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Preface

Over the past decade, we have witnessed an explosive development of research dedicated to
intrinsically disordered proteins (IDPs), which are also known as natively unfolded proteins
among various other names. The existence of biologically active but extremely flexible
proteins is challenging the century-old structure-to-function paradigm according to which
arigid well-folded 3D structure is required for protein function. Many structural biologists
now recognize that the functional diversity provided by disordered regions complements
the functional repertoire of ordered protein regions. The high abundance of IDDPs in
various organisms, their unique structural features, numerous functions, and crucial asso-
ciations with different diseases show that there are enough grounds to conclude that these
proteins should be considered as a unique entity, an unfoldome.

In comparison with “normal” globular proteins, IDPs possess increased amounts of
disorder that can be detected by many physicochemical methods that were originally
developed to characterize protein self-organization. On the other hand, due to the highly
dynamic nature of IDPs, new and existing experimental methods need to be developed and
extended, respectively, for the structural and functional analysis of these IDPs. These
methods represent an instrumental foundation for experimental unfoldomics.

Information based on modern protocols is provided herein on virtually every experi-
mental method used both to identify IDPs and to analyze their structural and functional
properties. Hence, this book will be of interest to all scientists and students studying IDPs,
whether the focus is on an IDP’s (lack of) structure or on its function.

The general audience for this book includes scientists working in the fields of biochem-
istry, biophysics, molecular medicine, biotechnology, pharmacology and drug discovery,
molecular and cellular biology; students of Medical Schools, departments of Biochemistry,
Biophysics, Molecular Biology, Biotechnology, and Cell Biology, to name a few. We are
aware that many scientists have encountered IDPs in their research, but have shied away
from deeper studies due to the lack of knowledge of what to try next. By collecting the
current methods for the analysis of IDPs in one place, our goal is to help such scientists
further their investigations of these fascinating, dynamic molecules.

Tampa, FL, USA; Moscow Region, Russin Viadimir N. Uversky, Ph.D.
Indianapolis, IN, USA A. Keith Dunkev, Ph.D.
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Chapter 1

Immobilization of Proteins for Single-Molecule
Fluorescence Resonance Energy Transfer Measurements
of Conformation and Dynamics

Ucheor B. Choi, Keith R. Weninger, and Mark E. Bowen

Abstract

Fluorescence resonance energy transfer provides information about protein structure and dynamics.
Single-molecule analysis can capture the information normally lost through ensemble averaging of hetero-
geneous and dynamic samples. Immobilization of single molecules, under conditions that retain their
biological activity, allows for extended observation of the same molecule for tens of seconds. This can
capture slow conformational transitions or protein binding and unbinding cycles. Using an open geometry
for immobilization allows for direct observation of the response to changing solution conditions or adding
ligands. Here we provide detailed methods for immobilization and observation of fluorescently labeled
single proteins using total internal reflection microscopy that are widely applicable to the study of intrinsi-
cally disordered proteins.

Key words: Intrinsically disordered proteins, Single-molecule fluorescence, FRET, Vesicle,
Encapsulation, Reconstitution

1. Introduction

Although depleted in hydrophobic amino acids, which cause chain
collapse in folded proteins, intrinsically disordered proteins (IDPs) are
prone to intramolecular interactions that aftect chain dynamics (1).
The balance between net charge and hydropathy has been shown to
determine the compaction of the polypeptide (2, 3) ranging from
extended random coils to disordered globules that are closer in
volume to folded proteins (4). Some IDPs can be induced to fold
in the presence of ligands or protein-binding partners while others
are perpetually disordered. Under native buffer conditions, an
ensemble IDP sample contains a dynamic mixture of structures.
The distribution of conformations under native conditions and

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_1, © Springer Science+Business Media New York 2012
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their importance is an open question. Conformational selection of
rarely populated states may contribute to the biological function of
IDPs (5).

The distance dependence of fluorescence resonance energy
transfer (FRET) has been used for decades to characterize polypep-
tide dynamics (6, 7). The fluorescent donor and acceptor are
attached to the polypeptide, through synthesis or mutagenesis,
with a defined separation in the primary sequence. In a dynamic
polypeptide chain, FRET efficiency can be related to the root mean
squared (rms) displacement in any direction, Ry = /(R?), or
absolute distance in stable structures. Such methods have been
used to examine polymer models of the denatured state (8) and
IDPs under native conditions (9, 10). Ensemble FRET can pro-
vide valuable insights into IDDPs, but single-molecule FRET
(smFRET) can resolve sample heterogeneity and to some extent
probe dynamics.

FRET can measure distances and conformational fluctuations
on the scale of 2-8 nm (7). For a disordered random coil, this
corresponds to fluorophore separations of 50-175 residues in the
primary sequence. Conformational dynamics occur on a variety of
timescales. Dynamics of extended random coils are faster than the
time resolution of current Electron Multiplied Charge Coupled
Device (EMCCD) cameras, which leads to a narrow distribution
of FRET values. Thus even at the single-molecule level, the details
of molecular behavior are time-averaged and are equivalent to
ensemble measurement of R,n,s. Dynamics approaching the expo-
sure time lead to peak broadening in the FRET distribution (11).
EMCCD detection is best at resolving subpopulations, capturing
dynamics >10/s, and direct observation of the response to non-
equilibrium conditions (e.g., ligand binding). With immobiliza-
tion, an individual molecule can be recorded for tens of seconds
using Total Internal Reflection Fluorescence (TIRF) microscopy
with EMCCD camera detection (12). TIRF illumination decays
within 100-200 nm of the surface allowing immobilized molecules
to be selectively excited. Unfavorable interactions with a surface can
destroy a protein sample and must be prevented. In many cases it is
possible to retain the biological activity of immobilized proteins.
Familiar examples in biochemistry include the interactions between
glutathione-S-transferase (GST) and Glutathione Sepharose resin
and the biotin—streptavidin system. Retention of activity must be
validated by comparison to non-immobilized samples. Here we
describe methodology for the immobilization of proteins for
TIRF microscopy while retaining biological activity. We have used
smFRET to characterize IDPs involved in synaptic transmission,
which serve to illustrate our methods for smFRET measurements
of immobilized IDPs. We will demonstrate three experimental pre-
parations that we have used for smFRET measurements of IDPs
(Fig. 2). First, immobilizing the protein via a biotin—streptavidin
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interaction on a “passivated” surface provides an open geometry
that allows manipulation of buffer conditions or addition of ligands

or

binding partners. Second, encapsulation confines the protein

inside a phospholipid vesicle where it is protected from aggregation
and adsorption. Co-encapsulation of multiple proteins within one
liposome can be used to study weak protein—protein interactions
since the liposome volume is approx. femtoliter. Finally, for mem-
brane proteins, reconstitution into a phospholipid vesicles or
deposited phospholipid bilayers can approximate the physiological
membrane environment and probe the influence of lipids on IDP
conformation.

2. Materials

2.1. Reagents
and Supplies

o NN O Ul W

11.
12.
13.

14.

15.
16.
17.
18.

. 1 in. x 3 in. Quartz microscope slide (G. Finkenbeiner, Inc.,
Waltham, MA).

. Diamond grinding bit, 0.029 in. tip diameter, #115005 (Star-
lite Industries Inc., Rosemont, PA).

. 400 XPR Rotary Tool with Model 220 stand (Dremel,
Racine, WI).

. 24 x 30 mm #1.5 micro cover glass (VWR, Radnor, PA).
. Double and single-sided tape (Scotch/3M, St. Paul, MN).
. 5 min epoxy (ITW Devcon, Danvers, MA).

. Optical adhesive 63 (Norland Products, Cranbury, NJ).

. Electro-lite CS-410 UV Light Curing System (Thorlabs Inc.,

Newton, NJ).

. Benchtop UV Transilluminator (UVP, Upland, CA).
10.

Egg PC and 18:1 Biotinyl Cap PE in chloroform (Avanti Polar
Lipids, Alabaster, AL).

Hand-held Mini-Extruder Kit (Avanti Polar Lipids, Alabaster, AL).
TBS bufter (20 mM Tris, 150 mM NaCl, pH 7.5).

Sepharose CL-4B packed in a NAP-5 column (GE Healthcare,
Piscataway, NJ).

Biotinylated bovine serum albumin (bBSA) (Sigma-Aldrich,
St. Louis, MO).

Escherichia coli strain AVB101 (Avidity LLC, Aurora, CO).
Streptavidin (Invitrogen, Carlsbad, CA).

Beveled pipette tips (VWR #53503-566).

MATLAB Software (The Mathworks, Nattick, MA).
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2.2. Observation
Chambers for TIRF
Microscopy

2.2.1. Preparation
and Cleaning

2.2.2. Construction
of Flow Channels

Here we provide a procedure to prepare flow channels for
single-molecule observations from quartz microscope slides, which
assumes the use of prism-based TIRF excitation. The use of quartz or
fused silica is paramount to avoid fluorescent impurities found in glass
(see Note 10).

1.

Submerge the quartz slide in water. Drill holes using the
diamond bit with the Rotary tool set to 35,000 rpm. To
avoid breaking the slides, replace worn out bits often. Up to
five flow chambers can be made on a slide as long as their total
size does not exceed the width of the cover glass (see Note 1).

. Before use, slides are caretully cleaned by sequential sonication

in acetone, ethanol, and 1 M KOH. Place slides in a standard
staining jar and cover with solvent. Bath sonicate for 30 min.
Use a separate container for each solvent and dedicated twee-
zers to move slides. Finally, slides are extensively rinsed with
deionized water.

. Make sure work area is clean. Briefly pass the slide through the

flame of a propane torch until dry. Allow the slide to cool by
placing it on a metal ring stand with the slide interior surface
facing down (see Note 1). We reuse the ~2 in. metal lids from
chemical and restriction enzyme containers for this purpose.

. Cut tape to tform flow channel walls. Use double-sided tape

unless lipid bilayers are being used. Attach a ~2 in. piece of tape
lengthwise on a clean glass microscope slide. Cut with a razor
blade into 1-2 mm wide strips. Trim to ~1.5 in. in length.

. Immediately before assembling the chamber, turn the slide face

up to expose the interior surface (see Note 1). Place strips of
tape on the slide as spacers between the drilled holes to form
the flow chambers (Fig. 1). Do not allow the tape to touch the
channel interior. Avoid air bubbles beneath the tape as this will
result in variations in the channel thickness. Work out any
bubbles using pressure from the tweezers or a similar tool.

. To remove antistatic coating and dust, quickly pass both sides

of' the cover glass through a propane flame (<1 s). Cover glasses
can easily warp or crack if held in the flame too long and should
be discarded if this happens. Allow to air cool for 30 s while
holding with tweezers.

. Align the long edge of the cover glass over the slide to cover all

the chambers. Lower the cover glass onto the slide in a contin-
uous motion. Once stuck to the tape, the cover glasses are
difficult to remove. Use pressure from the tweezers or a similar
tool to work out any bubbles trapped between the glass and the
tape. Cut off any overhanging tape with a new razor blade.
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Tape Strips with Standing Beads of Optical Adhesive
—~— —~— —~~— —~—

i

Cover Glass Applied

Fig. 1. Assembly of multichannel flow chambers using UV adhesive. (Top) A quartz slide
is shown with six holes drilled (e.g., arrow) to create three flow chambers. Strips of
single-sided tape (curved brackets) demark the walls of the flow chambers. A thin bead of
UV adhesive sits on the center of each strip of tape but does not exceed the width of the
tape. (Botfom) The same slide is shown after the cover glass has been applied (straight
bracket denotes edges of the cover glass). The adhesive has flowed to cover the tape
edges and now constitutes the walls of the flow chamber. The flow chambers are then
cured with UV light.

6.

10.

Combine the 5 min epoxy and allow 1-2 min for partial curing.
If the epoxy is not sufficiently viscous, capillary action will draw
epoxy into the channel, which can possibly cover the drilled
holes. Using a pipette tip, apply a thin bead of epoxy to both
ends of the flow chamber. Avoid covering holes as this will
render the chamber unusable. To avoid leakage, ensure that
each chamber has a continuous seal. Allow to cure completely.

. If using lipid bilayers, single-sided tape is used in conjunction

with UV curable optical adhesive to form the channel. Lipid
bilayers extract fluorescent impurities from double-sided tape.

. Prepare the optical adhesive ahead of time. Remove the plunger

and fill a 1-ml syringe with adhesive. Attach at 30G1 /2 needle
and insert plunger driving glue to tip.

. All procedures up to step 4 of Subheading 2.2.2 are the same

only using single-sided tape. Apply a thin bead of adhesive
along the center of each strip of single-sided tape (Fig. 1).
There should be just enough adhesive to cover the tape after
compressing the cover glass to the slide. Too much adhesive
will fill the chamber and may cover the holes while too little will
expose the sample chamber to the edge of the tape.

Apply the cover glass as described in Subheading 2.2.2, step 4.
Take care as the cover glass can only be applied once. Mild
pressure can be used to direct adhesive flow and completely
cover the tape edges. Use judicial application of the UV light
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2.3. Preparation
of Phospholipid
Vesicles

2.3.1. Formation
of Unilamellar Vesicles
by Extrusion

11.

curing system to harden the adhesive in each chamber for 30 s.
The goal is not to fully cure the adhesive but only to fix the
cover glass in place and insure optimal coverage of the tape.

Finally seal the ends of the flow chamber with adhesive. Avoid
covering the holes with excess adhesive by capillary action.
Place the slide cover glass up on a UV light box. Use ~2 mm
wooden dowels to elevate the slide off the surface. To insure a
uniform chamber thickness, a glass microscope slide is placed
atop the cover glass with ~70 g of weight applied to the center
(e.g., a 3 in. optical post). Expose to UV for 30 min to fully
cure the adhesive.

Phospholipids can be used to encapsulate soluble proteins in vesicles,
reconstitute membrane proteins or to form a deposited bilayer on the
microscope slide surface. A wide variety of phospholipids are available
to mimic biological membranes, prevent nonspecific interactions or
add functional groups or affinity tags including biotin and Ni-NTA.
We typically use phosphatidylcholine extracted from chicken egg (egg
PC), which shows low levels of fluorescent impurities and minimal
nonspecific binding of proteins.

1.

Place 30 mg of lipid in a chloroform solution in a 13 x 100-
mm glass tube. Inside a chemical fume hood, dry the lipid under
a gentle stream of argon or dry nitrogen gas while rotating.
Form a thin but compact film as this is easier to recover during
resuspension. Once lipids are dried, place the tube under vac-
uum for 30-60 min to remove residual chloroform. A pump is
recommended as house vacuum is often insufficient.

. Add 1 ml of TBS to make a 30 mg/ml lipid solution. The high

concentration of lipids facilitates encapsulation and reconstitu-
tion. Vortex for 30 s or until all dry lipid is suspended.

. Use 4-5 freeze—thaw cycles to aid in the solubilization of the

lipids. The goal is to take the sample above and below the lipid
phase transition temperature, which depends on the lipids in
use. For each cycle, flash freeze the lipid suspension in liquid
nitrogen and thaw in a 37°C water bath followed by 30 s
VOrtex.

. Assemble the extruder according to the manufacturer’s instruc-

tions. The membrane filter pore size depends on the experi-
ment. A 50 nm diameter is used for deposited bilayers while
100-200 nm is used for encapsulation. Test everything for
leakage with TBS buffer before extruding.

. Draw lipids into the first syringe. Go slowly for the first few

passes to avoid rupturing the membrane. Extrude with 20-30
passes back and forth through the extruder. The opacity will
decrease noticeably depending on the vesicle size.
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2.3.2. Encapsulation
of Soluble Proteins
in Vesicles

2.3.3. Detergent-Assisted
Insertion to Reconstitute
Membrane Proteins

in Vesicles

6. Collect liposomes from the second syringe (i.e., NOT the first

1.

syringe used to initially draw up the lipids). This insures that
the collected material has passed through the extruder. Spin the
sample at 14,000 x g in a microcentrifuge and collect the
supernatant containing vesicles.

. For immobilized vesicles, prepare a stock of egg PC with

0.1 mol% of 18:1 Biotinyl Cap PE in chloroform. Otherwise,
egg PC in chloroform is sufficient. Dry lipids as described in
Subheading 2.3.1, step 1.

. For encapsulation, labeled protein(s) can be added to the lipid

samples at Subheading 2.3.1, step 1 or after step 3 (see Note 2).
Freeze—thaw cycles can facilitate encapsulation efficiency but
are not tolerated by all proteins. Aggregation of proteins dur-
ing repeated freezing should be tested.

. Remove unencapsulated proteins by desalting on Sepharose

CL-4B. Vesicles elute at the void volume while free proteins
are retained. Columns are created by replacing the Sephadex
G-25 in commercial NAP-5 columns with Sepharose CL-4B to
a bed height of 25-30 mm and replacing the frit. Measure the
void volume with extruded vesicles. The presence of lipids
can be confirmed with a spectrophotometer by measuring
scattering at 400 nm.

. Equilibrate a CL-4B desalting column in TBS. Load 200 pl of

sample. Allow all liquid to drain before adding additional
bufter. Use two applications of 100 pl TBS to rinse the frit.
Add additional TBS to bring the total added volume (including
sample) within 100 pl of the measured void volume of the
column. Collect 200-pl fractions. Sample is typically recovered
in 400-600 pl and spun at 14,000 x g in a microcentrifuge.
Light scattering by vesicles makes measurement of protein
concentration difficult.

Membrane proteins are exchanged into TBS containing
100 mM B-p-octyl glucoside (BOG) by affinity chromatogra-
phy. Mix the protein sample at a 1:4 ratio with 30 mg/ml
extruded 50 nm liposomes in TBS. Incubate on ice for 30 min.

. Dilute sample 1:1 with detergent-free TBS. Incubate at room

temperature for 5 min.

. Remove detergent and unincorporated protein by desalting

with Sepharose CL-4B as described in Subheading 2.3.2,
step 4. This method can lead to uniform orientation of mem-
brane proteins with their cytoplasmic domain facing outwards.

Orientation can be tested by proteolysis in the presence and
absence of 1% Triton X-100.
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3. Methods

[
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Passivated Surface

1

To monitor protein conformational changes or protein interactions
over time, molecules must be immobilized so they will not diffuse
out of the observation volume. Here we describe three different
approaches to immobilize single molecules. First, soluble proteins
are biotinylated and immobilized directly to the surface using a
biotin—streptavidin linkage (Fig. 2a (1, 2)). Before immobilization,
the surface must be “passivated” through the use of blocking
agents to prevent adsorption and loss of activity (13). Second,
vesicles containing encapsulated soluble proteins are immobilized
to the surface using a biotin—streptavidin linkage (Fig. 2a (3)).
Most proteins are an order of magnitude smaller than the vesicle
diameter, so they undergo free diffusion within the vesicle interior.
The vesicle protects the encapsulated protein from interactions
with the surface and other proteins. Third, proteins containing a

ee .-oooo o.oooaQ.-o

.|
Streptavidin Island Vesicle Encapsulation Reconstitution in Bilayer

2 3 4

O Streptavidin
e Biotin
Il Quartz Slide

°

QOQ..QQQQ QQOOQOQ'Q. oo .'.'.' ......Q.'.
R .|
Intramolecular FRET Intermolecular FRET

Fig. 2. Experimental approaches to immobilized single protein molecules. (a) From /eftto right, (1) shows a schematic of a
biotinylated single molecule directly immobilized on a passivated surface via streptavidin. Dyes are indicated by stars. The
passivation can use bBSA or PEG (Subheadings 3.1.1 and 3.1.3). (2) Shows a protein immobilized on a streptavidin island
surrounded by a deposited lipid bilayer (Subheading 3.1.2). (3) Shows a protein encapsulated within a lipid vesicle
(Subheading 2.3.2), which is immobilized to a passivated surface (Subheading 3.2). (4) Shows a membrane protein
reconstituted via the transmembrane domain into lipid bilayer (Subheading 2.3.3). A deposited bilayer is formed from
vesicles containing reconstituted membrane proteins (Subheading 3.3). (b) Schematic showing co-encapsulation experi-
ments to study protein binding. Intramolecular FRET (/eff) can monitor changes in a protein induced by binding to an
unlabeled ligand protein. Intermolecular FRET (right) between two proteins, each singly labeled with donor or acceptor,
can directly report on protein binding events.
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transmembrane domain are reconstituted into vesicles, which are
then used to form a planar lipid bilayer on the slide surface (Fig. 2a
(4)). Although imperfect, deposited bilayers can be used to exam-
ine the effect of lipids on conformation or binding studies. We
describe methods where rinsing and sample application is imple-
mented using hand-activated pipettes although automated buffer
exchange schemes are also possible (see Note 10).

