization of Fusion Proteins

Following the construction of GFP fusion protein constructs, standard tech-
niques are used to generate yeast strains expressing them (Stearns et al., 1990).
In keeping with the goal of creating a functional and fluorescent fusion protein,
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it is useful to consider which strains to use for expression. It is often useful to
transform the constructs into both a wild-type strain and a strain that is mutant
for the gene under study so that the ability of the constructs to complement the
mutant can be assayed. Diploid cells are often used for microscopy, as they are
larger than haploid cells.

The fluorescent properties of a given construct are assessed simply by inducing
expression of the fusion protein, if necessary, and examining the cells using a
fluorescence microscope, as described later. In most cases it is desirable to use
a liquid culture of exponentially growing cells, as this assures that most of the
cells in the culture are in a similar physiological state. There is much anecdotal
evidence to indicate that the growth state of a culture can affect fluorescence,
although the parameters that are important have not been worked out. If a
particular protein appears to be fluorescent but is only faintly visible, or is only
visible in some cells in the population, it can be useful to examine cultures in
different states of growth—for example, early log phase versus late log phase, or
even stationary phase. Although it is not likely to be optimal, it is also possible
to assay cells directly from agar plates, although the physiological state of cells
in this case is not uniform. A common error when first looking at yeast cells
expressing a fluorescent fusion protein is to mistake dead cells for the desired
fluorescent cells. Dead cells are often brightly fluorescent under the conditions
used to view GFP but can be distinguished from living cells by phase microscopy:
dead celis have a crenelated or granular appearance in comparison to living cells.

It will often be necessary to adjust the expression level of fusion proteins that
are being expressed from an inducible promoter, as the full expression level
from these promoters is far greater than for most cytoskeletal proteins in yeast.
For example, expression of TUB4 from the GAL promoter results in a 300-fold
increase over the normal level of Tub4p (Marschall et al., 1996). Tub4p is normally
localized to the spindle pole body, but at this high level of expression the protein
was present at high levels in both the cytoplasm and the nucleus. The level of
expression from the GAL promoter can be modulated in several ways. We have
had the most experience with adding low levels of the repressing sugar glucose
to a culture containing galactose as the main carbon source. For example, growing
cells with the GAL-TUB4 construct described earlier in a mixture of 2% galac-
tose and 0.5% glucose reduced expression levels to only a few-fold over those
of wild type (Marschall et al., 1996). Kahana et al. (1995) have reported obtaining
similar results by growing cells initially in 2% raffinose and then inducing with
galactose for 1 h, followed by a 6-h incubation in glucose. Modulation of fusion
protein level is often important in achieving the best signal-to-noise ratio and
in avoiding artifactual localization.

Assessing proper protein localization can be difficult when the protein in
question is not a known component of the cytoskeleton but rather is being
tested for association with the cytoskeleton by colocalization with cytoskeletal
structures. Although the morphologies of the yeast actin and microtubule cy-
toskeletons are well characterized, there may be cases in which a protein will
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localize to only a subset of cytoskeletal structures, making colocalization with
the filament system less obvious. In such cases, it is most useful to be able to fix
the cells so that both GFP fluorescence and immunofluorescence can be used
on the same cells. Although this should be straightforward, the fluorescence of
some GFP fusion proteins is greatly reduced by formaldehyde fixation, making
the experiment difficult. It has been observed that certain fusion proteins are
completely nonfluorescent immediately after formaldehyde treatment, but regain
their fluorescence after removal from formaldehyde and treatment for immuno-
fluorescence (T. Stearns, unpublished data).

III. Imaging Considerations for Yeast Cells

Yeast cells are small, round, and relatively sensitive to the intense light used
in fluorescent microscopy. Each of these properties makes for difficult imaging
of fluorescent proteins and must be addressed. The small cell size requires that
high magnification be used for imaging. This is typically achieved by using a
high-quality 100X objective (typically 1.4 or 1.3 numerical aperture) and further
magnifying the image for projection onto the camera. This can be achieved with
an optovar type of lens or with an appropriate projection lens. The round shape
of the yeast cell can be a problem, depending on the protein being imaged. With
the objectives typically used for imaging, only a portion of the cell is in focus at
any one focal plane. If it is necessary to follow the fluorescent protein through
all focal planes, a microscope with an automated focus control must be used
(discussed later). Photodamage is minimized by reducing the light intensity and
exposure time as much as possible. For time-lapse analysis, an automatic shutter
between the light source and microscope must be used so that the cells are only
exposed to light during data collection.

Another consideration in imaging yeast cells is the method of immobilization
of cells on the microscope slide. Yeast cells do not stick to untreated glass and
will drift away unless care is taken to immobilize them. For relatively short time-
lapse imaging (up to 30 min), an aliquot of cells in liquid culture (5 ul) can be
spotted directly onto a glass slide and covered with a coverslip. To prevent
drifting, the slide is blotted on absorbent tissue with light pressure. Care must
taken to not to crush the cells, as they will lyse if too much pressure is applied.
Coverslips can be sealed to slides with Valap, a 1: 1: 1 mixture of Vaseline, lanolin,
and wax. Sealing the slides may help reduce photodamage during imaging, pre-
sumably because it blocks exchange with atmospheric oxygen and yeast cells use
up the existing oxygen under the coverslip (Kahana et al., 1995). For longer time-
lapse imaging (several hours), cells can be mounted on low-melt agarose or 25%
gelatin made with minimal media as described elsewhere (Doyle and Botstein,
1996; Shaw et al., 1997a). Gelatin has the advantage that it more closely approxi-
mates the optical density of the cell wall, allowing for clearer imaging of internal
structures by standard light microscopy techniques.
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Procedure: Imaging Cells Containing GFP Fusion Proteins

1. Grow 3- to 5-ml cultures in minimal media containing 2% galactose; 0.5-1%
glucose can be added to modulate expression. Grow cells overnight to log phase at
30°. Variability in the expression and fluorescence of fusion proteins is sometimes
observed, so it is best to grow up several cultures at once.

2. Spot 5 ul onto a microscope slide and cover with a No. 1 coverslip (18 X
18 mm).

3. Turn the slide upside down onto two kimwipes and press gently until liquid
appears at the edges of the coverslip. Blotting immobilizes the majority of cells;
however, too much pressure will cause cells to lyse.

4. Image on a fluorescence microscope using a 100X objective of the highest
numerical aperture available (example: 100X/1.4 Planapochromat from Carl
Zeiss Inc., Thornwood, NY). Locate cells at this magnification. For time-lapse
imaging, insert a 2.5X optovar if necessary with the microscope/camera system
being used.

5. Set up time-lapse image acquisition using imaging software (MetaMorph;
Universal Imaging, West Chester, PA). For short time periods (up to 30 min)
take 100-ms exposures every 2-10 s.

IV. Time-Lapse Microscopy

Setup and Acquisition of Images

The fluorescence of microtubules generated with GFP—tubulin fusions is both
variable and of fairly low intensity, so a microscope setup capable of detecting
faint fluorescence is essential. Slow-scan CCD cameras can produce low-noise
images suitable for imaging low levels of fluorescence. SIT cameras are also
suitable for imaging yeast and have been used in studies of actin cytoskeletal
dynamics (Doyle and Botstein, 1996; Waddle et al., 1996). For imaging microtu-
bule dynamics, a cooled CCD camera containing a TK512D chip with a readout
noise of 8 e at 100 kHz readout was used in 16-bit mode (Princeton Research
Instruments Inc., Princeton, NJI). The camera is cooled to —30°C and has a
quantum efficiency of around 75% at 500 nm. The camera was attached via a
basement port to an inverted fluorescence microscope (Axiovert; Carl Zeiss
Inc.), and illumination was provided by a 100-watt Hg lamp in an Atto Arc
housing for variable attenuation. A HiQ FITC cube #41001 (Chroma Technology
Corp., Brattleboro, VT) was used with the following specifications: 480/80 exciter,
505 LP dichroic, and 535/50 emitter.

Because the yeast cell is a three-dimensional sphere roughly 5 um in diameter,
two techniques are available to image cytoskeletal dynamics within the cell. The
first technique is to image only one focal plane; single microtubules can be
followed during the time lapse by manually adjusting the fine focus such that a
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particular microtubule remains in focus. The second technique is to generate a
time-lapse sequence consisting of consecutive Z-series images (Waddle et al,
1996; Shaw et al., 1997a). In this technique, 5-10 images are collected at 0.5- to
1-um steps through the cell, and this is repeated every minute for several hours.
When imaging cells over longer time periods, neutral density filters or an
adjustable-intensity mercury lamp can be used to attenuate illumination in order
to reduce photobleaching and toxicity. Using this method, microtubule and actin
dynamics were examined during the course of a complete cell cycle (Waddle ez
al., 1996; Shaw et al, 1997a,b).

B. Analysis of Time-Lapse Data

The parameters of cytoskeletal dynamics, such as rates of movement and
frequencies of events, are usually determined from the analysis of time-lapse
data. As an example of how data is analyzed, we will describe calculations
for determining rates of microtubule growth and shrinkage. First, time-lapse
sequences are chosen in which a microtubule or microtubules remains in focus
for long enough to determine the parameter of interest. Then, using a tracing
tool (MetaMorph Imaging Software; Universal Imaging, West Chester, PA), the
length of the microtubule in pixels is determined, and pixels are then converted
into microns, using calibration information for the specific microscope setup
used. Tracings of microtubules should be repeated in each frame and averaged;
this reduces the error inherent in manual tracing. Measurements are repeated
in successive frames for as long as a given microtubule can be tracked. Once all
microtubules are measured for a given time-lapse stack of images, distances
versus time can be plotted using a statistics software program (StatView; Abacus
Concepts, Berkeley, CA). These plots are used to visually determine growing
and shrinking phases for single microtubules. Regression analysis of each separate
phase determines the slope of the line, and thus the rate of growth or shrinkage.
Only regression analysis results having r? > 0.7 and P < 0.5 (95% confidence
level) were considered statistically significant (Carminati and Stearns, 1997).
Once growth and shrinkage rates are determined, the unpaired t-test determines
whether growth and shrinkage values are significantly different from previously
determined values.

C. Presentation of Time-Lapse Images

For generating figures from time-lapse images, the image stack file must first
be separated into individual TIFF files. A graphics software program such as
Adobe Photoshop (Adobe Systems Inc., San Jose, CA) can be used to create
figures using TIFF files. Several methods exist for transferring the digital images
generated by the CCD camera to analog videotape for presentation. One is to
first transfer the images to an optical memory disk recorder (OMDR), at a rate
of roughly 10 frames per second, then to transfer the analog images from the
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OMDR to a video recorder and onto videotape. Alternatively, it is possible to
outfit a personal computer so that it can output directly to an attached video re-
corder.

QuickTime movies for Internet Web pages can also be generated from time-
lapse images (Table I); the time-lapse TIFF files must first be converted to a
PICS-PICT sequence file using GraphicConverter shareware (Lemke Software,
Peine, Germany). The brightness and sharpness of the PICS file can be altered
using the “stacks” macro of NIH Image software, as can any cropping of
the image that might be necessary. Finally, MoviePlayer software (QuickTime;
Apple Computer Inc., Cupertino, CA) is used to convert the PICS file to a
QuickTime movie. The compression (Motion JPEG A) and frame rate (usually
~10 frames/s) must be chosen before creating the movie. This JPEG file can
now be inserted into a Web page and viewed using QuickTime.

V. Results: Cytoskeletal GFP Fusion Proteins

The microtubule and actin networks compose the two main cytoskeletal com-
ponents of Saccharomyces cerevisiae (Botstein et al., 1997; Winsor and Schiebel,
1997). In yeast, microtubules are required for only three processes, each involving
movement of the nucleus or chromosomes. Nuclear microtubules form the mitotic
and meiotic spindles, and are essential for the segregation of chromosomes
in both processes. Cytoplasmic microtubules orient the nucleus and spindle,
positioning them at the neck region prior to division and maintaining the proper
orientation during spindle elongation. Cytoplasmic microtubules are also re-
quired for nuclear fusion during mating, acting to bring the two haploid nuclei
together in the common zygote cytoplasm so that they can form a diploid nucleus.
Both nuclear and cytoplasmic microtubules are nucleated from a microtubule
organizing center, the spindle pole body (SPB), that is embedded into the nuclear
envelope. During mitotic division, the SPB duplicates and nuclear microtubules
from the separated SPBs form the mitotic spindle. Both SPBs also nucleate
cytoplasmic microtubules, which are the equivalent of astral microtubules in
animal cells.

In contrast to the roles of the microtubule network in yeast cell physiology,
the function of the actin cytoskeleton is more complex and less well understood.

Table 1.
Web Sites; Examples of Yeast Cytoskeletal Dynamics

Microtubules: http://www.leland.stanford.edu/~stearns/carminati.html
http://www.unc.edu/depts/biology/bloomlab/tubesl.mov

Actin: http://www.genome.stanford.edu/group/botlab/images.html
http://www.cooperlab.wustl.edu
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Actin is important for polarized secretion and growth, cytokinesis, endocytosis,
and movement of mitochondria and possibly other organelles. The actin cytoskel-
eton is composed of cytoplasmic actin cables and cortical actin patches associated
with the plasma membrane. The distribution of both cables and patches is cell-
cycle regulated, and polarized patch localization correlates spatially and tempo-
rally with polarized growth. Actin patches localize to sites of cell surface growth,
mostly in the bud, whereas actin cables are associated with the cell periphery
and are oriented toward the bud and the actin patches. At the end of the cell
cycle, actin patches relocalize to the neck between the mother and bud cells,
and the actin cables become randomly oriented in both the mother and bud.

A. GFP Fusions to Microtubule Proteins
1. a-Tubulin Fusions

To visualize the microtubule cytoskeleton in living yeast cells, fusions were
constructed between GFP and the a-tubulin genes of yeast. Yeast contains two
genes encoding a-tubulin, which differ in levels of expression: TUBI, the major
essential gene, and TUB3, the minor nonessential gene. Overexpression of TUB!
rescues a deletion in TUB3, and vice versa, suggesting that both genes are
functionally equivalent. Fusions were made between GFP and both TUBI and
TUB3; both N- and C-terminal fusions were made with TUBI, and an N-terminal
fusion was made with TUB3. Although all fusions showed some level of microtu-
bule fluorescence, the GFP-TUB3 fusion was the only construct to functionally
rescue the benomyl supersensitivity of a tub3 deletion strain (Carminati and
Stearns, 1997). None of the constructs had deleterious effects on cell growth at
normal temperature (30°C), so it is not clear why only one of the fusions is able
to act functionally in the absence of the endogenous a-tubulin gene.

Using the GFP-TUBS3 fusion to generate fluorescent nuclear and cytoplasmic
microtubules, microtubules were shown to exhibit dynamic instability as in animal
cells (Carminati and Stearns, 1997) (Fig. 2). Rates of microtubule growth and
shrinkage were 0.5 and 1.4 um/min, respectively, and catastrophe and rescue
frequencies were 0.006 and 0.002 s™1, respectively. A difference was seen in rates
of microtubule shrinking when different stages of the cell cycle were examined;
unbudded cells had a rate of 1.8 um/min as compared with a rate of 0.8 um/min
in budded mitotic cells. This increase in microtubule dynamics during the early
part of the cell cycle might be explained by the need for cytoplasmic microtubules
to search for and locate the emerging bud tip; increased microtubule turnover
may result in more efficient searching.

GFP-cytoskeletal fusion proteins can be introduced into mutant strains in
order to characterize defects in living cells. The minus-end microtubule motor
protein, dynein, has been shown to play a key role during the orientation of the
mitotic spindle in yeast (Eshel ez al,, 1993; Li et al., 1993), and is necessary for
microtubule-cortex interactions (Carminati and Stearns, 1997). In comparing
microtubule dynamics of wild-type and dynein-deficient cells, a decrease was
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Fig.2 Time-lapse images are shown of living yeast cells in which cytoplasmic microtubules, spindle
microtubules, and SPBs are labeled following incorporation of GFP-TUB3. A, In wild-type cells
containing long spindles, cytoplasmic microtubules interact with the cell cortex, resulting in proper
spindle orientation during mitosis. In the top panel, a short cytoplasmic microtubule sweeps back
and forth along the bud cortex; in the bottom panel, shrinking of a microtubule at the cortex results
in spindle movement toward the direction of the cortical attachment. B. Microtubule and cortex
interactions are aberrant in dynein-mutant cells, resulting in misaligned spindles during mitosis; note
the location of the spindle entirely within the mother cell. Microtubule dynamics are also affected
in the dynein mutant, resulting in longer cytoplasmic microtubules. (Reproduced from The Journal of
Cell Biology, 1997, vol. 138, pp. 629-641, by copyright permission of The Rockefeller University press.)

seen in rates of growth and shrinkage, and catastrophe frequencies were reduced
by half (Carminati and Stearns, 1997). More interestingly, characteristic interac-
tions between cytoplasmic microtubule ends and the cell cortex were aberrant
in the mutant cells during mitosis (Fig. 2). These cortical interactions result in
associated spindle movement and the eventual positioning of the spindle at the
bud neck prior to division. Many more questions can now be addressed as to
how dynein and associated proteins become localized at the cell cortex prior
to interaction with microtubules, and how this process is regulated during the
cell cycle.

In other studies, both spindle microtubules and chromosomes were labeled
with GFP fusion proteins using a technically impressive strategy (GFP-TUBI1
and GFP-Lacl/LacO) (Straight et al., 1997). Several aspects of mitosis in living
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cells were characterized following Z-series imaging and deconvolution analysis.
By observing chromosome dynamics in conjunction with spindle dynamics, it
was shown that a metaphase plate is not present prior to chromosome separation
in yeast and that anaphase A movement of chromosomes to spindle poles occurs
during mitosis. Biphasic spindle elongation rates were similar to those observed
in other studies (Kahana et al., 1995; Yeh et al., 1995).

2. Microtubule-Associated Proteins

Microtubule dynamic rates similar to those described earlier were also deter-
mined by examining microtubules following incorporation of GFP(S65T) fused
to a truncation of the dynein heavy chain gene, DYNI (Shaw et al, 1997b).
Overexpression of DYN1-GFP(S65T) resulted in localization to cytoplasmic
microtubules, and rates of polymerization and depolymerization were calculated
following Z-series time-lapse imaging. Cytoplasmic microtubules were imaged
during a complete cell cycle, and rates of growth and shrinkage were determined
to range from 0.3 to 1.5 um/min (Shaw et al, 1997b). Whereas the DYN1-
GFP(S65T) construct described earlier localizes only to cytoplasmic microtu-
bules, overexpression of an integrated N-terminal fusion (GFP-DYN1) localizes
to the SPB predominantly, yet is occasionally seen associated with both cyto-
plasmic and spindle microtubules (J. Carminati, unpublished data).

Other microtubule-associated proteins have been identified as well following
localization of GFP fusions to microtubules. BIM! (binding to microtubules)
was identified as a two-hybrid interactor with TUBI, and a deletion of BIM1
results in phenotypes similar to known mutations affecting microtubules: temper-
ature and cold sensitivity, benomyl supersensitivity, aberrant spindle morphology
and nuclear migration, and defects in karyogamy (Schwartz et al., 1997). Using
a GFP(S65T)-BIM1 fusion driven by the ACTI promoter, it was shown that
Bim1p localizes to both nuclear and cytoplasmic microtubules. Several lines of
evidence, including the similarity of phenotypes resulting from the overexpression
or loss of BIM1, suggest that Bim1p is a structural component of the microtubule
cytoskeleton. Interestingly, the nearest homolog to BIM1 is human EB1 protein,
which was identified as a ligand to APC in a two-hybrid system (Su et al., 1995).
APC itself is a microtubule-binding protein, and the APC gene is responsible
for a hereditary predisposition to a form of colon cancer (Groden et al., 1991;
Munemitsu ef al., 1994; Smith et al., 1994).

B. Spindle Pole Body Components
1. y-Tubulin

The y-tubulin protein in yeast is encoded by TUB4 and was localized to the
SPB using a TUB4-GFP fusion protein; localization was not dependent on
microtubules, showing that Tubdp is an intrinsic SPB component (Marschall et
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al.,, 1996). A novel approach examining the dynamics of GFP-TUB4 showed
that Tubdp is exchangeable at SPBs (Fig. 3). Using a karl-1 strain that is defective
in nuclear fusion, cells were mated to a KARI strain overexpressing GFP-TUB4
(Marschall ef al,, 1996). Upon mating, GFP-TUB4 was initially localized only
at the SPB of the KARI nucleus. However, over a period of 30 min, the SPB
of the karl-1 nucleus incorporated GFP-TUB4, showing that newly made -
tubulin became incorporated into a preexisting SPB (Fig. 3).

The first in vivo study of a yeast cytoskeletal protein fused to GFP examined
spindle dynamics by fusing GFP to the C terminus of a SPB component, Nuf2p
(Kahana et al., 1995). Overexpression of NUF 2-GFP rescued the lethality associ-
ated with a nuf2 conditional allele and resulted in SPB localization throughout
the cell cycle that was similar to that of the endogenous Nuf2p. SPB separation
during mitosis was examined and surprisingly revealed four distinct phases of
spindle dynamics during anaphase. Following initial spindle formation in the
mother cell, the small spindle eventually aligns at the bud neck along the mother—
bud axis. A period of fast spindle elongation then occurs at a rate of 1.5 pm/
min over 100-150 s; the spindle remains mainly in the mother cell at this time.
The spindle is then translocated into the bud, and slow spindle elongation
(0.7 wm/min) occurs over a 10- to 12-min period at the end of anaphase. Interest-
ingly, the two different rates of spindle elongation indicate that distinct forces

B 8 --

Fig.3 Localization of TUB4—GFP following fusion of a karl-I strain with a KARI strain expressing
TUB4-GFP. Cells were mated for 3 h and then fixed and stained with the DNA stain DAPI. The
karl-1 mutation prevents fusion of nuclei in mating cells; thus, each zygote has two separate nuclei
in a common cytoplasm. A, TUB4-GFP is localized to a single SPB in an unbudded zygote. B, The
second SPB is faintly labeled with TUB4—-GFP in a small-budded zygote. C, Both duplicated SPBs
show TUB4-GFP localization in a large-budded zygote. (Reproduced from The Journal of Cell
Biology, 1996, vol. 134, pp. 443-454, by copyright permission of The Rockefeller University Press.)
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act on the spindle during anaphase (Kahana e al., 1995). By tracking NUF2-GFP
in cells mutant for several microtubule motor proteins, it was recently shown
that KIP3, a kinesin-related gene, is required for the initial migration of the
nucleus to the bud neck, whereas DYNI, the dynein heavy chain gene, is required
for the later translocation of the nucleus through the bud neck (DeZwaan et al.,
1997). These and other motor proteins may contribute to the distinct forces
acting on microtubules during mitosis.

C. GFP Fusions to Actin Cytoskeletal Proteins
1. Actin—GFP fusions

To visualize the actin cytoskeleton, GFP was fused to the C terminus of ACTI,
the single essential gene in yeast encoding actin (Doyle and Botstein, 1996).
Several constructs were also made containing alanine linkers between GFP and
ACTI, and all were expressed on YCp plasmids. All fusion proteins became
incorporated into cortical actin patches, had no deleterious effects on cell growth,
yet did not act functionally to rescue a deletion of ACTI. The actin patches
visualized by the fusion protein appeared similar to patches previously described
by immunofluorescence in fixed cells, suggesting that the fusion protein became
properly localized into the cytoskeleton. However, no actin cables were visualized
by the ACT1-GFP fusion proteins, indicating either that the fusion protein is
not assembled into all actin structures or that incorporation into actin cables is
below the level of detection.

The visualization of actin patches in living cells led to the surprising finding
that patches are very dynamic throughout the cell cycle (Doyle and Botstein,
1996; Waddle et al,, 1996) (Fig. 4). Generally, the movement of actin patches is
confined to small distances; however, movement across larger distances occurs
occasionally. It is thought that cytoplasmic actin cables are anchored in the cell
membrane, forming cortical actin patches, and that secretory vesicles are deliv-
ered to the cell membrane via actin cables. The discovery that actin patches are
dynamic suggests that membrane addition to the growing bud could be directed
to different regions within the bud (Doyle and Botstein, 1996). Actin patches
were also found to be dynamic in nature during cell mating and sporulation
(Doyle and Botstein, 1996). Interestingly, actin patches were not dynamic once
the mature ascus formed.

2. Actin-Associated Proteins

Several actin-associated proteins are associated with both actin cables and
cortical patches, whereas others are associated with either cables or patches.
CAP2 encodes the B-subunit of capping protein and is localized only to actin
patches (Amatruda and Cooper, 1992). In a similar study examining dynamic
actin patches, GFP containing the S65T mutation was fused to the N terminus
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Fig. 4 Movement of cortical actin patches is shown in time-lapse images of sac6::LEU2 abp1::LEU2
haploid cells containing a GFP(S65T)-SAC6 fusion protein. Patches are localized to the cell mem-
brane of the daughter cell over the time course analyzed and are clearly dynamic, as can be seen
from the change in distribution of patches over the 10-s intervals. Images were obtained using a SIT
camera by T. Doyle, and methods are as described in Doyle and Botstein, 1996.

of CAP2 and expressed on a YCp plasmid; this fusion protein rescued a synthetic
lethality associated with a deletion of CAP2 (Waddle et al., 1996). To enhance
the fluorescence of actin patches, the YCp plasmid was introduced into a diploid
containing two integrated copies of GFP(S65T)-CAP2, replacing the endoge-
nous loci.

This study also determined that actin patches moved rapidly along the cell
periphery, independent of one another, and generally moved short distances
with frequent changes in direction. Rates of patch movement were determined
by examining time-lapse images, and a mean rate of 0.49 um/s was calculated
for dynamic patches (Waddle et al., 1996). The clustering of patches that occurs
during the cell cycle was also characterized; patches within clusters were also
dynamic yet were restricted in movement so that a cluster remained together
for a given time. Clusters of polarized patches were found to correlate with
periods of bud growth, and patches became depolarized in the mother and bud
when bud growth ended. To address whether movement of actin patches was
powered by myosin motors, dynamics were analyzed in mutants of each of the
five myosin heavy chain genes (MYO1I-5). Patches remained dynamic, indicating
that none of these genes were essential for movement. Similar results were found
with the kinesin heavy chain gene, SMYI, and the tropomyosin genes, TPMI
and TPM2. However, a quantitative analysis of rates of patch movement was
not performed and might reveal subtle dynamic changes in these mutant back-
grounds.
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GFP has also been fused to several other actin-binding proteins; the S65T
version of GFP was fused to the N terminus of both ABPI and SAC6, a fimbrin
homolog (Doyle and Botstein, 1996). Both fusion proteins localize to actin
patches, whereas GFP(S65T)—SAC6 localizes occasionally to actin cables; the
dynamics of actin patch movement was similar to results using ACT1-GFP and
GFP(S65T)-CAP?2 (Fig. 4).

VI. Future

The results described here represent several different types of experiments
that have been used to examine cytoskeletal dynamics. Using GFP fusions,
many novel approaches remain available to continue the characterization of
cytoskeletal dynamics in yeast. The development of GFP molecules with distinct
spectral properties will allow double-labeling experiments ir vivo. Several ap-
proaches are listed below that may prove valuable in future research.

A. Pharmaceutical Drug Studies

Using perfusion chambers, it should be possible to determine the immediate
effects of drugs acting on the cytoskeleton. Drugs such as nocodazol and benomyl,
which destabilize microtubules, and latrunculin A (Ayscough et al., 1997), which
destabilizes actin filaments, will be interesting to examine. The cytoskeletal re-
sponse to drugs can be examined, as can the recovery of cells following removal
of the drugs.

B. Photobleaching and Dynamics

Studies using GFP-tubulin fusions examined both the dynamic properties
of cytoplasmic microtubules and aspects of spindle elongation during mitosis.
However, the dynamics of individual spindle microtubules has not been deter-
mined due to the bundled nature of the mitotic spindle. Future studies aimed
at examining spindle microtubule dynamics might be possible following photo-
bleaching of the GFP fluorophore in a labeled spindle (Cole et al., 1996). A
second approach is to examine spindle microtubules in mutants resulting in
monopolar spindles; these half spindles are often splayed apart and may allow
single microtubules to be resolved and characterized.

C. Fluorescence Resonance Energy Transfer (FRET)

One of the most interesting new approaches using GFP fusion proteins is a
method that allows the dynamic imaging of protein—protein interactions in vivo.
Fluorescence resonance energy transfer (FRET) is the transfer of energy from
a donor fluorophore to an acceptor fluorophore. When the emission spectrum
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of the donor overlaps with the excitation spectrum of the acceptor, the energy
can be transferred if the molecules are within close proximity to each other.
Using both blue-shifted and red-shifted GFP variants with distinct excitation
and emission spectra, it has been shown that FRET occurs between fusion
proteins that are physically close to one another (Heim and Tsien, 1996; Mitra
et al, 1996). The development of this technique as more GFP variants become
available will be of enormous value in determining and monitoring in vivo pro-
tein associations.
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I. Introduction

A. Studying Dynamic Processes in Living Cells

Understanding the dynamics of intracellular processes is one of the most
exciting and informative research areas today. The availability of the green
fluorescent protein (GFP) from Aequorea victoria has revolutionized in vivo
studies of dynamic processes. A simple combination of genetic engineering and
cell biology has already allowed the determination of the intracellular location
of a range of proteins, in many cases opening up new avenues of investigation
following unexpected results. As part of our ongoing studies into the molecular
mechanisms of protein targeting in vivo, we have been using GFP fusions to
study nuclear protein transport. In this chapter, we will describe the approaches
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we and others have taken to address this problem. We will concentrate on studies
in baker’s yeast (Saccharomyces cerevisiae), because this model system has shown
itself to be particularly amenable to in vivo studies.

B. Nuclear Transport

The import of proteins from the cytoplasm into the nucleus has been shown
to be a rate-limiting step in many processes, such as T-cell activation, lending
support to the idea that the acquisition of the nuclear membrane was a crucial
step in the evolution of eukaryotic cells. Nuclear import is generally thought to
comprise three distinct steps: recognition in the cytosol of the protein to be
imported by the NLS receptor, targeting of this complex to the nuclear pore,
and translocation through the pore. At the molecular level, many of the proteins
involved in these events have been identified: the importin (or karyopherin) o/
B-heterodimer recognizes proteins carrying a classical nuclear localization signal
(NLS) in the cytoplasm, and the complex is targeted to the nuclear pore complex
(NPC), where, in a process requiring the small GTPase Ran, translocation into
the nucleus occurs (reviewed in Nigg, 1997). In contrast to nuclear import, nuclear
export is much less well understood. RNA export is conceived to occur with
the RNA in a multiprotein complex that may include heterogeneous nuclear
ribonuclear proteins (hnRNPs) and components of the splicing machinery; the
first targeting molecules involved in RNA export have recently been identified
(Seedorf and Silver, 1997). Independent of RNA export, there is increasing
evidence that proteins are actively exported from the nucleus (Fornerod et al.,
1997; Kutay et al., 1997; Stade et al., 1997). Finally, many proteins are known or
proposed to shuttle between the nucleus and the cytoplasm (reviewed in Lee
and Silver, 1997). The baker’s yeast has been key to many of these advances,
and later studies in vertebrate cells have served to confirm these findings (Nigg,
1997). This chapter will focus on working with proteins that are imported or that
shuttle. It is clear that the nuclear export question remains to be addressed and
that GFP fusions may well provide the key.

II. Experimental Approaches and Protocols

A. GFP Mutants Optimized for in Vivo Studies

Fluorescence of GFP requires correct folding of the protein, intramolecular
oxidation to produce the chromophore, and excitation of the molecule with light
of an appropriate wavelength (Cody et al., 1993; Heim et al., 1994; Inouye and
Tsuji, 1994). Observation of GFP fusion proteins in living cells will thus be
limited by the folding and stability of the fusion protein, and by the microscope
set-up that is used. Although wild-type GFP can be detected using a standard
fluorescein isothiocyanate (FITC) filter set, the excitation and emission spectra
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are not ideal. The original GFP isolate (Prasher et al., 1992), referred to as wild-
type GFP, had a maximal excitation at 395 nm and a maximum peak of emission
at 509 nm. Random mutagenesis of the GFP gene resulted in the isolation of a
mutant (S65T) for which the excitation peak was shifted to 490 nm (Heim et al.,
1995; Kahana and Silver, 1996), that was more stable at 37°C, and whose folding
was approximately twice as rapid as that of wild-type GFP; a secondary mutation
(V163A) in our mutant was found to further increase the rate of folding of GFP
in vivo (Kahana and Silver, 1996). We find that our S65T V163A mutant GFP
appears at least 10 times brighter than wild-type GFP using standard fluorescence
filter sets (see Section II.B).

B. Microscopy

The limiting factor in GFP detection will usually be the microscope setup. It
is imperative that the GFP be excited at the optimal wavelength, with minimal
interference, and that the emitted light be transmitted as efficiently as possible
to the observer or camera. This section describes the system in use in our lab.
A full discussion is given in Kahana and Silver (1996).

1. Excitation and Emission Filter Sets and Objectives

a. Excitation Source

We find that a 75-W xenon source is optimal in terms of high excitation and
low bleaching, although a 100-W mercury lamp also gives good results. Laser
scanning confocal microscopes can also be used but generally lead to increased
photobleaching because increased exposure times are required.

b. Filter Sets

Standard FITC longpass filters (excitation from 450 to 490 nm; emission
520 nm) are optimal for use with the commonly used S65T mutants of GFP, as
described in the previous section. Bandpass filter sets with wider excitation and
emission ranges that bracket these values may lead to increased background
fluorescence from the specimen. Commercially available GFP-specific filters use
lower wavelengths for excitation, which can lead to photobleaching of the
GFP signal.

¢. Objectives

We use lenses with the highest numerical aperture available (currently 1.4 for
the 60X and 100X objectives necessary for working with yeast cells). Use of a
lens with a numerical aperture of 1.3 results in the loss of more than a third of
the signal. Unfortunately, the higher the magnification of the lens, the less light
is transmitted. Thus, for weak signals or for time-lapse microscopy, we use the
lowest magnification that allows visualization of the required cellular structures.
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2. Expression of the GFP Fusion Protein

To obtain the utmost information from a localization experiment, the fusion
protein is optimally expressed from the gene’s endogenous promoter so that
physiological levels are obtained. Assuming that the GFP fusion can functionally
substitute for the wild-type gene, information derived from these studies can be
extrapolated with a high degree of confidence to the wild-type protein. In many
cases, however, proteins are expressed at levels too low to allow the detection
of a GFP signal or are turned over so rapidly that the GFP moiety does not
have time to fold into its active, fluorescent, state. In these cases, it will become
appropriate to express the fusion from a constitutively highly expressing pro-
moter, such as HIS3 [used by Straight er al, (1997) to express Tub1-GFP] or
ADH]I. Alternatively, it may be convenient to express the GFP fusion from an
inducible (e.g., GALI or GALI0) or a repressible (MET) promoter. Because
expression levels from the GAL promoters can be very high, it will be important
to attempt to titrate the fusion protein’s expression levels by decreasing the
concentration of galactose used for induction over a range from 0.001% to 2%,
or by varying the concentration of glucose (which represses expression from the
GAL promoters) in the medium.

One major limiting factor in the detection of GFP in living cells can be the
background autofluorescence of the cells. In particular, the red pigment that
accumulates in ade2 cells fluoresces strongly in both the FITC/GFP and the
rhodamine/Texas Red channels, and can completely mask a weak or tightly
localized signal. For this reason, we strongly recommend working in cells that
are at least ADE2*; if possible they should be wild type for all the genes involved
in adenine biosynthesis, as even ade3 or ade8 cells have a higher than wild-type
level of autofluoresence that appears yellow, but that the camera will be unable
to distinguish from genuine green fluoresence in the FITC/GFP channel. ade2
cells can usually be restored to ADE2 by transformation with the 4.2-kb BamHI
fragment of this gene described by Aparicio et al. (1991).

3. Colocalization of GFP Fusion Proteins with Organelles

The enormous advantage of GFP over conventional microscopic probes is that
it allows the observation of proteins in living cells. Thus, to maximize the potential
of GFP, it is useful to use vital dyes in colocalization experiments. Where possible,
this is the method of choice for two reasons: avoidance of fixation artifacts, and
preservation of the GFP fluorescence. We have found that fixation of cells with
formaldehyde appears to cause some GFP fusions to precipitate out of solution,
forming bright spots throughout the cell (fixation artifact), whereas other fusions
are unable to renature following treatment with fixing agents, leading to loss of
signal. It is possible to visualize the nucleus in cells using brief treatment with
methanol or ethanol before resuspending the cells in a solution containing DAPI
(4, 6-diamidino-2-phenylindole); however, these treatments kill the cells, and
may adversely affect the GFP signal. An alternative is given here. Mitochondria
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can be visualized in vivo using rhodamine 123 (Skowronek et al., 1990) or rhoda-
mine B hexyl ester (Terasaki and Reese, 1992; Molecular Probes, Inc., Oregon).
Vacuoles can be visualized in living cells with N-(3-triethyammoniumpropyl)-4-
( p-diethylaminophenylhexatrienyl) pyridinium dibromide (FM 4-64; Molecular
Probes, Inc, Oregon), which also emits red fluoresence (Vida and Emr, 1995).

a. Protocol I: In Living Cells

There follows a protocol for the localization of GFP fusion proteins with
respect to DAPI staining of the yeast nucleus. For other organelles, appropriate
markers include the organelle-specific dyes mentioned earlier (vacuole, mito-
chondrion), or costaining with antibodies to proteins known to localize to each
organelle (e.g., Sec63p or BiP/KAR?2 as an ER marker; see next protocol). To
visualize the yeast nucleus in living cells, simply add DAPI to 1ug/ml to the
growth medium 1 h prior to microscopic observation of the cells. For optimal
results, we grow the cells in synthetic complete medium; complete media such
as yeast extract peptone dextrose (YEPD) have a high background of fluores-
cence. If medium fluorescence is a problem, the cells can be washed into water;
however, this decreases their longevity on the microscope slide so that observa-
tions have to be made within 10 min. After this time, fragile cells begin to lyse
and it becomes obvious that a fresh sample is required. Finally, some workers
prefer to add membrane permeabilizing agents such as dimethyl sulfoxide
(DMSO) (0.5%) to the cells, to aid the uptake of DAPIL

b. Protocol II: Colocalization of GFP Fusion Proteins with Other Proteins in
Fixed Cells

Frequently, the in vitro characterization of a protein reveals interactions with
proteins whose relevance needs to be confirmed. An initial approach is to demon-
strate that the two proteins are present in the same subcellular domain. For
example, in nuclear transport, potential mediators of transpore trafficking may
be found in proximity to nuclear pores. Standard protocols for immunofiuores-
cence in yeast have been discussed (Adams and Pringle, 1984; Rose e al., 1990;
Pringle et al., 1991). The following protocol is used for the colocalization of GFP
fusion proteins with nuclear pore proteins recognized by the anti-nucleoporin
antibody MADb 414 [initially raised against rat nuclear pore proteins (Davis and
Blobel, 1986), this monoclonal antibody also recognizes a range of yeast proteins
(Davis and Fink, 1990)]. Despite the inherent advantages of GFP, observation
of subcellular structures in fixed cells remains the most widely recognized method
of determining a protein’s localization.

1. Grow 5 ml of cells to mid-log phase (~5 X 10° to 107 cells/ml). If using a
reporter protein under the control of a GAL promoter, the cells should be grown
overnight in raffinose before expression of the reporter is induced by the addition
of galactose. Optimal galactose induction requires the presence of less than 0.01%
glucose. Induction times will vary with each reporter: long times may give high
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levels of expression, which should be checked first by Western analysis but can
also lead to cellular toxicity. In addition, high levels of overexpression can lead
to the accumulation of the reporter in regions of the cell that do not reflect a
physiological localization.

2. Fix the cells by the method of choice. For most proteins, including the nuclear
pore proteins recognized by MAb 414 (Davis and Fink, 1990), the addition of
1/10 volume of 37% formaldehyde (of the highest possible quality) is sufficient.
(Davis and Fink, 1990) fixed for 2 h on ice, but room temperature fixation for
60 min also works. The cells can be left in formaldehyde for as little as 5 min
on ice or as long as 90 min at 30°C. This will depend on the protein’s location
in the cell: soluble proteins generally require much longer fixation times. Varying
the fixation conditions can further distinguish soluble pools (which require long
fixation times to be seen) of a protein from those associated with cellular struc-
tures such as nuclear pore complexes, which can be visualized with a shorter
fixation, where the soluble pool is washed away during the subsequent steps of
the protocol. Alternatively, for other epitopes, the cells may need to be treated
with ice-cold methanol for 6 min, followed by ice-cold acetone for 30 s. The
acetone should be rapidly evaporated. Note: methanol/acetone treatment is most
conveniently achieved after cells have been placed on poly-L-lysine—coated slides
(step 7), with the methanol and the acetone in Coplin jars into which the slides
may be gently slid. Some protocols combine formaldehyde fixation with the
methanol/acetone treatment. For some applications, formaldehyde-fixed cells
may be permeabilized by treatment with methanol rather than detergent. We
find that GFP fused to Nuf2 is sensitive to methanol/acetone fixation but is
resistant to formaldehyde, whereas a fusion of Cdc23 to GFP is sensitive to
formaldehyde but retains the ability to fluoresce after methanol/acetone treat-
ment. We therefore recommend that both methods be tested initially for each
new application.

3. Harvest the cells by centrifugation at 800 X g.

4. Wash the cells twice in 5 ml of 0.1 M potassium phosphate, pH 6.5, and
once in 5 ml of P solution (1 M sorbitol in 0.1 M potassium phosphate, pH 6.5).
The aim of this step is to eliminate traces of formaldehyde that may adversely
affect antibodies.

5. Resuspend the cells in 0.5 ml of P solution. Add dithiothreital (DTT) to
25 mM. Incubate at room temperature for 10 min.

6. Add 15 plof 10 ug/mi 100,000 T* zymolyase. Incubate at room temperature
for 5 min to half an hour. An alternative is to use oxalyticase to digest the cells.
Both of these reagents can be stored at —20°C in potassium phosphate buffer,
25% glycerol, pH 7, for prolonged periods of time, possibly years. The length of
digestion varies enormously with the experimental conditions (e.g., growth in
galactose can affect the composition of the cell wall. Unfortunately, this is also
the most critical step in the protocol: one wishes to digest the cells sufficiently
to allow the antibodies access to the cell interior without destroying cellular
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structure(s). The extent of digestion can be monitored using a phase microscope.
As a rule of thumb, if 50% of the cells lyse (turn dark) in 0.1% sodium dodecyl
sulfate (SDS), then they are sufficiently digested. Observing a parallel aliquot
of digesting cells in water may allow a finer distinction to be made between
intact cells (bright appearance in phase microscopy), partially digested, light gray
cells, and dark, overdigested cells.

7. While the cells are digesting, prepare the microscope slides. The most conve-
nient are Teflon-coated slides (Cel-Line Associates, New Jersey), in which the
Teflon coating defines wells into which cells can be placed. These wells help to
prevent sample cross-contamination. Into each well, pipette 1 drop (20-30 ul)
of 0.3% poly-L-lysine (high-molecular-weight polymer). Allow to sit for S minutes
at room temperature, then aspirate off, wash rapidly with distilled water and
allow to air dry. These aspiration and wash steps, like those described in all the
following steps, are best performed with a vacuum line with a yellow pipette tip
to remove the solution from each well in one hand, and a P200 micropipette
containing the solution to be added in the other hand. This arrangement allows
a rapid replacement of the solutions in each well, which is particularly important
for preventing the cells from drying out and losing structure. Touch the vacuum
line tip just outside the well to aspirate off, and gently pipette the fresh solution
in from the opposing side of the well.

8. Pipette 1 drop (20-30 pl) of cells into each well. Allow them to attach to
the poly-L-lysine for 15 min.

9. If the cells have not been treated with methanol (see step 2), permeabilize
the cells by treating them with 0.5% NP-40 in P solution. Leave the detergent
on for 5 min.

10. Remove the detergent and replace with antibody blocking buffer (e.g., 5%
heat inactivated fetal calf serum, 0.3% Triton X-100 in 0.1 M Tris-Cl, 0.15 M
NaCl, pH 9.0 or 1% fat-free dried milk reconstituted in this buffer). Block for
15 min to 1 h at room temperature. To prevent cells drying out during this and
the other prolonged incubations that follow, the cells should be kept in a moist,
sealed box. A box that does not allow light in will be best, to preserve any
antibody-conjugated fluorophores. Due to the reduced surface tension of this
buffer (caused by detergent and protein), liquid is more likely to spill from
the wells whenever antibody-blocking buffer solutions are used. This has two
disadvantages: samples or antibody solutions can become cross-contaminated,
making interpretation difficult; and the wells are more likely to dry out, due to
the increase in surface area of evaporation. Therefore, extreme care should be
taken to avoid jolting the slides at these times.

11. Add appropriately diluted antibody in antibody-blocking buffer to each
well. Purified MAb 414 (Babco, Richmond, CA, catalog no. MMS-120P-500) is
used at 1:5000. Depending on your antibody, incubate for 1 h to overnight.
Remember to take precautions to prevent your cells from drying out.

12. Wash the cells once with Antibody Wash Buffer 1 (AWB1; 0.1 M Tris—Cl,
0.15 M NaCl, pH 9.0) or 10 min, then again for 30 min.
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13. Wash the cells once with AWB 2 (0.1 M Tris-Cl, 0.1 M NaCl, 50 mM
MgCl,, pH 9.0) for 10 min, then again for 30 min.

14. Add fluorophore-conjugated antibodies and incubate for 1 h at room temper-
ature. For optimal signal, preserve from light! We obtain our conjugated second-
ary antibodies from Jackson, and use them at 1 : 1000 in antibody-blocking buffer.

15. Repeat steps 12 and 13.

16. Stain DNA with 1 ug DAPI/ml in AWB 2 for 5 min at room temperature.
Keep a stock 1 mg/ml solution at —20°C, and make a fresh dilution for each exper-
iment.

17. Rinse twice for 5 min each with AWB 2. Aspirate the supernatant, and
allow the slide to air dry. This may not be necessary but prevents dilution of the
antifade solution.

18. Mount the cell in antifade. Antifade is toxic: wear gloves! To make antifade,
dissolve 100 mg of p-phenylenediamine in 10 ml PBS. pH to 8 with 0.5 M sodium
carbonate (pH 9.0). Bring to 100 ml with glycerol. Store at —20°C and protect
from light. Add 1 drop of antifade to each well on the slide. Carefully drop a
coverslip (24 X 40 to 24 X 60 mm, depending on the size of your microscope
slide) on the samples. Fold the slide into an absorbent paper towel, and gently
squeeze out the excess antifade from between the slide and the coverslip. It is
important not to allow the coverslip to slip over the slide, as this may cause
sample mixing between wells.

19. Seal the slide with clear nail polish. Use as little as necessary to completely

seal the slide: although we have not experienced this, it has been reported that
nail polish can affect GFP.

C. Fusion Proteins That Have Been Used in the Study of Nuclear Transport

1. Protein Fusions That Have Been Used to Study Nuclear Import

Since the first use of GFP to study a dynamic process in yeast (Kahana et al.,
1995), many studies have used GFP fusions to localize proteins involved in
nuclear transport or whose location in the nucleus has implications for their
function; some of the more recent studies are summarized in Table 1. Broadly
speaking, these studies fall into two categories: those intended to study a dynamic
process, such as nuclear pore assembly or the nuclear transport of a particular
protein; and those that aim simply to localize a protein implicated in nuclear
function. Protocols involving each of these are given next.

2. Specific Examples: NPL3

a. Protocol III: In Vivo Assay for Nuclear Import
A convenient reporter protein for nuclear protein localization in vivo was
reported by Corbett et al. (1995). A fusion of GFP to a small portion of the
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A Sample of Applications of GFP in Studies of the Yeast Nucleus

Application

Reference

Studies of Nuclear Pore Dynamics
GFP fusions of Nup49 and Nup133 to study nuclear pore assembly
GFP-Nup49; in heterokaryons, NPCs diffuse through the NE
Studies of Subnuclear Structures
First application of GFP to dynamic studies: SPB dynamics in vivo
Calmodulin—GFP fusions localize to SPB and sites of cell growth
S. pombe GFP fusion library to identify nuclear-targeted proteins
Integrated E. coli Lac operator sends GFP-Lac repressor to the
centrosome
GFP-Tubulin and GFP-centrosome dynamics through mitosis
Studies of Nuclear Protein Targeting
Regulated nucleocytoplasmic shuttling of transcription factor,
Migl-GFP
First report of GFP fusion in yeast; localizes Np13 to the nucleus
Novel assay for protein shuttling between nucleus and cytoplasm
Localization of Psel and Sxm1, RNA export factors, to the
nuclear rim
Mex67, genetically identified RNA export factor, localized to
the NPC
A fusion of SV40 T NLS to GFP is specifically targeted to the nucleus
Novel assay for nuclear protein/RNA export, using NLS-GFP-
GFP-NES
Nuclear localization of a putative Histone H1 homolog in S. cerevisiae

Belgareh and Doye, 1997
Bucci and Wente, 1997

Kahana et al., 1995
Moser et al., 1997
Sawin and Nurse, 1996
Straight et al., 1996
Straight et al., 1997

De Vit et al., 1997
Flach et al., 1994

Lee et al., 1996

Seedorf and Silver, 1997
Segref et al., 1997

Shulga et al., 1996
Stade et al., 1997

Ushinsky et al., 1997

New Strategies for Creating GFP Fusions

PCR-based method for GFP-tagging genes in the yeast genome Wach et al,, 1997

yeast-RNA-binding protein Npl3p that was sufficient to target the protein to the
nucleus (Flach et al., 1994) was placed under control of the GAL promoter. Cells
are grown to mid-log phase in selective medium supplemented with 2% raffinose,
which neither induces nor represses expression from the GAL promoter. Expres-
sion of the reporter protein is induced by the addition of galactose (2% final) to
the medium, and the cells are allowed to grow for another 4-5 h to allow folding
and fluorescence of the expressed GFP fusion. If further treatment of the cells
is required, glucose can be added to the medium to prevent further expression
of the reporter. To test whether the “classical” nuclear transport pathway is
involved, this experiment can be performed in a temperature sensitive strain
defective in a nuclear transport component, such as srpI-31 (Loeb et al., 1995)
or rnal-1 (Corbett et al., 1995).

b. Protocol IV: Assay for Shuttling Between the Nucleus and the Cytosol

There is an increasing awareness of the importance of protein export from
the nucleus. Investigation of this process has been hampered by the fact that
assays for protein export require that the substrate first enter the nucleus. This
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assay was devised to address this limitation with respect to RNA export, which
requires previous protein import into the nucleus, but should also be useful for
studies of nuclear protein export; a related assay, specifically designed to look
at nuclear protein export, has recently been reported (Stade et al., 1997). Our
assay uses a fusion of GFP to an RNA-binding protein, Npi3p, previously shown
to shuttle (Flach et al., 1994; Lee et al., 1996). At steady state, the bulk of Npl3p
is nuclear in wild-type cells, but mutants have been identified that mislocalize
to the cytoplasm (Lee et al, 1996). The assay uses a yeast strain harboring a
mutant form of a nuclear pore complex protein, Nup49p, to investigate the
shuttling of Npl3-GFP between the nucleus and the cytoplasm. At the restrictive
temperature of 36°C, nup49-313 cells are defective in protein import, but not in
RNA export (Schlenstedt et al., 1993; Doye et al., 1994). Thus, shuttling proteins
that leave the nucleus in a complex with RNA are able to do so but will be
trapped in the cytoplasm by the block in protein import.

1. Grow 5 ml of nup49-313 cells carrying the desired expression vector [e.g.,
pPS 811, where the expression of the Npl3-GFP fusion is controlled by a galactose-
inducible promoter, (Lee et al., 1996)] overnight in the appropriate selection
medium supplemented with 2% glucose.

2. Dilute the overnight culture at least 200-fold into dropout medium containing
2% raffinose as the sole carbon source, and grow to mid-log phase (usually
requires an overnight incubation). Induction of gene expression from the GALI
or the GALI0 promoter is exquisitely sensitive to glucose. Replacing glucose
with raffinose, which neither represses nor induces the GAL promoters, ensures
that any residual glucose is metabolized. If the number of cells in the glucose
culture is limiting, as can be the case with slow-growing mutant strains, the whole
overnight culture can be recovered by centrifugation at 800 X g for 5 min, washed
twice with distilled water, and resuspended in the desired volume of raffinose-
containing growth medium.

3. Induce the expression of the GFP fusion reporter protein by the addition of
galactose to 2%. As a negative control, add 2% glucose to a parallel aliquot of
the raffinose culture or use cells carrying a galactose-inducible version of the
reporter protein lacking GFP. The amount of expression will increase with time,
and in some strains can be varied by varying the final concentration of galactose
over a 0.003 to 2% (final) range. Each reporter will behave differently. Optimal
induction periods can be conveniently determined by Western analysis of samples
taken from an induced culture over a time course of ~6 hours, with an anti-
GFP antibody; this has the added advantage of confirming that the GFP signal
detected in the microscope derives from the fusion protein, not from free GFP
that may be generated by faulty translation or proteolytic clipping of the re-
porter fusion.

4. Repress the expression of the fusion protein by the addition of glucose to

2%. Confirm by microscopy that the GFP reporter is nuclear. Glucose repression
of reporter gene expression ensures that any protein accumulating in the cyto-
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plasm derives from preexisting protein you will have seen in the nucleus, rather
than from newly synthesized and hence cytoplasmic protein. For this reason, it
is good practice to wait for about 30 min after the addition of glucose before
proceeding with the experiment, to allow any newly synthesised protein to fold,
and the GFP to fluoresce, so that all the reporter can be reliably stated to be
nuclear at the beginning of the experiment.

5. Incubate an aliquot of the repressed culture at the restrictive temperature
(36°C for nup49-313) and a parallel aliquot at the permissive temperature (e.g.,
25°C). Over time, microscopically examine the cells for the GFP signal. If the
reporter protein is able to exit the nucleus and is stable in the cytoplasm, it
should accumulate in these cells at 36°C, but not at 25°C. Note that not all cells
will mislocalize the reporter. Lee et al. (1996) report a strong effect after 5 h at
36°C in only 30-35% of the nup49-313 cells, with a weaker effect in 30-35% of
the remaining cells.