3.1. Direct Proteins can be biotinylated enzymatically or during recombinant
Immobilization expression using commercial reagents and the AVB101 bacterial
of Proteins strain. The effectiveness of a surface passivation strategy must be

to a Passivated Surface tested for each protein. First, the level of nonspecific binding is
tested by omitting streptavidin or forgoing biotinylation (Fig. 3).
Ultimately the results of studies using the immobilized protein
should be compared to encapsulated or freely ditfusing controls.

3.1.1. Biotinylated Bovine 1. Use the flow cell shown in Subheading 2.2.2. Using a beveled

Serum Albumin Surface (14) pipette tip to form a tight seal, wash the channel with
4 x 200 pl of deionized water followed by TBS (see Note 5).

biotin streptavidin

e 96

d
8 500+ T
>
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o
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I I
() (b) (c)

Fig. 3. Determining the extent of nonspecific binding to a passivated surface. Data is shown for streptavidin islands
(Subheading 3.1.2) but the same method can be used to test any surface preparation. (a) As a control, biotinylated,
fluorescently labeled protein was applied to a deposited lipid bilayer containing no streptavidin. After 5 min incubation, the
proteins were rinsed out and the extent of binding was assessed. (b) The same protein solution in (a) applied to a
streptavidin island surface and rinsed. (c) As an additional control, the same protein was expressed, purified, and labeled
without biotinylation and applied to the streptavidin island surface. (d) To assess the degree of binding, the number of
molecules retained on the surface was counted. Shown are the average number of molecules per field of view for the
experiments shown in (a)—(c), respectively. The degree of nonspecific binding can be assessed by comparing retention of
the protein to the streptavidin islands to the surface without streptavidin and/or protein lacking biotin (see Note 9).
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3.1.2. Streptavidin Islands
in a Deposited Lipid
Bilayer (15)

3.1.3. Biotinylated Poly
(ethylene glycol) Surface

. Add 100 pl of 0.2-pm filtered 1 mg/ml bBSA to the channel

(see Note 4). After the incubation, rinse the channel with
4 x 200 pl TBS to remove unbound bBSA.

. Nonspecific binding to bBSA can be further reduced by adding

100 pl egg PC vesicles (50 nm at 15 mg/ml). BSA is a fatty
acid-binding protein so phospholipids can block exposed
hydrophobic sites. Incubate and rinse as described above.

. Add 100 pl 0.2 pum filtered 0.1 mg/ml streptavidin (SA).

Incubate and rinse as described above.

. The fluorescently labeled, biotinylated protein sample should

be diluted in TBS to ~pM (see Note 4). Incubate 5 min and
rinse with TBS (see Note 5). The sample is now immobilized
and can now be imaged or subjected to manipulations of the
external solution (Fig. 2a (1)).

. Use the optical adhesive flow chamber described in Subheading

2.2.2,step 7. Equilibrate the flow channel with TBS as described
in Subheading 3.1.1, step 1. Inject 100 pl of 1 nM SA. Incubate
5 min to allow the sparse deposition of individual SA molecules,

which retain specific binding activity when adsorbed. Rinse
with TBS.

. Inject 100 pl 50 nm egg PC vesicles at 3 mg/ml in TBS.

Incubate 1 h in a humid environment to allow the spontanecous
condensation of a lipid bilayer around the adsorbed SA mole-
cules (see Note 3). Rinse slowly with TBS (see Note 5).

. Nonspecific binding can be reduced by further incubation with

1 mg/ml BSA and/or 30 mg/ml egg PC liposomes.

. The fluorescently labeled, biotinylated protein sample should

be diluted in TBS to ~pM (see Note 4). Incubate 5 min and
rinse with TBS. The sample is now immobilized and can
now be imaged or subjected to manipulations of the external
solution (Fig. 2a (2)).

Poly(ethylene glycol) (PEG) coated surface is an effective and
popular way of preventing nonspecific binding. A detailed protocol
is described elsewhere (16).

1. A major difference from the protocols above is that PEG is

applied to both the quartz slide and cover glass efore the obser-
vation chamber is constructed. The interior surfaces of the quartz
slide and the cover glass are amine functionalized by incubation
in 1% Vectabond in acetone for 5 min. Rinse exhaustively with
deionized water. Dry with dry nitrogen or under vacuum.

. Assemble the optical adhesive flow chamber as described in

Subheading 2.2.2, step 7. Take care to protect the interior
surfaces (see Note 1).
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3.2. Immobilization
of Vesicles to a bBSA
Surface (12)

3.3. Formation of a
Deposited Bilayer
Containing Membrane
Proteins (see Note 8)

3. Dissolve 100 mg of 99 mol% m-PEG-SPA: 1 mol% biotin-

PEG-NHS in 1 ml 100 mM sodium bicarbonate. Quickly
inject 100 pl directly into each of the flow channels. Incubate
for 1-2 h in a humidity-controlled environment (see Note 3).
Wash exhaustively with deionized water to remove unbound
PEG. PEG coated slides can be stored after drying in air for a
few days.

. When ready to use, exchange channel into TBS. Add 100 pl

0.1 mg/ml SA and incubate for 5 min. Wash with TBS. Now
the surface is ready to immobilize biotinylated samples. Non-
specific binding can be further reduced by incubation with
1 mg/ml BSA prior to the streptavidin (17).

. The fluorescently labeled, biotinylated protein sample should

be diluted in TBS to ~pM (see Note 4). The sample is now
immobilized and can now be imaged or subjected to manipula-
tions of the external solution (Fig. 2a (1)).

. Use the epoxy flow cell shown in Subheading 2.2.2. Prepare

the bBSA and SA surface as described in Subheading 3.1.1.

. Fluorescently labeled protein(s) should be vesicle encapsulated

as described in Subheading 2.3.2. To study the effects of intra-
molecular interactions on IDP conformation, an unlabeled
ligand protein can be encapsulated with the labeled sample
using the procedure described in Subheading 2.3.2, step 2.
(Fig. 2b, left). The concentrations of the unlabeled ligand can
vary depending on the binding affinities to monitor a partial or
a full effect on the conformational changes of the labeled
samples. To monitor intermolecular interactions, two singly
labeled proteins (one labeled with donor and the other with
acceptor) are co-encapsulated at a 1:1 ratio using the procedure
described in Subheading 2.3.2, step 2 (Fig. 2b, right).

. Dilute the encapsulated sample ~1:10* in TBS (see Note 2).

Inject 100 pl into the flow channel and incubate for 5 min (see
Note 3). Remove free vesicles by gently rinsing with TBS (see
Note 5). The sample is now immobilized and ready for mea-
surement (Fig. 2a (3)).

. Use the optical adhesive flow chamber described in Subhead-

ing 2.2.2, step 7. Equilibrate the flow channel with TBS.

. Membrane proteins are reconstituted as described in Subhead-

ing 2.3.3. Empirical dilution with unlabeled 50 nm egg PC
liposomes may be required to achieve optical resolution (see
Note 4). Inject 100 pl of protein containing vesicles. Incubate
15 min to allow the spontaneous condensation of a lipid bilayer
at the surface of the slide.
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3.4. Data Collection
and Analysis

3.4.1. Extraction of sSmFRET
Efficiency from the
Microscope Image

3. Rinse the channel gently with TBS (see Note 5). An additional
incubation with 15 mg/ml protein-free 50 nm egg PC
liposomes for 1 h can block defects remaining after step 2.

4. For membrane proteins, the integrity of the bilayer is critical.
Diffusion of fluorescently labeled lipids can be tested by Fluores-
cence Recovery After Photobleaching (FRAP) or single particle
tracking. Similarly, defects can be identified by incubation of the
bilayer with fluorescently labeled proteins or liposomes and asses-
sing the degree of retention. Protein orientation, which may differ
from vesicle samples, can be checked with proteolysis (Fig. 2a (4)).

The assembly of prism TIRF microscopy instrumentation is beyond
the scope of this chapter and has been thoroughly described else-
where (16). A prism-based TIR instrument can be constructed
from a standard inverted microscope and commercial optomecha-
nical components with a small amount of custom milling (Fig. 4).
Briefly, excitation of the Alexa555 (or Cy3) donor and measure-
ment of FRET efficiency uses a circularly polarized 532-nm laser,
while direct excitation of the Alexa647 (or Cy5) acceptor uses a
635-nm laser. The lasers are brought to the microscope stage by
means of standard geometrical optics and introduced to the sample
through a quartz prism (e.g., PLBC 5.0-79.5-SS CVI Laser) cou-
pled to the quartz slide with an index matching oil (e.g., Cargille
Type FF). Immediately before imaging, samples are exchanged into
imaging bufter (see Note 6) to stabilize fluorescence emission. The
microscope image is passed through a series of optical elements to
separate the donor and acceptor emission (Fig. 4). This is achiev-
able using commercial image splitters (e.g., Optosplit II; Cairn
Research Ltd., Kent, UK), which results in separate donor and
acceptor images of the sample. Fluorescent beads (e.g., Fluo-
spheres; Invitrogen, Carlsbad, CA) are used to determine the
pixel registry between the donor and acceptor images, which allows
identification of corresponding donor and acceptor fluorophores
attached to a single molecule. Since the protein is randomly labeled
with acceptor (A) and donor (D) dyes, all combinations are possible
[AA, DA, AD, DD]. Also, more than one molecule can be
encapsulated inside a single vesicle. To distinguish these behaviors,
we used alternating laser illumination (18) to determine the num-
ber of dyes in diffraction-limited spot (see Note 7).

1. Each EMCCD camera exposure can be treated as a numerical
array and is readily processed using MATLAB. Single molecules
appear as diffraction-limited spots, which are easily detected as
pixels of maximum intensity separated by five or more pixels
from any neighboring maxima. A ten-frame average taken
under 635 nm illumination is used to locate active acceptor
fluorophores. Once identified, these pixels are reexamined at
each frame of the movie.
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Fig. 4. Schematic of a prism-based total internal reflection microscope for single-molecule spectroscopy. A circularly
polarized 532-nm laser and a linear polarized 635-nm laser are combined using a dichroic mirror and routed to a quartz
prism on the microscope stage. Mechanical shutters control the excitation wavelength. The fluorescence emission is split
by color into two images using a dichroic mirror, which are passed through additional optical elements to isolate donor and
acceptor signals. The two replicate images are collected by an EMCCD camera and are processed using MATLAB to
identify single molecules containing a donor and acceptor fluorophore.

2. Using a 60x, 1.2 NA water immersion objective with a
512 x 512 pixel EMCCD camera, a single molecule is
contained within a 3 X 3 pixel array about the most intense
pixel. Fluorescence intensity for a single molecule can be deter-
mined simply by taking the sum of the 3 x 3 matrix. In prac-
tice, most of the single-molecule intensity falls on the top four
of the pixels so tracking this smaller set of pixels is sufficient.
Such undersampling decreases the width of the single-molecule
intensity distribution (unpublished data) reflecting lower noise.

3. For each molecule, the donor and acceptor intensity in each
frame of the movie is plotted as a function of the frame number
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3.4.2. Analysis of smFRET
Efficiency Time Traces

1.

to examine the time dependence of fluorescence emission
(Fig. 5). These time traces are first analyzed to confirm that
the diffraction-limited spot contains a single molecule labeled
with one donor and one acceptor. Single fluorophores are con-
firmed by the observation of a single step in the photobleaching
decay to baseline (Fig. 5). If labeling efficiency is high and
molecules are optically well resolved, two single fluorophores
in a diffraction-limited spot can be attributed to a doubly
labeled protein. To characterize a sample, observations of
hundreds to thousands of single molecules are collected.

. The hallmark of smFRET is anticorrelated donor intensity

during acceptor photobleaching (Fig. 5). A critical normaliza-
tion factor, y, is taken from the magnitude of this change and
used to adjust for differences in quantum yield and detection
efficiency, which can vary between samples and even between
molecules (19). To calculate smFRET efficiency, E, requires
correction for the leakage of donor emission into the acceptor
channel, . This value can be obtained from control experi-
ments and are constant as long as the dyes and instrument are
unchanged. Depending on the experimental setup, correction
for direct excitation of the acceptor may also be required but is
not significant at the laser powers used in our system.

Iy — BIp
"~ ((Iy — BIp) +7Ip)”

The most straightforward analysis is to compile all the observed
smFRET efficiency values into a histogram that represents the
probability distribution. For a random coil, rapid conforma-
tional dynamics lead to the appearance of a single peak that is
well described by a single Gaussian function using nonlinear
least squares fitting. The mean FRET efficiency and the distri-
bution width both provide information about IDP structure
and dynamics. For compact globular IDPs, more complicated
smFRET distributions are observed that require multiple func-
tions to describe (Fig. 5).

. The averaging of rapid intramolecular dynamics in random

coil-like IDPs gives rise to steady FRET efficiency levels over
time (Fig. 5a-d). The resultant FRET distributions typically
show a single Gaussian peak of shot noise-limited width.
Because of the time-averaging, this single-molecule data can
be related only to ensemble properties using polymer models.

. More complex, stochastic conformational transitions have been

observed in globular IDPs or protein complexes involving
IDDPs. The transitions are slow; occurring within a single frame
(Fig. 5e-h). Data of this type can be analyzed with Hidden
Markov models (20) or Edge detection strategies (21).
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Fig. 5. Analysis of single-molecule fluorescence intensity time traces. Representative data analysis is shown for two
classes of IDP that have been labeled with donor and acceptor. Left. Extended random coil IDP. Right. Disordered globular
IDP. (a and e) Background corrected fluorescence intensity of a single molecule. Donor emission is colored gray while
acceptor is colored black. Note the single-step photobleaching of each dye to baseline, which confirms a single molecule.
Colored bar above the panel describes the alternating laser excitation (see Note 7). (b and f) Intensities above have been
converted to FRET efficiencies for the period before the acceptor dye molecule photobleached. Note the steady FRET of the
random coil compared to the stochastic switching in a disordered globule. (c and g) FRET efficiency at each time point is
compiled into histograms to examine the probability distribution. These histograms contain data from only one molecule,
while a typical experiment would compile hundreds to thousands of molecules. Random coils give a single peak of shot
noise-limited width. (d and h) The time series of changes in FRET are examined using transition density plots, which plot
the FRET state before a transition (y-axis) against the FRET state after that transition (x-axis) for molecules (a) and (e),
respectively. The darker areas indicate more favored transitions between the indicated FRET states. The random coils
show only one peak while the globular IDP makes transition to many different FRET states.
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From such analyses one obtains the distribution of FRET states
(Fig. 5¢, g), the dwell times for each state (i.e., state lifetime)
and the sequence of state transitions. Each of these parameters
can be analyzed to extract information about the sequence and
nature of conformational fluctuations as well as the stability of
intermediate states.

. For both types of IDP, the use of immobilized molecules with

EMCCD detection allows one to capture individual binding
events and the instantaneous response to changes in solution
conditions.

4. Notes

1. A three channel slide will need three holes at the top and

bottom (Fig. 1). When drilling slides, the exit hole can be
slightly irregular, which prevents the formation of a good seal
with the pipette during rinsing. This side of the slide is used as
the channel interior. As such, it should be protected from
contacting anything during assembly.

. Encapsulation efficiency depends on the absolute concentra-

tion of protein and lipids. Efficiency is highly sample dependent
and typically <10%. Micromolar protein concentrations at the
lipid concentration described results in most liposomes being
empty or containing a single molecule. Membrane protein
reconstitution is similarly variable.

. Longer incubations are carried out in a humidified, vapor-

saturated chamber, such as an empty pipette tip box with
deionized water in the bottom. This prevents samples from
drying in the chamber. A drop of TBS is placed over each
hole of the chamber to further reduce evaporation. Should
this dry, apply a drop of TBS to one hole to force air out the
other before rinsing.

. The goal is to empirically achieve spacing between immobilized

molecules larger than the optical resolution by adjusting the
sample concentration (typically <250 molecule /field). Because
reconstitution and encapsulation efficiency can vary, the dilu-
tions need to achieve optical resolution of samples may vary.

. It is critical to remove any trapped air bubbles, which present an

air-water interface, and prevent the introduction of bubbles at
all future steps. Similarly, rinsing should be carried out slowly to
avoid excessive shear forces at the surface. Once active enzymes
or deposited bilayers are present, either bubbles or shear can
destroy the sample.



1 Immobilization of Proteins for Single-Molecule Fluorescence Resonance Energy. .. 19

6.

10.

Imaging buffer is TBS with 1% glucose and includes oxygen
scavengers (20 U /ml glucose oxidase and 1,000 U /ml catalase),
which extend fluorophore lifetime and 100 pM cyclooctate-
traene, which prevents fluorophore blinking.

. First we illuminate with 635 nm (0-1 s) to excite acceptor-

labeled molecules; next 532 nm illumination is used
(1.5-100 s) to observe FRET events. Finally, 635 nm
(100.5-110 s) is used to verify whether the acceptor dye mole-
cules have photobleached.

. This technique is best for type 1 or 2 (single spanning)

membrane proteins that only protrude from one side of the
membrane. In these cases, free diffusion within the plane of
the bilayer is observed. There is only ~2 nm between the
deposited bilayer and the slide surface. Polypeptide protruding
beneath the bilayer adsorbs to the quartz and becomes immo-
bilized or denatured.

. With multichannel slides, the channels are used sequentially to

prevent cross contamination. The slide is tilted vertically along
its long axis for rinsing and the bottom channel is used first so
outflow does not cross the other channels.

The presence of fluorescent contamination can be checked at
any point using the microscope. Contamination can be intro-
duced at any step and is checked by testing all reagents and
processes involved.
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Chapter 2

Application of Confocal Single-Molecule FRET
to Intrinsically Disordered Proteins

Benjamin Schuler, Sonja Miiller-Spath, Andrea Soranno,
and Daniel Nettels

Abstract

Intrinsically disordered proteins (IDPs) are characterized by a large degree of conformational heterogeneity.
In such cases, classical experimental methods often yield only mean values, averaged over the entire ensemble
of molecules. The microscopic distributions of conformations, trajectories, or sequences of events often
remain unknown, and with them the underlying molecular mechanisms. Signal averaging can be avoided by
observing individual molecules. A particularly versatile method is highly sensitive fluorescence detection.
In combination with Forster resonance energy transfer (FRET), distances and conformational dynamics
can be investigated in single molecules. This chapter introduces the practical aspects of applying confocal
single-molecule FRET experiments to the study of IDPs.

Key words: Intrinsically disordered proteins, Fluorescence spectroscopy, Single-molecule detection,
Forster resonance energy transfer, FRET, Diffusion, Correlation spectroscopy, FCS, Confocal
detection, Photon statistics

1. Introduction

Single-molecule Forster resonance energy transfer (FRET) has
developed into a mature technique that is used to probe a wide variety
of biomolecular processes, including protein folding and dynamics.
Like other single-molecule techniques, single-molecule FRET offers
a fundamental advantage: it can resolve and quantify the properties of
individual molecules or subpopulations inaccessible in classical
ensemble experiments, where the signal is averaged over many parti-
cles. Fluorescence spectroscopy is a particularly appealing technique,
owing to its extreme sensitivity and versatility. In combination with
FRET (1, 2), it enables us to investigate intramolecular distance
distributions and conformational dynamics of single proteins.