D. Making New Fusions
1. Available GFP Vectors

The most convenient way of making fusion proteins is a PCR-based method.
A GFP-containing vector with a polylinker either upstream (for C-terminal
fusions) or downstream (for N-terminal fusions) of the GFP open reading frame
(OREF) allows the insertion of the ORF of interest in frame with GFP. This is
achieved by producing the ORF of interest in a PCR reaction where the primers
add appropriate restriction sites to either end of the ORF, so that the PCR
product can be digested and ligated into the GFP vector. For an example of a
series of vectors allowing C-terminal GFP fusions, see Kahana and Silver (1996).
Many GFP fusions have now been published (Table I), and, rather than making
your own GFP vector, it may be quicker to obtain a ready-made expression
vector and insert your ORF in place of the one inserted by others.

2. Considerations in Designing an in Vivo Localization Experiment

When considering the backbone to be used in a GFP fusion expression experi-
ment, it can be useful to know a little about the protein beforehand. Is the
protein toxic when overexpressed? Is it stable? Is the addition of GFP at the N
or the C terminus likely to destablize the protein or adversely affect its function?
Ideally, for a localization experiment, one would like the fusion protein to func-
tionally replace the endogenous protein, confirming that the fusion is localized
in the place where its function is required; overexpressed proteins can titrate out
their normal binding sites and mislocalize to nonspecific and irrelevant locations.
However, detection of low-abundance proteins may not be possible due to low
signal, and proteins of short half-life may turn over too rapidly for the GFP
cyclization reaction to occur so that the GFP signal never gets generated. Under
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these circumstances, it may be more appropriate to use a constitutive promoter
(e.g., the HIS3 promoter), a high-level constitutive promoter (e.g., ADH), or,
for very low-level or toxic proteins, a high-level inducible promoter (e.g., GALI
or GALI0).

a. Protocol VI: Screening for Mislocalization of GFP Fusion Proteins

We have recently reported a visual screen for temperature-sensitive mutations
that mislocalize a nuclear reporter protein (Npl3p) to the cytoplasm (Corbett
and Silver, 1996). This screen identified a number of genes, some of which remain
to be characterized, and two essential nuclear transport factors, PRP20 and NTF2
(Corbett and Silver, 1996). The following protocol is an adaptation of this screen
using a GFP fusion rather than laborious indirect immunofluorescence. Such a
screen may be useful in dissecting the mechanism of nuclear uptake of proteins
whose localization appears not to depend upon the classical nuclear transport
pathway. Corbett and Silver (1996) made use of a library of temperature-sensitive
(ts) mutants (Amberg et al., 1992) and screened for the mislocalization of an
endogenous protein.

1. The first step in a GFP-based screen requires the generation of a yeast strain,
in which the gene encoding the protein of interest has been replaced with a
GFP-tagged version by homologous recombination. A convenient method for
achieving this is to clone GFP in frame, either at the N terminus (after the
initiating ATG) or at the C terminus, before the STOP codon, of the ORF of
interest. A series of vectors carrying yeast-selectable markers but lacking yeast
origins of replication has been described (Sikorski and Hieter, 1989). For homolo-
gous integration to occur, it is essential that GFP be flanked by sequences belong-
ing to the target gene or the GFP-encoding sequences will be lost upon recombi-
nation. To integrate the GFP fusion, linearize the plasmid carrying the fusion
construct by cutting with a restriction enzyme at a unique site within the ORF
of your gene and transform a diploid strain with 0.2-0.5 ug of digested plasmid
(Rose et al., 1990); we find this to give the most reliable integration at the target
site in the yeast genome. Sporulate the diploid, and select one spore of each
mating type that correctly expresses the GFP fusion. Correct integration is best
confirmed by Southern hybridization; PCR-based techniques can give rise to
spurious results. Expression of the intact fusion protein should be confirmed by
Western blotting with an anti-GFP antibody (Clontech).

2. Perform the mutagenesis following the standard yeast techniques given in
Lawrence (1991) and Rose et al. (1990).

E. Making Movies
1. Practical Considerations

There are two limiting factors to be taken into consideration in the making
of a time-lapse series of micrographs: cell viability and photobleaching. Prolonged
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incubations on the microscope slide require that the cell be adequately supplied
with water and nutrients; this is achieved by placing the cells on an agar pad
containing SC medium and 2% glucose (or other carbon source), sealed with
lanolin and liquid paraffin. Cell viability will also be adversely affected by the
irradiation required for detection of the GFP signal, and care must be taken
both to minimize this exposure and to control for its effects on the outcome of
the experiment. These precautions will also go some way to reducing the problem
of photobleaching, defined as the irreversible loss of fluorescence induced by
irradiation damage. Typically, one has to try several different combinations of
exposure times and frequencies before hitting on the optimal conditions for each
GFP fusion.

Exposure times can be reduced by the use of an electronically controlled
fluorescence shutter (e.g., Uniblitz no. D122}, which can be driven by appropriate
computer software (e.g., Metamorph, from Universal Imaging, Inc., MA) to open
for the exact time interval required to capture the image. This also has the
advantage that one does not have to remember to open and close the shutter
before and after each shot. Similarly, the use of an electronic remote focus
accessory (e.g., Nikon no. 79588) allows rapid and fine adjustments to the focus
without the danger of causing microscope or camera vibration. Finally, it will
clearly be important to choose the most sensitive image acquisition device avail-
able. We use either a Photometrics (cooled) or a Princeton Instruments CCD
(charge-coupled-device) camera; both of these are equipped with a KAF1400
chip, for maximal resolution.

2. Protocol VII: Using Metamorph to Make a Movie

The following protocol is derived from Kahana et al. (1995) and Kahana and
Silver (1997). Although it deals specifically with the Metamorph software we
use in the lab, most image-acquisition packages are able to perform similar
functions. The most important consideration is that the software be compatible
with the camera.

1. Grow cells to mid-log phase in liquid culture.

2. Prepare the agar pad. Mix 100 ml of synthetic complete medium containing
2% glucose with 1 g of agarose, and microwave until the agar is dissolved. Pipette
1 ml onto a clean microscope slide. Typically, five slides should be prepared at
once, as there is a high failure rate. This allows the use of a 5-ml glass pipette,
which can be prewarmed briefly over a Bunsen burner to avoid solidifying of
the agar within the pipette. Gently drop a second microscope slide onto the
molten agar without causing the liquid to overflow from the lower slide and
without the creation of air bubbles. Some bubbles almost always arise; as long
as they do not affect the thickness of the pad and do not occupy the center of
the slide, these may be permissible. Allow to solidify for 5-10 min on the bench.
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3. Carefully remove the top slide. This should leave a 1-mm-thick agar pad
over the surface of the slide.

4. Pipette 3 ul of yeast culture into the center of the slide. Gently drop a 22- X
22-mm coverslip onto the cells. Using a clean razor blade or scalpel, trim away
the excess agar from around the cover slip, leaving a square in the center of the
slide. Seal the cover slip with molten VALAP (5 g lanolin, 5 g paraffin chips,
5 g petroleum jelly mixed together and melted in a boiling water bath; this wax
can be cooled and reheated several times over). The wax is best applied with a
Q-tip, but care is needed.

5. Place the slide on the microscope. Wherever possible, use bright (not fluo-
rescent) light to focus on the cells, to avoid unnecessary exposure to fluo-
rescent light.

6. Set up the Metamorph software to acquire from the digital camera. First,
define the acquisition settings; the exposure time (typically 100 to 500 ms) will
have been determined previously as the minimum required to obtain an identifi-
able image; cells suffer side effects at around 15 s total exposure. The other
major variable is the area of the slide to be imaged: large areas will include more
cells and hence more information, but will also create more background noise
and hence will result in longer exposure times. Qur compromise is to image
small numbers of cells (as low as one) and to repeat the experiment many times
over. This further allows us to identify subnuclear structures in single cells that
would be out of focus in the majority of a field of cells.

For an optimal signal-to-noise ratio, we use the ‘“Autoscale 16-bit image”
function of Metamorph, which redefines the wide range of brightness values
obtained by each well of the charge-coupled camera into 256 shades of gray (the
brightest camera well is assigned a value of 256, the darkest = 0). This maximizes
the contrast of the displayed image, making weak GFP signals much easier to
identify and interpret, and allows minimal fluorescence exposure times. If little
spatial resolution is required, it may also be useful to “bin” the image; this allows
the information that is normally contained in a number (e.g., 4 or 9) of neighboring
pixels on the screen to be combined, giving rise to an even brighter signal.

7. Set up the “Acquire Timelapse” menu to capture images at the desired
interval (e.g., 10 s; if the exposure is 100 ms, and allowing a maximum cellular
exposure of 15 s; this would permit 150 frames in a movie that would be
25 min long).

8. To confirm that the cells have not been damaged by the experiment, always
check after 1-2 h growth on the slide that the cells have continued to bud and divide.
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I. Introduction

Since the introduction of green fluorescent protein (GFP) (Prasher et al., 1992)
as a marker of gene expression in vivo (Chalfie et al., 1994) and as a cytological
marker fused to protein-coding sequences (Wang and Hazelrigg, 1994), scores
of investigators have used GFP fusion proteins to monitor protein expression
and localization within cells of all types. Here we focus on expression of GFP
fusion proteins in the fission yeast Schizosaccharomyces pombe, with specific
applications to studying intracellular architecture. Fission yeast has been used
widely as a model organism for the control of the eukaryotic cell cycle (MacNeill
and Nurse, 1997) as well as many of the events of cell division (Su and Yanagida,
1997), but only more recently for detailed molecular-genetic investigations into
cell structure and cytoskeletal organization. As a consequence, the cytology of
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A. Plasmids
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S. pombe has remained relatively underdeveloped, and in this area the use of
GFP fusion proteins can advance our understanding considerably. There are
primarily two areas in which GFP fusion proteins may be particularly useful
in fission yeast. First, new types of experiments, such as determining protein
localization in cells without the potential artifacts of fixation or filming protein
localization and dynamics in living yeast cells, have now become possible. In
addition, using GFP fusion proteins rather than more conventional methods
(such as immunofluorescence) for seeing proteins inside cells may make specific
techniques, such as visual screens for protein localization, much more simple
and rapid in execution. In this chapter we discuss many practical considerations
for expressing GFP fusion proteins in fission yeast, with an emphasis on guidelines
and examples rather than specific rules or recipes. Related topics are also dis-
cussed in an excellent recent paper from the laboratory of M. Yanagida (Nabe-
shima et al., 1997).

II. Expressing GFP Fusion Proteins

Expressed GFP fusion proteins generally need to be visible to the naked
eye under the microscope, although if sensitive imaging equipment is available,
expression only just at the limit of detection by eye may be sufficient (Moser et
al., 1997; T. Davis, personal communication). Producing a visible protein may
often require higher than normal expression levels and can be achieved by using
heterologous promoters, multicopy plasmids (especially if endogenous regulation
of expression is desired), or both. In addition, GFP mutants can now be used in
place of the wild-type GFP.

1. Mutant GFPs

The development of brighter, mutant GFPs such as GFPS65T (Heim et al,
1995) and GFPmut2 (Cormack et al., 1996) represents a major technical advance.
By FACS analysis these mutants show an approximate 6- to 10-fold fluorescence
increase in vivo in fission yeast as compared to wild-type GFP, with S65T and
GFPmut2 producing nearly equal intensities (Figs. 1 and 2). In some cases, a
single-copy GFP fusion protein under its own promoter can be detected without
difficulty using the S65T mutant (Moser et al., 1997; Saitoh et al., 1997; J. Baehler,
personal communication), and when such a construct complements a deletion
mutant, this is ideal (see Table I). There is probably no reason not to use these
mutants, unless one is interested in specialized techniques such as enhanced
fluorescence by microbeaming (discussed later).

2. Plasmid Copy Number

Because the S. cerevisiae LEU2 gene complements leul-32 mutations in S.
pombe only weakly, plasmids containing LEU2 as a selectable marker force an
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Fig. 1 Relative intensity of different GFPs under different promoters. All are on muiticopy
LEU2 plasmids, and all exposure times are identical. A, nmtI-GFPmut2; B, nmt41-GFPmut2;
C, nmi81-GFPmut2; D, nmt]-GFPS65T; E, nmt41-GFPS65T; F, nmt81-GFPS65T; G, nmt!-GFP
(wild type); H, nmt41-GFP (wild type); I, nmt81-GFP (wild type). Note that some constructs appear
faint only because longer exposure times would saturate the images in A and D; under the microscope,
all constructs can be seen with the naked eye except the nmt81-GFP (wild type) in 1.

increase in plasmid copy number (estimated to be 3 to 10 copies per cell), and
thus also total expressed protein levels (Nabeshima et al., 1995). It is important
to recognize that the copy number can vary widely from cell to cell (see Figs.
1-3), with up to 50% of cells having lost the plasmid and en route to nutrient
starvation. This variability can often present an experimental advantage, in that
one quickly gets a sense of what may occur with a fusion protein at several
different expression levels, at what levels localization may become artifactual,
and at what levels expression may be deleterious to cells, and as such, multicopy
plasmids may be preferred for preliminary work as well as for screening large
numbers of fusion proteins (Sawin and Nurse, 1996). The plasmid copy number
could also be modulated by using plasmids conferring G418 resistance and varying
the concentration of G418 (Giga-Hama et al., 1994), although this has not yet
been applied specifically to GFP.

Integrating plasmids can go into the genome in several places (e.g., pPREP6X,
which carries the sup3-5 nonsense supressor tRNA as a selectable marker; J.
Hayles, personal communication), at specific loci (e.g., pJK148, which tends to
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Fig. 2 FACS analysis of the strains shown in Fig. 1, with promoter on (A) and promoter off (B).
Small differences seen between the S65T and mut2 GFP mutants are likely due to variation in
culture conditions.

integrate at the leul locus (Keeney and Boeke, 1994), or at the locus of the gene
of interest itself. In all cases this presents the advantage of having similar levels
of expression in all cells, as compared to multicopy plasmids, and integrated
plasmids might therefore be preferred for detailed studies of a specific protein,
such as filming protein dynamics, quantitating fluorescence localization in differ-
ent contexts, or identifying mutants defective in localization of a given fusion
protein. It is worth noting here that if integration can occur at several different
sites, expression may vary among different colonies depending on the site used,
and it is worthwhile to screen several colonies to find desired levels of expression.

For genes whose endogenous expression is insufficient for easy visualization,
how high should expression be? The safest answer is “as low as possible,” because
overexpression can lead to mislocalization of fusion proteins and/or abnormal cell
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physiology. Many current expression vectors contain the thiamine-repressible
nmtl promoter (Maundrell, 1993), which in the absence of thiamine is one of the
strongest promoters characterized in S. pombe (Forsburg, 1993), and most GFP
fusion proteins described to date have used the nmtl promoter or its weakened
derivatives nme41 and nm:81 (Basi et al., 1993), either with LEU2 plasmids or as
integrated constructs (Table I). By FACS analysis, nme4I-driven expression of
GFP is about sixfold lower than expression from nmtl, and nmt81-driven expres-
sion approximately another 10-fold lower beyond that (Figs. 1 and 2). The use of
other, heterologous promoters such as adk, SV40, or CMV (Forsburg, 1993) to
drive GFP fusion protein expression has not been described to date. In our work,
GFP and GFP fusion proteins expressed from multicopy LEU plasmids under the
control of the nmtl and nmt41 promoters are very easy to see with a normal fluo-
rescence microscope. We cannot see nmt81-GFP alone above background when
expressed from a LEU2 plasmid unless a mutant GFP is used.

Fluorescence from an expressed GFP-fusion protein can be lower than that
of GFP alone (see Fig. 3), because fusion proteins may not accumulate to as
high levels as GFP alone, due to increased protein turnover and/or abnormalities
caused by expression of the fusion gene. At the same time, however, many fusion



Table I

GFP-Fusion Proteins and Their Behavior in vive

Gene Promoter Plasmid Expression OFF Expression ON Localization Reference
caml* endogenous  integrant N/A rescues camlA spindle poles body, Moser et al., 1997
growing ends of
cells
corl* nmtl LEU2 (multicopy) rescues corlA (no rescues corlA nucleus K.E.S. unpublished data
visible fluorescence)
disI* endogenous LEU2 N/A rescues disIA microtubules Nabeshima et al., 1995
mal2* nmtl LEU2 rescues mal2—I' (no rescues mal2—-I1% nucleus Fleig et al, 1996
visible fluorescence)
mei2* nmt81 LEU2 fails to rescue mei2A rescues mei2A meiosis  nuclear spot Watanabe et al., 1997;
meiosis defect defect Y. Watanabe, personal
communication
mis6* endogenous LEU2 N/A complete rescue of centromeres Saitoh et al., 1997
mis6-302
endogenous  integrant N/A rescues mis6—302" centromeres Saitoh et al, 1997
phenotype
myo2* nnmi8l LEU2 ? rescues myo2A cytokinetic ring Kitayama et al., 1997
lethality
ral3* (scd2*) nm4l LEU2 rescues ral3A sterility rescues ral3A sterility, growing ends of K.E.S., unpublished data
slight abnormal cells
morphology even in
wild-type cells
ssm4* nmtl LEU2 ? fails to rescue ssm4A microtubules Yamashita et al., 1997
sts5* nmtl LEU2 rescues sts5 mutant toxic, fails to form cytoplasmic spots Toda et al., 1996
colonies
teal* nmt41 LEU2 ? abnormal cell microtubules and J. Mata, personal
morphology cytoplasmic communication

aggregates
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A

Fig. 3 Localization and intensity of a Ral3p—GFP fusion protein, relative to GFP alone.
A, Ral3p-GFP on LEU?2 plasmid under nm¢t41 promoter, 8-s exposure. B, Ral3p—GFP integrant under
nmtl promoter, 8-s exposure. C, Ral3p—GFP on LEU2 plasmid under nmtI promoter, 2-s exposure,
D, GFP alone on LEU2 plasmid under nmr41 promoter, 2-s exposure. All constructs use GFPmut2.
The cortical localization is of interest, while the nuclear localization is most likely an artifact of overex-
pression (see faint cells in A and B). Note: (a) the nmtI-promoter integrant in B gives roughly the same
intensity as the nmt41-promoter multicopy plasmid in A, but with less variation from cell to cell; (b)
after correcting for exposure time, the nmtI-promoter multicopy plasmid in C gives considerably more
intensity than the nmt4I-promoter multicopy plasmid in A, but cell morphology is profoundly altered
and cortical fluorescence can barely be seen above background; and (c) GFP alone on an nmt41-
promoter multicopy plasmid in D gives as much fluorescence intensity as Ral3p—GFP on an nmt/-
promoter multicopy plasmid in C, in spite of the 10-fold lower promoter strength of nmi41.

proteins may be considerably easier to see than GFP alone if they are present
at very high local concentrations. For example, expression of a spindle pole-
localized Cut7p-GFP can be seen when integrated under amt81 control (D.
Drummond and 1. Hagan, personal communication). We have easily detected
expressed fusion proteins with a more disperse distribution when integrated as
GFPmut?2 fusion genes under the nmtI promoter (Fig. 3), and would expect that
for many fusion proteins, integrants under nmt41 control should also be visible.
For a given protein, what can be seen easily will clearly depend intimately on
its pattern of localization; fortunately it is usually not difficult to exchange among
nmt promoters to obtain appropriate expression levels.

Over the long term, especially with multicopy plasmids, nmtI-driven expression
may be too strong for cells to grow normally in the absence of thiamine, and
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therefore to determine “normal’ protein localization one may need to monitor
cells carefully to find the earliest possible times of expression, before things go
awry. In living cells this can represent a very narrow window, but in some cases
this window can be expanded by growing cells in limiting amounts of thiamine
(Toda et al., 1996; D. Drummond and I. Hagan, personal communication). In
25-50 nM thiamine, cells ultimately reach high levels of expression, but with
slower kinetics, allowing more freedom to evaluate localization patterns in vivo.

4. Available Expression Vectors

pSGA, pSGB, pSGC, pMGA, pMGB, pMGC, pWGA, pWGB, and pWGC
from our laboratory are LEU2 plasmids with nmtl (“S” series), nmt4l (“M”
series), and nmt81 (“W” series) promoters, which allow cloning into a number
of sites 3’ to GFP (Sawin and Nurse, 1996). “B” and “C” versions have 1 and
2 base insertions, respectively, just 5’ to the Sall site (see Fig. 1 in Sawin and
Nurse, 1996). These were originally constructed with wild-type GFP but have
been remade using GFPmut2. GFP fusion genes can be cut out easily from
these vectors by Xho/BamHI digestion and subcloned into the integrating vector
pREP6X (J. Hayles, personal communication). A more versatile set of vectors,
pGFT1, pGFT41, and pGFT81, have been constructed by Y. Watanabe in the
laboratory of M. Yamamoto (Kitayama et al, 1997; Yamashita et al., 1997; Y.
Watanabe, personal communication). These are also LEU2-based and use nmitl,
nmt41, and nmt81 promoters to control expression of genes that can be cloned
either 5’ or 3’ to the S65T GFP coding sequence.

B. Behavior of Fusion Proteins

In fission yeast, proteins have been successfully fused to GFP at both the C
terminus and the N terminus, as well as in the middle of three-way fusions. As
with any protein-tagging method, fusion proteins may not always function like
their wild-type counterparts, either as a consequence of increased expression
levels or because of the fusion to GFP. In extreme cases, overexpression may
be toxic (Toda et al., 1996). With at least one fusion protein we have worked
with, Ral3p-GFP (Fukui and Yamamoto, 1988; Chang et al., 1994), high levels
of protein are obviously deleterious, albeit nonlethal. Lower levels are more
tolerated but can still cause slight abnormal cell morphology, and even lower
levels of visible expression produce the most clear localization and fewest abnor-
malities (Fig. 3). In screening GFP fusion libraries we have found that plasmids
producing an apparently normal localization at lower levels of expression can,
at higher levels, spill out into neighboring regions of the cell or form large clumps,
which may be analogous to inclusion bodies. In any case, even if a given GFP
fusion protein fails to behave perfectly normally or suppress a deletion phenotype
completely (although, as shown in Table I, some do quite successfully), as long
as some normal functions are retained, it can serve as a useful tool. For example,
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although expression of GFP-Tealp produces an artifactual localization to cyto-
plasmic microtubules (J. Mata, personal communication) this initial evidence
ultimately led to the finding of an association of endogenous Tealp with microtu-
bule ends (Mata and Nurse, 1997). Similarly, although GFP-Ssmdp does not
rescue an ssm4 deletion, it does rescue an sme2 deletion (which was the basis
for the original isolation of the ssm4* cDNA) and shows an interesting localization
to microtubules (Yamashita et al, 1997). Overall, however, it is important to
emphasize that for critical experiments one should be extremely careful to avoid
overinterpretation of results based solely on the localization of GFP fusion
proteins, even under what might appear to be benign conditions.

III. Applications of GFP Fusion Proteins

A. Screening Living Cells

In our laboratory we are interested in identifying protein components of cellu-
lar architecture in S. pombe by direct visual fluorescent screening of cells trans-
formed with libraries of random GFP fusion proteins (Sawin and Nurse, 1996).
Although this work is still in progress, the screening methods used are both
simple and fast, allowing screening of perhaps up to 1000 colonies per day, and
could easily be adapted to additional purposes such as isolating mutants defective
in the localization of a specific GFP fusion protein of interest. Colonies expressing
fusion proteins are spotted in a 16 X 24 grid pattern (Fig. 4) using 384-well plates
(Nunc No. 242757, plates are also available from other manufacturers) and a 384-

Fig. 4 A 384-well piate and spotter used for producing grids of fission yeast colonies, and a
colony grid.
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pin spotting device with hollow pins, which was adapted from high-throughput
genomics systems and can be flame-sterilized (designed by Mr. J. Kitau, ICRF;
disposable plastic 384-pin spotters can also be used). After 1-2 days of growth,
the spots are replica-plated in small groups to untreated microscope slides using
filter paper and observed directly under a conventional fluorescence microscope.
The advantages of screening a grid pattern vs. a random array of colonies are
that (a) each colony has a distinct “address” and thus is instantly located on a
master plate, and (b) because colonies are spaced apart by a uniform distance,
no time is wasted searching for the next colony under the microscope.

1. Fill wells of a 384-well plate with 50-100 ul of medium with a multichannel
pipetter. Pick colonies from plates with toothpicks and place in wells manually,
leaving toothpicks in wells to keep track of which ones have been filled. This is
the most tedious part of the method, and it usually takes at least an hour to fill
a plate completely. When finished, remove toothpicks from wells, avoiding cross-
contamination.

2. Sterilize spotter with ethanol, touching to a paper towel to remove excess
alcohol before flaming. (This is extremely important with a hollow pin spotter,
which can suck up a considerable amount of liquid by capillary action.) Place
the spotter in a multiwell plate, remove it, and place it on 150-mm agar-medium
plates to be used for screening (e.g., minus thiamine, to induce expression). The
plates should be premarked so that the orientation of spotting is obvious; the
spots will be about 2 mm in diameter. Repeat (without flaming) to a fresh plate,
to create a master plate (e.g., plus thiamine, to repress expression). After drying,
incubate the plates at an appropriate temperature until screening. Dense growth
is not required for making replicas. It is useful to prepare several replicas with
which to experiment.

3. Before screening, cut pieces of Whatman 3MM paper to about 20 mm X
40 mm (sterile technique is not essential). Using flat, broad forceps, lay the
filter paper over a 4 X 8 grid of colonies and let it sit briefly until moist, about
10-30 s. Remove it and place it on a standard 1- X 3-inch microscope slide.
Press down on the paper with another microscope slide (a 2- X 3-inch double-
width slide is easier). Add 1 ul of medium at a few places between the spots
and cover with a 25- X 40-mm coverslip. The medium assures that the cells do
not dry out and provides a continuity of refractive index for better optics. Cells
from neighboring spots should not blend significantly with each other for about
30 min, during which time the slide can be screened. If 32 spots are too many
to screen in this time, the procedure can be modified to groups of 16 spots, using
the same method and a 22- X 22-mm coverslip.

4. Scan the spot-replicas under the fluorescence microscope. Colonies of inter-
est can be noted either by marking a premade grid sheet or simply by noting
their grid position. Although some parts of a spot-replica can be too dense for
viewing, other areas should give a clear view of localization. When this is com-
plete, the next replica is made and the process repeated. A clear evaluation
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of an interesting localization usually takes 1-2 min, and obvious “negatives”
significantly less time.

B. Photographing and Filming Cells

Detailed methods for photographing and filming cells are beyond the scope
of this chapter (see Nabeshima et al, 1997, for more information); however,
some hints may be useful with respect to preparing and mounting cells. For still
photography it is often sufficient to immobilize living cells by using a small
volume of liquid culture on a slide (e.g., 2.5-3.5 ul underneath a 22- X 22-mm
coverslip). This also serves to flatten the cells, which can further improve images.
In some cases slides or coverslips can be pretreated with poly-L-lysine (Sigma
No. P-1524; 10 mg/ml in water with 0.1% azide, store at 4°C; coat glass with 2—
3 uljust before use, wiping dry with a tissue or Q-tip after a few seconds), although
we do not prefer this for living cells because it seems to cause vacuolation. In
addition, in our hands poly-L-lysine seems to interfere with counterstaining of
cell wall with Calcofluor. If long-term filming is desired (i.e., over several hours),
the cells should be mounted under conditions that favor growth. Traditionally
fission yeast have been filmed by mounting them on a pad of medium agar or
agarose, under a coverslip; more recently a simple method of embedding cells
in low-melit agarose has been used (Saitoh et al, 1997). In our own limited
experience, mounting cells on top of an agarose pad has worked better for cell
growth over several generations, and it also puts all the cells in the same focal
plane. Other methods for mounting cells can be found in Nabeshima et al. (1997).

Making an Agarose Pad for Filming

1. Melt agarose (final 2%) in a few milliliters of minimal medium in a micro-
wave oven (yeast extract medium contributes to autofluorescence but could
be used in some instances). For short-term viewing, sterile technique may not
be essential.

2. Using a 2- X 3-inch clean microscope slide as a base, apply Scotch ‘“Magic”
tape (3M) at either end to act as spacers, and place the slide on a hotplate to
warm. Without prewarming, the agarose will set too quickly and the pad will
not have a uniform thickness.

3. Place 15-50 ul of melted agarose medium on the warm slide and cover it
with a 1- X 3-inch slide, applying a small amount of pressure to flatten the pad
to the thickness of the tape (approx. 50 um). Remove the pad from the hotplate
and allow it to set on the bench. In some cases one may want to let the agarose
set for up to 30 min.

4. Carefully remove the lower base slide, keeping the upper slide and the pad
together (if this is difficult, try pretreating the base slide with a siliconizing agent,
such as Sigmacote, before preparing the pad). Apply cells to pad in 2-3 ul of
medium; it may be necessary to remove excess liquid with a tissue. Cells can be
preconcentrated by centrifugation, bearing in mind how many cells will be on
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the pad relative to nutrient amounts, which could be limiting. One to ten thousand
cells per pad is probably a safe range.

5. If desired, seal the chamber with melted paraffin wax to avoid drying out,
applying the wax to the coverslip edges with a small artist’s paintbrush. Other
methods of sealing, such as VALAP, a 1:1:1 mixture of vaseline, lanolin, and
paraffin, can also be used.

When observing faint signals it is critical to have an objective that transmits
as much light as possible. The best and brightest objectives tend to be the most
expensive, but because fission yeast are relatively small, less-expensive objectives
that do not give a flat field of view are usually adequate for filming a small
number of cells in the center of a field. We use a nonplan Zeiss Fluar 100X/
1.4 objective (not Neofluar), which is approximately as bright as its flat-field
Planapochromat 100X/1.4 counterpart, at about one third of the cost. Other
manufacturers are likely to offer similar objectives.

C. Photoactivation of GFP

One potentially very useful application of GFP in conjunction with filming is
the the study of protein dynamics in vivo. GFP inside living tissue culture cells
can be photobleached under the microscope by local microbeam irradiation
(Cole et al., 1996), and the fluorescence of wild-type GFP (but not the brighter
mutants) can be enhanced by illumination with 365-nm light (Yokoe and Meyer,
1996). By following the position and intensity of a photobleached or enhanced
marks under the microscope over time, in what is essentially a pulse-chase
experiment in real time, one can learn a great deal about the dynamics compo-
nents and underlying mechanisms involved in a particular process. Recently we
have found that under certain conditions GFP can be photoactivated to a red
fluorescent form by illumination with blue light (Sawin and Nurse, 1997; Elowitz
et al., 1997). The mechanisms responsible for this conversion are unknown, but
for practical purposes, enough is known to do interesting experiments. We have
not yet applied this method to biological questions, but photoactivation of GFP
should greatly improve the potential to study protein dynamics in fission yeast.

With both GFP alone and GFP fusion proteins, photoactivation is effective
only when cells are isolated from the atmosphere, either taken from the bottom
of a centrifuged pellet or under a coverslip. Cells taken from a pellet and then
seeded lightly on an agar pad should be photoactivated without much difficulty,
and a brief exposure (1-5 s) to blue light (460-500 nm from a fluorescein
excitation filter set and an HBO100 mercury arc lamp) is sufficient to convert
GFP into a red fluorescent protein with reasonable efficiency (Fig. 5, see color
plate). The fate of the photoactivated population of red fluorescent protein can
then be followed by videomicroscopy (see Nabeshima et al., 1997) for further
details). For any serious work, local microbeam irradiation is necessary; this can
be achieved either with a second mercury arc lamp introduced into the microscope
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epi-illumination path (Mitchison et al, 1998) or by using a laser, in which case
a confocal microscope might be adapted to the purpose.

One important practical consideration is that one may want to observe changes
in the position and/or intensity of a photoactivated subpopulation of a protein
relative to the global distribution of the same protein. With only a single GFP
fusion protein this may be difficult, as wide-field illumination of the cells with
blue light would result in photoactivation of the entire field of view. It may be
possible to get around this problem by coexpressing a blue fluorescent protein
(BFP) (Heim et al., 1995) fusion of the same type, in conjunction with a GFP
fusion protein, and carefully controlling the different wavelengths used for photo-
activation and observation. Whether such a method would actually work depends
on further evaluation of the action spectrum for photoactivation and whether
BFP can be observed without photoactivation of GFP.

D. Viewing Fixed Cells

Often one may want to observe GFP fusion proteins in fixed rather than living
cells. Two different fixation methods tend to be used for S. pombe: dehydration
in cold (—20°C) methanol, and cross-linking with paraformaldehyde (3-4%),
with or without glutaraldehyde (0.1-1%). The two methods are known to preserve
at least some intracellular structures differentially; for example, with respect to
microtubules, methanol fixation favors cytoplasmic microtubules but preserves
nuclear and spindle structures only weakly, whereas aldehydes give significantly
higher background and poor preservation of the cytoplasmic microtubules but are
preferred for immunofluorescence of spindle microtubules (Hagan and Hyams,
1988). By the same token, staining of filamentous actin with rhodamine-
phalloidin does not work with methanol fixation and is best with formaldehyde
alone (Marks and Hyams, 1985). In general, methanol fixation appears to preserve
GFP fluorescence better than aldehydes do, but in cases when aldehyde fixation
would be preferred (e.g., if counterstaining with rhodamine—phalloidin) it is
certainly worth trying, especially if the signal is strong. In our hands glutaralde-
hyde often destroys GFP fluorescence, but in other cases it is tolerated (D.
Drummond and 1. Hagan, personal communication), so it is best to try a wide
variety of fixation conditions. With some fusion proteins no method may prove
ultimately satisfactory; attempts in our laboratory to fix cells expressing Ral3p-
GFP have always produced significantly lower signals than with living cells,
and sometimes even nonphysiological relocalization of the fusion protein
(K. E. S., unpublished).

1. Methanol Fixation

Starting with cells between OD 0.2 and 0.5, concentrate the cells either by
centrifugation or filtration (Moreno et al., 1991). For cell pellets, resuspend in
1-2 culture volumes of methanol at —20°C. For filtered cells, place the filter on
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the inside wall of a 50-ml conical tube (Falcon) and wash with cold methanol
with a pipette. Return the cells to —20°C and allow them to fix for at least
10 min. Cells can usually be left overnight in methanol at —20°C. To rehydrate
the cells, centrifuge and resuspend them in a small volume of PEM (100 mM
NaPIPES, pH 6.8, 1 mM MgCl,, 1 mM EGTA) containing 0.05% azide.

2. Formaldehyde Fixation

The simplest method of formaldehyde fixation involves adding formaldehyde
[either low-grade formalin or methanol-free EM grade, e.g., from Polysciences
(US.) or TAAB (U.K.)] directly to cultures, and continuing incubation for 30—
90 min, followed by washing in PEM or phosphate-buffered saline (PBS). In
several cases we have found that long fixation times can completely obliterate
GFP fluorescence. An alternative fixation method would be to centrifuge cells
as for methanol fixation and then resuspend them in PEM containing 3-4%
formaldehyde (EM grade may be preferred), fixing for 10 min. Centrifuge the
cells and resuspend them in PEM; repeat this two additional times, and resuspend
the cells in PEM with 0.05% azide. In some cases, however, this second method
may be suboptimal for ““true” preservation of structure (Pringle et al., 1991).

Fixed cells can be mounted on slides with or without polylysine, as described
earlier. When absolute immobility of the cells is essential, they can be centrifuged
onto polylysine-coated 13-mm round coverslips, using Corex tubes modified to
this purpose (Evans et al., 1985; Sawin and Nurse, 1996). Cell suspensions in
PEM are layered above a PEM/20% glycerol cushion or added directly over the
coverslip and centrifuged for 5-10 min at 3000 rpm in a tabletop centrifuge.
After a few rinses in PEM, one is left with a monolayer of well-stuck cells. In
cases in which numbers are limiting, cells can be first centrifuged in a microcentri-
fuge and then 1-3 ul of the pellet laid onto a polylysine-coated coverslip and
spun dry in Corex tubes, before rinsing with PEM.

3. Immunoelectron Microscopy

In addition to looking at the localization of GFP fusion proteins in fixed
cells at the light level, we have also recently followed them under the electron
microscope with considerable success by immunoelectron microscopy, using
aldehyde-fixed cells, cryosectioning, and an affinity-purified polyclonal antibody
raised against GFP (K. E. S., N. Hajibagheri, and P. Nurse, unpublished observa-
tions). Thus, for many proteins it should be possible to use the same tag at both
the light and ultrastructural level. What is not yet clear is the sensitivity of this
technique; thus far we have used it only with multicopy plasmids under the nmt1
promoter. However, the very low background obtained thus far suggests that
lower levels of expression will probably produce excellent images as well.
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I. Introduction

Developing multicellular tissues or organs generally demonstrate a capacity
for self-organization. For example, wounded tissues can generally respond in a
robust and coordinated fashion to allow repair, and local induction events can
initiate prolonged and coordinated developmental processes (such as in limb
bud formation). These types of developmental plasticity and functional autonomy
are particularly evident in plant tissues. The basic features of a plant’s body plan
are established during embryogenesis; however, its final form results from the
continued growth of meristems and the formation of organs throughout its life,
often in a modular and indeterminate fashion. Plant cells are constrained by
rigid cell walls and are generally nonmotile, so there is the clear possibility that
cell fates within a meristem are determined by lineage. However, evidence from
plant chimera and wounding studies have demonstrated a more important role
for cell-cell interactions during fate determination (reviewed in Steeves and
Sussex, 1989). It is likely that positional information during plant development
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is obtained via cell-cell contact and that the coordination and fate of cells
within a developing meristem may be determined by a network of local cellular
interactions. It is also likely that intercellular communication plays a coordinating
role in the development of all multicellular organisms. We are using the Arabi-
dopsis thaliana root meristem as a model system for investigating intercellular
interactions. The root meristem possesses indeterminate growth and has a simple
and transparent architecture. Arabidopsis is amenable to genetic manipulation,
and one can routinely generate transgenic lines for work with the intact organism.
To dissect local cell-cell interactions it is crucial that we be able to (a) clearly
image individual cells inside living meristems and (b) have the means to per-
turb them.

Therefore, we have adapted the jellyfish green fluorescent protein (GFP) for
use as a directly visible gene marker in Arabidopsis and have developed genetic
and optical techniques that allow us to visualize and manipulate cells within
living plants.

I1. Green Fluorescent Protein Markers

Marker genes have proven extremely useful for reporting gene expression in
transformed cells, and the B-glucuronidase (GUS) gene (Jefferson et al., 1987)
has been used extensively in transgenic plants. Transformed tissues or patterns
of gene expression can be identified histochemically, but this is generally a
destructive test and is not suitable for assaying primary transformants, for follow-
ing the time course of gene expression in living plants, or as a means of rapidly
screening segregating populations of seedlings. The GFP from the cnidarian
jellyfish Aequorea victoria shares none of these problems, and there has been
much interest in using the protein as a genetic marker in transgenic Arabidop-
sis thaliana.

Aequorea victoria are brightly luminescent, with glowing points around the
margin of the jellyfish umbrella. Light arises from yellow tissue masses that each
consist of about 6000-7000 photogenic cells. The cytoplasm of these cells is
densely packed with fine granules that contain the components necessary for
bioluminescence (Davenport and Nichol 1955; Morin and Hastings 1971). In
other bioluminescent coelenterates these have been characterized as 0.2-micron-
diameter particles enclosed by a unit membrane, and have been termed lumi-
somes (Anderson and Cormier 1973). The components required for biolumines-
cence include a Ca®*-activated photoprotein, aequorin, that emits blue-green
light, and the accessory protein, GFP, which accepts energy from aequorin and
reemits it as green light (Morise et al., 1974). GFP is an extremely stable protein
of 238 amino acids (Prasher et al., 1992). The fluorescent properties of the protein
are unaffected by prolonged treatment with 6 M guanidine HCI, 8 M urea, or
1% sodium dodecyl sulfate (SDS), and two-day treatment with various proteases
such as trypsin, chymotrypsin, papain, subtilisin, thermolysin, and pancreatin at



9. GFP Variants for Multispectral Imaging 141

concentration of up to 1 mg/ml fail to alter the intensity of GFP fluorescence
(Bokman and Ward 1981). GFP is stable in neutral buffers up to 65°C, and
displays a broad range of pH stability from 5.5 to 12. The protein is intensely
fluorescent, with a quantum efficiency of approximately 80% and a molar extinc-
tion coefficient of 2.2 X 10* cm™! M~ (Morise et al, 1974) (after correction
for the known molecular weight). GFP fluoresces maximally when excited
at 400 nm, with a lesser peak at 475 nm, and fluorescence emission peaks at
509 nm.

The intrinsic fluorescence of the protein is due to a unique covalently attached
chromophore that is formed posttranslationally within the protein upon cycliza-
tion and oxidation of residues 65-67, Ser-Tyr-Gly (Prasher et al.,, 1992; Cody et
al., 1993; Heim et al., 1994). Several genomic and cDNA clones of gfp have been
obtained from a population of A. victoria (Prasher et al., 1992). The gfp gene
contains at least three introns, and the coding sequence derived from one of the
c¢DNA clones, pGFP10.1 has been used for protein expression, first in Escherichia
coli, then in Caenorhabditis elegans (Chalfie et al., 1994; Heim et al., 1994; Inouye
and Tsuji, 1994), and Drosophila melanogaster (Wang and Hazelrigg 1994).
Fluorescent protein has now been produced in a number of heterologous cell
types, and there appears to be little requirement for specific additional factors
for posttranslational modification of the protein, which may be autocatalytic or
require ubiquitous factors.

The bright intrinsic green fluorescence of GFP allows it to be directly visualized
in transformed cells, and we wished to use the protein as a simple marker for
transformation and misexpression studies. However, we found that the wild-type
GFP cDNA was not expressed properly in Arabidopsis, and we have needed to
extensively modify the gene (Haseloff and Amos, 1995; Siemering et al., 1996;
Haseloff ez al., 1997).

1. Removal of a cryptic intron. We discovered that the GFP mRNA sequence
is efficiently mis-spliced in transgenic Arabidopsis plants, resulting in the removal
of 84 nucleotides from within the coding sequence, between residues 380 to
463. We removed the cryptic intron by mutagenesis, allowing proper expression
(Haseloff et al., 1997).

2. Subcellular localization of GFP. We found that GFP accumulates within
the nucleoplasm of plant cells, as it does in other organisms, and that it was
difficult to regenerate plants from very brightly transformed tissues. This apparent
mild toxicity may be due to the generation of fluorescence-related free radicals
during growth under light, which might then lead to DNA damage. We have
therefore targeted GFP to different subcellular compartments in transgenic plants
and assayed for improved regeneration and fluorescence. One of our construc-
tions, which is excluded from nuclei and is retained within the endoplasmic
reticulum in Arabidopsis, consistently produces bright and healthy transformants.

3. Thermotolerant GFP mutants. We have shown that wild-type GFP is thermo-
sensitive and fluoresces poorly at temperatures above 25°C. We have subjected
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our modified GFP coding sequence to PCR-based mutagenesis and have isolated
a thermotolerant mutant with improved fluorescence. The mutant contains two
altered amino acids (V163A, S175G) that greatly improve folding of the apopro-
tein at elevated temperatures (Siemering ez al., 1996).

4. Altered spectral properties. The fluorescence excitation of wild-type GFP
peaks at wavelengths of 400 and 475 nm, with the 400-nm peak predominating.
We have recombined a published mutant of GFP (I167T; Heim et al., 1994) with
our improved mutant and have produced a variant that has dual excitation peaks
of almost equal amplitude (Siemering et al., 1996). This allows the efficient use
of techniques that require either UV or blue light excitation of the protein, for
example when screening GFP-expressing plants with a UV lamp or when using
blue laser-light-excited confocal microscopy.

All of these alterations have been incorporated into a single modified form of
the gene (mgfp5- ER), which we now routinely use for monitoring gene expression
and marking cells in live transgenic plants. These improved mutant genes have
also proven useful for studies in animal cells (Zernicka-Goetz et al., 1996;
Zernicka-Goetz et al., 1997).

Other groups have been struggling with similar problems in other systems,
and a number of functionally similar gfp variants are now available. For example,
gfp variants with “humanized” or other optimized codon usage have been pro-
duced for better expression. These also show improved levels of expression in
plants (Chiu et al., 1996; Haas et al., 1996; Pang et al., 1996). Although these
genes were expected to provide better translation efficiency, it is likely that these
alterations also confer some degree of immunity from aberrant RNA processing
in plants. A number of workers have obtained GFP mutants that show brighter
fluorescence in heterologous cell types, and it is likely that the improved propet-
ties result from better folding of the proteins. For example, the V163A mutation
has been generated independently by at least three different groups (Crameri
et al., 1996; Heim and Tsien 1996; Kohler et al., 1997), and this residue may play
a pivotal role in folding of the protein. In addition, Cormack et al. (1996) intro-
duced large numbers of random amino acid substitutions into the 20 residues
flanking the chromophore of GFP. They used fluorescence-activated cell sorting
to select variants that fluoresced 20- to 35-fold more intensely than wild type.
They also showed that the folding of these mutant proteins was more efficient
during expression in bacteria. One of these variants, GFPmutl (Cormack et al,,
1996), contains two amino acid differences, F64L and S65T, located within the
central a-helix of the protein, adjacent to the chromophore. The V163A and
S175G mutations that we have isolated are positioned on the outer surface of
the protein (Ormo et al., 1996; Yang et al., 1996), and recombination of these two
sets of mutations results in an exclusively blue-light-excited GFP with markedly
improved fluorescence properties (Zernicka-Goetz et al., 1996, 1997). The bene-
ficial effect of both sets of mutations on protein folding and their apparent
additive effect suggest that they may play separate roles in the folding or matura-
tion process.
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III. Imaging of Living Cells

GFP expression and localization can be visualized directly, without a prolonged
and lethal staining procedure. The expression of GFP within an organism pro-
duces an intrinsic fluorescence that can used to “paint” particular cells or cellular
processes. The fluorescent properties of the protein allow (a) simple screening
for gene expression in living plants by inspection with a UV lamp, and (b) high-
resolution imaging of subcellular events in living cells using fluorescence mi-
CrOSCOopYy.

GFP can possess alternate protonated and anionic forms of its chromophore,
which allow excitation with long-wavelength UV (395 nm) or blue light
(475 nm), respectively (Cody et al., 1993; Heim et al., 1994). The relative amplitude
of the two excitation peaks is predominantly determined by the amino acid
sequence and protein environment around the chromophore, rather than the
solvent, and mutant forms of GFP have characteristic excitation spectra. Most
.available forms of GFP have been optimized for excitation at either of these
wavelengths; for example GFP variants containing the S65T mutation (Heim et
al., 1995) are widely used and can be excited by blue, but not UV, light. In
contrast, we have chosen to use GFP derivatives (mGFPS) with more versatile
spectral properties for our initial work in Arabidopsis. The mGFP5 protein is
equally well excited with either long-wavelength UV or blue light. This allows
the use of ultraviolet excitation for simple inspection of transformed material,
because the illuminating wavelength is poorly detected by the human eye. In
addition, transformed plant tissue or seedlings growing in sterile culture can be
simply scored for GFP expression using fluorescence microscopy, and we have
used the marker to simplify an enhancer-trap screen. Efficient blue-light excita-
tion of GFP also allows work with commonly available microscope filter sets
and laser sources, such as those used during confocal microscopy (Fig. 1, see
color plate).

Confocal imaging allows precise visualization of fluorescent signals within a
narrow plane of focus, with exclusion of out-of-focus blur, and the technique
permits the reconstruction of three-dimensional structures from serial optical
sections. Intact plant tissue proves a difficult subject for fluorescence microscopy
because it consists of deep layers of highly refractile cell walls and aqueous
cytosol, and contains various autofluorescent and light scattering components.
There are two approaches to the difficulties imposed by these conditions. (a) to
fix and to clear the tissue with a high-refractive-index mounting medium, or (b)
to directly image living tissue using suitably corrected microscope optics. In our
experience, it has proved difficult to effectively clear Arabidopsis wholemounts
without causing artifacts or losing GFP fluorescence, and there are considerable
advantages to working with living tissues, so we have pursued the second ap-
proach. Arabidopsis seedlings can simply be mounted in water for microscopy
and examined using a long-working-distance water-immersion objective to mini-
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mize the effects of spherical aberration when focusing deep into an aqueous
sample (Haseloff and Amos, 1995). Even with the use of such a specialized
objective (Nikon 60X planapochromat, numerical aperture 1.2, working distance
220 pm), image quality degrades rapidly for optical sections deeper than 60—
80 pum within the tissue. However, the small size of Arabidopsis seedlings allows
very useful imaging despite this limitation and, for example, median longitudinal
optical sections can be obtained from intact roots (Fig. 2A, see color plate).

Protocol: Mounting and Observing GFP-expressing Arabidopsis Seedlings

A. Growth of Arabidopsis in sterile culture.

1. Twenty to one hundred transgenic Arabidopsis seeds were placed in a
1.5-ml microfuge tube and washed for about 1 min with 1 ml of ethanol.

2. The seeds were then incubated with 1 ml of a surface-sterilizing solution
containing 1% (w/v) sodium hypochlorite and 0.1% (v/v) NP40 detergent for
15 min at room temperature.

3. The seeds were then washed three times with 1 ml of sterile water and

transferred by pipette to agar plates containing GM medium (Valvekens et
al., 1988):

1X Murashige and Skoog basal medium with Gamborgs B5 vitamins (Sigma)
1% sucrose

0.5 g/liter 2- (N-morpholino) ethanesulfonic acid (MES)

0.8% agar (adjusted to pH 5.7 with 1 M KOH)

Twenty-five mg/liter kanamycin was added if antibiotic selection of transgenic
seedlings was necessary.

These procedures were performed in a laminar flow hood.

Alternatively, for extended time-lapse imaging of roots, sterile seeds were
sown in coverslip-based vessels (Nunc) that comprised 4 wells, each containing
about 400 ul of low-gelling temperature agarose with GM medium. The roots
of these plants grow down through the medium and then along the surface of the
coverslip. The roots are then ideally positioned for high-resolution microscopic
imaging through the base of the vessel.

4. Sealed plates or vessels were incubated for 1-3 days in the dark at 4°C,
and then transferred to an artifically lit growth room at 23°C for germination.

5. Arabidopsis seedlings germinate after 3 days and can be used for micros-
copy for several weeks. Root and shoot tissues can be directly scored for GFP
expression using a inverted fluorescence microscope (Leitz DM-IL) fitted with
filter sets suitable for UV (Leitz-D; excitation filter 355425 nm, dichroic mirror
455 nm, longpass emission filter 460 nm) and blue (Leitz-I3; excitation filter
450-490 nm, dichroic mirror 510 nm, longpass emission filter 520 nm) light
excitation of GFP. Roots, which grow along the base of the Petri dish can be
observed directly by epifluorescence microscopy through the clear plastic base.
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Shoot tissues were directly observed in inverted dishes by using one or two
7-mm threaded extension tubes with a 4X objective (EF 4/0.12), which gave
greater working distances. Epifluorescence images were captured in Adobe Pho-
toshop using a Sony DXC-930P 3-chip CCD video camera and F100-MPU integ-
rating frame store, connected to a NuVista+ video digitizer in an Apple Macin-
tosh computer.

B. Confocal Imaging

GFP-expressing Arabidopsis seedlings were removed from the agar media and
simply mounted in water under glass coverslips for microscopy. Growing roots
could also be directly viewed through coverslip-based vessels. The specimens
were examined using a BioRad MRC-600 laser-scanning confocal microscope
equipped with a 25-mW krypton-argon or argon-ion laser and filter sets suitable
for the detection of fluorescein and Texas Red dyes (BioRad filter blocks K1/
K2 with the krypton-argon-ion laser, and A1/A2 with the argon-ion laser).
We routinely use a Nikon 60X PlanApo NA 1.2 water-immersion objective to
minimize loss of signal through spherical aberration at long working distances.
For the collection of time-lapse images, the laser light source was attenuated by
99% using a neutral density filter, the confocal aperture was stopped down, and
single scans were collected at 2-s intervals. The large data files were transferred
to an Apple Macintosh computer, and the programs PicMerge, authored by Eric
Sheldon, and 4DTurnaround, authored by Charles Thomas, were used with
Adobe Photoshop and Premiere to produce QuickTime movies for display and
analysis. More examples of captured images and movies are available on a Web
site, which can be accessed at http://www.mrc-1mb.cam.ac.uk.

Direct visualization of GFP fluorescence in living tissues is not prone to fixation
or staining artifacts, and can provide images of exceptional clarity. Moreover,
the activities of living cells, such as cytoplasmic streaming, are clearly evident
during microscopy. Ordinarily, movement within a sample is a nuisance, placing
constraints on the use of sometimes lengthy techniques for noise reduction
during confocal microscopy, such as frame averaging. However, it is also possible
to monitor dynamic events by time-lapse confocal microscopy, and this combina-
tion of a vital fluorescent reporter with high-resolution optical techniques shows
much promise for use in cell biological and physiological experiments. We have
also found that autofluorescent chloroplasts, normally present in the upper parts
of the plant, and certain red fluorescent dyes can provide useful counterfluors
for GFP. For example, propidium iodide can be applied to live seedlings in
water, to specifically label root cell walls and allow accurate identification of
GFP expressing cells.

Protocol: Fluorescent Counterstaining

A. Labeling Root Meristem Cell Walls with Propidium Iodide

Arabidopsis seedlings were grown in sterile culture, removed from agar media,
and placed in a well of a microtiter dish with 1 ml of staining solution for 10—
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20 min at room temperature. An aqueous 10 ug/ml solution of propidium iodide
(Sigma) was used to stain the cell walls of the Arabidopsis root meristem. The
seedlings were then mounted in water under a coverslip for direct microscopic
observation. Propidium iodide is red fluorescent and can be detected using a
filter set suitable for Texas Red fluorescence, with little spillover between the
GFP (fluorescein) and propidium iodide channels. The cationic dye does not
readily cross intact membranes, yet it penetrates throughout the meristem and
binds to cell walls, forming an outline of the living cells. The dye is excluded by
the Casparian strip present in older parts of the root and does not penetrate
shoot tissue well, and thus it is best suited for use in the root meristem. An
example is shown in Fig. 2A.