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_2, © Springer Science+Business Media New York 2012
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1.1. Forster Resonance
Energy Transfer

Time-resolved ensemble FRET can also be used to separate subpo-
pulations and to obtain information on distance distributions (3), but
data interpretation is typically less model independent (4). For kinetic
ensemble studies, the reactions need to be synchronized, which is
often difficult.

Already the first experiments using single-molecule FRET in the
context of protein folding (5-8) demonstrated the potential of the
method for separating subpopulations and for probing conforma-
tional dynamics in proteins. Since then, single-molecule FRET has
been used to address a wide range of questions in protein folding and
dynamics (9, 10). Because of the possibility to resolve conforma-
tional heterogeneity, the method proved to be particularly helpful for
probing the properties of proteins in their denatured and other
nonnative states (9). In the last few years, the application of single-
molecule FRET to IDPs has increased strongly, and the progress in
the field has been reviewed recently (11). Here, we will present some
of the basic aspects that need to be taken into account for single-
molecule FRET experiments on IDPs. We will focus on confocal
experiments, mostly on freely diffusing molecules. For experiments
on immobilized molecules and their detection via total internal
reflection fluorescence (TIRF), see Chapter 1.

The basic idea of a single-molecule experiment using FRET is
very simple: a donor dye and an acceptor dye are attached
to specific residues of a protein. If a protein molecule resides in
the volume illuminated by the focused laser beam, excitation of
the donor dye can result in energy transfer to the acceptor. The
efficiency of energy transfer, which can be determined from
the rates of detected donor and acceptor photons, depends
on the distance between the fluorophores, and can thus be related
to the separation of the dyes. The changes in fluorescence inten-
sity from donor and acceptor can thus be used to distinguish
between different conformational states of a protein and to deter-
mine the dynamics of their interconversion.

The quantitative relationship between the probability of transfer—the
transfer efficiency—and the inter-dye distance is given by the theory
developed by Forster in the 1940s (1). Accordingly, the transfer
efficiency E for the dipole—dipole coupling between a donor and an
acceptor chromophore depends on the inverse sixth power of the
inter-dye distance 7:
R6
E=—"0 1

R + 70’ (1)
where Ry is the Forster radius, the characteristic distance that
results in a transfer efficiency of 50%. Due to the strong distance
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dependence of the efficiency, FRET can be used as a “spectroscopic
ruler” on molecular length scales, typically between 2 and 10 nm.
R is calculated as

RO — 9,000 In 10x%QpJ

0 12875nt Ny
where ] is the overlap integral (defined below), Op is the donor’s
fluorescence quantum yield, # the refractive index of the medium
between the dyes, and Ny is Avogadro’s number (1, 12). The orien-
tational factor is defined as x? = (cos O — 3 cos Op cos @A)Z,
where @ is the angle between the donor emission transition dipole
moment and the acceptor absorption transition dipole moment, @
and @4 are the angles between the donor—acceptor connection line
and the donor emission and the acceptor absorption transition
moments, respectively. k* varies between 0 and 4, but complete
averaging of the relative orientation of the chromophores during the
excited state lifetime of the donor results in a value of 2 /3, the value
most frequently used in practice (however, see Subheading 3.3). Op
and #z need to be measured (see Note 1), and Jis calculated from the
normalized donor emission spectrum ff5(4) and the molar extinction
coefficient of the acceptor gx(4) according to

T = | i (2b)

The accuracy of the determination is mainly limited by the
accuracy of », which is often nonuniform and difficult to estimate
for a protein (but probably very close to # of the solvent for an
unfolded protein), and ¢, which cannot easily be determined
independently and is provided by the dye manufacturer with an
uncertainty of at least a few percent. Fortunately, the influence of
such uncertainties is moderated by the fact that Ry depends on
these quantities only in a sub-linear fashion [Eq. (2a)].

Experimentally, transfer efficiencies can be determined in a
variety of ways (12), but for single-molecule FRET, two approaches
have proven particularly useful. One is the measurement of the
number of photons (13) emitted from the donor and the acceptor
chromophores, #p and #,, respectively, and the calculation of the
transfer efficiency according to

(22)

E= L» 3)
na + 7p

where the numbers of photons are corrected for the quantum yields
of the dyes, direct excitation of the acceptor, the detection efficien-
cies of the optical system in the corresponding wavelength ranges,
and the crosstalk between the detection channels (see Note 2).
A second approach to measure E, which can be combined with
the first (14), is the determination of the fluorescence lifetime of
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1.2. Outline of the
Procedures

the donor in the presence (tpa) and absence (tp) of the acceptor,
yielding the transfer efficiency as

E=1-24 (4)
D

Frequently, we have to consider a distance distribution instead
of a single distance, especially in unfolded proteins. If information
about the distance distribution is available from simulations or
additional experiments, it can be included in the analysis (15). In
general, it is important to be aware of the different averaging
regimes, because the timescales of both, conformational dynamics
of the protein and reorientational dynamics of the dyes, influence

the way the resulting transfer efficiency has to be calculated (15).

Performing a single-molecule FRET experiment on IDPs requires
several steps. First, protein samples suitable for labeling have to be
prepared, either by chemical synthesis or by recombinant expres-
sion in combination with site-directed mutagenesis. After identify-
ing a suitable dye pair with the Forster radius in the desired range,
the fluorophores need to be attached to the protein as specifically as
possible to avoid chemical heterogeneity. Control experiments may
need to be performed to ensure that the conformational properties
of the proteins are not altered by the labels. After customizing the
instrument for the sample, data can be taken either on freely
diffusing molecules or on immobilized molecules, depending on
the observation times required. Finally, the data are processed and
analyzed, taking into account the specific dynamic and structural
properties of the system under study.

2. Materials

2.1. Instrumentation

The details of confocal single-molecule instrumentation can be
found in recent reviews (16, 17). An important development for
the wide application of confocal single-molecule methods to the
study of biomolecules is the recent availability of comprehensive
commercial instrumentation (18).

Experimental setups for confocal single-molecule FRET typi-
cally involve excitation with pulsed or continuous wave (cw) lasers
and single photon counting with avalanche photodiodes (APDs) or
similar detectors. Particular advantages of such instruments com-
pared to camera-based imaging systems (cf. Chapter 1) are the
more detailed and quantitative spectroscopic information available
and the much better time resolution. Imaging of immobilized
samples can be performed by scanning the sample. Advantages of
camera-based imaging systems are the possibility to monitor many
molecules in parallel, and that the instruments are significantly
cheaper and easier to set up.
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Fig. 1. Overview of instrumentation and data reduction in confocal single-molecule spectroscopy. The scheme on the /eft
illustrates the main components of a four-channel confocal single-molecule instrument that collects fluorescence photons
separated by polarization and wavelength and records their individual arrival times. (a) Sample of a trajectory of detected
photons recorded from molecules freely diffusing in solution (in this example CspTm in 1.5 M GdmCl), where every burst
corresponds to an individual molecule traversing the diffraction-limited confocal volume (see upper left of the scheme). (b)
2-Dimensional histogram of donor fluorescence lifetime t versus transfer efficiency E calculated from individual bursts,
resulting in subpopulations that can be assigned to the folded and unfolded protein, and molecules without active acceptor
at £ ~ 0 (shaded in grey). (c) Projection of the histogram onto the E axis. (d) Subpopulation-specific time-correlated single
photon counting histograms from donor and acceptor photons from all bursts assigned to unfolded molecules that can be
used to extract distance distributions (19). (e) Subpopulation-specific donor intensity correlation function, in this case
reporting on the nanosecond reconfiguration dynamics of the unfolded protein (20).

Figure 1 shows a schematic with the main optical elements for
confocal epifluorescence detection. A laser beam is focused with a
high numerical aperture objective to a diffraction-limited focal spot
that serves to excite the labeled molecules. In the simplest experi-
ment, the sample molecules are freely diffusing in solution at very
low concentration, ensuring that the probability of two molecules
residing in the confocal volume at the same time is negligible.
When a molecule diffuses through the laser beam, the donor dye
is excited; fluorescence from donor and acceptor is collected
through the objective and gets focused onto the pinhole, a small
aperture serving as a spatial filter. The photons are then separated
by polarization and /or wavelength by polarizing beam splitters and
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dichroic mirrors, and directed to the corresponding detectors.
State-of-the-art counting electronics record the arrival time of
every photon with picosecond time resolution (21-23).! From
the resulting photon record, a range of quantities can be derived,
e.g., donor and acceptor fluorescence intensities, transfer efficien-
cies, fluorescence lifetimes, anisotropies, burst durations, photon
counting histograms, intensity correlation functions, etc. (24).

Intensity correlation functions are particularly useful for moni-
toring conformational dynamics. For completely unfolded proteins,
diffusive chain dynamics of segments in the range of 50-100 amino
acids typically occur on timescales of 10-100 ns (20, 25-27). For
IDPs with significant amounts of secondary or tertiary structure,
internal dynamics may occur on significantly longer timescales. For
freely diffusing molecules, dynamics from the nanosecond (25) to
the millisecond range are accessible. Correlation functions of data
from immobilized molecules (cf. Chapter 1) can be used to extend
this timescale further.

An advantage of observing freely diffusing molecules is that
perturbations from surface interactions can largely be excluded, but
the observation time is limited by the diffusion times of the mole-
cules through the confocal volume. Typically, every molecule is
observed for no more than a few milliseconds in the case of pro-
teins, even though this timescale can be extended to ~100 ms by
taking into account the recurrence of individual molecules to the
confocal volume (28). Alternatively, molecules can be immobilized
on the surface and then observed for a more extended period of
time, typically a few seconds to minutes, until one of the chromo-
phores undergoes photodestruction or bleaching. For this purpose,
the instrument can, e.g., be coupled to a piezo xyz flexure stage for
sample scanning, which allows the acquisition of fluorescence
images and the reproducible positioning of the laser beam on
individual molecules. Potential complications in this case are inter-
actions with the surface, which may perturb the sensitive equilibria
and dynamics of IDPs.

For sample design, especially for choosing the chromophores,
it is important to be aware of the characteristics and limitations of
the instrument, such as the laser lines available for excitation or the
time resolution and signal-to-noise ratio achievable with the detec-
tors. The lasers typically used range from simple cw systems with a
single fixed wavelength to tunable, pulsed lasers, or superconti-
nuum sources (29) that make a broad range of wavelengths acces-
sible. With a pulsed source, fluorescence lifetimes become available
in addition to intensities, which can provide additional information
and improved separation of subpopulations (14). Temperature
control of the sample can be implemented, but since the objectives

"The limiting factor for the time resolution currently is the jitter of APDs in the range of 100 ps.
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2.2. Chemicals

2.3. Chromatography

should not be heated to high temperatures, a temperature gradient
across the sample may need to be taken into account by a suitable
calibration (30).

Obviously, single-molecule fluorescence experiments make great
demands on buffer preparation and sample purity, since we rarely
have the means to distinguish sample molecules unequivocally from
contaminants. Some solutes, ¢.g., denaturants or osmolytes, may
need to be used at molar concentrations. Highest purity buffer
substances are therefore strictly required. Common buffers such
as phosphate salts and Tris can be obtained in excellent purity from
most major suppliers as spectrophotometric grade chemicals, other
substances only from more specialized sources (e.g., GdmCI and
Tween 20 from Pierce Biotechnology, IL). As a general rule, all
solutions have to be tested in the single-molecule instrument for
fluorescent impurities prior to use. Quartz-bidistilled water is
recommended; water from ion exchanger water purification sys-
tems (MilliQ) is usually suitable, but needs to be monitored more
regularly for contaminations. Fluorophores for protein labeling can
be obtained with a variety of reactive groups from several manu-
facturers, such as Molecular Probes/Invitrogen (Alexa Fluors),
Amersham Biosciences (cyanine dyes), Atto-Tec (Atto dyes).

Purification of labeled proteins proceeds very much the same way
as any other protein purification, but again, buffers should have
very low fluorescence background, especially in the final steps.
HPLC or FPLC systems with fluorescence and diode array absorp-
tion detectors can greatly simplify the identification of correctly
labeled species.

3. Methods

3.1. Choosing
the Fluorophores

Several criteria must be met by chromophores for single-molecule
FRET:

1. They must have suitable photophysical and photochemical prop-
erties, especially a large extinction coefficient (~10°/M /cm
or greater), a quantum yield close to 1, high photostability, a
low triplet state yield, and little intensity fluctuations (blinking)
from the broad range of photochemistry that can affect FRET
measurements.

2. The absorption maximum of the donor chromophore must be
close to a laser line available for excitation.

3. Good spectral separation of donor and acceptor emission is
necessary to minimize direct excitation of the acceptor and to
reduce crosstalk between the detection channels.
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3.2. Protein Labeling

4. Acceptor absorption and donor emission spectra must give an
overlap integral that results in a suitable Forster radius [calcu-
lated from Egs. (2a) and (2b)]. The best sensitivity for distance
changes can be obtained for distances close to Ry.

5. The dyes must be available with suitable functional groups for
specific protein labeling (typically succinimidyl esters for amino
groups or maleimides for sulthydryl groups).

6. The dyes must be sufficiently soluble in aqueous buffers, oth-
erwise they may induce protein aggregation, a problem that has
been minimized by the introduction of charged groups in many
of the popular dyes.

Note that some of the fluorophores’ properties may change
upon attachment to the protein. In many cases, it is thus advisable
to screen a series of dye pairs. The most commonly used dyes are
organic fluorophores developed specifically for sensitive fluores-
cence detection. Examples of common dye pairs are Cy3/Cy5
and Alexa 488 /Alexa 594. Semiconductor quantum dots (31) are
promising candidates due to their extreme photostability, but they
are not yet available with single functional groups, so far they can be
used only as donors because of their broad absorption spectra, and
they are themselves of the size of a small protein, which increases
the risk of interference with the conformational dynamics.

Specific placement of fluorophores on the protein ideally requires
groups with orthogonal chemistry. For simple systems, such as short
peptides, sequences can be designed to introduce only single copies
of residues with suitable reactive side chains (8, 15), e.g., one thiol
and one amino group. In solid phase peptide synthesis, protection
groups and the incorporation of nonnatural amino acids can be used
to increase specificity, but for longer chains, chemical synthesis
becomes inefficient and shorter chains must be ligated (32) to
obtain the desired product.

The production of proteins of virtually any size and sequence by
heterologous recombinant protein expression is the method of
choice to obtain very pure material in sufficiently large amounts
for preparative purposes. But the number of functional groups
that can be used for specific labeling is then very limited. Sufficiently
specific reactivity in natural amino acids is provided only by the
sulthydryl groups of cysteine residues, the g-amino groups of lysine
side chains and the free a-amino group of the N-terminal amino
acid. However, except for small peptides, the statistical and there-
fore often multiple occurrence of cysteine and especially lysine
residues in one polypeptide prevents the specific attachment of
labels. Increased specificity can be achieved by removing unwanted
natural cysteines by site-directed mutagenesis or introducing
cysteines with different reactivity caused by different molecular
environments within the protein (33). Labeling is usually combined
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with multiple chromatography steps to purify the desired adducts.
Alternative methods (34) are native chemical ligation of recombi-
nantly expressed and individually labeled protein fragments or
intein-mediated protein splicing (35), the specific reaction with
thioester derivatives of dyes (36), puromycin-based labeling using
in vitro translation (37), or introduction of nonnatural amino acids
(38). Most of the latter methods are not yet used routinely, are not
openly available, or must be considered under development.
Currently, the most common approach is still to rely on cyste-

ine derivatization. Here we present a short outline for labeling an
IDP with a FRET pair:

1. The labeling positions should be chosen such that the process
of interest can be monitored optimally. If you plan to monitor
the conformational distribution or dynamics in the completely
disordered or unfolded state, choose the labeling positions
such that the sequence separation results in an average transfer
efficiency near 0.5. Depending on the compactness of the
chain, this will typically be in the range of 50-100 amino
acids.” If the conformational transition to a folded state in the
presence of a ligand or binding partner is at the focus of
interest, a sufficient difference between the transfer efficiencies
in the disordered and ordered states will be required. All
solvent-accessible cysteine residues that might interfere with
the labeling reaction need to be removed by site-directed
mutagenesis, and two surface-exposed cysteines are intro-

duced.

2. Express the protein, purify it under reducing conditions and
concentrate it to at least 200 pM.

3. Remove the reducing agent and adjust the pH by passing the
protein over a desalting column equilibrated with 50 mM
sodium phosphate buffer pH 7.0. Ensure that the resulting
protein concentration is at least 100 pM.

4. React the protein with the first chromophore (see Note 3) by
adding the maleimide derivative of the dye at approximately a 1:1
molar ratio, incubate 1 h at room temperature or at 4°C over-
night.?

?The mean squared distance between the attachment points can be estimated from <72> = 2lpl., where [, is the
persistence length of the IDP, typically in the range between 0.2 and 0.4 nm (19, 39) in the absence of strong
charge repulsion (40), and /. is the contour length of the segment, which can be calculated as N-0.38 nm, where
N corresponds to the number of peptide bonds in the segment (19). The observed transfer efficiency can then be
estimated from Eq. (5).

*For preliminary screens or in case the sequential labeling procedure is not feasible, both dyes can be added
simultaneously. In many cases, the fraction of molecules that contain only donor chromophores can be reduced by
empirically varying the ratio of donor and acceptor dye in the reaction. Even relatively large proportions of “donor
only” molecules can be tolerated in single molecule experiments because of the separation of subpopulations, but
a high-quality sample preparation will simplify data acquisition, analysis, and interpretation greatly.
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3.3. Controls

5. Separate unlabeled, singly labeled, and doubly labeled proteins
by chromatography, e.g., by ion exchange chromatography,
taking advantage of the net charge on many common chromo-
phores. In favorable cases, this method even allows the separa-
tion of labeling permutants. Including low concentrations
(0.001-0.01%) of detergents such as Tween 20 can reduce
protein losses due to nonspecific adsorption to the column
material.

6. Concentrate the singly labeled protein to at least 100 uM and
react it with the second chromophore as in steps 3 and 4. Make
sure that the pH is adjusted properly.

7. Separate singly and doubly labeled protein as in step 5. Fre-
quently, size exclusion chromatography will suffice.

Interactions of the dyes with the protein surface or the polypeptide
chain can reduce the mobility of the chromophores, reduce their
quantum yield by quenching, and affect the stability of the protein.
This needs to be taken into account both for the design of the
labeled variants and the control experiments. Due to the substantial
size of the fluorophores, they can usually only be positioned on the
solvent-exposed surface of the protein if the folded structure is to
be conserved. Even then, the use of hydrophobic dyes can lead to
aggregation of the protein. Positions in proximity to aromatic
amino acids, especially tryptophan, should be avoided to minimize
the risk of fluorescence quenching (41). Important controls are
equilibrium or, better, time-resolved fluorescence anisotropy mea-
surements on the ensemble or single-molecule level (15, 24), which
are sensitive to the rotational flexibility of the dyes and can there-
fore provide indications for undesirable interactions with the pro-
tein surface. In the disordered state of IDPs, the rotational mobility
of the dyes is often affected very little compared to folded proteins.
It is also essential to ensure by direct comparison with unmodified
protein that labeling has not substantially altered the properties
of the IDP.

Several factors can complicate the extraction of quantitative
distance information from single-molecule fluorescence experi-
ments. Most common effects are photobleaching, possible interac-
tions of the chromophore with the polypeptide (resulting in a
reduction of quantum yields or lack of fast orientational averaging
of the dyes) or a change of solvent conditions, which can affect the
refractive index and the photophysics and photochemistry of the
dyes. A suitably labeled control molecule that essentially provides a
rigid spacer between the dyes, and whose conformation does not
change under denaturing conditions can thus be valuable for avoid-
ing a misinterpretation of the results. Two suitable types of mole-
cules are double-stranded DNA (2) and polyproline peptides (15).
Since the type of attachment chemistry and the characteristics of
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3.4. Other Technical
Aspects

3.4.1. Optical Elements

3.4.2. Additives

the immediate molecular environment can influence the photophy-
sical properties of the fluorophores (42), it is desirable to use a
polypeptide-based reference molecule.