B. Labeling Plasma Membranes with FM 1-43

The cationic styrylpyridinium dye FM 1-143 (Molecular Probes Inc.) provides
a useful stain for the plasma membrane in root and shoot tissue of Arabidopsis.
It is particularly useful for specifically labeling the plasma membrane of shoot
epidermal cells, and we have been using this to characterize GFP expression
patterns in Arabidopsis cotyledons and leaves. The seedlings were removed from
sterile culture and placed in 1 ml of 1 ug/ml FM 1-43 in water for 10 min at
room temperature. They were mounted in water under a coverslip for direct
microscopic observation. FM 1-43 emits a broad orange fluorescence, and the
signal can be detected in both the red and green emission channels. We generally
use 488-nm laser light to excite both GFP and FM 1-43, and to collect the
emissions of both fluors in the same channel. This is possible because of the very
localized distribution of Fm 1-43 in shoot epidermal cells. An example is shown
in Fig. 2B (see color plate).

IV. Marking Different Cell Types in Arabidopsis

It is now possible to genetically mark cells within a living organism using GFP
and to visualize these cells directly during development. To provide such markers
for work in Arabidopsis and to allow genetic manipulation of cells during meri-
stem development, we have adapted a scheme for targeted gene expression used
in Drosophila (Brand and Perrimon, 1993). Brand and Perrimon used a P-
element-based “enhancer-trap” strategy to generate Drosophila lines that ex-
press different patterns of the yeast transcription activator, GAL4. A chosen
target gene could then be placed under the control of GAL4 upstream activa-
tion sequences (UASs), transformed, and maintained silently in the absence of
GALA. Genetic crosses between this single line and any of the library of GAL4-
containing lines could specifically activate the target gene in a particular tissue
or cell type. The phenotypic consequences of misexpression, including those
lethal to the organism, could then be conveniently studied.

We found that GAL4 is not expressed in Arabidopsis due to a high A/T
content, which can interfere with mRNA processing in plants. Elevated A/U
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content plays a major role in intron recognition during plant pre-mRNA splicing,
and we have found that this can poison expression of heterologous A/T-rich
genes such as GAL4 and GFP. It was necessary to alter the codon usage of the
gene and to use a derivative, GAL4-VPI6, to ensure efficient expression in
Arabidopsis. We have randomly inserted the modified GAL4-VPI6 gene into
the Arabidopsis genome, using Agrobacterium tumefaciens—mediated transfor-
mation. Expression of the GAL4-VP16 gene is dependent upon the presence of
adjacent genomic enhancer sequences, so different patterns of expression are
generated. The inserted DNA also contains a GAL4-responsive mGFP5 gene
(Fig. 3A, see color plate), so patterns of GA L4-V P16 gene expression are immedi-
ately detectable, with each GAL4-expressing cell marked by green fluorescence.

In vivo detection of GFP can be used as a simple genetic screening procedure
for plants growing in normal culture, and we have used the marker to greatly
speed and improve a large enhancer-trap screen. Because our particular interest
lies in the cells of the Arabidopsis root tip, we have modified the plant transforma-
tion protocol to include an auxin induction of roots from regenerating shootlets.
More than 7500 transformants were then generated, planted in grid patterns in
sterile culture dishes, and directly screened for GAL4-mediated GFP expression
within roots. Several hundred lines with interesting patterns of root expression
were choosen, documented, transferred to soil, and grown to seed, to both amplify
and self-hybridize the lines. As a result, we have a collection of 250 Arabidopsis
lines with distinct and stable patterns of GAL4-VP16 and mGFPS5 expression in
the root (Fig. 3B, see color plate). These are being made available through
the Arabidopsis stock center, and we have created a graphical database of the
expression patterns to allow easy computer and Web access (http://www.mrc-
Imb.cam.ac.uk). These lines provide a valuable set of markers in which particular
cell types are tagged and can be visualized with unprecedented ease and clarity
in living plants. The physical arrangements of cells and common fields of gene
expression are highlighted within the root tip. More important, GAL4-VP16
expression within these same lines will allow precise targeted gene misexpression.
A chosen target gene can be cloned under the control of GAL4 UASs, trans-
formed, and maintained silently in the absence of GALA4. Genetic crossing of
this single line with any of the library of GAL4-containing lines allows specific
activation of the target gene in particular tissue and cell types. The phenotypic
consequences of misexpression, including those lethal to the organism, can be
conveniently studied. We have targeted the expression of toxic and regulatory
proteins to particular cells of the root meristem.

V. Spectrally Distinct Fluorescent Proteins for Multichannel
Confocal Microscopy

Subcellular structures can be decorated in vivo with GFP-tagged proteins and
observed microscopically. These benefits would be greatly extended if we could
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use additional and distinct fluorescent protein markers in our experiments. This
would immediately enable one to examine in detail the dynamic behavior of a
GFP-tagged protein or cell with respect to another fluorescent structure.

Several spectral variants of GFP have already been described (Chapter 2 of
this book; Heim et al., 1994; Ormo et al., 1996). We have been anxious to obtain
one or more new fluorescent protein markers that can be used with GFP and that
can be used for dual-channel confocal imaging. A major constraint in choosing a
second fluorescent marker is that its excitation should be compatible with com-
monly used (i.e., cheap) laser sources. Thus, we have experimented with variants
of GFP that have yellow-shifted emission (YFP, excitation maximum 514 nm,
emission maximum 527 nm) and cyan-shifted emission (CFP, excitation maximum
440 nm, emission maximum 485 nm).

To produce GFP variants that are expressed well in plants, we have modified
the genes so that they also contain altered codon usage and mutations that confer
improved folding properties, and this has resulted in the production of mYFP
(S65G, S72A, V163A, I167T, S175G, T203Y) and mCFP (Y66W, V163A,
S175G). The mCFP and mYFP variants are comparable in brightness to our best
GFPs but possess quite distinct spectral properties (Fig. 4, see color plate).
Although the emission spectra of mCFP, mGFPS, and mYFP overlap to a large
degree, laser scanning confocal microscopy allows the use of monochromatic
light for selective excitation of the proteins. For example, common multiline
argon-ion lasers emit light mainly at discrete wavelengths of 458, 477, 488, and
514 nm, and we have adapted suitable laser line excitation and emission filters
for the detection of the GFP variants. An example is provided later in which
we have used this technique to visualize the subcellular localization of particular
homeodomain proteins in transgenic Arabidopsis plants.

The GALA system can be used to view the dynamics of protein localization
in living plants. We have cloned the cDNA for a homeodomain protein, KNAT3
(Serikawa et al., 1996), from the C24 ecotype of Arabidopsis (this is the ecotype
that we use for GAL4-directed misexpression), and have generated transgenic
plants containing the gene under the control of GAL4-responsive or constitutive
promoters. We have fused mYFP to the KNATS3 protein. GAL4-directed expres-
sion of the fusion protein in intact plants has shown that subcellular localization
of fusion proteins is precisely regulated. The proteins initially accumulate within
the cytoplasm of meristematic cells but are progressively concentrated within
nuclei as the cells age (Fig. 5, see color plate). KNATS3 is a putative transcription
factor that would not be active if it were excluded from the nucleus, and there
appears to be clear posttranslational regulation of the protein’s activity. Interest-
ingly, transcription of the KNAT3 promoter seems limited to those cells in which
the mYFP-protein fusion is nuclear localized (Serikawa et al., 1997). We have
now mutagenized the KNAT3 sequence and are screening for mutant forms that
escape this regulation, and that should provide dominant gain of function pheno-
types.
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Protocol: Double Labeling with GFP Variants

1. Plants expressing mCFP, mGFP5, and/or mYFP proteins were grown in
sterile culture and mounted in water for microscopy.

2. A Biorad MRC-600 microscope was equipped with an 80-mW argon ion
laser and a motorized excitation filter wheel containing narrow bandpass filters
to select laser lines at 458 nm for excitation of mCFP, 477 nm for excitation of
mGFP5 (mGFPS), and 514 nm for excitation of mYFP. A multiline argon-
ion laser of higher power (>50 mW) is generally needed to provide 458-nm
illumination of useful intensity. We have used mCFP and mYFP, and mGFPS5 and
mYFP together for double-labeling experiments. The proteins were sequentially
excited using the appropriate laser lines, and the signals were collected through
specialized emission filter blocks: mCFP/mYFP = 495-nm longpass dichroic mir-
ror, 485 = 30 nm, 540- * 30-nm bandpass filters, or mGFP5/mYFP = 527 nm
longpass dichroic mirror. 500-nm longpass and 540- = 30-nm bandpass filters
(Omega Optical). The use of selective monochromatic excitation allows useful
discrimination between mGFPS and mYFP, which have overlapping fluorescent
spectra, The greater spectral differences between mCFP and mYFP result in
clean discrimination of the fluorescent signals. Sequentially collected images
were merged and pseudocolored using Adobe Photoshop.

VI. Summary

Unlike enzyme markers, green fluorescent protein can be visualized at high
resolution in living cells using confocal microscopy. The images are not prone
to fixation or staining artifacts, and can be of exceptional clarity. Moreover, the
activities of living cells, such as cytoplasmic streaming, are clearly evident during
microscopy. Ordinarily, movement within a sample is a nuisance, placing con-
straints on the use of sometimes lengthy techniques for noise reduction during
confocal microscopy, such as frame averaging. However, it is possible to monitor
dynamic events by time-lapse confocal microscopy, and this combination of a
vital fluorescent reporter with high-resolution optical techniques shows much
promise for use in cell biological and physiological experiments.

Genetic systems such as that of Arabidopsis provide a large resource of poten-
tially informative mutants, and there has been much recent improvement in
techniques for determining the molecular basis of a particular phenotype. The
use of fluorescent proteins will provide further tools for examining the biology
of mutant cells. The precision with which particular cellular structures can be
decorated with GFP and the ease with which subcellular traffic can be monitored
indicate that this approach will be very useful for cell biological and physiological
observations, particularly for detailed examination of plant mutant phenotypes.
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1. Introduction

During cell division, the chromosomes become attached to the spindle fibers
and oriented on the spindle before segregating toward opposite poles. Rapid
poleward and away-from-the-pole chromosome movements occur during most
of meiosis and mitosis, mediated by microtubule and spindle dynamics, and
culminate with the segregation of homologous chromosomes in meiosis I and
sister chromatids in meiosis II and mitosis.
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Despite intense study for more than a century, the basis of the movements of
the spindle and chromosomes during cell division is still not clearly established.
This is especially true of the meiotic divisions of oocytes, which have been less
widely studied due to the relative difficulty in obtaining oocytes compared to
mitotic cells and the difficulty in visualizing the meiotic apparatus, which is often
obscured by yolky cytoplasm. A major breakthrough in recent years has been
the discovery that microtubule motors are intimately involved in all aspects of
chromosome and spindle movement during meiosis and mitosis (Sawin and En-
dow, 1993). Microtubule motors use the energy from ATP hydrolysis to bind to
and move on microtubules, generating force for spindle assembly and function
as well as attachment of chromosomes to spindie fibers and probably also move-
ment of chromosomes along microtubules. One of the microtubule motors now
known to be required for spindle assembly and maintenance during meiosis in
Drosophila oocytes is Ncd (Matthles et al., 1996; Endow and Komma, 1997).
Necd also functions during m1t081s in early embryos to maintain attachment of
centrosomes to spindle poles and chromosomes to spindle fibers, preventing loss
of chromosomes at the metaphase/anaphase transition (Endow and Komma,
1996).

To better understand the role of Ncd in the spindle and to permit the analysis
of spindle dynamics during meiosis and mitosis, we have made fusions of ncd to
gfp and transformed the gene fusions into Drosophila (Endow and Komma,
1996, 1997), The Ncd-GFP fusion proteins, regulated by the native ncd promoter,
rescue an ricd null mutant for chromosome segregation and embryo viability,
providing evidence that the fusion protein can replace the function of wild-type
Ncd. Green fluorescent spindles are observed in ncd-gfp oocytes and embryos,
demonstrating that the fusion protein is expressed and localizes to meiotic and
mitotic spindles. Both wild-type and mutant forms of Ncd were made and used
to obtain information about spindle assembly and function by following spindle
dynamics in live wild-type and loss-of-function oocytes and embryos.

The use of ncd—gfp to visualize spindles is minimally perturbing to the cells
and represents an advance over previous methods that have been used to label
spindle microtubules. These have involved the injection into live cells of fluores-
cently labeled tubulin, which is incorporated into the spindles. Analysis of the
transgenic ncd-gfp oocytes and embryos is technically simpler than injection of
labeled tubulin and avoids the problem of unintentional activation of the oocytes
due to injection. It also does not require the incorporation of exogenous tubulin
into spindle fibers or result in high local concentrations of foreign tubulin in the
cells, which might cause abnormalities in division.

II. Labeling Strategies

A. Overall Strategy for Labeling Cytoskeletal Structures

The overall strategy for labeling the spindle is to fuse a microtubule-associated
protein in-frame to GFP and to use the fusion protein to label the spindle
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microtubules. An alternate strategy, of labeling the spindle microtubules directly
with tubulin—-GFP, has worked less well in yeast and is less attractive for higher
eukaryotes because of the multiplicity of tubulin isoforms, which are expressed
in a tissue- and developmentally specific manner. This means that structures such
as spindles, which comprise different tubulin isoforms, might be better labeled
in some tissues than in others, and better labeled at certain times during develop-
ment than at others. This is also true of microtubule motors, although the motors
that are highly expressed in given cells, such as Ned in oocytes, are likely to
uniformly label the spindle fibers in these cells and therefore to be optimal for
use in analyzing spindle dynamics in these cells. In addition, the use of genes
for cytoskeletal proteins such as tubulin in constructing GFP fusions may be
limited by structural considerations—perturbations in overall structure due to
the presence of the GFP moiety could disrupt the cytoskeletal structures under
study. In yeast, a tubulin—~GFP fusion protein that has been analyzed failed to
complement the corresponding tubulin null mutant (Marshall et al., 1996). This
is presumably due to the requirement to preserve the overall structure of the
tubulin protein to permit interactions with other tubulin proteins during the
assembly of microtubules.

The strategy of fusing GFP to proteins associated with given cytoskeletal
structures, rather than to proteins that form an integral part of the structures,
could become a method of choice for labeling other cytoskeletal components.
For example, a cytoplasmic myosin fused to GFP has been used to label actin
fibers associated with the contractile disk in Dictyostelium (Moores et al., 1996)
and GFP fused to a microtubule-associated protein, MAP4, has been used to
label cytoplasmic microtubules (Olson et al., 1995).

B. General Strategy for Labeling Ncd

The general strategy that we have used for labeling the Ncd motor protein is
to fuse GFP, either wild-type or mutant, in-frame to the C terminus of the full-
length motor protein (Fig. 1). The motor domain of Ncd, with the conserved

Motor

1 333 700

Motor GFP

Ncd-GFP c——— s
1 333 7001 238

Fig. 1 The Ncd-GFP fusion protein. Ncd-GFP consists of wild-type GFP fused in-frame to the
C terminus of full-length Ncd, adjacent to the motor domain. The motor domain contains ATP- and
microtubule-binding sites that are required for motor function. Amino acid 699 of Ncd was changed
from aspartic acid to leucine during the construction of the gene fusion. The Ncd and Ned-GFP
proteins are shown schematically, based on biochemical analysis of truncated Ncd proteins (Chandra
et al., 1993) and structural analysis of the Ncd motor domain (Sablin et al,, 1996) and GFP (Ormo
et al., 1966; Yang et al., 1996).
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ATP- and MT-binding sites, is at the C terminus of the protein. The fusion
therefore places the GFP adjacent to the motor domain, as depicted schematically
in Fig. 1. An insertion of GFP into the tail-stalk junction of Ncd did not rescue
an ncd null mutant and did not result in GFP fluorescence.

C. Choice of GFP

In addition to wild-type GFP from Aequorea victoria and Renilla reniformis,
many mutant forms of GFP are now available for use in making fusion proteins.
The mutant GFPs have been selected for brighter green fluorescence or fluores-
cence emission at different wavelengths, sometimes resulting in different colors
of fluorescence. A comprehensive table of available forms of GFP can be found
in Endow and Piston (1998).

One property of GFP fluorescence that may limit the choice of GFP is the
ability of wild-type A. victoria GFP to undergo photoisomerization, resulting in
fluorescence photoactivation. This results in a brighter fluorescence with in-
creased exposure to excitation light and is thought to be caused by rotation of
the chromophore around a bond (isomerization) in the GFP. Photoisomerization
does not occur in several of the mutant forms of GFP that have been examined,
including S65T and F64L, S65T (EGFPmutl) GFP. For photobleaching experi-
ments, such as those described in Chapter 16, photoactivation is undesirable, so
wild-type A. victoria GFP should not be used for plasmid construction for these
studies. The ability to photoactivate GFP could potentially be useful in studying
the dynamics of cellular structures, much as the uncaging of fluorochromes
has been used (Mitchison, 1989), but this application remains to be exploited.
Experiments demonstrating the photoactivation of wild-type GFP are described
in Section IV.C.

In general, brighter GFP fluorescence is desirable to reduce imaging time and
photodamage to the live cells induced by the excitation light. This makes the
brighter mutant forms of GFP, such as S65T and F64L, S65T (EGFPmutl) the
GFPs of choice for most studies. Brighter fluorescence can also be achieved by
increasing the copy number of the gfp fusion gene in the cells under study or
by optimizing the collection of the fluorescence emission with the use of custom
GFP filter sets. Filters sets designed to increase the GFP signal are described in
Section III.C.

III. Imaging GFP

A. Specimen Preparation

Specimens for imaging GFP, in principle, can be either fixed or live. For
Necd-GFP in Drosophila oocytes and early embryos, however, the GFP fluores-
cence is destroyed or greatly diminished by all fixatives that have been tried,
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including brief fixation in formaldehyde, which has been reported to preserve
Exu-GFP fluorescence in egg chambers of Drosophila (Wang and Hazelrigg,
1994).

By contrast, the GFP fluorescence is very bright in live ncd-gfp oocytes and
embryos. The major considerations in preparing live eggs for imaging are to
reduce autofluorescence due to the chorion, vitelline membrane, and yolk gran-
ules, and to avoid damage to the meiotic/mitotic apparatus due to anoxia. The
chorion can be easily removed by pulling on the dorsal appendages of oocytes
with fine-tipped forceps or by rolling embryos gently on a piece of double-stick
tape. The egg is then placed in a drop of light halocarbon oil (Halocarbon Oil
27, Sigma Chemical Co.) on a slide, and a coverslip fragment is mounted over
it, supported on either side by two layers of double-stick tape. The halocarbon
oil can be briefly bubbled with O, to ensure adequate oxygen. Oxygenation of
the halocarbon oil should be omitted when nonactivated oocytes are being ana-
lyzed to avoid unintentional activation of the oocytes. An open slide without a
coverslip (for use with an inverted microscope) or an oxygen-permeable mem-
brane instead of a slide has been used by some workers to ensure adequate
oxygen exchange for imaging live egg chambers or embryos of Drosophila.

Removal of the chorion should not be performed when nonactivated oocytes
are being imaged, as this can cause activation of the oocytes (Endow and Komma,
1997). The use of a brighter GFP or increasing the ncd-gfp copy number can
permit the collection of adequate to good images through the chorion. The use
of a bandpass emission filter instead of a longpass filter can also greatly improve
image quality by reducing the amount of chorion and vitelline membrane au-
tofluorescence and scattered light that is collected (Endow and Piston, 1998).

Mature oocytes of Drosophila can be routinely activated by brief immersion
in aqueous solution [e.g., Drosophila PBS (Robb, 1969)] during preparation
(Endow and Komma, 1997). Ovaries are dissected directly into undiluted Dro-
sophila PBS and, after 3-5 min, mature oocytes are teased from the ovarioles
and transferred to a drop of light halocarbon oil on a slide. The chorion is
partially removed from the anterior of the oocyte by pulling on the dorsal
appendages with fine-tipped forceps, and the oocyte is positioned dorsal side up
and covered by a coverslip fragment mounted onto two layers of double-stick
tape placed on either side.

Spindles in activated oocytes should be visualized immediately after specimen
preparation to avoid missing events that occur soon after activation. The time
required for completion of the meiosis I and II divisions has been estimated to
be ~5-10 min (Riparbelli and Callaini, 1996; Endow and Komma, 1997), so little
time can be spent searching for the spindle or optimizing the images following
activation of the oocytes.

For early embryos, the spindles can be best visualized following their migration
to the cortex during interphase of mitotic cycle 9. Earlier divisions can also be
imaged, but the spindles in many cases are positioned perpendicular to the
imaging plane, rather than parallel, so a cross section of the spindle is obtained
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rather than a pole-to-pole view. The early divisions of the Drosophila embryo
occur very rapidly, with a division time of 8-10 min (Foe et al, 1993). It is
therefore necessary to begin imaging immediately after identifying an embryo
at a suitable stage to avoid missing events that occur during the mitotic cycle.

B. Time-Lapse Imaging

C. GFP Filters

A detailed protocol for time-lapse confocal imaging of mitotic spindles in early
ncd-gfp embryos has been reported in Endow and Piston (1998). Imaging of
meiotic spindles is carried out in an identical manner (Endow and Komma,
1997). Briefly, live oocytes or embryos are imaged using the 488-nm line of a
krypton-argon laser, a custom GFP filter block (discussed later), and a Bio-Rad
MRC 600 confocal scanning unit mounted on a Zeiss Axiophot microscope. A
63X/1.4 NA Planapochromat oil-immersion objective is used to collect the im-
ages. Images are collected into stacks of 60 at 15 to 25 s intervals using the
time-lapse feature of COMOS software (Bio-Rad) and three or five Kalman-
averaged slow scans per image. Animation of time-lapse sequences, recording
to videotape, and conversion of image stacks to QuickTime movies are described
in detail elsewhere (Endow and Piston, 1998).

For initial visualization of GFP, FITC filter sets can be used to determine
whether cells are actively fluorescing with GFP. It is useful to keep in mind,
however, that FITC filter sets are not optimized for GFP fluorescence activation
and emission. Wild-type GFP has excitation peaks at 395 and 475 nm, and an
emission peak at 508 nm with a shoulder at 540 nm, and S65T GFP has an
excitation peak at 488 nm and emission peak at 511 nm. For extensive studies
involving GFP imaging, it is advantageous to purchase one of the custom GFP
filter sets now available. These can improve GFP fluorescence by optimizing the
excitation wavelength, the fluorescence emission that is collected, or both. The
filter set that has been found to be most generally useful for imaging GFP is
one that is optimized for both excitation and emission of wild-type and S65T
GFP (Endow and Komma, 1997). Comparable filter sets have been designed for
fluorescence and confocal microscopy (Table I), and tested. The custom confocal
GFP filter set increases the signal collected over the Bio-Rad BHS and GR2
FITC filter blocks by ~1.3X and ~1.8X, respectively (Endow and Komma, 1997).
The use of a bandpass rather than a longpass emission filter can greatly improve
image quality by reducing the collection of signal due to specimen autofluores-
cence (Endow and Piston, 1998), as noted earlier. The GFP filter sets described
here are available from Chroma Technology Corp., and the custom confocal
GFP block is now being marketed by Bio-Rad.
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Table 1
Filter Sets for FITC and GFP

Filter set Excitation filter Dichroic filter Emission filter

Fluorescence Microscopy

Leica K3 cube BP 470-490 RKP 510 LP 520
Leica L4 cube BP 470-490 RKP 510 BP 515-560
Zeiss Set 09 BP 450-490 FT 510 LP 520
Zeiss Set 10 BP 450-490 FT 510 BP 515-565
Chroma #41017, HQ 470/40 Q 495LP HQ 525/50
(Endow GFP BP Set)
Chroma #41018 HQ 470/40 Q 495LP HQ 500LP
(Endow GFP LP set)
Confocal Microsopy
Bio-Rad BHS 488/10 510LP OG 515LP
(filter wheel)
Bio-Rad GR2/T3 488/10 T3 (trichroic) 522/32BP
(filter wheel)
Endow Confocal GFP 488/10% Q 498LP HQ 518/40BP

IV. Applications of Ncd—GFP Imaging

A. Protein Localization

The subcellular localization of proteins labeled by fusion to GFP can be deter-
mined by the patterns of GFP fluorescence. In the case of Ncd, extensive antibody
labeling experiments had been carried out previously, both during meiosis in
oocytes (Hatsumi and Endow, 1992) and mitosis in early embryos (Endow et al.,
1994). Through these studies, the distribution of Ncd was found to closely parallel
the distribution of tubulin. By carrying out time-lapse imaging of live ncd—-gfp
embryos, it has been possible to confirm the localization of Ncd throughout the
mitotic cell cycle.

An unexpected observation was that Ncd—GFP in metaphase is present in
brightly fluorescent pole-to-pole fibers that cross the chromosomes at the meta-
phase plate, unlike tubulin, which is diminished in the plate region (Endow and
Komma, 1996). This distribution of Ncd was also observed in anaphase (Fig. 2,
see color plate) but was not observed in fixed embryos stained with anti-Ncd
antibodies; instead, the Ncd localization was similar to that of tubulin. Fixed
ncd-gfp embryos that were stained with anti-Ncd antibodies, however, showed
the same distribution of Ncd—GFP as fixed wild-type embryos, indicating that
the fibers of Ncd—GFP observed in live embryos are labile to fixation for antibody
staining. These observations imply that the true distribution of Ncd during meta-
phase and anaphase includes pole-to-pole fibers, as was observed in the live
ncd-gfp embryos but not in the fixed, antibody-stained embryos. These fibers
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are likely to be important for Ncd mitotic function in maintaining chromosome
attachment to the spindle fibers at the metaphase-to-anaphase transition. The
ability to visualize protein localization in live cells using fusions with GFP should
prove valuable for analysis of other proteins that are present in subcellular
structures that are labile to fixation.

B. Mutant Analysis

A mutant Ncd-GFP fusion protein has also been used to study the effects of
loss of Ncd function on chromosome distribution. The first ncd mutant that has
been analyzed by analysis of live eggs is ncd’-gfp (Endow and Komma, 1996,
1997), which behaves like a complete loss-of-function mutant, although the mu-
tant protein is expressed and localizes to spindle microtubules. Time-lapse im-
aging of the mutant ncd?-gfp oocytes and embryos showed the same abnormal
spindle structures that have been observed using antibody staining, but has been
crucial in revealing how the spindle abnormalities arise—this could be inferred
from analysis of fixed oocytes and embryos but not determined with certainty.
The origin of the abnormal spindles is critical to determining the functions that
are defective in the mutant Ncd motor protein. Analysis of live activated oocytes
further showed that the spindle microtubules are destabilized in the mutant
oocytes and undergo depolymerization during the meiotic divisions. This was
not observed in previous analysis of antibody-stained oocytes, but could be easily
observed in fixed oocytes once it was looked for.

The Ncd-GFP fusion protein can also be used as a spindle marker to analyze
other mutants that affect chromosome movement or spindle function during
meiosis or mitosis by crossing the mutants into the ncd—gfp stock. Many meiotic
and mitotic mutants are now known in Drosophila and can be used to gain
insights into the roles of the mutant proteins during cell division. Interactions
between these mutants and ncd mutants can be analyzed using ncd’-gfp and
other ncd—-gfp mutant transgenes that are currently being constructed and trans-
ferred into Drosophila.

C. Photoactivation

As noted earlier, wild-type GFP fluoresces more brightly after an initial expo-
sure either to ultraviolet or blue excitation light. Although this property has not
yet been fully exploited, the ability to undergo photoactivation upon exposure
to 488-nm light can be demonstrated using confocal microscopy and cellularized
cycle 14 ncd-gfp embryos in which the Ncd-GFP is localized to the cytoplasm.