In general, it is always essential to compare the results from
single-molecule experiments quantitatively with ensemble data (see
Note 4). Even though it may be tempting to analyze only the
results from a few selected molecules, the overall result must
agree with the ensemble measurement, and the criteria for singling
out molecules for analysis have to be as objective and clearly defined
as possible.

Customizing the single-molecule instrument will involve the
installation of suitable spectral filters specific for the dye pair used.
A compromise between maximum collection efficiency, minimal
background from scattering, and cross-talk between the channels
(especially donor emission leakage into the acceptor detector) has
to be established. At least two dichroic mirrors are required, but the
signal-to-noise ratio can usually be improved by additional filters,
e.g., long-pass filters to reject scattered laser light, a laser line filter,
and band-pass or long-pass filters for the individual detection
channels. A broad range of filters and dichroic mirrors is available
from companies such as Chroma, Omega Optical, or Semrock.
Other variables involve the choice of excitation light intensity and
laser pulse frequency (which should be optimized carefully by
systematic variation), the objective used (e.g., water immersion vs.
oil immersion (see Note 5)), and the size of the pinhole in a
confocal setup.

Cells for single-molecule measurements are usually assembled
using glass cover slides with a thickness corresponding to the
optical correction of the objective. Generally, fused silica results in
lower background due to the high purity of the material. Impurities
on the surface of cover slides can give rise to background, especially
in experiments on immobilized molecules close to the surface of the
glass. It can thus be crucial to clean them carefully. In experiments
on freely diffusing molecules with water immersion objectives, the
focus can often be placed sufficiently far away from the cover
slide to avoid such complications. In this case, commercially avail-
able chambered cover glasses can be used conveniently.

Several substances have been identified as additives in single-molecule
fluorescence experiments that reduce the complications from
photobleaching and blinking of the fluorophores. Photobleaching
is assumed to be dominated by excited state (probably triplet state)
reactions with highly reactive molecules in solution, such as singlet
oxygen. At the same time, however, oxygen is an efficient quencher
of long-lived triplet states, whose population at excitation close to
optical saturation can decrease the overall fluorescence intensity.
The causes of blinking, i.e., the population of transient dark or
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3.5. Free Diffusion
Experiments

dim states, are even less well understood. Processes that are known
to contribute are, e.g., radical formation by photo-induced electron
transfer (43) and related redox reactions (44), cis—trans isomeriza-
tion as in cyanine dyes (45 ), and spectral shifts of unknown chemical
origin (46). Photobleaching can be reduced by removing oxygen
(47), but often at the cost of increased triplet state lifetimes and a
resulting decrease in emission rates. Oxygen removal is thus fre-
quently combined with triplet state quenchers such as trolox (48).
2-Mercaptoethanol and cysteamine have also been found to increase
photostability and emission rates (30, 48). For several dyes, a
detailed photochemical characterization and sophisticated strate-
gies to reduce blinking and bleaching are now available (44, 49).

The observation of fluorescence from freely diffusing molecules at a
concentration of about 10-100 pM is a very simple and robust way
of performing single-molecule FRET experiments. In this concen-
tration range, the probability of two or more protein molecules
residing in the femtoliter confocal volume at the same time is very
small, and the signal bursts observed (Fig. 1) arise from individual
molecules, provided aggregation can be excluded. Since the mole-
cules are only observed for about a millisecond each, bursts from
hundreds to thousands of individual molecules are typically col-
lected in several minutes to hours, depending on the protein con-
centration and the statistics required. The simplest way of analyzing
the data is by binning them in intervals approximately equal to the
average burst duration, typically about 1 ms, and identifying pho-
ton bursts by a simple threshold criterion (13). An approach that
reduces the contribution of background and optimizes the accurate
identification of the beginning and end of each burst is to use the
corresponding increase and drop in the photon arrival frequency
(14). The photon counts of a single burst are integrated, and a
threshold for the total number of photons is used to discriminate
signal from noise and to select the largest bursts (13, 14). Typically,
burst sizes between 50 and 500 counts are reached, depending on
the brightness and the translational diffusion coefficient of the
molecules.

For further analysis of the identified bursts, several corrections
need to be taken into account: background, differences in quantum
yields and detection efficiencies of donor and acceptor, cross-talk
between the channels, and direct excitation of the acceptor.
A general analysis procedure that can be used to obtain bursts
corrected for these effects and that takes into account that the
corrections are interdependent is given in Note 2. The corrected
bursts can then be analyzed in terms of distributions of transfer
efficiencies, fluorescence lifetimes, anisotropies, burst size distribu-
tions, correlation functions, or other derived parameters (Fig. 1).
Alternatively, the corrections can be included directly to calculate
the expected distributions of the observables based on a model for
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Fig. 2. Single molecule FRET efficiency (£) histograms can be used to monitor unfolded
state dimensions. (a) £ histograms of FRET-labeled prothymosin o (ProTo) at different
guanidinium chloride concentrations (molar concentrations given in the upper right
corners). The peaks at higher transfer efficiencies correspond to the doubly labeled
protein, the peak at £ = 0 corresponds to molecules lacking an active acceptor chromo-
phore. (b) Conversion of the mean transfer efficiencies from (a) to root mean squared
distances shows the pronounced collapse of ProTa upon charge shielding at low, and the
re-expansion at very high denaturant concentrations (40).

the underlying distance distribution and the measured burst size
distribution, which can then be compared to experiment (cf. Sub-
heading 3.7.1). The most common parameter used for data analysis
is the transfer efficiency, which reports on distance distributions or
average distances in the molecules under study. As an example,
Fig. 2 shows the pronounced change in the transfer efficiency of
labeled prothymosin o with guanidinium chloride concentration
and the resulting changes in chain dimensions calculated by numer-
ically inverting Eq. (5) and using distance distributions from simple
polymer physical models (40).

In many cases, it is helpful to investigate the relation between
several of these parameters, for instance in two-dimensional histo-
grams of fluorescence lifetime versus the transfer efficiency calcu-
lated from Eq. (3) (24). This multi-dimensional analysis can be used
to improve the separation of subpopulations, to recognize charac-
teristic signatures of certain conformational states, and to identify
possible complications from quenching or a lack of orientational
averaging of the dyes (24). The separation of subpopulations is one
of the biggest strengths of single-molecule experiments, since it
allows us to assess the heterogeneity of the sample very directly,
such as the presence of slowly interconverting conformational
states. Even in a simple case, the presence of the folded and unfolded
forms of an IDP and the donor-only signal (Fig. 3) would render a
quantitative analysis with ensemble fluorescence methods virtually
impossible. Additionally, in single-molecule experiments, the
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3.6. Experiments on
Immobilized Proteins
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Fig. 3. Single molecule FRET efficiency histograms can be used to assess the conforma-
tional heterogeneity of IDPs. (a) The N-terminal domain of HIV integrase in the presence of
100 uM Zn* shows an unfolded subpopulation (€ = 0.55) and a folded subpopulation
(E ~ 0.9). (b) Upon addition of EDTA, the Zn* is removed from the folded state and all
molecules are unfolded. (¢) Schematic structure of the folded integrase domain.

photon records from individual subpopulations can be combined
to obtain subpopulation-specific information with high resolution,
e.g.,on fluorescence lifetimes (19, 50) or correlation functions (20).
A very helpful way of detecting the presence of protein aggregates
that are commonly observed for IDPs and other marginally stable
proteins are subpopulation-specific burst size distributions (51)
(Fig. 4). Fluorescence intensity correlation functions calculated
from the entire measurement or subpopulations (52) can also pro-
vide a good indication for the presence of aggregates because of
their slow translational diffusion (51, 53).

The analysis of subpopulations can additionally be aided by
alternating excitation of donor and acceptor (54, 55), which allows
the presence of an active acceptor dye to be probed. This can be
particularly important if states with very-long-range inter-dye dis-
tances are populated, which can lead to an overlap with the donor-
only population.

An approach to extend the observation time of individual proteins
beyond their millisecond diffusion time through the confocal volume
is their immobilization on a surface. However, nonspecific interac-
tions with the surface can disturb the equilibrium and dynamics of the
conformations (6). Strategies for minimizing such interactions
include the optimization of surface functionalization (56, 57) or
the encapsulation of individual protein molecules in surface-tethered
lipid vesicles (58). The absence of binding to the surface can be tested
by single-molecule polarization measurements or by quantitative
comparison with experiments on freely diffusing molecules.



2 Application of Confocal Single-Molecule FRET to Intrinsically Disordered Proteins 35

a 1 T T T T T
w

e 1D

Re)

S 0.01

- |

o

?® 0.001

=

m

0 02 04 06 08 1

Transfer efficiency E

-5 -4 -3 -2 -1 0 1

log (t/s)

Fig. 4. Identification of protein aggregation in single-molecule FRET experiments of
rhodanese (51). (a) Contour plot of a two-dimensional histogram calculated from burst
duration versus transfer efficiency. (b) Fluorescence correlation spectroscopy (FCS)
analysis of data from samples containing aggregates of rhodanese prepared under
different conditions, resulting in increasing degrees of aggregation (from /left to right).
Correlation functions were calculated from the donor fluorescence signal in cross corre-
lation mode to avoid the influence of detector afterpulsing, and the amplitude was
normalized to 1 at = = 10 ps.

Immobilized molecules prepared in this or other ways can be
observed either by wide field imaging with evanescent wave excita-
tion (cf. Chapter 1), or with a confocal system in combination with
sample scanning or laser scanning. In the case of wide field imaging,
the information of all molecules in the field of view is recorded
simultaneously, albeit with lower time resolution than in confocal
measurements and less spectroscopic detail available. In confocal
measurements, the surface is first scanned to identify individual
molecules, which are then targeted by the laser individually and
observed sequentially. In both cases, trajectories of fluorescence
intensities are obtained, terminated by photobleaching of a chro-
mophore, which typically occurs after several milliseconds to
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3.7. Data Analysis
3.7.1. Photon Statistics

minutes, depending on the exciting laser intensity. Transfer effi-
ciencies or other parameters are calculated from the trajectories and
corrected in a similar way as for the bursts from freely diffusing
molecules (cf. Subheading 3.5). An important criterion for identi-
fying transitions between states or conformational is the anticorre-
lated signal change between donor and acceptor channels that is
expected for a change in distance between the chromophores. The
resulting trajectories of transfer efficiencies or other derived para-
meters can be analyzed by a wide range of methods similar to those
pioneered in the field of single-channel recording (59).

A large number of different and often complementary types of
analysis and theoretical approaches have been applied to single-
molecule measurements, which in many cases has been crucial for
extracting new information from the experimental data. Examples
include the use of hidden Markov models (60) and other methods
based on information theory (61), generating functions (62, 63),
and the concepts of network theory (64), to name but a few.
Whereas initial developments in the field originated from seemingly
very different concepts, we begin to see some convergence in the
methods used. Here, we can just point out some of the most
important developments, without describing them in detail.
Frequently, a simple analysis of transfer efficiency histograms
does not allow for more than determining the mean transfer effi-
ciencies from the peak positions. The widths and the shapes of the
peaks are often ignored although they may contain useful informa-
tion about structural heterogeneities and dynamics present within
and between the subpopulations (65). A main prerequisite is to
separate the intrinsic width caused by heterogeneities from shot
noise broadening (13). The latter is due to the small and fluctuating
number of photons collected and depends on experimental details
such as the diffusion time through the confocal volume, the inten-
sity distribution of the laser focus, and the brightness of the fluor-
ophores. Early theoretical contributions (63, 65) culminated in the
rigorous treatment of photon statistics in single-molecule experi-
ments by Gopich and Szabo (66-68). They showed how to calcu-
late the joint probability P(np, #s) of finding #p and #4 donor and
acceptor photons in a burst and how to obtain from it theoretical
transfer efficiency histograms, which can then be compared with
the measured ones. Nir et al. (69) and Antonik et al. (70) simplified
FRET efficiency histogram analysis for rigid molecules by factoriz-
ing P(np, na) into two components, one of them being the distri-
bution of the sum of donor and acceptor photons, which can be
taken directly from the measured data and includes the influence of
translational diffusion, such that detailed knowledge of the shape of
the confocal volume is no longer needed. This type of approach can
also be used to analyze single-molecule anisotropy histograms (71)
and heterogeneous mixtures (72). The method can be used to fit
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3.7.2. Timescales
and Distance Distributions
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Fig. 5. Measurement of rapid chain dynamics in unfolded proteins with nanosecond
fluorescence correlation spectroscopy. The donor intensity autocorrelation function from
a Hanbury Brown and Twiss experiment on unfolded Csp7m labeled with a donor and
acceptor dye shows the global unfolded chain dynamics in the tens of nanosecond range
(20). The fast component in the range of a few nanoseconds is caused by photon
antibunching (77).

the measured transfer efficiency histograms directly assuming an
underlying, shot noise-free, transfer efficiency distribution. Alter-
natively, this underlying distribution can be obtained from a more
general and rigorous maximum likelihood method (68, 73, 74). In
the absence of a suitable model, e.g., because of a combination of
orientational and distance distributions, singular value decomposi-
tion has proven useful for a quantitative analysis (75).

Recent work shows that conformational dynamics such as the
kinetics of protein folding can be obtained from single-molecule
FRET data even when the dynamics occur on the same timescale as
translational diffusion. Again, modeling the diffusion through the
observation volume is not needed. With time-binned raw data,
kinetic rate constants can be obtained by analyzing transfer effi-
ciency histograms (68). If the data are available, it is preferable to
apply a rigorous maximum likelihood approach to the arrival times
and colors of each individual photon (74). The elegant theoretical
framework developed by Gopich and Szabo also allows any confor-
mational dynamics or photophysical effects other than FRET to be
taken into account (67). It can, e.g., be employed to model rapid
conformational dynamics and obtain intramolecular diffusion coef-
ficients of unfolded proteins from fluorescence intensity correlation
functions (20, 26, 76) (Fig. 5). Rigorous theoretical tools of this
type and the other methods mentioned above will clearly be an
important step towards extracting all the information contained in
single-molecule measurements.

An important issue to consider for the analysis of single-molecule
FRET experiments is the dynamics of the molecular system. The
relative magnitude of the timescales of at least four different
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processes will have an influence on the position and the width of the
FRET efficiency histogram: (a) the rotational correlation time of
the chromophores, (b) the fluorescence lifetime of the donor, (¢)
the intramolecular dynamics of the chain connecting the fluoro-
phores, and (d) the observation timescale.

The rotational correlation time of the chromophores influences
the value of the orientation factor k* (Eq. 2a): if dye reorientation is
sufficiently fast such that the relative orientation of the donor and
acceptor dipoles average out while the donor is in the excited state,
Kk can be assumed to equal 2 /3. If, in the other extreme, the donor
fluorescence decay is much faster than dye reorientation, a static
distribution of relative dye orientations can be assumed. Interme-
diate cases are difficult to treat analytically (12), and simulations
become the method of choice (78). k* = 2/3 is often a good
approximation for IDPs, because the rotational correlation times
of dyes attached to unstructured polypeptides are typically in the
range of a few hundred picoseconds, while their fluorescence life-
times are in the nanosecond range.

For unfolded proteins, the characteristic times of the fluores-
cence decay and of long-range inter-dye distance changes are often
well separated, i.e., the chain is essentially static on the timescale
of the fluorescence decay. The distribution of transfer rates result-
ing from the distance distribution will thus give rise to highly
non-exponential fluorescence decays, which can be used to obtain
information about the shape of the underlying distance distribution
(3,19, 50).

Finally, the timescale at which the inter-dye distance distribution
is sampled, compared to the observation timescale (more accurately,
the inter-photon times (65)), will affect the width of the measured
transfer efficiency distributions. As shown by Gopich and Szabo
(65, 60), the observation time must be approximately an order of
magnitude smaller than the relaxation time of the donor—acceptor
distance to obtain physically meaningful distance distributions or
corresponding potentials of mean force. Otherwise, only the mean
value of the transfer efficiency of the respective subpopulation can
be used to extract information about the distance distribution, and
an independent model for the shape of the distance distribution is
needed. In practice, this means that distance distributions can be
determined from free diffusion experiments on proteins if the
underlying dynamics are on a timescale greater than about 1 ms,
assuming photon count rates of ~10° /s typically achieved during
fluorescence bursts (65). A noticeable influence of dynamics on
the width, however, is already expected for fluctuations in the
10-100 ps timescale (8, 65). Recently, methods to obtain reaction
dynamics from the shape of transfer efficiency histograms have
been developed (79) and applied to protein folding dynamics (80).
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The three physically most plausible limits for the averaging
regimes and the resulting mean transfer efficiencies (E) given a
normalized distance distribution P(7) are (15):

1. If the rotational correlation time 7. of the chromophores is
small relative to the fluorescence lifetime 7¢ of the donor (i.e.,
k? = 2/3), and the dynamics of the peptide chain (with relax-
ation time 1) are slow relative to ty,
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where P(7) is the normalized* inter-dye distance distribution, #
is the distance of closest approach of the dyes, and /. is the
contour length of the peptide. This is the most commonly used
approximation for unfolded proteins.
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The theoretical isotropic probability density p(x?) for the case
in which all orientations of the donor and acceptor transition
dipoles are equally probable (12) is

1
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®Note that the averaging has to be done over the transfer rate constant k, i.e. (E) = 1/(1 + kp/ Li ke(7) P(7)dr),
where k(7)) = kp(Ro/ 7)®, and kp is the fluorescence decay rate constant of the donor in the absence of the
acceptor.
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3.8. Current
Developments

It is important to recognize that even for a molecule with a
single fixed distance or very rapid conformational averaging, the
resulting FRET efficiency histograms are broad because of shot
noise, the variation in count rates about fixed means due to the
discrete nature of the signal (only small numbers of photons
observed from an individual molecule), but in practice broader
histograms than expected from shot noise alone are frequently
observed. The origin of this excess width is often unclear (8, 81),
but there are factors other than slow distance fluctuations that can
contribute, e.g., fluctuating fluorescence quantum efficiencies due
to quenching, differences in quantum vyields and thus transfer
efficiencies of labeling permutants, slow reorientation of the dyes
(78), or other optical effects such as a mismatch of the confocal
donor and acceptor observation volumes. Consequently, without a
suitable reference, it is difficult to assign a width in excess of shot-
noise to slow conformational dynamics or distance distributions.

An important alternative approach for obtaining dynamic infor-
mation is the analysis of correlation functions (82). The details are
beyond the scope of this chapter, but the basic idea of these experi-
ments is very simple: fluctuations in the distance between donor
and acceptor will lead to fluctuations in transfer efficiency, and thus
in the intensities of donor and acceptor. Such intensity fluctuations
can be monitored most effectively by fluorescence correlation spec-
troscopy, and recent developments now allow the investigation of
dynamics in unfolded proteins and polypeptides down to the nano-
second range (20, 25) (Fig. 5). The experiments are often done at
slightly higher concentrations (~1 nM) to optimize the signal, but
the same type of analysis can also be applied to experiments at
picomolar concentrations.

Both the instrumentation and data analysis methods for single-
molecule FRET are still developing rapidly. Two important devel-
opments that begin to be applicable on a routine basis are the use of
microfluidic devices and the extension to more than two colors.

The combination of confocal detection with microfluidic mix-
ing devices (83) is a very useful extension of steady state experi-
ments on freely diffusing molecules and has been evolving rapidly in
the past years. This approach allows nonequilibrium processes to be
monitored with single-molecule resolution (75, 83-86) and sub-
millisecond dead times (86). The application of microfluidic mixers
to IDPs is particularly promising for the investigation of coupled
folding and binding processes (86).

Similarly promising for the molecular interactions and dynam-
ics of IDPs is the extension of the FRET system to three or four
dyes (87). While the demands on sample preparation, instrumenta-
tion, and data analysis increase substantially, this approach allows
multiple distances to be monitored simultaneously. Especially the
site-specific labeling of proteins with more than two fluorophores is
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biochemically still very demanding. Reported experiments on
proteins have thus remained limited to intermolecular FRET, but
applications to coupled folding and binding reactions are expected
to benefit greatly from this approach.

4. Notes

1. The quantum yield ofa chromophore can change upon attachment
and should therefore ideally be determined from a protein
sample labeled with only one dye. Note, however, that static
quenching of the donor does not influence the Forster radius
and the observed transfer efficiency.

2. The relation between the raw photon counts 7, o and zp o, as
measured in the two detection channels for acceptor and donor
emission, respectively, and the corrected values #) and #p can
be expressed by the matrix equation

<”A,0> _ (ﬂn ﬂlz) <7’L/A> + <17A>
np.o M1 M) np bp )’

where the matrix a;; describes the cumulative effect of the
differences in quantum yields, the different collection efficien-
cies of the detection channels, and cross-talk (bleed-through),
i.e., acceptor emission detected in the donor channel and
donor emission detected in the acceptor channel. 4, and &p
are the background count rates in the acceptor and the donor
channel, which can be estimated from a measurement on blank
buffer solutions.

The elements of matrix #;; can be determined for a specific
single-molecule instrument (except for a scaling factor a) from a
measurement of two samples containing donor and acceptor dye,
respectively, with a concentration ratio equal to the ratio of their
extinction coefficients at the excitation wavelength (ensuring
that, atidentical laser power, the same mean number of excitation
events take place per unit time in both samples). By inverting the
resulting matrix, the correction matrix ¢;; = ﬂgl is obtained,
which transforms the background-corrected raw counts 75 o —
baand np o — bp into the corrected values 7}, and 7. Note that
the factor o remains unknown, but cancels if intensity ratios are
computed, as in the case of the transfer efficiency. Also note that
this correction procedure can easily be extended to more than two
channels by using a matrix of higher rank. Finally, 7}, has to be
corrected for direct excitation of the acceptor according to
na =y — (ny +np)/(1 +ep/ea), where ep and ey are
the extinction coefficients of donor and acceptor, respectively, at
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the excitation wavelength. Ideally, these corrections should
already be taken into account for burst identification.

. Adhere to the labeling instructions given by the manufacturer.

Especially the notes provided by Molecular Probes/Invitrogen
are very detailed and helpful.

. These experiments will take up the great majority of the labeled

protein samples, which should be taken into account for the
preparation scale.

. With oil immersion objectives, the focal volume must be posi-

tioned very close to the cover slide surface to minimize chromatic
aberration. In this case it is particularly important to use fused
silica cover slides to reduce background from glass luminescence.

. The signal from molecules with a transfer efficiency of zero is a

notorious phenomenon in free diffusion experiments, which
can of course be due to incomplete labeling or impurities, but
may also be caused by light-induced inactivation of the accep-
tor. There is no problem if the transfer efficiency of the intact
molecules under study is sufficiently different from zero, or if
the intact molecules can be separated from the zero transfer
events in combination with other observables, such as lifetime
or polarization. An elegant general solution is the alternating
excitation of donor and acceptor (88, 89), which indepen-
dently probes the acceptor chromophore and allows all mole-
cules with an inactive acceptor to be excluded from the analysis.
Alternatively, the “donor only” peak can be included explicitly
in the analysis as a separate population (24).
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Chapter 3

Single-Molecule Force Spectroscopy of Chimeric
Polyprotein Constructs Containing Intrinsically
Disordered Domains

Marco Brucale, Isabella Tessari, Luigi Bubacco, and Bruno Samori

Abstract

Here, we describe the single molecule force spectroscopy (SMES)-based experimental protocol we have
recently used to single out different classes of conformations in a chimeric multimodular protein containing
an intrinsically disordered (human Alpha Synuclein) domain. Details are provided regarding cloning,
expression and purification of the chimeric polyprotein constructs, optimal surface preparation, SMES
data collection and filtering. Although the specificity of the issue and the ensemble of nonstandard
techniques needed to perform the described procedures render this a rather unorthodox protocol, it is
relatively straightforward to adapt it to the study of other protein domains.

Key words: Single molecule, Force spectroscopy, Conformational equilibria, Amyloidogenesis,
Proteopathies, Alpha Synuclein, Neurodegenerative diseases

1. Introduction

In physiological conditions, intrinsically disordered proteins (IDPs)
are characterized by a relatively shallow conformational free energy
landscape with multiple minima, corresponding to difterent, rapidly
interconverting structures (1-3). During the last decade, IDPs
attracted a steadily increasing amount of interest from the scientific
community, generating a virtuous feedback of technical and theo-
retical advances that in turn made the study of IDPs increasingly
accessible (4). Since IDPs are involved in extremely diverse bio-
chemical pathways and can interact with a plethora of molecular
partners in vivo (5-7), the first step towards understanding their
behavior in a given environment means to characterize their confor-
mational equilibria. However, obtaining a detailed characterization
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of the fast-interconverting population of structures assumed by an
IDP in a given condition is not a trivial task: very few techniques
can give insights into these equilibria, most notably single molecule
fluorescence resonance energy transfer (SM-FRET) (8), nuclear
magnetic resonance (NMR) (9), and few other spectroscopic
techniques (10).

Recently, we have found that, somewhat surprisingly, single
molecule force spectroscopy (SMES) measurements can discern
several different classes of conformations in an intrinsically disor-
dered domain (having the sequence of human Alpha Synuclein,
aSyn) inserted in a chimeric multimodular polyprotein (11).
The insertion of aSyn into a chimeric polyprotein in which it is
flanked by several globular domains, acting both as “molecular
handles” and as internal mechanical gauges, is absolutely necessary
to perform sufficiently clean SMES experiments (11). This require-
ment limits the general usefulness of our technique, since the
needed flanking modules unavoidably influence the energy land-
scape of the aSyn domain via steric and electrostatic effects, and its
resulting conformational equilibria are thus different from those of
WT aSyn in the same conditions (12). Nonetheless, this technique
can be used to assess the impact of a single factor of choice on the
(perturbed) conformational distribution of a disordered domain.
For example, we used this approach to show that aSyn point muta-
tions linked to familial Parkinson increase the propensity of the aSyn
domain to acquire compact structures in the tested conditions (12).

Herein, we describe the full procedure we used to apply this
SMES experimental approach to the study of aSyn. Although the
specificity of the issue and the ensemble of nonstandard techniques
needed to perform the described procedures render this quite an
unorthodox protocol, it is relatively straightforward to adapt it to
the study of other protein domains.

2. Materials

2.1. Cloning,
Expression, and
Purification of Chimeric
Polyprotein Gonstructs

As remarked above, some of the materials needed to follow this
protocol are not available commercially (Subheading 2.1) and are
described mainly to provide a basis for customization. Moreover,
the practicalities of the SMFS experiments are intrinsically specific
to the type of microscope employed. We decided to describe the
procedures needed to perform the experiments using a widely
commercially available instrument (Subheading 2.3).

1. pAFM1-4 and pAFM5-8 expression vectors described in detail
in Steward et al. (13) and kindly provided by Prof. Jane Clarke
(Cambridge University). Briefly, in each plasmid four 127 mod-
ules are cloned in tandem, separated by unique restriction sites
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2.2. Surface Preparation

2.3. Constant-Velocity
SMFS Experiments

(respectively, BamH I, Sac I, BssH II, Kpn I, Nhe I /EcoR I and
Nhe I Xba I, Spe I, Mlu I, and EcoR I).

. WT and mutant (A30P, E46K, and A53T) alpha-synuclein

c¢DNA cloned in a pET28 expression plasmid.

. Luria—Bertani (LB) broth: 10 g/I bacto tryptone, 5 g/I bacto

yeast extract, 5 g/l NaCl; add 15 g/l bacto agar for solid
medium for plates.

. Buffer for proteins purification:

Resuspension buffer: 20 mM phosphate bufter pH 8, 150 mM
NaClL

Buffer A: 20 mM phosphate buffer pH 8, 500 mM NacCl.

Buffer B: 20 mM phosphate buffer pH 8, 500 mM NaCl,
20 mM imidazole.

Buffer C: 20 mM phosphate buftfer pH 8, 500 mM NaCl,
150 mM imidazole.

. Co?*-affinity resin (Histidine-Select Cobalt Affinity Gel, Sigma

Aldrich).

. Round microscope borosilicate glass coverslips, 15 mm diame-

ter (Glaswarenfabrik Karl Hecht KG, Sondheim, Germany).

2. Bunsen burner.
. mQ water (see Note 1).
4. Medium Quality (V4-V6) Muscovite Red Mica Sheets (Elec-

tron Microscopy Sciences, Hatfield, PA, USA).

. 99.99% Gold wire, 0.1 mm diameter (Alpha Aesar, Ward Hill,

MA, USA).

. Two-component epoxydic adhesive with low viscosity and high

glass transition temperature, such as EPO-TEK 377 (Epoxy
Technology, Billerica, MA, USA).

. High-vacuum thermal evaporator.

. Oven.

. 10 pl of the chimeric polyprotein construct solution (see Sub-

headings 2.1 and 3.1) at a concentration of around 100 pg/ml.

. Template-Stripped Gold (TSG) surfaces prepared as described

in Subheading 3.2.

. Multimode picoforce atomic force microscope with nanoscope

controller (Bruker AXS, Mannheim, Germany).

. Silicon nitride V-shaped cantilevers, DNP model (Bruker AFM

probes, Camarillo, CA, USA).

. Around 1 ml of the buffer of choice (see Note 2).
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2.4. SMFS Data Filtering
and Handling

. “Hooke,” an open source software platform (14) for SMES

data handling and automatic filtering, available at http://code.
google.com/p/hooke/.

3. Methods

3.1. Cloning,
Expression, and
Purification of Chimeric
Polyprotein Gonstructs

3.1.1. Cloning

3.1.2. Expression

. First, as described elsewhere (13), taking advantage of the EcoR

I site four bases downstream from the Nbe I site in pAFM1-4,
clone the 5-8 module fragment from pAFM5-8 into pAFM1-4,
obtaining an eight modules plasmid named pAFM-8m in
which the eight 127 domains are separated by BamH 1, Sac 1,
BssH 1L, Kpn 1, Nhel Xba 1, Spe 1, Mlu 1, and EcoR 1.

. Amplity coding sequences of WT and mutant alpha-synuclein

by PCR using mutagenic primers containing respectively Kpzn I
and Xba 1 restriction sites (Syn-pAFM8m-KpnI-FOR: 5’-
GAGATCTGGTACCATGGATGTATTC-3'; Syn-pAFM8m-
Xbal-REV: 5-TATTAGTCTAGAGGCTTCAGGTTC-3).

. Digest both plasmid pAFM-8m and PCR products with Kp»n 1

and Xba 1 restriction endonucleases.

. Dephosphorylate digested pAFM-8m by calf intestinal phos-

phatase (CIP).

. Ligate vector and inserts using T4 DNA ligase and use the

product of the reaction to transform chemical competent
DHb5a Escherichin coli cells.

. Screen colonies obtained after overnight growth at 37°C for

the presence of alpha-syn sequences and sequence positive
clones in order to confirm the accuracy of the sequence and
of the insertion.

. The resulting plasmids are named pAFM-3s3(WT), pAFM-3s3

(A30P), pAFM-3s3(E46K), pAFM-3s3(A53T).

Expression of recombinant chimeric proteins is achieved as
described in Steward et al. (13). Briefly:

1.
2.

Transform the expression plasmids into E. colz C41 cells (15).

Subsequently, inoculate a single colony in 250 ml of rich
medium (Luria—Bertani, LB) and grow cells in at 37°C to an
OD600 of 0.4-0.6.

Induce expression by addition of IPTG to 0.2 mM.

. Grow cells over night at 28°C.
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3.1.3. Purification

3.2. Surface Preparation

1. Harvest cells by centrifugation and then resuspend them in
20 ml of resuspension buffer and sonicate on ice (typically six
cycles of 30 s at 0.8 Hz).

2. Following centrifugation, incubate the supernatant for 10 min
at 60°C and then centrifuge again.

3. Perform on the soluble fraction, containing the protein of inter-
est, a two-step (20 and 45%) ammonium sulfate precipitation.

4. Resuspend the precipitate of the second step in 5 ml of Buffer A
and dialyze extensively against the same buffer.

5. Incubate the sample with 1 ml of preequilibrated Co®*-affinity
resin in agitation for 1 h at 4°C (see Note 3).

6. Harvest the resin by centrifugation (according to manufac-
turer’s indications), collect supernatant, and save it for reincu-
bation.

7. Wash the resin with 5 volumes of Buffer A and collect the
supernatant.

8. Wash the resin with 2 volumes of Buffer B and collect the
supernatant.

9. Finally, detach the residual binding protein with 2 volumes of
Buffer C and collect the supernatant.

10. Reequilibrate the resin and reincubate with the flow-through
saved previously.

11. Repeat the whole procedure for a second and, in some cases, for
a third time.

12. Check all the fractions collected by SDS-PAGE, put together
the ones containing a significant amount of pure protein, and
dialyze extensively against resuspension buftfer.

13. Finally, quantify the protein sample and store at —80°C in small
aliquots, with addition of glycerol to a final concentration of
15% (v/v) and sodium azide to a final concentration of 0.02%
(v/v) as preservatives (see Note 4).

This section describes the practical operations needed to prepare TSG
surfaces suited to be used in a typical SMFS experiment. The proce-
dure closely follows that originally described by Wagner et al. (16).

1. From a muscovite mica sheet, cut 15 x 15 mm squares and
cleave them using a sharp razor to expose two clean crystalline
planes (see Note 5).

2. Place the mica squares on the substrate holder of the thermal
evaporator and protect them from the source with the shutter.
We usually use a substrate—source distance of approximately
15 cm.
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3.3. Constant-Velocity
SMFS Experiments

3. Cut a segment of gold wire of appropriate length to obtain a
gold layer around 250 nm thick on the substrate (the exact
amount depends on the configuration of the metal evaporator)
and place it in the thermal evaporator source.

4. Heat the substrate holder to 320°C, bring the thermal evapo-
rator chamber to high vacuum (<107 torr) and wait for
complete thermal equilibration, then allow the mica squares
to be degassed for 120 min.

5. Evaporate the gold pellet with a deposition rate of 0.5-1.5 nm/’s,
protecting the substrates with the shutter until a constant rate is
reached.

6. When evaporation is complete, shut off substrate holder heat-
ing and allow thermal equilibration at room temperature under
high vacuum overnight.

7. Briefly expose several glass cover slides to the Bunsen flame and
then rinse with mQ water and dry with a clean nitrogen flow.

8. Mix epoxy adhesive components as specified by the
manufacturer.

9. Apply 5 ul of the adhesive mixture to each gold-coated mica
square and then gently put one glass slide on each trying to
make sure that the entire gold surface under the glass slide is
covered by the glue.

10. Put the freshly glued TSGs in an oven at 120°C for 2 h.

11. Remove the TSGs from the oven. To use them, mechanically
separate the glass coverslide from the mica support with twee-
zers immediately before use. The thin gold layer will stick to
the glass slide, exposing its flat (mica-templated) side.

The SMES experimental strategy described here mostly relies on
the recognition of different unfolding mechanical behaviors in
different force curves. Due to this, the practical precautions nor-
mally needed in SMES experiments to ensure accurate force mea-
surements are less crucial than usual, while it is very important for
the TSG surface and the analyte solution to be extremely clean.

1. Glue one freshly cleaved TSG surface (see Subheading 3.2) on
an AFM metal support disk.

2. Deposit 10 pl of the analyte polyprotein solution (see Subhead-
ing 3.1) on the gold surface and incubate at room temperature
for 20 min (see Note 6).

3. Rinse the top of the polyprotein-functionalized TSG with the
same buffer that will be used during the SMES experiment.

4. Assemble the AFM fluid cell, the analyte-bearing TSG, and the
cantilever chip in the AFM head (see Note 7).
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3.4. Data Filtering
and Handling

wSyn in loose conformation
(no mechanical signal to reach full extension)
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Fig. 1. Mechanical unfolding trace of a 3S3 polyprotein (see Subheading 3.1) containing a
WT aSyn domain showing six mechanical unfolding events. Dark grey frace = approach,
light grey trace = retraction. The retraction force curve shows six clean rupture peaks
separated by ~28 nm, corresponding to the unfolding of the six 127 domains. The average
WLC contour length fitted on the first rupture event is ~70 nm. This distance is compatible
with the sum of six folded 127 modules (~4.5 nm each = 4.5 x 6 = 27 nm) and one
fully unfolded o-Syn moiety (see cartoon at the top of the figure). The WLC contour length
fitted on the last peak (detachment from surface) is ~243 nm, compatible with the
expected length of a fully unfolded 3S3 construct (680 AA).

5. Flood the cell with the buffer of choice (see Note 8) and focus
the laser on the softest cantilever of the chip (in this case, the
one having a nominal elastic constant of 0.06 N/m).

6. Determine cantilever spring constant in liquid (see Note 9).
We routinely employ the thermal tune procedure as specified by
the AFM manufacturer.

7. Start collecting force/distance curves: Apply around 2—-3 nN of
pressure during contact phase (see Note 10), make sure that the
cantilever velocity does not exceed 2 pm /s to avoid hydrodynamic
drag artifacts, and occasionally retune the cantilever to ensure
maximal consistency of the collected data. see Fig. 1 for an exam-
ple of a typical force curve obtained following this protocol.

1. Load your raw SMEFS data in a Hooke playlist, as described by
the developers elsewhere. The software automatically converts
raw force /distance curves into force/extension curves.

2. Filter curves not containing clear unfolding events using the
software’s features.

3. Apply turther filtering as needed to arrive at a set of force curves
containing clear, single-molecule events in which the mechani-
cal unfolding of the whole polyprotein construct is captured,
i.e., with a detachment distance corresponding to the extension
of a fully stretched polyprotein, and showing all the expected
unfolding events of the globular domains.
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4. A completely disordered domain will not give rise to any

deviation from the ideal Worm-Like-Chain (WLC) entropic
extension behavior. Any repeatedly and consistently observed
deviation from this behavior could correspond to a set of mechan-
ically similar configurations assumed by the disordered domain
during stretching.

4. Notes

. The term “mQ water” is used throughout the text to refer to

ultrapure water having a resistivity of 18.2 MQ/cm at 25°C
and total organic contaminants content inferior to 5 parts per
billion.

. The overall readability of data gathered in an SMES experiment

is highly dependent on the absence of impurities in the buffer
used in the AFM fluid cell. All the buffers should be prepared
with ultrapure mQ water and filtered with 0.20-pm syringe
filters, e.g., Millex-HPF (Millipore, Billerica, MA, USA) imme-
diately prior to use.

. All the chimeric recombinant proteins are expressed in frame

with a Histidine tag (at the N terminus) suitable for purification
but, probably because of its high molecular weight, they have a
low affinity for the NTA-matrix. So the protocol has been
optimized for high recovery and high purity by incubating
two or three times over with the resin the crude sample con-
taining the protein.

. Protein aliquots prepared in this way can be used for SMES

experiments even after several months of storage at —80°C.
The number of curves showing clean mechanical events involv-
ing the whole length of a construct molecule will gradually
decrease in time.

. An alternative (and cheaper) procedure is to stick some adhe-

sive tape on top of the mica, then peel it away to expose a fresh
layer. In this way, it is easy to reuse mica squares several times.