The extended length of interphase of mitotic cycle 14 (Foe et al., 1993) allows
adequate time for experimental manipulations using the confocal microscope.
These were performed by focusing on the embryo surface under white light
under 2X zoom magnification, then scanning the embryo continuously for 1 min
with the 488-nm line of the krypton-argon laser using a 10% transmission neutral
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density filter (Neutral Density 1), the Bio-Rad BHS filter block, and manual
gain and black settings. The zoom setting was then reduced to 1X, and the
embryo was rescanned at low magnification using eight Kalman-averaged slow
scans to obtain a final image. The embryos imaged in this way showed a clear
enhancement of fluorescence in the prescanned region (Fig. 3). The final image
was analyzed using NIH Image to measure pixel density in the prescanned region
compared to the nonprescanned region. Analysis of prescanned and nonpre-
scanned cells (4-10 cells each) in three independent embryos resulted in an
estimate of ~2.1X increased fluorescence in the prescanned region (range =
1.7xX-2.5X for individual embryos). Although this method of quantitation is
relatively crude, it demonstrates that exposure to blue light can photoactivate
wild-type GFP.

The ability of wild-type GFP to undergo photoactivation has potential applica-
tions with respect to Ncd—GFP. For example, it could be used to monitor spindle

Fig. 3 Early embryo demonstrating photoactivation of Ncd-GFP. The Ncd-GFP is localized to
the cytoplasm of the embryo, which is in interphase of mitotic cycle 14. After focusing on the embryo
surface under white light, the embryo was scanned at 2X zoom magnification for 1 min with the
488-nm line of the laser, then rescanned at reduced (1X zoom) magnification. The brighter rectangular
region is the prescanned region and shows ~2.5X brighter fluorescence than the nonprescanned
region. The bright autofluorescence of the vitelline membrane is readily apparent when a longpass
emission filter is used to collect the images, but can be reduced by use of a bandpass emission filter.
The membrane autofluorescence is photobleached in the prescanned region, in contrast to the
photoactivated Ned-GFP fluorescence.
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dynamics in much the same way as caged fluorescent tubulin has been used to
monitor dynamics of spindle microtubules (Mitchison, 1989).

V. Perspectives

Although the use of GFP has been relatively recent, it has now been shown
to be effective in many of the applications that have previously been used for
fluorescently labeled proteins. These include subcellular localization of proteins
and in vivo labeling of cytoskeletal structures, as described in this chapter, single-
molecule tracking (Pierce et al, 1997), and photobleaching experiments (Cole
et al., 1996). The use of GFP in these applications is advantageous over previous
methods in the specificity and efficiency of labeling, and in specific targeting to
given cellular structures or organelles.

The use of GFP in the analysis of spindle dynamics during meiosis and mitosis
represents an advance over methods that have been used previously to label
spindle fibers in vivo, and may eventually replace these methods. Analysis of
meiosis in oocytes has been refractory to conventional methods due to problems
with unintentional activation or lysis of oocytes. Here the use of GFP is especially
advantageous, and promises to revolutionize methods currently used for analysis.

Finally, the potential exists for applications of GFP that go beyond conven-
tional fluorescence methods. These include fluorescence resonance energy trans-
fer (FRET), which may become a standard method for colocalization of proteins
within the cell. The development of this and other innovative methods will help
to realize the potential of GFP while providing important information about
basic cellular processes.
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I. Introduction

The ideal way to follow the development of individual cells or tissues is in
living organisms, in which every developmental stage can be observed in a single
intact animal. An ideal vital marker could be used in all cell types and would
reveal the morphology of the cell, to enable the identification of different cell
types without compromising cell viability. Green fluorescent protein (GFP) fulfills
all of these requirements. It is a naturally fluorescent protein that has been shown
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to function in a wide variety of transgenic animals, requires no subtrate, and is
nontoxic (Prasher et al,, 1992; Chalfie et al, 1994; Cubitt et al., 1995; Prasher,
1995; Gerdes and Kaether, 1996). GFP is a small protein (27 kDa) that freely
enters the nucleus, fills the cytoplasm of the cell, and is able to diffuse into small
cytoplasmic extensions. The excitation and emission spectra of GFP are similar
to those of FITC, such that the protein can be visualized with most conventional
epifluorescence and confocal filter sets, GFP does not bleach readily and is
therefore ideal for long-time-course analyses.

A. Nervous System Development

We are studying the development of the embryonic nervous system, a tissue
in which a vital marker is particularly advantageous. During neurogenesis, thou-
sands of neurons are born, each of which migrates to a characteristic position
within the brain or nerve cord from where it extends an axon toward, and
synapses with, a specific target cell. These dynamic properties are well suited to
real-time analysis, from the birth of neurons and glial cells through cellular
migration, axon extension and synaptogenesis, and finally muscle contraction.
Furthermore, the two cell types found in the nervous system, neurons and glia,
are indistinguishable by nuclear markers but are easily identified by their charac-
teristic cellular morphology.

In Drosophila, cell labeling in the nervous system has relied almost exclusively
on invasive techniques such as dye microinjection or on antibody staining of
fixed tissues. The advantage of using dyes, such as lucifer yellow and Dil, is that
they fill the entire cell and label axonal or glial extensions. Because labeling
is carried out on living embryos, individual cells can be followed throughout
development in a single animal. However, dye microinjection is time-consuming
and requires great dexterity, and for this reason, immunohistochemistry has been
more widely used. Antibody staining also has its limitations. Samples must first
be fixed, which can adversely affect the morphology of the sample and induce
artifacts. If antibodies against nuclear proteins are used, cell shapes are not
revealed, and it can be difficult to identify individual cells. Furthermore, the
cuticles of older embryos, larvae, and adult flies are impermeable to antibodies.
It is necessary to analyze a large number of animals of different ages to construct
a comprehensive time course of development. This can be particularly difficult
in certain mutant backgrounds, in which some of the developmental landmarks
may be distorted or missing altogether. Furthermore, it is easier to interpret
expression patterns in a whole mounts than to reconstruct a three-dimensional
picture from a series of tissue sections.

Since the introduction of GFP as a live marker, it has become not only feasible,
but also relatively easy, to study neurogenesis in living animals. In a single
embryo, after a simple dechorionation step, it is possible to visualize the segrega-
tion of neural precursors, the subsequent mitotic divisions that produce first
ganglion mother cells and then neurons or glia, neuronal and glial cell migration,
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and axon outgrowth (Brand, 1995; A.H.B., C. M. Davidson, E. L. Dormand,
U. P. John, J. A. Kaltschmidt, and A. J. Schuldt, unpublished observations). In
pupae, it should be feasible to observe the rewiring of the nervous system as
larval tissues are histolyzed and adult structures take their place. In the embry-
onic, larval, and adult brains, GFP or GFP fusion proteins are being used to
identify and to trace individual cells.

It is now possible to label specific cells or tissues, and to follow their fates in
both wild-type animals and in a variety of mutant backgrounds. GFP can be
used as a lineage tracer, either by inducing constitutive GFP expression in clones
using the Flp/FRT recombination system (Struhl and Basler, 1993) or by double
labeling GFP-positive cells with Dil (Bossing and Technau, 1994). In genetic
screens, mutant animals can be identified on the basis of altered GFP expression
patterns and then recovered as individuals to establish a stock.

B. Targeted Expression—The GAL4 System

To target expression of GFP in vivo, we use the GAL4 system (Brand and
Perrimon, 1993; Brand et al., 1994; Brand and Dormand, 1995), which allows the
selective activation of any cloned gene in a wide variety of tissue- and cell-
specific patterns. The GALA4 system is designed to generate lines that express a
transcriptional activator, rather than a target gene, in numerous expression pat-
terns. First the yeast transcriptional activator, GALA, is expressed in specific cell
or tissue types. It is then possible to activate a synthetic gene that contains
GALA4-binding sites in its promoter in those cells in which GALA4 is expressed.

Two approaches can be used to generate different patterns of GAL4 expres-
sion. The first is to drive GAL4 transcription using characterized promoters
(Fischer et al., 1988; Brand and Perrimon, 1993). The second is based on “en-
hancer detection” (O’Kane and Gehring, 1987; Bellen et al., 1989; Bier et al,,
1989; Wilson et al., 1989). The GA L4 gene is randomly integrated in the Drosoph-
ila genome, bringing it under the control of an array of different genomic en-
hancers that direct expression in a wide range of patterns in embryos, larvae,
and adults (Brand and Perrimon, 1993). This eliminates the need to link numerous
different promoters to the GAL4 gene and allows expression in novel patterns
from enhancers that have not yet been described. In addition, the enhancer-
detection GAL4 vector can be mobilized to new genomic sites simply by P-
transposition (Robertson et al., 1988). In this way, a single transformant can be
used to generate a large number of transgenics, each exhibiting a different GALA
expression pattern.

GALA4-responsive target genes can be created using the vector pUAST (Brand
and Perrimon, 1993), into which sequences can be subcloned behind a tandem
array of five optimized GAL4-binding sites (hereafter referred to as the UAS,
for upstream activation sequence), and upstream of the SV40 transcriptional
terminator. It is possible, then to (a) subclone any sequence behind GAL4-
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binding sites and (b) activate that target gene only within cells in which GAL4
is expressed.

In Drosophila, and more recently in Arabidopsis (see Chapter 9), it is possible
to disrupt development specifically by targeted expression of a gene using the
GALA system. If the GAL4-expressing cells are simultaneously labeled with
GFP, any alteration in cell fate, pattern of cell division, axon extension, or
target recognition can be conveniently monitored. We have constructed GALA4-
responsive GFP transgenes with which it is possible to label almost any celi type
in vivo (Brand, 1995; A.H.B., C. M. Davidson, E. L. Dormand, J. A. Kaltschmidt,
C. B. Phelps, and A. J. Schuldt, unpublished observations).

- II. Targeted Expression of GFP in Drosophila

GFP is produced as an apoprotein that is converted to an actively fluorescent
form after cyclization and autoxidation of a chromophore consisting of just three
amino acids, serine, tyrosine, and glycine (Heim et al., 1994). The requirement
for autoxidation leads to a delay between expression of GFP and the appearance
of the actively fluorescent molecule (Heim et al, 1994). Consistent with this
observation, we observe fluorescence of wild-type GFP in Drosophila embryos
at stage 12, approximately 3 h after B8-galactosidase expression from a similar
transgene.

Although it is possible to visualize cells labeled with wild-type GFP, the advent
of mutants that are brighter, undergo fluorophore formation more rapidly, and
absorb at wavelengths approaching 488 nm [a wavelength produced by most
laser scanning confocal microscopes (Heim et al., 1994; Delagrave et al., 1995;
Heim et al, 1995; Cormack et al, 1996; Siemering et al., 1996)] has greatly
facilitated in vivo labeling.

IIL. Lines for Expression of GFP

A. Selecting a GAL4 Driver Line
1. GAL4 Databases

GALA4-expressing lines that drive expression in diverse patterns in embryos,
larvae, and adults have been generated. Descriptions of many of these lines are
available on FlyBase, and a number of the lines are available from the Drosophila
stock center in Bloomington, Indiana.

B. Generating a UAS-Target Gene
1. The UAS Vector

The gene of interest is cloned into the polylinker of the vector pUAST (UAS
terminator) (Brand and Perrimon, 1993; Brand et al,, 1994) downstream of the
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five optimized GAL4 binding sites (the ““Scal site”’) and a synthetic TATA box,
and upstream of the SV40 transcriptional terminator. In our experience, we have
found it best to minimize the amount of 5’ leader sequence included when
subcloning the target gene into pUAST, although there are reports that in some
cases the 5’ untranslated sequence may increase translational efficiency. The
SV40 sequence downstream of the target gene may stabilize the mRNA. UAS
transgenes are subject to position effects, such that insertions at different genomic
sites are expressed at varying levels. We therefore test and maintain between five
and six independent insertion lines. A phenotypic series can then be generated by
crossing a single GALA4 line to several UAS lines, each of which expresses the
same target gene but at a different level.

2. UAS-GFP Reporters

Wild-type GFP suffers from a long lag between transcription and the first
detectable signs of fluorescence, due to the requirement for autoxidation (Heim
et al., 1994). For example, we have observed wild-type GFP fluorescence approxi-
mately 3 h after B-galactosidase expression from a similiar transgene. However,
mutant GFPs have been isolated that have a greatly reduced time of onset (Heim
et al.,, 1994, 1995; Cormack et al., 1996; Siemering et al., 1996).

o UAS-GFP encoding wild-type GFP has been generated (Brand, 1995; Yeh
et al., 1995). GFP is a small protein (27 kDa) that seems to concentrate in
the nucleus but is excluded from the nucleolus. GFP diffuses throughout the
cytoplasm. Whereas a single GFP-expressing cell is easily resolved when
surrounded by nonexpressing cells, it can be difficult to distinguish individual
cells when they are part of a GFP-positive cell cluster (Fig. 1).

* UAS-GFP S65T (B. Dickson, unpublished observations) carries a single
amino acid substitution, serine to threonine at position 65, that shifts the
major excitation peak from 395 to 475 nm (Heim et al.,, 1995). This variant
has been reported to fluoresce approximately six times more brightly than
wild-type GFP (Heim et al., 1995).

o UAS-GFP S65T/1167T (C. M. Davidson and A.H.B., unpublished obser-
vations) carries a second mutation, isoleucine to threonine at position
167 (Heim et al., 1994), which also shifts the major GFP excitation peak to
475 nm. The combination of these two mutations yields a brighter GFP
variant than the S65T mutation alone.

* UAS-mGFP6 (J. Haseloff, C. M. Davidson, and A.H.B., unpublished obser-
vations) expresses a variant of mGFP5 (Siemering et al., 1996) that was
developed for use in Arabidopsis but has also proved useful for labeling
Xenopus and mouse cells (Zernicka-Goetz et al., 1996, 1997). mGFP6 carries
mutations that improve the maturation and spectral properties, and enhance
the solubility and fluorescence of GFP: F64L, S65T (Heim et al., 1995; Cor-
mack et al., 1996) and V163A, I1167T, S175G (Heim et al., 1994; Siemering
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l

UAS-GFP UAS-tau-GFP

Fig. 1 GFP labeling in the embryonic CNS of living embryos. (a) Engrailed-GA L4 drives expres-
sion of UAS-gfp in epidermal stripes and a subset of neurons. The proximity of the cell bodies makes
it difficult to identify individual neurons. (b) Engrailed—-GAL4 drives expression of UAS-tau—gfp
expression in the same cells as in (a). tau—-GFP is excluded from nuclei and individual cells can be
casily distinguished.

etal., 1996). Codon usage changes remove a cryptic plant intron and optimize
expression (J. Haseloff et al, unpublished observations). In our hands,
mGFP6 is more fluorescent than GFP S65T/T167T.

3. Fusion Proteins

We have taken advantage of the fact that GFP remains active as a fusion
protein (Wang and Hazelrigg, 1994) and have linked GFP to the microtubule
binding protein tau (Butner and Kirschner, 1991; Callahan and Thomas, 1994).
Using laser scanning confocal microscopy, we are able to resolve the cytoskeleton
within individual cells of a living larva (Fig. 3). Although wild-type GFP is a
small protein (~27 kDaj; Prasher et al,, 1992) that can readily diffuse into axons,
we find that tau-GFP is a better marker for labeling individual neurons (Figs.
1 and 4; discussed later). We do find, however, that GFP fluoresces more brightly
than do the GFP fusion proteins. GFP has also been fused to nuclearly localized
B-galactosidase to generate an in vivo nuclear marker.

» UAS—nuclear GFP-lacZ. Shiga et al. (1996) fused GFP to a NLS in an
attempt to generate a nuclearly localized GFP. However, fluorescence was
detectable in polytene, but not diploid, tissues. GFP fusions to a nuclearly
localized form of B-galactosidase produced a marker that fluoresces brightly
in the nuclei of diploid embryonic and larval tissues.
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Fig. 2 Tau-GFP labels epidermal cells and muscles in a living embryo.

¢ UAS-tau—-GFP (Brand, 1995). Tau is a microtubule-binding protein that
highlights the cytoskeleton within every cell (Butner and Kirschner, 1991;
Callahan and Thomas, 1994). Tau is normally found in neuronal lineages,
where it binds and stabilizes microtubules; however, it can also bind microtu-
bules in nonneuronal cell types (Callahan and Thomas, 1994). Fusing tau to
GFP produces a reporter whose expression pattern can be followed in real
time while also revealing the cytoskeletal architecture (Fig. 3). Tau-GFP is
excluded from the nucleus and labels the microtubule network, thereby
revealing the morphology of the cell and facilitating its identification. Tau
reporter fusions have proved extremely useful in labeling neurons because
they label not only the cell body but also the axonal projection (Callahan
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and Thomas, 1994; Brand, 1995; Hidalgo and Brand, 1997). This is particularly
valuable when the axonal projection pattern of a neuron must be known in
order to verify its identity.

When expressed at high levels, tau—-g-galactosidase can interfere with
mitosis, causing phenotypes that are most readily seen in rapidly dividing
tissues. For example, when UAS—tau—lacZ is driven in the imaginal disks by
crossing to engrailed—GAL4, it leads to pupal lethality: pupae dissected from
their pupal cases completely lack thoracic structures (A.H.B., unpublished
observations).

Expression of tau—GFP causes much less severe phenotypes than tau-g-
galactosidase. Crosses to engrailed—GA L4 yield valuable adults with poste-
rior wing defects. Tau—3-galactosidase may cause more severe defects be-
cause B-galactosidase can tetramerize, perhaps enhancing the cross-linking
and stabilization of microtubules.

* UAS-tau-GFP S65T/1167T (Dormand and Brand, 1998) carries both the
S65T and I167T mutations (see I11.B.2) (Heim et al., 1994, 1995). The combi-

Fig. 3 Tau-GFP binds to microtubules, highlighting the cytoskeleton within each epidermal cell
of a living larva. The image is composed of a stereo pair of confocal micrographs.
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Fig. 4 Targeted expression of tau—-GFP in motor neurons and interneurons enables individual
neurons to be traced as they extend their axons in the central nervous system of living embryos.

nation of these two mutations yields a GFP variant that is much brighter
than wild-type GFP.

» UAS—tau-mGFP6 (J. Haseloff, C. M. Davidson, and A.H.B., unpublished)
expresses a tau fusion with mGFP6 (see II1.B.2.). Tau-mGFP6 is generally
more fluorescent than tau—GFP S65T/I167T.
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C. Maternal and Early Embryonic Expression

In contrast with enhancer-detection/lacZ screens in which one third of the
insertion lines express B-galactosidase in the female germ line (Fasano et al,
1988), we have seen no GAL4-mediated misexpression in the germ line. To
express GFP in ovaries or early embryos, the GFP coding sequence is fused
directly to promoters that are active in the female germ line.

» exu-GFP (Wang and Hazelrigg, 1994). GFP fused to either the N or C
terminus of Exuperantia is driven from the exu promoter. In ovaries, exu—
GFP is concentrated in particles at the ring canals, which connect the nurse
cells and the oocyte.

* ncd-GFP (Endow and Komma, 1996; Endow and Komma, 1997). Ncd-GFP

is expressed from the ncd promoter. Ncd is a minus-end directed kinesin

motor protein, and ncd—GFP labels meiotic spindles in oocytes and mitotic

spindles in the early embryo (see Chapter 10).

PUbnisGFP (Davis et al., 1995). Nuclearly-localized GFP is expressed from

the polyubiquitin promoter.

PUbGFP (Davis et al., 1995). GFP is expressed from the polyubiquitin pro-

moter.

a4 tubulin—tau-GFP (Micklem et al., 1997; Schuldt et al., 1998). Tau-GFP

is expressed in the oocyte, where it binds to microtubules, and in early

embryos, where it binds to microtubules and labels mitotic spindles.

o4 tubulin-GFP-stau (Schuldt et al., 1998). GFP-staufen is expressed in the

oocyte and early embryo. Staufen is a double-stranded RNA binding protein,

and GFP-staufen appears to bind to prospero mRNA injected into early em-
bryos.

* hsp70-moesin (Edwards et al., 1997). A GFP-moesin fusion protein is ex-
pressed ubiquitously from the Asp70 promoter after heat shock. GFP-moesin
labels cortical actin and membrane processes.

Much of the power of the GAL4 system stems from the range of GALA4 lines
available and the great diversity of ectopic expression patterns that these lines
afford. However, the temporal diversity of ectopic expression patterns has been
curtailed by a block to GAL4-mediated expression prior to stage 6 of embryogen-
esis (about three hours of development) (Brand et al.,, 1994). The GAL4 expres-
sion vectors include the 5’ and 3" UTRs from the Asp70 gene, which may inhibit
translation during oogenesis. The temporal block might also result from the
requirement for a transcriptional coactivator that is not expressed until later
stages of embryogenesis. D. St. Johnston (personal communication) has achieved
GAlL4-mediated expression at earlier stages of embryogenesis by modifying both
the GAL4 UTRs and the GALA protein. With these modifications, the onset of
GALA4-mediated expression has been advanced to stage 4.
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IV. Visualizing GFP Expression

The following protocols are for examining GFP fluorescence in either live or
fixed whole-mount embryos. We have also stained embryos with rabbit anti-
GFP antibodies (Clontech) with excellent resuits, although we have had less
success using monoclonal anti-GFP antibodies (Clontech).

A. Materials
1. Live samples

* Home-made sieves. Cut the top off a 15-ml polypropylene Falcon tube,
about 4 cm from the screw-on cap. Cut a wide hole in the cap. Place
fine gauze over the end of the Falcon tube and hold it in place by
screwing on the cap.

¢ 18- X 18-mm coverslips (Menzel-Glaser)

¢ 22- X 40-mm coverslips (Menzel-Glaser)

* 50% Clorox

¢ Glue (Double-sided Scotch tape glue dissolved in heptane)

* Voltalef oil, 10S

* Halocarbon oil, 50% Halocarbon 27 and 50% Halocarbon 700 (Sigma)
¢ Air-permeable Teflon membrane mounted on perspex frame

¢ Parafilm

2. Fixed samples

» PBT [PBS, 0.1% Triton X-100 (Sigma)]

* 50% Clorox

* 4% Formaldehyde (BDH) in PBT (make up fresh)
» Heptane (Sigma-Aldrich)

» Methanol (Fisher Scientific International)

* Vectashield (Vector Labs)

B. Live Samples

Collect the embryos in a vial or on an apple juice agar plate. To ensure that
most of the embryos are at the appropriate stage, it is helpful to do short
collections (2-4 h) and then age the embryos until the appropriate stage of
development. Wash the eggs into a sieve, placed on a plastic tray, with water
and a paintbrush. Dechorionate the embryos in 50% Clorox for 3 min, then wash
them thoroughly with water. If you plan to use an upright microscope, transfer
the embryos with a paintbrush into a drop of Voltalef or Halocarbon oil placed
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in the middle of an air-permeable teflon membrane stretched over a perspex
frame (designed by E. Wiechaus). Place an 18- X 18-mm coverslip on either side
of the embryos, about 2-3 cm apart, to prevent the embryos from being squashed,
and cover them with a 22- X 40-mm coverslip. The embryos will develop normally
through embryogenesis in most cases.

We do not seal the coverslips, as it is often useful to roll the embryos to obtain
a dorsal, ventral, or lateral view. In addition, the solvents in many nail varnishes
have been reported to inhibit GFP fluorescence (Chalfie et al., 1994).

When using an inverted microscope, the embryos may be mounted simply on
a coverslip. With a razor blade, cut a square hole in the middle of a small
piece of parafilm and place this “frame” around the embryos to prevent the oil
running off.

C. Fixed Samples

GFP remains fluorescent after fixation and, although real-time analysis is
sacrificed, GFP expression can be correlated with endogenous gene expression
(Fig. 5, see also color plate). GFP fluorescence is preserved, if somewhat dimin-
ished, after formaldehyde fixation. Transfer the dechorionated embryos to an
Eppendorf tube and half fill it with heptane. Remove the residual PBT and top
off with 4% formaldehyde in PBT. The embryos should float at the interface
between the formaldehyde and heptane. Fix for 30 min with gentle rolling.
Replace the formaldehyde with methanol and remove the vitelline membranes
by shaking vigorously for 30 s. Wash in methanol for 10 s, then replace with
PBT to rehydrate the embryos. Do not leave the embryos in methanol longer
than necessary, because this has been reported to lead to a rapid and irreversible
loss of GFP fluorescence (Ward et al., 1980). Proceed with antibody staining as
usual (for example, see Patel, 1994). Mount the embryos in Vectashield. Use
two 18- X 18-mm coverslips flanking the embryos as supports, then cover with
a 22- X 40-mm coverslip. We do not seal the coverslips (discussed earlier).

In our hands, GFP fluorescence does not survive in situ hybridization protocols,
which include an overnight incubation in formamide.

D. Imaging GFP
1. Epifluorescence

GFP can be detected by epifluorescence (using most FITC filter sets or a
Chroma GFP filter set) or by laser scanning confocal microscopy. We observe
GFP fluorescence through the embryonic vitelline membrane, the larval cuticle,
and the early, unpigmented pupal case. When examining living whole-mount
preparations by conventional epifluorescence microscopy (as opposed to laser
scanning confocal microscopy) autofluorescence can be a problem. In embryos,
yolk autofluorescence can obscure the signal from GFP, and in larvae reflection
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Fig. 5 Targeted expression of tau-GFP labels individual neurons as they extend their axons in
the central nervous system of living embryos. Tau—GFP continues to fluoresce after fixation, which
allows immunolabeling of other proteins, such as Even-skipped and Fasciclin II (see also color plate).

from the cuticle can present difficulties. In both cases background autofluores-
cence is indistinguishable from GFP fluorescence using a fluorescein filter set
(Zeiss filter set 10: excitation 450-490 nm, emission 515-565 nm). A DAPI filter
set (Zeiss filter set 2: excitation 365 nm, emission 420 nm and above) can be
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used to discriminate between the two. Using the DAPI set (or Zeiss filter set
18: excitation 390-420 nm, emission 450 nm and above) the background fluores-
cence is blue and GFP fluorescence is green. Ideally, filter sets that are tailor-
made for GFP are used. Chroma Technology Corp. supplies bandpass [HQ470/
40 excitation (i.e., excitation wavelengths between 450 and 490 nm), Q495LP
dichroic, HQ525/50BP emission (i.e., emission wavelengths between 500 and
550 nm)] and longpass filter sets [HQ470/40 excitation (i.e., excitation wave-
lengths between 450 and 490 nm), Q495LP dichroic, HQS00LP emission (i.e.,
emission wavelengths above 500 nm)]. We have also had success with the band-
pass and longpass filters supplied with our Nikon microscope: B2A (excitation,
450-490 nm; 505-nm dichroic; 520-nm longpass) and B2EC (excitation, 465-
495 nm; 505-nm dichroic; 515 to 555-nm bandpass). In both cases, the bandpass
filters allow GFP fluorescence to be distinguished from background fluorescence.

2. Confocal Microscopy

Confocal microscopy, which generates optical sections of a fluorescently la-
beled sample, holds great advantages for imaging cells labeled with GFP. For
example, when imaging the CNS, which lies on the ventral side of the embryo,
the background fluorescence emanating from the more dorsally placed yolk can
be completely eliminated by optical sectioning. The resolution of confocal images
is much greater than can be obtained by conventional epifluorescence techniques.
By collecting a stack of optical sections (or Z-series) the sample can be recon-
structed in three dimensions, then rotated or tilted to view cells or axons that
would otherwise be obscured. Most confocal software enables time-lapse imaging
in one focal plane and 4-D imaging, where Z-series are collected over time.
These series of images can then be viewed as movies.