. If you are not working in a cleanroom, take care to protect the

TSG surface from dust contamination during analyte deposition,
for example by placing the TSG in a closed dessicator. In this case,
however, do not use TSGs that were freshly glued to the AFM
metal support disks, because the cyanoacrilate glue vapors can
form contaminating thin films on the exposed drop of analyte.

. It is mandatory to ensure that the AFM head is protected from

mechanical high-frequency vibrations in the surroundings with
some sort of vibration-dampening apparatus. A simple and
cheap approach that gives excellent results is to place the
AFM head on a heavy concrete block suspended via rubber
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bands to a chassis. Using this approach, a reasonable signal to
noise level can be obtained with no extra precautions.

8. It is critical to avoid the inclusion of air bubbles into the AFM
fluid cell when preparing the experiment, and to prevent their
formation when data collection started. Take extra care to
ensure that that all fluid cell connections are air-tight.

9. We have found that in our experimental setup, a pronounced
thermal drift is observed in the first 30-45 min of the SMES
experiment, during which the laser heats the fluid cell to around
28°C when room temperature is around 20°C. Since optical
path proportionality factors of the AFM and the spring con-
stant value of the cantilever can be influenced by the varying
temperature, it is definitely advantageous to wait for this drift to
stop before collecting SMES data. The thermalization time can
of course be reduced by preheating the buffer to around 28°C.

10. During the experiment, it is often useful to empirically fine-
tune the amount of pressure exerted by the cantilever tip on the
surface and the time the tip spends in contact with the surface.
This is because the higher the pressure reached during the
contact phase, and the longer the time spent by the cantilever
at this pressure, the higher the probability that one or more
molecular interactions will be established between the tip and
the surface and/or the analyte molecules. By increasing both
the exerted pressure and surface delay, it is possible to enhance
the occurrence rate of force curves actually containing mechan-
ical signals, at the price of increased aspecific signals and
multiple-molecule stretching events.
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Chapter 4

Visualization of Mobility by Atomic Force Microscopy

Toshio Ando and Noriyuki Kodera

Abstract

Intrinsically disordered regions (IDRs) of proteins are very thin and hence hard to be visualized by electron
microscopy. Thus far, only high-speed atomic force microscopy (HS-AFM) can visualize them.
The molecular movies identify the alignment of IDRs and ordered regions in an intrinsically disordered
protein (IDP) and show undulation motion of the IDRs. The visualized tail-like structures contain the
information of mechanical properties of the IDRs. Here, we describe methods of HS-AFM visualization of
IDPs and methods of analyzing the obtained images to characterize IDRs.

Key words: High-speed atomic force microscopy, AFM, High-speed AFM, Visualization, Dynamic
imaging, Mobility, Mechanical properties

1. Introduction

There are several methods to analyze the structure of IDPs as
described in this book. However, visualization of IDRs is very
difficult by conventional methods. As IDRs are very thin and highly
mobile (and hence take a huge number of conformations), electron
microscopy techniques are incapable of visualizing them (1). IDPs
are hardly crystallized and hence X-ray crystallography is ineffective
for IDPs. AFM can visualize individual nanometer-scale objects
under various environments (2). However, its imaging rate is very
low to capture highly mobile IDRs in aqueous solutions. Of course,
the sample can be dried and immobilized on a substrate surface.
However, the structures become thinner upon being dried, result-
ing in infeasibility of the visualization. Moreover, the drying process
very likely alters the IDR structure, which should be avoided. Thus
far, visualization of IDRs immobilized on a substrate surface in
aqueous solutions has not been successtul, because chemical treat-
ments of a substrate surface are apt to increase the surface rough-
ness, which prevents discerning IDRs (1). Thus, only HS-AFM can

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_4, © Springer Science+Business Media New York 2012
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Fig. 1. Prediction by PONDR (Predictor Of Naturally Disordered Regions, http://www.pondr.
com/) (3) for the ordered and disordered regions of an IDP (a) and an AFM image of the IDP
weakly attached to a mica surface in a low ionic strength solution (b). Imaging rate,
23.8 fps (42 ms/frame); scan range, 80 x 80 nm?; scale bar, 20 nm.

visualize IDRs that are weakly attached to a highly flat surface in
buffer solutions, without chemical immobilization (Fig. 1) (1).

HS-AFM (4, 5) has already been applied to the observation of
dynamic behavior of several proteins in action (6-9), including the
walking behavior of a motor protein myosin V along actin filaments
(6) and the structural changes in bacteriorhodopsin in response to
light illumination (7). However, the dynamics of these proteins are
much slower than that of IDRs on a substrate surface. To visualize
highly mobile IDRs with very thin structures using HS-AFM, we
need to consider several factors, which are described in this chapter.
The molecular movies of IDPs reveal several characteristics of IDPs
including the location of the ordered and disordered regions in
the molecules, mechanical properties of IDRs, and dynamics of
order—disorder transitions of IDRs. Methods to analyze the molec-
ular movies are also described.

2. Materials

2.1. Substrate Surface

Mica (natural muscovite or synthetic fluorophlogopite) has fre-
quently been used as a substrate owing to its surface flatness at
the atomic level over a large area (10). It has a net negative charge
and is therefore quite hydrophilic. For the following procedures,
see Fig. 2.

1. Prepare mica disks (1-2 mm in diameter) from a mica sheet
with thickness of <0.1 mm by cutting holes using a sharp
puncher (see Note 1).

2. Glue a mica disk to the top surface of a sample stage (a glass rod

with 2 mm diameter and 2 mm height) using epoxy and wait
until it has dried (~1 to 2 h) (Fig. 2a).
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Fig. 2. Sample preparation procedures for HS-AFM imaging. For details, see the text.

3. Glue the sample stage onto the z-scanner of the HS-AFM
apparatus using nail enamel and leave it for 5-10 min
(Fig. 2a) (see Note 2).

. Press a Scotch tape to the surface of the mica disk and then
smoothly remove the tape from the mica (Fig. 2b). The top
layer of the mica will be removed with the tape, which can be
checked by inspecting the surface of the removed tape.

. Place a sample solution on the freshly cleaved mica disk surface
for 1-3 min (Fig. 2¢, d) and then rinse using an appropriate
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2.2. Small Cantilevers

2.3. Buffer Solutions

buffer solution and a piece of Kimwipe cleaning paper (Fig. 2e, f)
(see Note 3).

Small cantilevers (BL-AC10DS-A2, Olympus: f; in air 1.5 MHz, f;
in water 600 kHz, k. ~ 0.1 N/m) are commercially available
(Atomic Force F&E GmbH, Manheim, Germany). The small can-
tilevers with a sharp tip made by electron bean deposition (EBD)
are also available as an option (this is highly recommended).
Although not yet commercialized, small cantilevers will soon be
available also from NanoWorld AG (Neuchatel, Switzerland).
When a scanning electron microscope (SEM; a low vacuum type
is reccommended) is available, sharp EBD tips can be easily made
and the expensive small cantilever chips can be used repeatedly (5).

1. Prepare a small container with small holes (~0.1 mm diameter)
in the lid.

2. Put a piece of phenol crystal (sublimate) in the container.

3. Put the container in a SEM chamber (if available, under a low
vacuum condition).

4. Put cantilevers on the lid of the container immediately above
the small holes.

5. Wait for a while until mechanical drift ceases.

6. Irradiate a spot-mode electron beam onto the original tip of the
cantilever. Under a low vacuum condition, the tip grows at a
rate of ~1 pm/min, while under a high vacuum condition it
grows a few times slower (see Note 4).

7. Sharpen the tip (apex radius, ~25 nm) using a plasma etcher
(e.g., PE200E; South Bay Technology, California, USA) in
argon or oxygen gas. The apex radius can be reduced to
~0.5-1 nm in the best case (see Note 5).

Prepare all solutions using pure water. Keep all solutions in glass
bottles, not in plastic bottles. Pure water used for cleaning several
instrument elements such as a cantilever holder, sample stage, etc.
should also be kept in a glass bottle (see Notes 6 and 7).

There is no unique choice for the buffer solution used for HS-
AFM imaging. However, it is recommended to begin with using a
low ionic strength solution such as (10 mM Tris—-HCIL, pH 7.5,
1 mM MgCl,), because IDRs, which are often rich in both posi-
tively and negatively charged amino acids (11), are only weakly
adsorbed onto a bare mica surface. When the mobility of IDRs is
too high to be imaged, the following changes are recommended for
the buffer solution.

1. Change the concentration of divalent cations (Mg>* or Ca®*).
Increase in the concentration facilitates binding of negatively
charged amino acids of IDPs to a negatively charged mica surface.
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2. Reduce the concentration of K* (if contained) which binds to a
mica surface much more strongly than Na* and inhibits the
electrostatic protein—surface interaction.

3. Change pH within an allowable range.

Once IDRs are imaged in a low ionic strength solution, the
ionic strength should be increased gradually by increasing the
concentration of NaCl to examine whether or not the structure of
IDRs are influenced by the low ionic strength (see Notes 8 and 9).

The HS-AFM apparatus will be commercially available worldwide
in 2011 from Research Institute of Biomolecule Metrology, Co.
Ltd., Tsukuba, Japan.

3. Experimental
Methods

3.1. IDP Samples

3.2. HS-AFM Imaging

1. Dilute a stock solution of an IDP (usually ~10 pM order) to
100-200 nM using an appropriate buffer solution containing
protease inhibitors (e.g., 1 mM PMSE, 0.5 mM benzamidine,
20 pg/ml TPCK).

2. Divide the diluted sample into small aliquots (~10 ul) and
quickly freeze them using liquid nitrogen.

3. Just before AFM experiments, thaw an aliquot of the frozen
sample and dilute it to 1-5 nM using an appropriate buffer
solution containing protease inhibitors.

4. Store the further diluted sample on ice and use it within 6 h to
avoid possible proteolysis.

Ordered domains in an IDP usually attach to a mica surface
stably. However, when an IDP is comprised entirely of IDRs, its
mobility on a mica surface is too fast to be imaged. In this case, the
IDP with a small protein tag, such as GFD, chitin binding protein
(CBP), glutathione-S-transferase (GST), or poly-His tag, has to be
constructed. Introducing a small protein tag to either the N- or C-
terminus of the IDP is recommended because it facilitates the
identification of the termini of the imaged elongate molecule.
The protein tags attach to a mica surface stably and thereby the
mobility of IDRs is significantly reduced.

The procedures for tapping-mode HS-AFM imaging, which are
described below, are basically the same as that for conventional
tapping-mode AFM imaging. However, note that in the HS-AFM
apparatus (Fig. 3), the cantilever and the sample are arranged
upside-down so that the cantilever tip points upward to the sample

(Fig. 2g) (4, 5).
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Fig. 3. Schematic of HS-AFM apparatus.
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1. Place a butffer solution (~60 pl) around the cantilever installed
in its holder of the HS-AEM apparatus (see Note 10).

2. Install the scanner, which has a sample on the z-scanner
through the mica-attached sample stage, in the HS-AFM appa-
ratus so that the sample is immersed in the buffer solution
placed around the cantilever (Fig. 2g).

3. Adjust the positions of the cantilever and the sample stage by
observing them through an objective lens of the optical beam
deflection (OBD) detector, optical components, a CCD cam-
era, and a video display, which are implemented in the HS-AFM
apparatus.

4. Adjust the position of the incident laser beam outgoing from
the OBD detector so that it is focused onto the cantilever.

5. Find the cantilever resonant frequency by measuring the power
spectrum of thermal fluctuations in the cantilever deflection.

6. Excite the cantilever by applying AC voltage to a piezoactuator
attached to the cantilever holder. Adjust the frequency of the
AC voltage at the resonant frequency of the cantilever.

7. Finely adjust the laser beam position so that the maximum
amplitude signal from the OBD detector appears (thus, the
optimum sensitivity is attained) (see Note 11).

8. Start tip—sample approach by driving a stepper motor attached
to the scanner.

9. Once the cantilever tip makes contact with the sample, slightly
move the sample stage upward to break the tip—sample contact
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by changing the off-set DC voltage for the z-scanner and then
measure an amplitude—distance curve to estimate the sensitivity
of the amplitude signal to the tip—sample interaction.

Slightly move the sample stage upward to break the tip-sample
contact again and then readjust the AC voltage for cantilever
excitation to attain appropriate free oscillation amplitude of the
cantilever (Ap).

. Adjust the amplitude set point (A;) at ~0.95 x A.
12.

Set the values of parameters for the scan size, number of scan
lines, and scan speed.

Switch on the proportional-integral-derivative (PID) feedback
circuit (see Note 12).

Start imaging (Fig. 2h).
Readjust the amplitude set point so that clear images are
obtained (see Note 12).

Move the imaging area by changing the off-set DC voltages for
the x- and y-scanners. By repeating this operation and video
imaging, we can quickly find IDP molecules and record
dynamic behavior of many IDP molecules.

In HS-AFM, the alteration of imaging parameters is quickly
reflected in the images. Therefore, the operation of HS-AFM is
casier than conventional AFM. However, we have to take the fol-
lowing considerations into account to successfully visualize IDRs.

1.

Cantilever oscillation amplitude: To minimize the tip—sample
interaction force, Ay and A, should be adjusted to ~1 nm and
0.9-0.95 x Ay, respectively.

. Scan range: Within a scan range of 100 x 100 nm?, the entire

of one or two IDP molecules appears when a 1-5 nM sample is
applied to a mica surface. This scan size or a slightly smaller size
is appropriate for high-speed imaging of IDRs.

. Imaging rate: Mobile IDRs are usually captured on video at an

imaging rate of 10-15 fps. When a higher imaging rate is
necessary to record highly undulating IDRs, the imaging rate
can be increased only by reducing the scan range and the
number scan lines. Although a higher rate of imaging with a
wider imaging area is possible, the resulting insufficient feed-
back operation will damage or fillip the IDP molecules due to
too strong tip—sample interaction.

When an IDP is comprised of ordered and disordered regions, we

first estimate which end of the imaged elongate molecule is the
N-terminus by comparing the image with theoretical predictions
for the ordered and disordered regions of the protein (an example is
shown in Fig. 1). We can thereby estimate the locations of these
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3.4.2. Height and Width
of IDR

3.4.3. Mechanical Properties
of IDR

regions in terms of the amino acid sequence. However, this estima-
tion sometimes needs to be checked by the below-mentioned
additional experiments when the arrangement of the ordered and
disordered regions of imaged molecules differs from that provided
by the theoretical predictions (see Note 13). When the arrange-
ment is roughly symmetric along the elongated molecule, we also
need to conduct the additional experiments.

1. Take images of partially proteolyzed samples of the IDP when the
proteolysis products are already characterized (see Note 14).

2. Take images of an IDP construct with a small protein tag at
either the N- or C-terminus.

AFM images can provide the information of sample height with
sub-nanometer accuracy. The identification of IDRs can be made
by measuring the sample height.

1. Take cross-section profiles of the imaged tail-like structure at
various positions along the structure.

2. Subtract the average height of portions at sample-free substrate
surface from the peak heights of the cross-section profiles.

3. Make a histogram of the subtracted peak heights.

The histogram usually shows a Gaussian distribution, and
therefore, the height value corresponding to the peak of the distri-
bution is considered as the height of the IDR. The height of IDRs is
0.4-0.5 nm, which can be used as a criterion for judging the imaged
tail-like structure to be an IDR (see Note 15). The width (2w) of an
imaged IDR is largely affected by the tip radius R: w = (Rp)'/?,
where p is the radius of an IDR. When R is inspected by electron
micrographs of the tip, the value of p can be estimated using the
equation w = (Rp)"/?. However, the mobility of IDRs is often very
high, so that they move during capturing one image. In this case,
the width is only roughly estimated.

The tail-like structure of an IDR can be viewed as a macroscopic or
microscopic one (Fig. 4) (1). An AFM image of an IDR only
provides its macroscopic view because the spatial resolution of
AFM is insufficient to resolve the polypeptide chain. The stiftness
of a macroscopically viewed IDR string is described by the persis-
tence length p of the string. In two dimensions, the mean square
point-to-point distance of the string is given by

<1?(l)>yp = 4pl|1 —2—;’(1 —e7ly | (1)

where / is the contour length between two points on the string (12).
The persistence length p represents the stiffness of a macroscopic
string structure (13). We can estimate the value of p from the result
of best fitting of Eq. (1) to the plot </*({)>,p vs. I (Fig. 4c).
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Fig. 4. Schematic of macroscopic (a) and microscopic (b) views of an IDR and a plot of the
mean-square point-to-point distance as a function of the macroscopic contour length of
an imaged IDR (1). The solid line represents the best-fit curve of Eq. (1).

The value of pis usually 11-12 nm for IDPs (1) (see Note 16) and
thus can be used as a criterion for judging the imaged tail-like
structure to be an IDR.

When the one-to-one correspondence is cleared between
the imaged IDR and its amino acid sequence, we can estimate the
microscopic persistence length L, of the IDR. L, does not represent
the stiffness but represents how loosely the polypeptide chain is
tolded; when L, is small, its polypeptide chain is well folded. For an
ordered globular protein, L, is known to be 0.3-0.5 nm (14, 15).
The microscopic contour length L (i.e., polypeptide chain length)
is larger than the macroscopic contour length. Therefore, for the
relationship between the end-to-end distance of the IDR (g g)
and L, we can approximately use an equation <Lg g*> = 4L,L.
which is obtained from Eq. (1) for / — co. L. can be estimated by
N,, x 0.34 nm, where N,, represents the number of amino acids
contained in the IDR and “0.34 nm” is the average distance
between the nearest neighbor amino acids. When either end of an
IDR adjoins an ordered region, we first measure the direct distance
between the free end of the IDR and the center of the ordered
region and then subtract the half of the height value of the ordered
region from the measured distance to estimate the Ly . When an
IDR locates between two ordered regions, we first measure the
direct distance between the centers of the ordered regions and then
subtract half of the sum of the height values of the ordered regions
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3.4.4. Order-Disorder
Transition

to estimate the Lg_g. Interestingly, the value of L, is usually in a
small range of 1.2-1.3 nm for IDRs (1) (see Note 16). Therefore,
this is also used as a criterion for judging the imaged tail-like
structure to be an IDR.

An IDR is not necessarily always in disordered conformations.
Some IDRs show reversible transitions between the ordered and
disordered states, which clearly appear in the AFM images; the
ordered conformation gives a bright image while the disordered
conformation gives a dark image. By measuring the average life-
times of the ordered state (<7o>) and the disordered state (<tp>),
we can estimate the free energy difference (AE = Eg — Ep)
between the two states using the equation (16)

T0 —AE
— 2
D eXp(kBT) ( )

4. Notes

1. Serrated edge formation, which often accompanies partial
cleavage of interlayer contacts in the mica disk, should be
avoided. Hydrodynamic pressure produced by rapid scanning
of the sample stage induces vibrations of the disk through
movement of the cleaved sites. For high-speed imaging, the
disk should be small (1-2 mm in diameter) to avoid generation
of too large a hydrodynamic pressure (17).

2. The sample stage should be removed from the z-scanner soon
after performing experiments, using ethanol or acetone. When
the stage is tightly glued to the z-scanner after letting it stand
for a long time, the removal becomes difficult and its forced
removal often breaks the z-scanner.

3. Do not tear a cleaning paper to pieces. Avoid the cleaning paper
being touched with the mica surface. The cleaning paper
should be touched briefly with a sample solution on the surface.
Otherwise, dust particles will be contaminated.

4. The total tip length (original tip + EBD tip) should be longer
than 2.5 um. Otherwise, a so-called “squeeze effect” becomes
significant. When an oscillating cantilever is close to the sub-
strate surface, the solution confined between them is squeezed,
which damps the cantilever oscillation and lowers the quality of
AFM images.

5. The plasma etcher also can be used for cleaning used cantilevers,
which lengthens the lifetime of expensive small cantilevers.