We collect our images using a BioRad MRC1024 confocal scan head and
krypton—argon mixed gas laser, on a Nikon BX60 upright microscope. Wild-
type GFP, GFP S65T, GFP S65T/I167T, and mGFP6 are excited by the 488-nm
laser line. We use a laser power between 1 and 30%, and the standard setup for
imaging FITC, which uses a 522/32 emission filter (i.e., wavelengths between 506
and 538 nm are transmitted). The Chroma HQS500LP emission filter, which
transmits light of wavelengths greater than 500 nm, gives a brighter GFP signal.

We routinely use GFP labeling in conjunction with other vital dyes, such as
Dil, for cell lineage tracing, and acridine orange, to detect dying cells. Filter
settings for both dyes can be found as part of the basic set up on the MRC1024.

Embryos can be viewed with a 60X planapochromat, 1.4-NA oil-immersion
objective. To reduce spherical aberration when focusing deep into an aqueous
sample (Haseloff and Amos, 1995), embryos are mounted in water or another
aqueous mounting medium and viewed with a long-working-distance, coverslip-
corrected, water-immersion objective (for example, a Nikon 60X planapochro-
mat, 1.2 NA, working distance 220 wm). When imaging more than 60 to 80 um
deep in the tissue, even under the conditions described here, image quality
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degrades rapidly. To reduce noise and sharpen the image, we Kalman average
between 2 and 15 frames whenever possible (see IV.D.2.a.).

a. Movement

During embryogenesis, many cells and tissues undergo significant morphogene-
tic movements, such as ventral furrow formation, germ band extension and
retraction, dorsal closure, and nerve cord condensation. Once functional neural
circuits have been established, muscle contraction takes place and, later in devel-
opment, larvae tend to crawl out of the field of view and, eventually, off the
microscope slide. For this reason, we will confine our discussion to embryonic de-
velopment.

When movement is rapid, it is not possible to Kalman average several scans,
as this blurs rather than sharpens the image. Similarly, it may not be possible to
project a Z-series, as each optical section will not be aligned with its neighbors.
For example, when imaging the synchronous nuclear divisions in precellular
embryos, we scan a single focal plane continuously on a slow setting. When
observing macrophage movements, we collect an image every 15-20 s on a slow
setting and Kalman average 2-3 frames.

As mentioned in IV.B., we do not seal our coverslips. For this reason, we
collect Z-series from the top of the sample to the bottom, thereby forcing the
coverslip against the embryo. If the focus motor is set in the opposite direction,
it lifts the coverslip and the embryo with it. It is possible to glue the embryos,
in an appropriate orientation, to the coverslip using a nontoxic glue such as
Scotch tape dissolved in heptane, although this may reduce image quality.

b. Bleaching

GFP is an ideal marker for time-lapse studies because of its resistance to
photobleaching. When examining intact embryos in their vitelline membranes,
we can collect images in a single focal plane, every 15 s, over a 2-h period without
a major loss of signal. When collecting a 4-D series, it has been possible to collect
a Z-stack of optical sections every 5 min over 5 h. To limit bleaching and photo-
damage to the specimen we try to keep the number of scans for Kalman averaging
and the number of sections per Z-series to a minimum. In living samples, cells
often continue to express GFP during the period of the time course, thereby
replenishing the fluorescent protein.

We do almost all of our imaging on whole-mount embryos within their vitelline
membranes. In our experience, animals that have been dissected prior to viewing
(for example as “flat preps’™) tend to bleach more readily.

E. Making Movies

The BioRad Laser Sharp confocal software allows confocal images to be
converted to PICT or TIFF format. When converting large Z- or time-series, it
is faster to use Confocal Assistant to generate TIFF files. These can then be
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exported to a Macintosh computer and assembled using Adobe Photoshop or
Illustrator. To make movies that can be transferred to videotape, we assemble
Z- or time-series and in Adobe Premiere.
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1. Introduction

The genome is a highly dynamic entity in growing cells, active in gene expres-

sion, DNA replication, and chromosome segregation as the cell cycle proceeds.
Although cytological observation of chromosome behavior in living mitotic cells
has a long and productive history, the direct visualization of individual chromo-
somes terminates in telophase because chromosome decondensation obliterates
the visible boundaries between chromosomes. However, the nucleus is not simply
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a “soup”’ of chromatin. Rather, individual chromosomes maintain their identity
as discrete domains during interphase, and evidence points to the idea that
the genes adopt nonrandom spatial organization within chromosomal territories
(Kurz et al, 1996). Similarly, the distribution of centromere DNA sequences
(Manuelidis, 1984) and chromosomes within the nucleus (LaSalle and Lalande,
1996) is nonrandom and may be related to nuclear function (Janevski et al,
1995). Knowledge of how chromosomes adopt their organization within the
nucleus and the dynamic events associated with different nuclear functions re-
mains quite limited, however, due largely to technical problems associated with
visualizing nuclear events. The introduction of GFP-fusion-protein technology
has provided new approaches for visualization of chromosomes and chromosomal
loci in vivo. In Chapter 13, Belmont et al. describe a method for labeling and
visualizing discrete DNA sequences inserted into mammalian chromosomes. The
present chapter describes the development and application of a GFP labeling
strategy that allows visualization of the centromeres of living human chromo-
somes. Our initial work with this system has focused primarily on centromere
dynamics in mitotic cells (Shelby et al, 1996), but centromere labeling also
provides a unique window into genomic organization throughout the cell cycle.

This chapter describes the strategy we have used to label centromere DNA
sequences in vivo, confocal microscopy methods used to collect time-lapse images
of labeled cells, and analytical methods used to extract quantitative morphometric
data and motility analyses from time-lapse images. It also details some of the
methods we use to generate images and movies for display.

II. GFP Fusion Proteins

CENP-B is a sequence-specific DNA binding protein that recognizes a 17-bp
sequence element (CENP-B box) in centromeric satellite DNA of human and
other mammalian chromosomes (Masumoto et al., 1989; Kipling et al., 1995).
The DNA binding activity of CENP-B is specified by an N-terminal domain of
about 150 amino acids (Yoda et al,, 1992). To take advantage of the repetitive
nature of centromeric satellite DNA, we constructed a fluorescent derivative of
CENP-B by fusing its DNA binding domain, residues 1-157, to the N terminus
of GFP (Shelby et al, 1996). As a control, a parallel construct was prepared
using a CENP-B derivative deleted for residues 4-16 and lacking DNA-binding
activity. Both fusion genes were cloned into an expression vector driven by the
highly active CMV immediate early promoter (PCDNA-3, Invitrogen, Carlsbad,
CA). When transfected into human cells, CENP-B-GFP was localized in discrete
nuclear foci that were shown by immunofluorescence to correspond to centro-
meres (Fig. 1, see color plate). CENP-B-GFP(A4-16) was efficiently transported
into the nucleus, but was distributed throughout the nucleoplasm and nucleoli.
Preliminary experiments demonstrated that HeLa cells with CENP-B-GFP-
labeled nuclei executed anaphase with normal kinetics. Subsequently, stably
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transformed cell lines have been isolated that show normal rates of proliferation
and no difficulties executing mitosis. Thus, CENP-B—-GFP targets to centromeres
on the basis of its DNA-binding specificity and incorporation of the probe into
centromeres has no detectable effect on mitotic chromosome segregation.

The control experiments described are important to consider when designing
and using GFP fusion proteins. Independent verification that the fusion protein
localizes correctly is particularly important when working with proteins whose
endogenous localization is not known, but it also rules out promiscuous or
nonspecific localization at ectopic sites. In some organisms it is possible to use
genetic methods to determine whether a GFP derivative is fully functional (see
Chapters 6 and 10). Without genetics, comparison of the behavior of transfected
cells with wild-type cells is a crucial step in development of a useful GFP-
based probe.

The fluorescent signal of CENP-B-GFP is extremely robust and tolerant of
a variety of fixation conditions. We have used up to 4% formaldehyde or —20°C
MeOH routinely for immunofluorescence applications. An illustration of the
stability of GFP for a variety of biological applications is shown in Fig. 2 (see color
plate), in which CENP-B-GFP has been colocalized with BrdU after metabolic
labeling of DNA during S phase. In this experiment cells were fixed at pH 2.0
in 70% ethanol, followed by DNAse treatment (Boehringer-Mannheim, Indi-
anapolis, IN). As compared with signal obtained under other fixation conditions,
incubation at pH 2.0 had little or no effect on the fluorescent signal.

CENP-B-GFP does not localize specifically to centromeres in nonhuman cells,
even those that have CENP-B box sequences in their centromeres, for reasons
we do not fully understand. Expression of CENP-B-GFP in cultured mouse
cells, even after reconstructing the protein using the mouse CENP-B DNA-
binding domain, results in uniform nuclear fluorescence in live cells (data not
shown). We suspect that this is related to the number of CENP-B boxes at each
centromere and the efficiency of competition of CENP-B—GFP with endogenous
protein. To date, use of other centromere proteins as labeling reagents has been
complicated by phenotypic effects of constructs developed to date for CENP-
E-GFP derivatives (Schaar et al., 1997) and failure to observe mitotic cells
following transfection with CENP-C-GFP (John Tomkiel, personal communi-
cation).

III. Microscopy

We have used confocal microscopy almost exclusively in the analysis of centro-
mere dynamics in mitotic cells. This has been essential for observing the behavior
of individual centromeres in human cells because as cells round up during mitosis
and the metaphase plate develops, the alignment of centromeres along the optical
(z-) axis results in substantial blur, obscuring individual centromeres. The optical
sectioning capability of confocal microscopy yields isolated focal planes ca.
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0.5 um deep, allowing good resolution of individual centromeres. We collect a
series of images at a single focal plane, creating a three-dimensional x—y—t time-
lapse image allowing detailed analysis of centromere dynamics. An important
limitation of this method is that only movement in the x—y plane is recorded,
since motion greater than about 0.3 to 0.5 um in the z-axis results in loss of objects
out of the visible plane. Nevertheless, because most centromere movement in
mitosis is perpendicular to the optical axis, it is possible to collect data for motility
and morphometric analysis with good efficiency.

A. Cell Culture on the Microscope

For live observations we use a Dvorak-Stotler chamber (Lucas-Highland Co.,
Chantilly VA), a closed perfusable chamber system using 24.5-mm no. 1% cover-
slips as the optical elements. A stage adaptor is necessary to mount the chamber;
most microscope manufacturers make adjustable culture dish holders for inverted
microscope stages. Temperature control is provided by an air-curtain incubator
obtained from the same company. Cells are grown up on acid-washed coverslips
in 35-mm tissue culture dishes or, more typically, 6-well plates. Conditions for
transfecting cells are detailed in other chapters in this volume and also in Shelby
et al. (1996). We have empirically observed that it is necessary to wait at least
24 h following transient transfection to see labeled cells in mitosis. We believe
that this is because DNA does not enter the nucleus until mitosis, when the
nuclear envelope is broken down. Analysis of transfection with soluble GFP
vectors after very short-term exposure to DNA (3-5 h) reveals that almost all
fluorescent cells occur in pairs, often still linked by a midbody (Sullivan, 1998);
thus, cells expressing the transfected gene product are not observed until the
second mitosis after transfection.

In preparation for time-lapse microscopy, the microscope stage and objective
turret must be equilibrated to 37°C. The incubator is placed in a convenient spot
next to the microscope with the fan pointed toward the stage, 6—12 in. from the
microscope, and run for 60-90 min. Using this simple system, incubator settings
are determined empirically because there is no feedback between the heater and
the microscope stage. Adjust the heater output so that it feels warm on your
hand at a distance of 6 in. from the fan head. After an hour, determine the
temperature at the objective. A thermocouple thermometer with a small wire
probe is ideal and can be placed directly on the body of the objective lens.
Alternatively, a standard laboratory thermometer can be used and is placed on
the stage with the bulb directly over the objective. Adjust the heater output to
produce a 36-37°C reading at the objective. This may take about 30-60 min the
first time. Insufficient preheating will result in drift of the focal plane as the
microscope approaches thermal equilibrium during observations. Once set, the
precise position of the incubator is crucial, and it should not be moved. If it is
necessary to move it, the footprint should be carefully marked on the table to
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facilitate subsequent setup. There is a small degree of vibration produced by the
fan, but we damp this by placing the incubator on a rubber mouse pad.

Prior to mounting cells in the observation chamber, an aliquot of medium is
equilibrated for pH and temperature. Pipette 10-20 ml of complete medium into
a tissue culture flask or dish and place this in the incubator for ~30 min or until
warm. Supplement with 25 mM HEPES, pH 7.4. For the human cell lines we
have used, this medium can be used for at least 4 h without changing. The
chamber does have perfusion ports available, however. If perfusion is to be
performed, the perfusion medium must be pre-equilibrated and maintained at
37°C during the experiment. We accomplish this by connecting a loaded syringe
to the perfusion port by a length of short flexible tubing and resting the syringe
on the microscope stage. Care must be taken not to move the chamber while
perfusing, which we do by gently flushing ~1 ml of medium through the chamber
over the course of about 1-2 min. Excessive flow rates may dislodge cells or
crack the coverslips. Alternative stage heating and culture systems are available,
and these guidelines should be adapted according to the equipment available.
In addition, Chapter 13 provides a detailed discussion of long-term (>6-h) mam-
malian cell culture on the microscope.

A note on monitoring cell viability is in order. We have focused on analysis
of mitotic cells and have found that the metaphase—anaphase transition is an
exquisitely sensitive process that is easily arrested. During a collection session,
we occasionally assay the overall health of the cells by scanning the coverslip to
determine whether cells are actively executing anaphase. Because anaphase only
lasts ~10-15 min in most cells, this provides a fairly timely report on the viability
of cells on the stage. Our experience is that coverslips remain viable for up to
6 h under good conditions.

B. Optics and Image Collection

The confocal microscope systems we have used are the BioRad MRC series
600 and 1024 systems built on Zeiss Axiovert microscopes. The discussions in
this chapter refer to specific features of the COMOS or LaserSharp software
systems used for microscope control on the MRC instruments, but we have tried
to make them general enough to apply to other microscope systems. For single-
cell observations choose an objective lens with the highest numerical aperture
available, for example, a 63X 1.4-NA Zeiss Apochromat or Neofluar objective
lens. Using the BioRad MRC600 confocal scanning system, a zoom factor of
about 2.5 provides a pixel size of about 0.1 um for a full 768- X 512-pixel image.
This is sufficient to record the full resolution of the objective lens. Zoom factors
higher than this increase the dwell time of the laser without providing higher
resolution. For observation of larger fields, a 40X 1.3-NA Neofluar lens is suitable.
The S65T spectral mutant of GFP is ideally suited for excitation with the 488-nm
line of the krypton-argon laser (Heim and Tsien, 1996). The standard fluorescein
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emission filter set supplied with the MRC600 and MRC1024 allows sensitive
detection of the GFP signal.

It is important to adjust the confocal image collection parameters so that the
image is optimally recorded for subsequent analysis. The parameters are laser
power, slit width, gain, and black level. The first thing to determine is the laser
power necessary to collect a good image. It is necessary to consider the trade-
offs between spatial resolution, temporal resolution and duration, and cell photo-
stability. The ideal is to irradiate the sample as little as possible for each frame.
Accordingly, we usually work at maximal gain with signal enhancement to boost
photomultiplier tube output. The slit width is kept below 50% full and ideally
below 25% full using the vertically mounted sliders on the MRC-600. On the
MRC-1024, we keep the slit width below 2.5.

To calibrate the image, use a calibrating LUT (look-up table) that displays
pixel levels below 5 and above 250 as a color (e.g., red). The LUT maps the
signal intensity from the photomultiplier to an output intensity for the computer
display. The calibrating LUT allows easy determination of the high and low
extremes of the image. Start with a laser power of 10% and scan an image. Adjust
the gain so that only a very small number of pixels are at >250. If a large portion
of the image is of saturating intensity, reduce the laser power; if the signal is
weak, increase the laser power to 30%. We find that 30% laser power is the
practical maximum due to unacceptable rates of photobleaching and phototoxic-
ity at full laser power. Adjust the black level to reduce noise between cells to
below 5, but do not impinge on signal-containing elements of the image. This is
somewhat a subjective method, but it is effective for most applications involving
morphometry and motility -analysis. It is not suitable for quantitation of fluores-
cence signal intensity; for a more rigorous method for setting collection parame-
ters see Chapter 3.

Once the image collection parameters are set, an image collection mode must
be decided. Digital signal averaging using the Kalman filter improves image
quality at a cost of increased scans and scan times. For most of our work, we have
used the fast-scan mode and average 24 images using the Kalman algorithm. This
provides an image of better quality than a single normal scan with about the
same dose of radiation. We have been able to collect up to 200 images using
this approach without significant photobleaching. If necessary, a transmitted light
image can be collected simultaneously with each frame. In this case, we use
simple reflectance-mode imaging rather than DIC, because the polarizing filters
required for DIC imaging necessitate high-laser-power illumination.

To collect a time series, access the series collection dialog from the collection
menu. On the MRC600, inactivate the “collect Z-series”” box and enter the time
series collection parameters: total number of images and the interval between
images. The product of these values is the total time interval for the time-lapse
collection. So, for example, a 15-min series collected at 10 frames/min would
require 90 images. The time required to collect and store an image is ultimately
the limiting factor in determining image collection frequency. On the MRC600,
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four fast scans of the full 768- X 512-pixel frame require about 2.5 s of scan time
and another 3-4 s to save the image to disk, for a maximal collection rate of
8-10 frames/min. This time can be reduced by using a smaller image collection
box. For single cells, an image of 256 X 256 pixels at 0.2 um/pixel provides
adequate resolution and reduces the collection time and size of the images. Using
small fields, collection rates of 20-30 frames/min can be achieved. The key
factors to consider are the resolution and field size required for the experiment
and the speed of the events to be observed. During image collection the stage
motor is engaged to assist holding the stage against drift. Occasionally, the focal
plane drifts slowly during the experiment or the cell moves in the focal plane.
The focus can be reset by hand, if necessary, but we try to avoid this. The best
protection against focal plane drift is full thermal equilibration of the microscope.

We have observed that the metaphase—anaphase transition is quite sensitive
to photodamage. Collecting images at a rate of 10/min using 10% laser power
on the MRC-600, we do not observe cells executing anaphase after about 5-
7 min of observation; if they do not enter anaphase within this time, they remain
in a prometaphase-like state exhibiting oscillatory movement. Cells at metaphase
that execute anaphase within 5-7 min of laser irradiation show normal kinetics
of anaphase chromosome movement, cytokinesis, and telophase. Similarly, cells
exposed to lower levels of irradiation by imaging at a rate of 2-3 images/min
execute mitosis normally. Our interpretation of this is that a photosensitive
process can influence checkpoint control, but that the basic processes of motility
and chromosome decondensation are less susceptible to photodamage.

C. Data Storage and Transport

For the best system performance during image acquisition, files should be
saved to the local hard disk. Although most confocal microscopes have some
image-processing and analysis tools, most image processing and analysis is done
offline on a laboratory PC, so the first step is to export image files to the
laboratory. The best option for transporting files is across a local Ethernet connec-
tion. If this is not available, we have found that Zip disks (Iomega Corp., Roy,
UT) provide a cheap, widely used removable disk system for distributing large
files to different laboratories. Transferring and storing images can be facilitated
by using file compression software, such as PKZip (Pkware, Brown Deer, WI)
or a backup utility, to decrease the disk space required for file storage. Typically,
complex images (gray scale) compress by a factor of 2 and simple images, contain-
ing just a few fluorescent objects on a black background, can compress by a
factor of 10 or more. PKZip provides a lossless compression method that can
be helpful in long-term storage of confocal image archives.

It is easy to underestimate the amount of disk storage required for time-lapse
imaging projects at the outset. A file containing 60 full-frame images from the
MRC600 will be almost 25 MB in size, uncompressed. Data storage systems are
rapidly evolving, but it is worth putting some consideration into the means of
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long-term data storage before accumulating gigabytes of data. We use magneto-
optical drives (DynaMO, Fujitsu Computer Products, Palo Alto, CA; Apex,
Pinnacle Micro, Irvine, CA) for archiving image files. These systems provide
optimal storage stability and respectable performance, albeit at high initial hard-
ware cost. Magneto-optical storage media are relatively inexpensive at ~$0.02—
0.03/MB. Removable magnetic disk systems, such as the Jaz drive (Iomega) or
the Sy-Jet, are less expensive at the hardware level, but require more expensive
media (~$0.10/MB) and lack the stability of magneto-optical media. Recordable
CD is an attractive recent alternative, with intermediate purchase cost, a cheap
long-lived medium, and a platform available on any PC. Finally, tape storage
systems in the 2- to 4-GB capacity range have become quite affordable and
probably represent the most economical method for data storage. For working
with time-lapse data, it is recommended that at least 2 GB of hard disk space
be available on the system used for analysis. This allows ample room to store
and manipulate several files that may be associated with one project.

IV. Analysis

A. Observing Dynamics: Making and Playing Movies

After image collection, data are analyzed and displayed using a set of several
software tools for the PC. BioRad Confocal Assistant 4.02 is a freeware pro-
gram provided by BioRad that duplicates most of image processing and display
functions of the COMOS and LaserSharp software on the microscope itself
(available by anonymous FTP from ftp.genetics.bio-rad.com public\confocal\
cas\setup402.exe). Adobe Photoshop and Adobe Premiere are used for assem-
bling images and computer video, respectively (Adobe Systems Inc., Palo Alto,
CA). We use Image Pro Plus (Media Cybernetics, Gaithersburg, MD) for quanti-
tative image analysis as described later. NIH Image is a free image analysis
package available from the NIH (http:/rsb.info.nih.gov/NIH-Image/Default.
html). A PC version of NIH image has recently been developed that incorporates
many features of the Macintosh version.

Images from the MRC microscope systems are recorded in a proprietary file
format known as the BioRad PIC format (the exact format specifications are
available with the microscope documentation). This is a simple 8-bit digital image
format in which a short header (76 bytes) at the beginning of the file specifies
image parameters such as height (4) and width (w) in pixels. The image is stored
as an array of pixel intensity values at one byte/pixel, with each set of w bytes
corresponding to one row of the image, which is 4 rows in height. If it is a serial
image, the first byte of the next image follows directly after the last byte of the
previous image. The individual frames are recorded successively in the file, hence
the term “‘stack’ of images. Additional data, specifying the microscope settings,
time, date and so on, are appended after the last image byte. This information
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can be useful for recovering experimental data from the image using an ASCII
text editor or viewer.

The simplest way to view a time-lapse PIC image for laboratory use is with
Confocal Assistant, which allows viewing the animated series in a continuous
loop or as a rocking forward—reverse repetition. I find that it is useful to have
a the Confocal Assistant software open in a window while analyzing a stack of
images to assist in identifying specific objects in a complex field. Confocal Assis-
tant also has a utility that will convert a PIC file into Microsoft Video format
(AVI) for viewing with other programs. However, for more options in assembling
digital video, we export the PIC file as a stack of .TIF images using the batch
conversion utility of Confocal Assistant. This feature exports each frame as a
.TIF image in a numbered series, which can then be used with any graphics
software package.

Digital video files in the form of Quicktime movies have become the lingua
franca for distributing time lapse and other dynamic microscopy data to different
laboratories via the Internet. Adobe Premiere is a simple and powerful desktop
video editor that can be used to create Quicktime movies using the stack of
serially numbered .TIF images as input. NIH image also provides the ability to
make Quicktime movies on Macintosh platforms. It is often useful to “‘prepro-
cess” the .TIF images, which can be easily done using the batch Action script
feature of Photoshop 4.0. To be practical, it is almost always necessary to use
software compression to generate quicktime files of manageable size. Image
quality and file size are directly proportional to each other, so it is important to
plan a digital movie to show the essential features of a time-lapse sequence in
the most economical way. One of the most important methods is to crop the
image, showing only the essential elements. This can be done within Premiere,
or by using the batch Action scripting feature of Adobe Photoshop 4.0. After
assembling an image sequence, it is advisable to experiment with compression
algorithms and compression ratio, to achieve maximize resolution while minimiz-
ing file size. Although digital image files are suitable for electronic distribution
of time lapse data, it is usually necessary to output data to video tape for presenta-
tion. A simple method for making video tapes, if equipment is available, is to write
the stack of .TIF images in sequential order to a laserdisc or OMDR device and
then play this directly to a video tape recorder. In this case the original images can
be used to maintain the highest resolution possible. For an excellent discussion of
the production of digital movies, see Waterman-Storer et al. (1998).

B. Quantitative Analysis—Morphometrics and Motion Analysis

Quantitative data regarding dynamic processes can be extracted from confocal
images using simple image-processing techniques. Any image processing neces-
sary for analysis should be applied to the entire time-lapse sequence uniformly.
This can be done prior to exporting the data using the tools available in Confocal
Assistant. Alternatively, batch processing can be performed with Photoshop or
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the analytical software. I generally avoid image processing prior to quantitative
analysis and limit it to light smoothing or sharpening algorithms that may aid
object identification. We have used Image Pro Plus (Media Cybernetics, Silver
Springs, MD) as a good, versatile image analysis platform. Two experiments will
be described later to illustrate methods we have used in our projects.

C. Motion Analysis

Software methods for automated object tracking in time-lapse images based
on cross-correlation analysis have been reported (Gelles et al., 1988; Skibbens
et al., 1993). However, in our analysis of centromere dynamics we have found
that automated object identification is often unsuitable for tracking centromeres
within crowded fields. We have worked out semiautomated procedures using
Image Pro Plus to collect position data from images followed by analysis in a
spreadsheet (Excel, Microsoft, Redmond, WA). The first step in this analysis is
creation of a stack of .TIF files from the original time-lapse data, as described
earlier. I generally create individual folders for each stack of .TIF files associated
with a .PIC file. Preview the series by animation to identify specific objects to be
analyzed. For example, in a sequence showing centromeres executing anaphase,
previewing is used to identify those centromeres that are clearly resolved through-
out the time interval to be examined. I find it helpful to run this animation in a
window as the analysis proceeds.

Centromeres are identified using the count/measure function of Image Pro
Plus, which identifies discrete objects using a thresholding routine (Fig. 3A,
see color plate). Prior to counting, it is necessary to specify what quantitative
parameters are to be recorded from each object. For motion analysis, the position
of each centromere is the critical measurement, determined as the x- and y-
coordinates of the centroid of each particle. It is also possible to specify the scale
of the image in pixels per micron, although this can easily be done subsequent
to data collection. By running the count/measure routine, a threshold value for
signal is automatically determined from the distribution of pixel intensity within
the image. A perimeter is drawn automatically, essentially a single slice of a
contour map, and each separate area enclosed within a common perimeter is
considered to represent one object and is assigned an ID number. This works
well for punctate signal sources such as centromeres. Generally, it is sufficient
to let the software automatically set the threshold intensity, but it can be set
manually if necessary. The automated object identification is not perfect, how-
ever. Once objects are ‘““counted,” it is necessary to identify and split compound
objects that are erroneously grouped together. This can be done using a watershed
splitting method, essentially a refined algorithm allowing the software to identify
object boundaries, but there are generally a few objects that must be split by
hand, using the mouse to draw the boundary between them. Once all the objects
are identified, the measurement data can be transferred to Excel using a dynamic
data exchange method or by manually copying and pasting data into the spread-
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sheet. A caveat of this method is that the object ID number is not generally the
same from one frame to the next, requiring the user to record the ID for each
centromere from frame to frame. An alternative method is to collect data from
a few sets of centromeres at a time, using the manual tagging measurement
feature, which allows one to use the mouse to define centromere position directly
by clicking on the screen. Using this method, it is helpful to enlarge the image
severalfold to aid in the estimation centroid of each particle. For both methods,
it is straightforward to generate macros that automate data transfer into the
spreadsheet.