6. When water or buffer solutions are kept in plastic bottles for a
long time, nano-particles ooze out into the solutions.
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. The cantilevers, cantilever holder and sample stage should be

cleaned after performing AFM experiments and stored in a
clean container.

. Since not many IDPs are thus far imaged by HS-AFM, the

identification of the ordered and disordered regions by AFM
may be claimed to be artifacts due to the surface—sample inter-
action or the low ionic solutions used. To remove the possible
artifact arising from the use of a low ionic solution, it is best to
use a higher ionic solution if it does not increase the mobility
too much.

. For a limited numbers of IDPs examined thus far by HS-AFM,

we have not found discrepancy between the AFM and NMR
results in the identification of the ordered and disordered
regions of the IDPs.

In HS-AFM, the z-piezoactuator is installed close to the sample
stage immersed in a solution. When the volume of buffer solution
exceeds a certain level, the solution touches the z-piezoactuator,
leading to irreparable damage of the z-piezoactuator.

Because the cantilevers for high-speed imaging are very small,
precisely aligning the laser beam position relative to a small
cantilever cannot be made by the optical view through a 20x
objective lens installed in the OBD detector. Therefore, the
best alignment is judged by the optimum sensitivity of the
OBD detection.

When the amplitude set point A is larger than 0.95 x Ay, the
tip often completely detaches at steep downhill regions of the
sample (parachuting). During parachuting, bright streaks leav-
ing long tails in the x-direction appear. By gradually getting A,
smaller, these bright streaks disappear and clear images are
obtained. However, avoid setting A, smaller than 0.9 x A,
even when clear images appear. Otherwise, the sample will be
damaged. The PID controller implemented in the HS-AFM
apparatus is specially designed so that parachuting does not
occur as far as A is smaller than ~0.9 to 0.95 x A, (5, 18).

When predicted ordered and disordered regions have relatively
small numbers of amino acids, the accuracy of the prediction
seems low. We have to consider the prediction only as a reference.

Analysis of proteolysis products of IDPs has often been carried
out to identify the locations of the ordered and disordered
regions in the amino acid sequence, particularly in NMR anal-
ysis of IDPs. However, we have to keep in mind that even
partial proteolysis possibly removes segments critical for form-
ing disordered or ordered regions.

A tail-like flexible structure of an imaged molecule does not
necessarily means that it is an IDR.
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16. This statement is made based on HS-AFM imaging of a few
numbers of IDPs. Therefore, we are not yet sure whether this is
the case for any IDRs. However, if this is the case, it means that
there is no stable state with an intermediate level of disorder
(or order) and the intermediate level of disorder may only
appear temporarily during transitioning between the highly
ordered and completely disordered structure. This issue
remains an open question.
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Chapter 5

Unequivocal Single-Molecule Force Spectroscopy
of Intrinsically Disordered Proteins

Javier Oroz, Rubén Hervas, Alejandro Valbuena
and Mariano Carrion-Vazquez

Abstract

Intrinsically disordered proteins (IDPs) are predicted to represent about one third of the eukaryotic
proteome. The dynamic ensemble of conformations of this steadily growing class of proteins has remained
hardly accessible for bulk biophysical techniques. However, single-molecule techniques provide a useful
means of studying these proteins. Atomic force microscopy (AFM)-based single-molecule force spectros-
copy (SMES) is one of such techniques, which has certain peculiarities that make it an important method-
ology to analyze the biophysical properties of IDPs. However, several drawbacks inherent to this technique
can complicate such analysis. We have developed a protein engineering strategy to overcome these draw-
backs such that an unambiguous mechanical analysis of proteins, including IDPs, can be readily performed.
Using this approach, we have recently characterized the rich conformational polymorphism of several IDPs.
Here, we describe a simple protocol to perform the nanomechanical analysis of IDPs using this new
strategy, a procedure that in principle can also be followed for the nanomechanical analysis of any protein.

Key words: Single-molecule force spectroscopy, Atomic force spectroscopy, Intrinsically disordered
proteins, Conformational plasticity, Protein nanomechanics
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AL, Increase in contour length

AFM Atomic force microscope

DTT Dithiothreitol

FPLC Fast protein liquid chromatography

E, Average unfolding force

1IDP Intrinsically disordered protein

IPTG Isopropyl B-p-1-thiogalactopyranoside
LB Lysogeny broth

MOPS 3-(N-Morpholino) propanesulfonic acid
MPTS Mercaptopropyl trimethoxysilane
NTA Nitrilotriacetic acid

ODs595 Optical density at 595 nm
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p Persistence length

pES Plasmid for force spectroscopy

SDS Sodium dodecyl sulfate

SDS-PAGE Polyacrylamide gel electrophoresis in the presence of SDS
SMES Single-molecule force spectroscopy

WLC Worm-like chain

1. Introduction

IDPs have not a well defined structure when isolated in solution.
Instead, it has been recently shown that these proteins can adopt
several conformations, some of which may be scarcely populated
and fast fluctuating (1-4). Thus, the characterization of these con-
formers remains a challenging task for bulk biophysical techniques
(5). As a single-molecule technique, SMES provides a unique means
of analyzing this conformational polymorphism, relating protein
conformation to mechanical stability.

In SMES, the protein of interest is stretched in order to measure
its mechanical resistance, typically. This resistance is usually unique
and characteristic in folded proteins. However, the different con-
formations of IDPs may also exhibit diverse mechanical properties.
Hence, SMES techniques provide a way to analyze the conforma-
tional plasticity of these proteins. In the most common SMFES
technique used, AFM, a protein attached to a substrate and the tip
of a cantilever (the force sensor) is stretched (usually in N-C direc-
tion) by a piezoelectric device and the resistance forces are measured
(6). Several approaches have been developed to unambiguously
identify and select single-molecule recordings. Most of these
approaches are based on polyproteins, tandem repeats of proteins
or protein modules, which are easily identified in SMES force-
extension recordings based on the periodicity of equally spaced
peaks seen when the length-clamp mode of the AFM is used (6).
In this so-called saw-tooth pattern each peak typically originates
from the unfolding of an individual protein structure (6-11).
The height of each force peak is used to calculate the mechanical
stability of the protein (F,, defined as the average unfolding force)
while the distance between peaks reflects the length of the protein
region that was previously hidden to the force. By determining the
so-called increase in contour length of the molecule (AL, obtained
after fitting the force-extension recordings to the worm-like chain
(WLC) model of polymer elasticity, 7) the number of amino acids
contained in the force-hidden region of the protein can be calcu-
lated and thus, the position of the mechanical barriers can be
assigned allowing to infer the type of mechanical structures involved
(9,12-14).
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The mechanical unfolding of proteins is a hierarchical
process such that a less mechanostable structure will unfold prior
a more mechanostable one. However, the proximal region of the
force-extension recording is frequently contaminated with nonspe-
cific interactions (15). This spurious contamination can sometimes
mask the mechanical unfolding pattern of the protein under study,
particularly if it has weak mechanostability and /or a complex AL,
pattern (as is the case for some IDPs, (16)).

To circumvent this particular drawback, we have developed a
new family of vectors for general use in protein nanomechanics
(pES for plasmid for Force Spectroscopy, (15)) that contains a
polypeptide with undetectable mechanical resistance by SMES,
as a spacer to bridge the proximal region of the force-extension
recordings (pES-1 version). A second version of the vector (pFS-2)
that carries a multi-cloning site in a tolerant loop of a ubiquitin
repeat (or the 127 module) has also been developed, which allows
the sequence of the protein of interest to be lodged inside its fold,
an approach we have termed “carrier-guest” strategy (15, 16).
Using this approach, the protein of interest will always be stretched
after the unfolding of the carrier protein, and thus far from the
problematic proximal region of the recordings. This strategy has
recently enabled the unambiguous mechanical analysis of a variety
of IDPs (both amyloidogenic and non-amyloidogenic) at the
single-molecule level (16). However, this strategy only guarantees
that our SMES data originate from stretching a single IDP mole-
cule, which could still be involved in a series of interactions (with
the AFM elements, substrate or cantilever tip, or other IDP mole-
cules forming dimers or even oligomers). We have already described
strategies to control each of these interactions (16). For instance for
the case of amyloidogenic IDPs, since they have a tendency to
oligomerize, we used an inhibitor of the oligomerization process
to confirm (by comparison with the untreated sample) that our
SMES data originate from stretching single monomeric molecules
(i.e., intramolecular interactions). Ideally, one could perform
refolding experiments in a buffer devoid of IDPs in solution as a
more general control that would rule out possible interactions
between the IDP molecules.

As amyloidogenic IDPs (and in particular, neurotoxic proteins,
which are causally related to neurodegenerative diseases) exhibit a
well-known amyloidogenic behavior (i.e., formation of toxic oligo-
mers and amyloid fibers), it is of great interest to determine the
aggregation state of the sample in order to select the species of
potential mechanical interest (i.e., monomers, soluble oligomers,
insoluble aggregates, or fibrils). In its original configuration, our
custom-made AEM setup was unable to allow the determination of
the topography of a given sample (17). However, we have recently
added imaging capabilities to this system by integrating commercial
imaging hardware (Dulcinea control unit) and software (WSxM)
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both from Nanotec Electrénica S.L., (http: //www.nanotec.es; (18,
19)). This system is now capable of obtaining an AFM image of a
region, in contact or dynamic mode, and then selecting the area of
interest in order to record a force curve guasi-simultaneously with
the image. However, since there are conflicting technical require-
ments between both modes of AFM, applying this new approach
to the combined analysis of single molecules would require the
development of a new functionalization protocol preserveing the
integrity of the single molecules attached to the substrate (18).

Here, we describe a protocol for the use of the pFS-2 vector to
analyze the mechanical properties of IDPs using the carrier-guest
strategy (see Note 1). This protocol can also be applied in principle
to the nanomechanical analysis of any protein (or protein region)
using either the pFS-1 or pFS-2 vectors. We detail the steps
involved, including the cloning, expression and purification proce-
dures, as well as SMES data acquisition and analysis.

2. Materials

2.1. Cloning,
Expression,

and Purification
of IDPs in pFS-2

The materials used for the cloning, expression, and purification of
the recombinant proteins are all commercially available, and where
relevant, the information of the provider is specified. The materials
related to SMFES data acquisition and analysis are specific to our
AFM setup, which was first described in ref. 17, and then added
with imaging capacities in ref. 18. As such, our setup can perform
quasi-simultaneous imaging-pulling analysis, although the proto-
col described here focuses on pulling. While the protocol we
describe is based on our specific setup, the use of pFS-1/pFS-
2 vectors, their mechanical properties and the criteria for nanome-
chanical analysis are independent of the AFM apparatus used
(see Note 2).

1. pFS-1 and pFS-2 vectors have been described elsewhere in
detail (Fig. la, b; (15, 16)). In brief, these vectors contain a
fragment of around 200 amino acids from the N2B polypeptide
of human cardiac titin (UniProtKB/Swiss-Prot code
Q8WZ42), which unfolds without detectable mechanical resis-
tance and that therefore acts as a spacer, bridging the problem-
atic proximal region of the force-extension recordings (Fig. lc,
d; (20)). In addition, they contain several human ubiquitin
repeats (UniProtKB/Swiss-Prot code POCG47), a protein
with putative chaperone activity and well-characterized
mechanical properties (21, 22). Both vectors contain a series
of interdomain restriction sites (BamHI, Xbal, Sall, Notl,
Spel, BssHII, Xhol, and Kpnl, from the N- to C-terminus,
Fig. la, b) some of which can be used for the directional
cloning of any protein of interest (Notl, Spel, BssHII, and
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Fig. 1. Nanomechanical analysis of IDPs using pFS polyproteins. (@) Schematic representation of the pFS-1 polyprotein. The
ubiquitin repeats are represented by grey boxes and the N2B fragment is represented as a non-folded polypeptide.
(b) Schematic representation of pFS-2. The ubiquitin (or 127) repeat containing the multi-cloning site is located at position 4
of pFS. On the rightis a representation of the carrier-guest construction using both carrier modules: ubiquitin (/eft, with the
multi-cloning site located between residues T9 and G10) and 127 (right, with the multi-cloning site located between A42
and A43). The mechanical clamps of both carrier modules are indicated (6, 22), demonstrating that the guest IDP is “force-
hidden” and that the carrier must unfold prior to stretching the grafted IDP. (¢) Typical force-extension recording of the
pFS-2 polyprotein. The extension gained by the stretching of the N2B fragment, at the beginning of the force-extension
recording, serves as a spacer to avoid the usually contaminated proximal region of the force-extension recordings. The
ubiquitin force peaks are shown in black. (d) Representative force-extension recordings of the pFS-2 + Sup35NM. By
using this vector we can unambiguously resolve a variety of conformations adopted by Sup35NM (NP in the figure), ranging
from mechanically undetectable conformations (putatively random coil, RC, b in the figure, fop trace) to different
mechanostable conformations that exhibit different degrees of mechanical stability (putatively -structured, shown as C
in the recordings). Modified from refs. 15 and 16.
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Xhol). In pFS-2, a multi-cloning site is positioned inside the
fold of either a ubiquitin repeat (containing Agel, BsiWI, Smal,
and Mlul sites, from the N- to C-terminus, located in loop AB
between residues T9-G10, Fig. 1b; (15, 16)) or an 127 module
(Agel and Smal restriction sites located between residues A42
and A43 in the CD loop, Fig. 1b; (16)) to clone proteins
following the carrier-guest strategy. Both multicloning sites
are located behind the resistance region of the modules
(a.k.a. mechanical clamp). The pRSETA vector was used as
the basic platform to construct these vectors (Invitrogen).

. The cloning steps are performed in the E. coli XL1-Blue strain

(Stratagene). The culture medium used is Lysogeny Broth (LB,
10 g/1 Bacto Tryptone, 5 g/I Bacto Yeast extract, 10 g/1 NaCl)
with antibiotic added according to the plasmid vector’s antibi-
otic resistance.

. The recombinant protein is expressed in the E. coli C41(DE3)

strain (23) by 1 mM IPTG using LB medium (see above).

. The purification of recombinant proteins can be performed

using many different approaches, although we use an FPLC
apparatus (AKTA Purifier, GE Healthcare). Depending on the
purity achieved at each step, several chromatography purifica-
tion steps can be performed alternatively or sequentially:

«  Ni**-affinity chromatography: use Histrap HP FPLC col-
umns (GE Healthcare).
— Binding buffer: 50 mM sodium phosphate /500 mM
NaCl/50 mM imidazole [pH 7.4].
—  Elution buffer: 50 mM sodium phosphate,/500 mM
NaCl/500 mM imidazole [pH 7.4].
e Strep-tag affinity chromatography: use Streptrap HP FPLC
columns (GE Healthcare).

— Binding buffer: PBS (137 mM NaCl, 10 mM
Na,HPOy4, 2 mM KH,POy, 2.7 mM KCl, [pH 7 .4]).

— Elution buffer: PBS/2.5 mM desthiobiotin.

¢ Size exclusion chromatography: use Hil.oad 16,/60 Super-
dex TM 200 column (GE Healthcare).

—  Buffer: 100 mM Tris—-HCI [pH 7.5]/1.25-1.5 M gua-
nidinium chloride (this concentration does not dena-
ture ubiquitin or 127 domains allowing the removal of

contaminants that may co-elute with the recombinant
protein; (24, 25)).

5. All concentration and buffer-exchange steps are performed by

ultrafiltration using Amicon 10K filters (Millipore).
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2.2. Preparation of AFM
Substrates

2.3. Data Acquisition
in SMFS

Two SMES substrates have been used with pES-based recombinant
polyproteins: gold-coated substrates, which permit covalent attach-
ment of pES polyproteins through their C-terminal cysteine resi-
dues (26), and NTA-Ni** functionalized glass coverslips, which
attach pFS polyproteins via their N-terminal His-tag (27).
Although gold-coated coverslips can be custom-made by thermal
deposition (13), commercially available gold substrates (Arrandee)
yield acceptable results in SMFS. The following materials are used
in the preparation of NTA-Ni** substrates:

1. Round microscope borosilicate glass coverslips, 14 mm diame-
ter (Thermo Scientific).
2. An oven.
3. Solutions:
e 20N KOH.
e MilliQ water.
e 2% 3MPTS (Sigma-Aldrich),/0.02% acetic acid.
e 100 mM DTT.

¢ 3 mg/ml maleimide-C3-NTA (Dojindo Laboratories) dis-
solved in 10 mM MOPS [pH 7.0].

e 10 mM NiCl,.

All experiments with IDPs using the pFS-2 vector were performed
in the length-clamp mode of the AFM (see below; (6)). Force-
clamp mode and “refolding” protocols to analyze structure forma-
tion can also be used (28). A basic protocol for length-clamp
nanomechanical analysis of IDPs is presented here focusing on the
“unfolding” process to analyze the breakage of structures.

1. 10-20 pl of the pES-2 polyprotein carrying the IDP (see Sub-
heading 2.1) at a concentration of 2-3 uM.

2. AFM substrates, as described in Subheading 2.2.
3. The AFM apparatus:
¢ Multimode AFM head: TVOH-MMAFMLN (Veeco).

e Laser System (Schifter + Kirchhoft): power supply
SK9732C, laser diode collimator 50BM, laser-beam cou-
pler 60SMS-1-4-A8-07, single mode fiber cable SMC630-
5-NA010-3APC-0-50, collimator lens 60 FC-4-M12.

e Fluid cell (Veeco).

e Multiaxis closed-loop PicoCube P-363.3CD piezoelectric
positioner (Physik Instrumente). This piezoelectric posi-
tioner is equipped with a capacitive sensor (PZT-
Servocontroller E-509.C3A, Physik Instrumente) that
allows subnanometer resolution in its displacement.
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2.4. SMFS Data Analysis

¢ AFM controller (JRC Instruments).
e Dulcinea high voltage unit (Nanotec Electronica S.L.).

¢ Data acquisition boards (PCI-6052E and PCI-6703,
National Instruments) mounted into a personal computer.

e Commanding software: Igor Pro (Wavemetrics) and
WSxM (Nanotec Electrénica S.L.).

4. SizN4 AFM cantilevers: Biolever (Olympus) or MLCT-AUNM
(Veeco).

5. UV/Ozone ProCleaner™ Plus lamp (Bioforce Nanosciences
Inc.).

6. Experimental buffer (0.22 pum filtered).
7. Vibration isolation table (Nano-K 25BM-4; Minus K Technology).

All SMES data were collected and analyzed in Igor Pro (Wave-
metrics) using home-made protocols. The analysis is based on the
fitting of the recordings to the WLC, which models the elasticity of
polymers (7). The following parameters are typically analyzed:
p (persistence length), F, (unfolding force), AL, (increase in con-
tour length), total length of the molecule, and extension at which
the force peak appears.

3. Methods

3.1. Cloning,
Expression,

and Purification

of IDPs in the pFS-2

As an example of the use of the pES-2 vector to analyze IDPs, we
focus on the nanomechanical analysis of the Sup35NM prion from
Saccharomyces cevevisine (residues 1-253, UniProtKB /Swiss-Prot
code P05453; (29)), which was cloned into the pFS-2 using the
carrier-guest strategy (16).

Cloning

1. The codifying sequence for Sup35NM was PCR-cloned using
the pJCSUP35 plasmid (Addgene) as the template. As the sites
chosen for the cloning of this sequence into the multi-cloning
site inside the 127 module were Agel and Smal, the synthesized
oligonucleotides primers should contain these sites immedi-
ately flanking the Sup35NM sequence of the oligonucleotide.
The sequences of the primers were (in 5'—3'):

Forward oligonucleotide: ACCGGTATGTCGGATTCAAAC-
CAAGGC

Reverse oligonucleotide: CCCGGGATCGTTAACAACTTCG
TCATCC

The chosen restriction sites are shown in italics (ACCGGT for
Agel and CCCGGQG for Smal).
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2.