Once the data from each centromere is collected and collated in the spread-
sheet, it is a straightforward matter to plot and analyze the positional data. Figure
3B (see color plate) illustrates the raw positional data for a sister centromere pair
during a 15-min period spanning metaphase and most of anaphase A. To aid inter-
pretation of these type of data, we examine the relative motion of centromeres,
either between sister centromere pairs or with respect to fixed points in the field.
For anaphase motion, we identify a pair of fixed points approximating the position
of the spindle poles as the vertex of a right triangle whose base is the band
of centromeres at the end of anaphase. Position data is converted to distance
from the “poles,” d, using the Pythagorean theorem d = [(xcgn — Xporg)® +
(ycen — ypoLe)?]*2. Similarly, analysis of elastic distortions of the centromere
involves determining the center-to-center distance between pairs of sister centro-
meres during chromosome oscillations (Fig. 3C, see color plate). For analysis of
centromere movements in interphase nuclei, we have simply plotted the raw
position of centromeres in successive frames, determining distance from their
origin as a function of time. One important complication of analyses of absolute
position data is that cells can move by translation and rotation, sometimes over
significant distances, during the time period of interest. We are currently develop-
ing methods to characterize global movements and develop correction methods
for centromere motility analysis. Alternatively, measuring centromere-to-centro-
mere distances, as in the elastic analysis cited earlier, can reveal relative move-
ment independent of global movements of the cell (see also Marshall ez al., 1997).

D. Morphometric Analysis

We have used morphometry to analyze changes in centromere shape during
the cell cycle and mitosis using similar analytical methods. For these experiments
using fixed cells, an optical section series was collected from each cell under
analysis. After examination of the image stack, each centromere was measured
in the optical section (image frame) that showed the largest profile using the
automated object identification method described earlier. In this case, the mea-
surement parameters selected were length of the long and short axes of each
centromere, and after each frame was counted, the data were transferred to a
spreadsheet. Rather than perform multiple measurements on each cell to ensure
the accuracy of the measurements, data was collected from several cells at differ-
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ent stages of the cell cycle. Comparison of the mean and standard deviation of
centromere long-axis length in different cells at the same stage of the cell cycle
showed that this method is highly accurate (Shelby et al., 1996). Although it is
feasible to perform such morphometric analyses on three-dimensional recon-
structions of optical section data (Dernburg et al., 1996; Marshall et al., 1997),
software for such analysis is not directly available for most confocal microscopes.
In addition, the method described does not rely directly on quantitation in the
poorly resolved z-axis.

V. Summary

Using these methods we have shown that the alpha-satellite domain of the
human centromere behaves as an elastic element, stretching in response to spindle
forces applied during prometaphase and metaphase (Shelby et al., 1996). These
data complement previous observations of centromere stretching during mitosis
(e.g., Skibbens et al., 1993) by demonstrating a specific molecular compartment
within the centromere, the satellite heterochromatin domain, that supports this
strain. Centromere stretching reports on the net force applied across the centro-
mere during mitosis and the availability of a fluorescence-based assay system in
human cells provides a robust assay system to complement the elegant DIC-
based methods that have been perfected using marsupial and newt cell cultures
(Cassimeris et al., 1990; Skibbens et al., 1993, 1995; Rieder et al., 1994). Current
applications of this method are directed toward examining the relationship be-
tween centromere tension and microtubule dynamics using pharmacological ap-
proaches and the behavior of kinetochore-associated regulatory proteins, such
as Mad2 and Bubl (Li and Benezra, 1996; Chen et al., 1996; Taylor and McKeon,
1997), as a function of centromere distortion.

In addition, GFP-labeled centromeres can be observed during interphase,
providing a novel window into chromosome organization within the nucleus. Our
observations show that centromeres distribute into the newly forming nucleus at
telophase by what is apparently a uniform isometric expansion, with little evi-
dence for directed motion of individual centromeres contributing to the formation
of the G1 nucleus. During interphase, centromeres show very little movement
in general, behaving as though embedded in a rigid matrix. Sustained movements
of individual centromeres or groups of centromeres are occasionally observed,
however, suggesting that chromosome position is subject to change during inter-
phase (Shelby et al, 1996). These experiments complement those described
by Belmont and colleagues, who have developed a method to mark specific
chromosomal sites with GFP for analysis in vivo (see Chapter 13; Robinett et
al., 1996; Straight et al, 1996). These new GFP-based techniques for direct
observation of defined DNA sequence domains in vivo carry the logic of in
situ hybridization analysis into living cells and, coupled with new methods for
observing global chromatin architecture as well as functional nuclear protein
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domains (Huang et al, 1997; Misteli et al., 1997), promise significant progress
toward understanding the dynamic organization of the genome within the liv-
ing nucleus.

Appendix: Handling Confocal Images on the
Laboratory Computer

Photoshop Techniques. Image presentation for slides and publication is an
essential feature of any microscopic technique. This appendix will discuss meth-
ods developed using Adobe Photoshop to assemble images for display or further
analysis. (Note: these methods depend on the features of Photoshop 4.0, particu-
larly in the paste feature which generates a new layer for each pasted element.
In Photoshop 3.0, use the Paste Layer command instead of Paste.)

Importing Images into Photoshop. The best portable format for images is
TIFF (tagged image file format), because it can be read by essentially any graphics
program and encodes the image with a lossless algorithm. Many microscopes
produce .TIF images as their primary output. The MRC series microscopes utilize
a proprietary format with the extension .PIC. (This is not to be confused with
the Macintosh .PIC format.) The Confocal Assistant utility provides routines to
export .PIC files into .TIF format, and the analytical component of the MRC-
1024 LaserSharp software also allows export to a variety of image formats. In
addition, Bio-Rad provides an excellent set of Photoshop plug-ins that facilitate
importing .PIC files into Photoshop. However, it is possible to import these
images directly into Photoshop without prior export using the Photoshop Open
as Raw method.

Select File . . . Open as, to bring up the open file dialogue.

Select RAW from the list of formats.

Select a .PIC file and open it.

A dialog box opens with three sections: dimensions, channels, and header.

Enter the size of the image frames in pixel width and height. Usually

768 X 512, 1024 X 1024, 512 X 512, etc.

6. In Channels count, enter the number of frames in the image. Photoshop
can only open 24 channels at a time. If your image contains more than
this, you can modify the header to skip to the desired place in the stack.

7. .PIC files are noninterleaved images, so make sure interleaved is not
selected. Select 8-bit depth unless your file has been saved in words rather
than bytes, in which case select 16 bits.

8. The header size for a Bio-Rad .PIC file is 76 bytes. If you are skipping

ahead to images past the first 24, increase the header by the appropriate

kL e
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size. For example, to load images 30-54 in a 768 X 512 stack, include the
first 29 frames in the header: 76 + 29(k x w) = 11,403,340.

9. The program reports that the specified image is smaller than the file. This
is because of the ancillary data appended at the end of the file after the
image data. Open the file anyway.

10. When finished viewing or copying frames, close the file but do not save
because this will overwrite the original data with a truncated dataset.

The images are loaded into separate channels and can be viewed using the
channels window in Photoshop. Channels 1-3 correspond to the red, green, and
blue channels respectively and are displayed by default. To view other channels
simply select them, viewing them one at a time. An interesting feature that is
occasionally useful for identifying or visualizing movement is revealed using this
method. Spots that don’t move are equivalent in the R, G, and B channels and
so appear white. Spots that move, however, create a rainbow effect because the
spots separate each other and overlap only partially or not at all.

Colorizing Fluorescence Images. Often, the different channels that make up
a fluorescence image will be saved as individual 8-bit TIFF files. If so, it may be
necessary to change them to color images for display or for assembling 2- or 3-
color composite images. This is done easily by editing in the Photoshop channels
window, as outlined next.

Single color images: Converting gray to color.

1. Open an 8-bit TIFF file.

2. Change the image mode to RGB.
3. Open the channels window.
4

. Select a channel that will be absent from the color image (e.g., to display
GFP as green, select either the red or blue channels).

5. Using the menu Edit, Fill . . . , fill the channel with black.
6. Select the other nondisplaying color in the channels window and fill it
with black.

7. Select RGB in the channels window to display the color image.

Multi-color images: The method for mixing individual 8-bit grayscale images
to produce a 24-bit RGB image is similar to the single-color method, but instead
of the channels being filled with black, images are pasted into them. In the
example here, three separate 8-bit images are placed into the three color channels
of an RGB image. When mixing two colors, simply fill the unoccupied channel
with black.

1. Open all three grayscale images in Photoshop.

2. Select the image corresponding to the red signal and change the image
mode to RGB.

3. On the channels window, select the green channel of the RGB image.
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4. Select the image corresponding to the green signal and copy it to the
clipboard (Select-all, Edit-copy or Ctl-A, Ctl-C).

5. Select the RGB image and paste the copy. Because the green channel is
selected, it pastes only into the green channel (Edit, paste or Ctl-V).

6. Repeat steps 4 and 5 for the image that is to appear blue in the RGB
composite, using the blue channel.

7. Select RGB to display the 3-color image.

Grayscale, Often there is very little contrast in a phase or DIC image collected
from the confocal. We also find that the field is unevenly illuminated. This method
outlined here is a useful way of improving the quality of a continuous tone
micrograph for display purposes. The first operation is equivalent to a histogram
equalization or contrast stretch that remaps the tightly distributed pixel intensity
values of a low-contrast image out to the 256 intensity levels available in an 8-bit
image. The second step uses the Gaussian blur filter to correct uneven background
illumination in the image. A background image is generated by running the
Gaussian blur at a large radius, generating an image that contains the average
gray levels of the image without any image detail. By subtracting this background
image from the equalized image, variations in the illumination intensity over the
field are corrected. The remaining manipulations, smoothing, sharpening, and a
final equalization, improve the visual quality of the image. Note that the pixel
values described correspond to a 1024 X 1024-pixel image. They should be
adjusted to compensate for differences in the size of the image and features
within the image.

1. Open the file containing the grayscale image in Photoshop.

2. Use Image, adjust, Autolevels to equalize the image.

3. Copy and paste to new layer = Layer 1 (Select-all, Edit-copy, Edit-paste
or Ctl-A, Ctl-C, Ctl-V).

4. Filter, Gaussian blur, 15-35 pixel radius. Blur until no actual cellular details
are visible.

5. From the Image menu, select calculations. For the parameters enter: Source
1 = background, black channel; Source 2 = Layer 1, black channel. Blend
by subtraction with opacity at 100% (default), Scale of 1 (default) and an
offset of usually 64-128 levels. The offset function essentially places the
mean density of the resulting image to a level near 50% gray. Send the
result to a new file, which will be appear as Untitled-1 (unless there are
other untitled images open).

6. Select and copy the background corrected image in Untitled-1. Paste it into
the main image to create a new Layer 2.

The subsequent steps are optional, depending on the quality of the resulting
image.
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7. Filter, Gaussian blur, 0.3-0.6 pixels. This smoothes the image with a result
similar to the built in smoothing algorithms of the confocal software.

8. Filter, Unsharp mask, 100%, 2- to 4-pixel radius, 0-5-level threshold.
9. Image, adjust, Autolevels to equalize the final image.

Merging Fluorescence onto a Continuous Tone Image.

1. Open continuous tone image and change image mode to RGB.

2. Open the color fluorescence image. If the fluorescence image is still gray-
scale, convert it to color as described earlier.

3. Copy the fluorescence image and paste it into the continuous tone image.

4. Open the layers window. The fluorescence image should be Layer 1 and
currently selected. If not, select it by clicking on the corresponding layer.

5. The mixing mode for Layer 1 onto the background image is changed to
“color”. This can be done using the drop-down box in the upper left of the
layers window or through the layer menu under layer options.

6. Mixing the two images is a matter of reaching a workable compromise
between the details of the two images. It often helps to have the continuous
tone image darker than one would normally use in order to enhance the contrast
and prevent washing out the color(s). This can be done using the brightness
adjustment for the background layer. It may be necessary to reduce the intensity
of the color layer in order to reveal details from the continuous tone image. This
can be done using the transparency slider at the upper right of the layers window,
with the color layer highlighted.

Using the Action Feature of Photoshop 4.0 to Automate Tasks. Often a
manipulation or series of manipulations needs to be performed on each image
in a time-lapse series. This can be done using tools provided in LaserSharp or
Confocal Assistant software prior to exporting to a stack of .TIF images. How-
ever, it is occasionally necessary to manipulate the entire image stack for image
processing, such as intensity adjustments or histogram equalization, image crop-
ping, or other modifications. Two examples are given here to illustrate the uses
of Photoshop actions for digital microscopy.

Colorizing a Stack. Although images representing a single fluorochrome are
adequately represented in their native grayscale, it is attractive to display GFP
probes as green images. The technique used is essentially that described above
for single images, but the actions are recorded as for a macro and then applied
to a stack.

1. Create two directories off the main directory holding the image files,
named action and test. Copy (do not move) the set of files into the action
directory and also copy a few files into the test directory. The original files in
the main directory are the archive set and should not be changed.

2. Open a file from the test directory in Photoshop.

3. Activate the Actions palette from the Windows menu.
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4. Create a New Action from the Actions palette menu or the “new” icon
at the bottom of the palette. Give it a name. Click Record and note that recording
mode is indicated by a red circle at the bottom of the Actions palette.

5. Perform the actions required for colorizing a grayscale image
A. Image . . . mode . . . RGB.

B. Open the channels palette and click Red to activate the red channel
(alternatively Ctl-1).

C. Edit. . . fill . . . black

D. On the channels palette, click Blue to activate the blue channel (alter-
natively Ctl-3).

E. Edit. . . fill . . . black

F. On the channels palette, click RGB to view the color image and verify
the procedure.

G. If done, save the image with File . . . save.

H. Close with File . . . close.

I. Turn off Action recording by clicking the black box at the bottom of
the Actions palette.

6. Open another file in the test directory and run the Action by selecting it
and clicking the white arrow at the bottom of the Actions palette. Because the
Action closes the file, reopen it to verify that the procedure took place correctly.

7. If necessary, correct the action by identifying the faulty procedure(s).

8. To execute the Action on the stack of files, select the Action and then
select Batch from the palette menu (black arrowhead at top right of palette).

9. Specify the folder containing files to be modified. Batch operates on every
image file in the folder, so be sure it contains only the files to be modified.

10. If not already done, specify the Action to be executed and the destination
as Save and Close.

11. Click OK to start. Each file is successively opened, modified, saved, and
closed. The action subdirectory now contains the modified image stack.

Cropping a stack.

1. Set up action and test directories as discussed earlier.

2. To make sure that the crop to be performed is appropriate to the entire
stack, open the first, middle, and last images in the set.

3. Select and copy one image: Ctl-A, Ctl-C.

4. Select File . . . new to open a new file. Photoshop automatically defaults
to the size of the image just placed on the clipboard. Tell it OK. This will
be the template image for the crop selection.

5. Go back to an image file and use the marquee tool to define an area
containing all the elements to appear in the cropped image.
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Click within the defined area and hold down the Shift key while dragging
to the second of the test images. Shift-drag places the selection outline in
precisely the same place as it was on the original image.

Repeat for the third image. Is the defined area sufficient? Too big? Correct
with this process until a suitable region is defined.

Shift-drag the selection outline into the template image.

. From the Select menu, save selection.
10.
11.

Specify the destination (template) document and a new channel.

Go back to an image file and remove any selection outline on the image
(Select . . . none)

From the Select menu, choose load selection. Make sure the template is
the source document and the appropriate channel is specified (usually the
default values)

Selection outline appears on your image file.
From the Image menu, select crop.

The system is ready to record the crop Action. Close all but one image
file and the template. Make sure nothing is selected in the image file and
that it is the active file.

Start a new action as discussed earlier.

A. Select . . . load selection.
B. Image . . . crop.
C. File . . . save.

D. File. . . close.

Stop recording action. It is always a good idea to test the Action on a few
files in the test directory before unleashing it on the whole stack. When
the Action is working properly, execute it on the images in the action
directory as described earlier.

These two examples should illustrate the key features of Action use and
recording; they are by no means a definitive demonstration of the Action tech-
niques. There may be more efficient methods for performing these procedures,
and it is important to experiment. This is essentially a simple scripting or macro
language now available in Photoshop that will be an important tool for scientific
image manipulations.
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I. Introduction

In this chapter we review our initial efforts to develop an approach that allows
in situ localization and direct in vivo visualization of specific chromosome regions
through protein/DNA recognition. As our model system we have used a 256-copy
direct repeat of the lac operator combined with a lac repressor-NLS (nuclear
localization signal) or GFP-lac repressor-NLS fusion protein for detection. This
methodology is already proving useful in visualizing chromosome segregation in
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organisms that lack obvious, cytologically visible chromosomes (Minshull ef al,
1996; Straight et al., 1996; Straight et al., 1997; Webb et al., 1997). Here, however,
we focus on our early efforts to exploit this system to facilitate direct in vivo
visualization of large-scale chromatin dynamics within mammalian interphase
nuclei (Robinett et al., 1996). By combining transfection of the 256-copy direct
repeat of the lac operator with gene amplification to obtain large, amplified
chromosome regions, or HSRs, tens of Mbp in size, containing the lac operator
repeats, we have been able to visualize large-scale chromatin fibers in vivo.

II. Overview of Methodology

Investigation of nuclear architecture and interphase chromosome structure
has been severely hindered by a number of serious technical problems reviewed
in more detail elsewhere (Belmont, 1997a,b). Briefly, these difficulties include
problems related to preservation of in vivo structure, selective staining of specific
proteins or DNA sequences within densely packed chromosomal and nuclear
structures, and high-resolution imaging and three-dimensional visualization of
complex nuclear structures that extend over large nuclear regions. Unfortunately,
methods that address any one of these problems often exacerbate the others; this
is especially true for the inherent conflict between optimizing selective staining of
nuclear components and preserving ultrastructure.

In situ hybridization methods have been pivotal in allowing exploration of
chromosome and gene arrangements within interphase nuclei. However, the
requirement of DNA denaturation for in situ hybridization is incompatible with
direct in vivo observations. Moreover, the harsh conditions required for DNA
denaturation are antagonistic to ultrastructural preservation. This has led to a
large gap between primarily light microscopy studies, using in situ hybridization to
examine the locations of specific chromosomal regions or loci, and ultrastructural
analysis of higher order, “generic” chromatin structure, primarily by electron mi-
Croscopy.

In an attempt to bridge these two structural approaches, we decided to explore
the use of protein-DNA recognition as a tag for localjzing specific chromosome
regions to provide an alternative to in situ hybridization. We chose the lac
operator/repressor system for our initial test case for several reasons. The lac
repressor had been demonstrated as having the capability of binding in vitro to
an operator sequence packaged within nucleosomes (Chao et al., 1980) with only
a small decrease in binding affinity. Later in vivo experiments confirmed the
specific binding of lac repressor to lac operator within eukaryotic cells (Brown
et al., 1987; Hu and Davidson, 1987). Important for the ultimate signal sensitivity
was the high ratio between lac repressor binding to specific versus nonspecific
sequences, estimated as ~10° and near the maximum for DNA-binding proteins
(Rawn, 1989). Finally, the lac repressor has been extensively characterized over
the last two decades, so a number of mutants in both the lac repressor and lac
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operator sequence are available that could be used for later optimization of
the system.

Our initial application of this approach (Robinett ef al,, 1996) to the study of
interphase chromosome dynamics within mammalian cells has two components
as outlined in Fig. 1. First is the construction of a large lac operator repeat, the
introduction of this repeat into a mammalian expression vector, and the selection
of stable transformants of this vector in CHO cells. Detection of the lac operator
repeat in these cells can be accomplished by three methods: () Staining of
fixed cells with purified lac repressor followed by immunostaining, (b) in vivo
expression of a lac repressor-NLS fusion protein followed by immunostaining,
and (c) in vivo expression of a GFP-lac repressor-LS fusion protein and di-
rect observation.

Previous work using in situ hybridization has demonstrated a high DNA com-
paction ratio within interphase nuclei ranging from hundreds to thousands to
one (Lawrence et al., 1990). This means that both single-copy vector insertions
and multiple-copy vector insertions up to several hundred kilobases in size will
appear in the light microscope as a shapeless, diffraction-limited spot. To be
able to visualize large-scale chromatin dynamics within interphase nuclei, we
followed the generation of stable transformants containing the lac operator re-
peats with a second stage of selection using gene amplification to generate ampli-
fied chromosome regions thousands of kilobases in size containing the lac opera-
tor repeats. This has enabled us to visualize chromosome segments the size of
bands or even small chromosome arms. Gene amplification was accomplished
using an expression vector containing DHFR (dihydrofolate reductase) and trans-
fecting this vector into CHO DG44 cells that contain a double deletion for the
endogenous DHFR locus (Urlaub ez al., 1986). Stepwise selection with methotrex-
ate, an inhibitor of DHFR, then allows selection for cells that have undergone
gene amplification (Delidakis et al., 1989).

Amplification of the endogenous DHFR locus typically results in tens to hun-
dreds of copies of a several-hundred- to thousand-kilobase region surrounding
the selectable marker. This results in new chromosome bands or even larger
segments, which typically at later stages of amplification stain homogeneously
using mitotic chromosome-banding methods; therefore, these regions have been
called HSRs, or homogeneously staining regions. As described elsewhere (Robi-
nett et al., 1996), we have isolated cell clones containing HSRs with very different
patterns of interphase chromosome condensation. Detailed analysis of the A03
clone containing a late-replicating, heterochromatic HSR has shown that this
HSR undergoes a complex but reproducible choreography of condensation and
decondensation during the interphase cell cycle (Li et al., 1998). The entire HSR
behaves relatively uniformly with respect to timing of replication and degree
of chromosome condensation, facilitating our analysis of large-scale chromatin
structure. Next we provide more detailed information describing the experimen-
tal methods used in this overall approach.
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Fig. 1 Methodology for in vivo visualization of large-scale chromatin organization. (I) Detection
of specific chromosomal sites using lac operator/lac repressor recognition. A 256-copy direct repeat
of the lac operator sequence was constructed. Lac repressor binding to this repeat can be detected
in three ways: (a) staining of fixed cells with purified lac repressor followed by immunostaining;
(b) expression in vivo of a lac repressor—NLS fusion protein followed by fixation and immunostaining;
(¢) expression in vivo of a green fluorescent protein—lac repressor—NLS fusion protein and direct
observation. Immunostaining can be done using immunofluorescence for light microscopy or immuno-
gold staining for electron microscopy. (II) Transfection of lac operator repeats into CHO cells. The
lac operator repeat was linked to an expression vector for dihydrofolate reductase (DHFR) and
used for transfection into CHO cells with a double DHFR deletion. Stable transformants containing
either multiple-vector copies or single-vector copies were selected. (IIT) Gene amplification was used
to create large chromosomal regions that could be visualized by /ac repressor binding. Methotrexate
selection was used to select for cells undergoing amplification. Typical amplification units are rough
repeats of DNA segments hundreds to thousands of kilobases in size, containing the DHFR selectable
marker. Amplified chromosome regions after lac repressor staining appear as an array of spots or
contiguous fibers depending on the relative sizes of the vector repeats and flanking coamplified
genomic DNA in the amplification units.

III. Construction of the lac Operator Repeat

Previous work had shown that inverted repeats of the lac operator were unsta-
ble when propagated in Escherichia coli (Sasmor and Betz, 1990). Cloning high-
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copy repeats of the lac operator therefore required forming direct repeats. One
way to force direct repeats using simple ligation is by using a nonpalindromic
restriction site that yields overhanging ends after restriction. Ava I has been
used in this way to construct multiple repeats of a DNA segment (Hartley
and Gregori, 1981). In our hands a slower but more consistent method used a
directional cloning scheme that doubled the number of direct repeats with each
cloning cycle. This requires the use of three restriction enzymes, of which two
have compatible sticky ends as outlined in Fig. 2. A fringe benefit of this approach
is that one obtains a set of repeat sizes in powers of 2.

A key concern at the beginning of this project was whether a suitably large
direct repeat would be sufficiently stable in E. coli to allow cloning. The wild-
type lac operator deviates in only 7 out of 35 positions from a perfect palindromic
sequence. Although a symmetric, perfect palindromic sequence binds lac repres-
sor better than the wild-type lac operator, we deliberately used the wild-type
sequence in our initial work due to these concerns. A second question relates
to the optimal spacing between lac operator repeats. Earlier experiments using
linearized DNA had suggested that no more than one lac repressor tetramer
could bind per 4 to 8 direct lac operator repeats (Sasmor and Betz, 1990), implying
that spacing the lac operator repeats closer than a critical distance might lead
to an increased instability without any increase in total repressor binding at
saturation. Also unknown was what effect having large numbers of contiguous
lac repressor proteins would have on DNA function, including DNA replication
and chromatin packing. For this reason we initially made two related constructs,
designed for cloning either a direct repeat of the lac operator alone or a direct
repeat of a single lac operator ligated to a spacer DNA sequence.

INSERT AMPLIFICATION
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Fig. 2 Directional cloning scheme for building /ac operator direct repeats. The use of two enzymes
with compatible sticky ends allowed the doubling of direct repeat number of a basic unit between
the Sal I and Xho I sites with each cloning cycle. We began with a basic repeating unit already
consisting of a lac operator 8mer (see text); 5 cycles led to a 256-copy direct repeat.
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For cloning the direct repeat of the lac operator, we modified the pUC 18
plasmid by making small changes in the polylinker and deleting EcoR I and Nar
I restriction sites in the plasmid (Robinett et al, 1996). The polylinker then
was modified to HindIII-SphI-PstI-Sall-Xbal-Narl-EcoR1-Xhol-BamH1-Xmal-
Kpnl-Sacl, creating the vector pBS. An 8mer direct repeat of the lac operator
(Sasmor and Betz, 1990) containing EcoR I ends was cloned into the EcoR I
site of this polylinker. Five cycles of the directional cloning strategy outlined in
Fig. 2 produced the pBS-8.32 vector containing 256 copies of the lac operator
(10.1 kb). The pSV2-DHFR plasmid was modified by inserting an adapter, con-
taining KpnlI-Sall-Sphl restriction sites, at the EcoR 1 site; the adapter was
designed with overhanging ends which eliminated the EcoR I site. The Sall-
Kpnl fragment from pBS-8.32 containing the 256-copy direct lac operator repeat
was then inserted at this adapter, creating the pSV2-DHFR-8.32 vector with
the insert Sphl-Sall-[Xbal-NarI-EcoRI-8mer-EcoRI-(Sall/Xhol)];;,-Xbal-Narl-
EcoRI -8mer-EcoRI-XhoI-BamHI-Xmal-Kpnl.

A similar sc