The Agel-Sup35NM-Smal sequence is amplified by conventional
PCR using Tag DNA polymerase (New England Biolabs) and
the PCR product is then purified by electrophoresis in a 1.5-2%
agarose gel to clone it into a convenient vector to verify its
sequence before subcloning it into the expression vector.

. The gel-purified PCR product (Agel-Sup35NM-Smal) is

ligated into the pCR2.1 vector (Invitrogen) using T4 DNA
ligase (Fermentas).

Transform competent (“Z-competent”, Zymo Research) XL1-
blue cells with the ligation mix, plate them on LB + agar plates

containing antibiotic (carbenicillin), and incubate overnight at
37°C.

. Using a toothpick, isolate single colonies and grow them over-

night in 5 ml of LB + carbenicillin at 37°C with agitation
(280 rpm) to screen the colonies for the correct insert
sequence. The plasmid DNA is then obtained from the colonies
using the conventional mini-prep method (30), and it is
digested with appropriate enzymes to confirm the presence of
the insert and size by gel electrophoresis. Both strands of the
insert are sequenced to verify it has the correct sequence.

. Once the sequence of the insert is confirmed, repeat steps 2—5

in order to subclone Agel-Sup35NM-Smal (already cloned
into pCR2.1) into dephosphorylated Agel-pFES-2-Smal. It is
now not essential to confirm the correct sequence of the insert
as the probability of introducing errors in the sequence with
this additional cloning step is extremely low. The resulting
expression plasmid will be pFS-2 + Sup35NM.

Expression

1.

Transform Z-competent C41(DE3) cells (23) with pES-
2 + Sup35NM, plate the bacteria on LB + agar Petri dishes
containing antibiotic (carbenicillin) and incubate the inverted
dishes overnight at 37°C.

. The following day, inoculate three colonies in separate tubes

containing 5 ml of LB medium + carbenicillin and incubate
them overnight at 37°C with agitation.

. The following morning, inoculate fresh media with a small

volume of the overnight cultures and incubate them until an
ODs95 of 0.6-0.8 is reached. Induce protein expression by
adding 1 mM IPTG and incubating for 3—4 additional hours
at 37°C with agitation.

. Harvest cells by pelleting at 4,000 x g4 for 10 min and lyse

them for 4 min at 98°C in Laemmli Sample Bufter (5x LSB:
156.25 mM Tris—HCI [pH 6.8], 5% (w/v) SDS, 25% (v/v)
glycerol, and 0.1% (w/v) bromophenol blue). Run an aliquot
ofthe lysed cultures in 8% SDS-PAGE gels and determine which
colony vyields the stronger over-expression of the full-length
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pFS-2 + Sup35NM recombinant polyprotein with the least
degradation, by Coomassie Blue staining or Western blotting.
Then, take 500 pl of this clone (as the expression clone stock),
pellet the cells, add fresh medium with 10% glycerol, and freeze
at —80°C for storage.

. Inoculate 5 ml of LB + carbenicillin with this clone and incu-

bate overnight at 37°C with agitation. The following day,
inoculate 500 ml of LB + carbenicillin with the overnight cul-
ture and repeat step 3.

Purification

1.

Harvest the cells by centrifugation (6,000 x g for 10 min) and
then resuspend them in 20 ml of Ni**-affinity binding buffer
(see Subheading 2.1). Add a 1:1,000 dilution of protease
inhibitor cocktail (Calbiochem) and then snap freeze (liquid
N,) and snap thaw (42°C) the suspension to facilitate cell lysis.

. Add lysozyme (Calbiochem) to a final concentration of 1 mg,/ml

and incubate the cells for 30 min at 4°C. Add Triton X-100 to a
final concentration of 1%, and DNase I and RNase A (Sigma-
Aldrich) to a final concentration of 5 pg/ml each.

. Incubate for 30 min in a rocking platform at 4°C.

. Remove the insoluble debris by centrifugation at 18,100 x g

for 20 min and filter the supernatant through a 0.45 um filter
to prevent clogging of the resin. Store the pellet at —80°C as
this may contain the recombinant protein insoluble in the form
of inclusion bodies.

. Perform FPLC Ni**-affinity chromatography purification using

Histrap HP columns (see the manufacturer’s instructions for
the column specifications; GE Healthcare).

. Separate the eluted fractions by 8% SDS-PAGE to verify the puri-

fication procedure and monitor the proteins in the fractions using
Coomassie Blue staining or Western blotting (using antibodies
against the N-terminal His-tag or the C-terminal Strep-tag).

. Pool the correct elution fractions and perform ultrafiltration

using Amicon 10K filters (Millipore). Repeat the ultrafiltra-
tion step several times to obtain the sample in a convenient
buffer and volume for the next step.

. Repurify the sample by size exclusion chromatography using

the buffer and column specified in Subheading 2.1. Select the
appropriate flow rate based on the molecular weight of
the recombinant protein of interest.

. Extensively dialyze the fractions containing the protein of inter-

est against the final SMES bufter: Tris-HCI 10 mM [pH 7.5].
Repeat steps 67, and leave the sample in the experimental

buffer.
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3.2 Preparation of
NTA-N?Z* Functionalized
Glass Coverslips

3.3. SMFS
of pFS-2 + Sup35NM
(see Notes 3 and 4)

10.

11.

Determine the protein concentration by absorbance at 280 nm
using its theorethical molar extinction coefficient.

Add 5 mM DTT to avoid disulphide bonding through the
C-terminal cysteine residues present in the pFS-2, and divide
the sample into small aliquots (~100 pl). Snap freeze (if the
recombinant protein of interest tolerates freezing/thawing) in
liquid N, and store at —80°C. Aliquots should be snap thawed
(at 42°C) before use.

As mentioned above, two different substrates can be used with the
pES polyproteins. The following is the protocol used to prepare
NTA-Ni** functionalized glass coverslips (27), as gold substrates
are commercially available (Arrandee).

1.
2.

Immerse the coverslips overnight in a 20N KOH solution.

Place the coverslips under a MilliQ water flow for 1 h and then
transfer them to a solution of 2% 3MPTS /0.02% acetic acid for
1 hat 90°C.

. Wash the coverslips in a MilliQ water flow for 1 h and then cure

them for 15 min in an oven at 120°C. Then, cool them at room
temperature for about 10 min.

. Next, transfer the coverslips to a 100 mM DTT solution for

15 min and wash under a MilliQ water flow for 1 h.

. To each coverslip, add a ~50 pl drop of a solution containing

3 mg/ml maleimide-C3-NTA dissolved in 10 mM MOPS [pH
7.0]. Incubate the coverslips for 30 min. Keep the orientation
of the coverslips from now on.

. Wash quickly in MilliQ water each coverslip while holding it.

To each, add a drop (60 pl) of 10 mM NiCl, and incubate them
for 10 min.

. Wash coverslips briefly in MilliQ water (as in step 6) prior to

storage.

. Glue one NTA-Ni** functionalized coverslip (see Subhead-

ing 3.2) on a metal support disc using double-sided tape.

. Wash the coverslip briefly with 20 pl of experimental buffer and

repeat a few times (previously filtered through a 0.22 pm filter).

. Mount the disc onto the AFM head and place a drop of the

buffer (20 microlitersl) and ensure that the laser spot is focused
directly on the center of the drop. Be careful when mounting
the disc as the magnets on top of the piezoelectric device can
displace the disc and break the coverslip.

. Switch off the laser and then add 15-20 pl of the sample

(protein concentration 2—3 uM) to the drop of bufter. Incubate
for 15-30 min at room temperature.
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10.

11.

12.

13.

14.

15.

. In the meantime, switch on the JRC controller and the
oscilloscope.
. Introduce a cantilever (we typically use Biolever cantilevers,

Olympus) into the UV cleaner and switch on the UV for
15-30 s. Leave the cleaner closed as the ozone formed will
further clean the cantilever.

. Meanwhile, fill two 1 ml syringes with filtered buffer (0.22 pm

filter) and insert them into the ports of the fluid cell. Once ready,
quickly place the clean correctly positioned cantilever into the
fluid cell. Keep the cantilever hydrated with a drop of bufter.

. Recover the unbound sample from the substrate. Wash gently

three times with buffer, trying to leave the least amount of
liquid possible on the coverslip.

. Mount the fluid cell. Remove the buffer from the chamber to

avoid overflow of fluid from the o-ring when pressing the fluid
cell onto the coverslip. Once firmly adjusted, gently apply
pressure to the syringes to fill the chamber up.

Switch on the laser and reposition the mirrors in order to focus
the laser directly onto the tip of the selected cantilever and to
obtain the most intense signal in the photodiode.

Open Igor Pro and compile the appropriate data acquisition
and analysis procedures. In our case, these are custom-made.

A spectrum of thermal fluctuations must be acquired. We select
here the first resonance peak of the cantilever (for Biolever
cantilevers the nominal value is 37 kHz in air and a lower
value for our experiments in liquids) in order to calibrate its
elastic constant by the equipartition theorem (31).

Switch on the Dulcinea and Physik Instrumente units and open
the WSxM program (19). Activate the external controllers,
which will send a voltage signal to the Dulcinea controller.
The latter will amplify both voltage signals (the signal from
the external controllers and that generated by the Dulcinea
itself) before sending them to the piezoelectric device.

Switch on the motor and approach the sample until the piezo-
electric positioner enters in range. Then, the position detected
by WSxM will be taken as 0 and the SMES experiments
can start.

Calibrate the cantilever. After measuring the thermal spectrum
(step 12) of the cantilever, its sensitivity must be measured (Sens
[nm/V])byrecording an F-zcurve. This should be performed in
a clean zone of the substrate choosing a region of the recording
where the tip is pressing the surface and the forward and back-
ward traces of the piezoelectric movement overlap. The elastic
constant of the cantilever detected by Igor must be close to the
nominal value specified by the manufacturer (close to 30 pN/nm
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3.4. Data Analysis

16.

17.

18.

19.

for Biolever cantilevers). Otherwise, the cantilever may be
defective and should be replaced.

Once calibrated, choose the SMES mode (length-clamp, force-
clamyp or its variant force-ramp). For length-clamp set the fol-
lowing parameters: pulling speed, extension of pulling, and the
fraction of contact between tip and substrate (see Note 3).

Thermal drift must be controlled, particularly at the beginning
of the experiment, as the temperature inside the fluid cell will
steadily increase by the action of the laser heating until it
stabilizes. Withdraw and approach with the motor (or retract
the piezoelectric positioner) each time the position in z is
corrected, to avoid breaking the cantilever.

On completing the experiment, retract the piezoelectric posi-
tioner and withdraw it with the motor. Restore the force and
position offsets (button “Zero”) before switching oft the
controlling programs.

Switch off all the electronics, the laser, and the oscilloscope.

. The data must be analyzed peak by peak, setting the zero

position as close as possible to the zero measured by Igor.

. The adjustable parameters that can be modified to best fit the

curve to the WLC are the total length, p, and the AL..

. Create a table and record in the analysis procedure all the follow-

ing parameters for every force peak: p, F,, AL, total length of the
molecule, and extension at which the force peak appears.

. Once the table is complete, a histogram for any variable can be

constructed, and it can be normalized and fitted to any func-
tion of interest (Gaussian, Log-Normal, etc.).

The protocol above is suitable for the SMES analysis of
proteins with defined folds, the mechanical properties of
which are usually fixed (6). However, analyzing IDPs is not
that simple particularly when they display conformational poly-
morphism (e.g., amyloidogenic IDDPs like neurotoxic proteins),
as these proteins do not exhibit a single and reproducible
mechanical feature (“signature” or “fingerprint”) in force-
extension recordings but rather, multiple mechanical events.
In order to characterize and unambiguously quantify such poly-
morphisms, we designed the carrier-guest strategy (15, 16).

. Select good single-molecule IDP recordings (see Note 4).

The following criteria must be applied in order to select good
single-molecule IDP recordings when using this strategy for
the nanomechanical analysis of IDPs with conformational poly-
morphism:

(a) The spacer present in the pFS-2 (N2B fragment) unfolds

without detectable mechanical resistance and will appear in
the proximal region of the force-extension recordings
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(~70 nm if the polyprotein is being pulled from its ter-
mini). This allows us to avoid the noisy proximal region of
the force-extension spectra. As such, any recording where
the putative IDP force peak appears in this region is dis-
carded (Fig. 1d).

The recording should show several (less than 6) equally
spaced force peaks as markers, attributable to the unfolding
of the ubiquitin repeats present in the pES-2 vector, the F,
and A L. of which are characteristic and well described in the
literature: F ~ 200 pN and AL. ~ 23 nm (22).

The polyprotein should not exhibit more force peaks than
the number expected based on the construction of the
pES-2 protein (excluding those derived from the unfold-
ing of the IDP due to its mechanical plasticity).

The total length of the unfolded molecule should not be
greater than that of the extended polypeptide (considering
a gain in length of 0.4 nm per stretched amino acid; (12)).

In the carrier-guest strategy, the guest IDP is “force
hidden” inside the carrier module (Fig. 1b) and therefore,
the force peak originated from the unfolding of the carrier
module should always precede (although not necessarily
immediately) the force peaks corresponding to the
unfolding of the grafted IDP (Fig. 1d).

Any force peak that appears at an extension shorter than
that corresponding to the complete unfolding of the car-
rier module (29.5 nm for the carrier 127 and 25.5 nm for
the carrier ubiquitin) is excluded from our analyses as, in
principle, it may originate from spurious interactions
between the IDP and the carrier module.

Only the force data with an AL value that, when summed,
coincides exactly with the AL of the carrier-guest construc-
tion are included in our analyses. In the specific case of
127 + Sup35NM, the latter value is 29.5 nm from the
unfolding of the carrier 127 (“a” in Fig. 1d) and 101 nm
from the stretching of the grafted Sup35NM (“b” and “c”
in Fig. 1d). This ensures an exact measurement of the
expected AL to detect the force events, and allows these
events to be observed far from the problematic proximal
region of the force-extension recordings. Alternatively, if a
classical hetero-polyprotein strategy (10) were used, in
which the protein of interest is placed in series with the
repeats of the marker, many of the force events of the
protein of interest could be hidden by nonspecific interac-
tions between the tip and the sample (particularly those
lower than the mechanical stability of the markers), intro-
ducing false positive data (contamination) into the analyses.
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4. Notes

1. As the carrier-guest strategy described here for unequivocal
SMES of neurotoxic proteins implies the insertion of these
proteins into a carrier, several structural controls for the
carrier-guest protein should be performed in order to rule
out the possibility that artifactual effects may occur in and
between both proteins (e.g., "H monodimensional nuclear
magnetic resonance or circular dichroism), which could induce
structural changes in the grafted neurotoxic protein. Further-
more, controls must be included to ensure that the neurotoxic
protein maintains its amyloidogenic properties when hosted in
the carrier (16), such as amyloid aggregation (turbidometry,
congo Red or thioflavin binding assays) and fibrillogenesis
(imaging AFM or transmission electron microscopy).

2. The specific configuration of our custom-made AFM is pro-
tected by an international patent (PCT/ES2008,/070130)
licensed to Nanotec Electrénica S.L. while the use of pFS
vectors is protected by another international patent (PCT/
ES2011,/070867). The procedures for data acquisition and
data analysis were modified (for connecting with Dulcinea
control unit) from those originally developed by Prof. Julio
M. Fernandez (http: //fernandezlab.biology.columbia.edu).

3. The protocol described in this section is specific for the experi-
ments performed using our AFM setup. As mentioned above,
our AFM combines three electronics: the AFM controller, the
piezoelectric sensors and the high-voltage unit, which itself can
be used also to control the AFM. To that end, several command
lines were added to the original custom-made software written
in Igor to allow crosstalk with WSxM (18, 19).

4. The procedure for refolding (used as a control for unwanted
interactions) includes the following steps: unfolding without
detachment, a series of cycles of limited approach/extension
(to relax and unfold the same molecule away from the substrate
several times), and the final complete stretching. We perform it
using a home-made procedure.
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Methods to Assess Protein Size and Shape



Chapter 6

Sedimentation Velocity Analytical Ultracentrifugation
for Intrinsically Disordered Proteins

Andrés G. Salvay, Guillaume Communie, and Christine Ebel

Abstract

The size of intrinsically disordered proteins (IDPs) is large compared to their molecular mass and the
resulting mass-to-size ratio is unusual. The sedimentation coefficient, which can be obtained from
sedimentation velocity (SV) analytical ultracentrifugation (AUC), is directly related to this ratio and can
be easily interpreted in terms of frictional ratio. This chapter is a step-by-step protocol for setting up,
executing and analyzing SV experiments in the context of the characterization of IDPs, based on a real case
study of the partially folded C-terminal domain of Sendai virus nucleoprotein.

Key words: Intrinsically disordered proteins, Hydrodynamic radius, Frictional coefficient,
Sedimentation velocity, Analytical ultracentrifugation, SEDFIT, Sendai virus nucleoprotein

1. Introduction

The size of intrinsically disordered proteins (IDPs) is large compared
to their molecular mass and the resulting mass to size ratio is unusual
(1, 2). Sedimentation velocity (SV) experiments in analytical ultra-
centrifugation (AUC) is a powerful technique to determine the
molar mass, M, and hydrodynamic (Stokes) radius, Ry, of macro-
molecules in solution (3-6). SV studies macromolecules in solution
that are subjected to a large centrifugal field. SV combines the
separation of the macromolecules and the analysis of their transpor-
tation in view of a rigorous thermodynamics. The transport is
determined by the sedimentation coefficient, 5, and by the diffusion
coefficient, D, which are directly related, for noninteracting species,
to M/ Ry and to 1/ Ry, respectively. AUC is complementary to the
methods based on size determination (e.g., size exclusion chroma-
tography, dynamic light scattering) that probe Ry. As an illustra-
tion, an IDP (monomer) that appears large in SEC can be hardly

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_6, © Springer Science+Business Media New York 2012
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Fig. 1. Frictional ratios of native globular proteins, PMG-like IDPs and coil-like IDPs as a
function of their molar masses. Lines are derived from M/Ry relationships given in Uversky
(2). Data for PMG-like IDPs (filled circles) and coil-like IDPs (filled triangles) are from the
same work. Data for native globular proteins (filled and empty squares) are from
Tcherkasskaya and Uversky (24) and from Cantor and Schimmel (25), respectively.
The Figure is adapted from Manon and Ebel (7), with permission.

distinguished from a dimer. The same IDP will sediment more
slowly than a folded monomer while a dimer would sediment faster,
leading to an easy experimental diagnostic of the extended shape
and association state of the protein (7).

In the last decade, SV data analysis based on numerical solu-
tions of the transport were successfully developed (8-10). In par-
ticular, the ¢(s) analysis allows deciphering sample homogeneity,
evidencing equilibrium of association, and characterizing species
in a very easy way in terms of their s-values (11). It gives indication
of the average shape of the macromolecules present in solution.
It allows determining if further data analysis may provide indepen-
dently determined reliable values for D, thus M and Ry.

The frictional ratio, f/fmin, 18 a very useful parameter for
describing the shape of the macromolecules in solution. It is the
ratio of the hydrodynamic radius to the radius of the anhydrous
volume. The former tells about the size (dimension) of the mole-
cule in solution, the later depends on the cubic root of the molar
mass. The frictional ratio f/fii, depends on the hydration, surface
roughness, shape, and flexibility of the particle. For globular
compact macromolecules, its value is nearly constant, while very
slightly increasing, from 1.15 to 1.3, for M from 5 to 1,000 kDa.
Uversky has classified IPDs in two classes: coil-like and pre-molten
globule (PMG)-like IPDs, according to their M- Ry characteris-
tics (2, 12, 13). We have used the derived M- Ry relationships to
derive f/finin-values (7). Figure 1 shows that f/f,;,-values of IDPs
are significantly larger being compared to compact folded
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globular proteins and increase significantly when the protein has a
larger molar mass. f/fi;, increases from 1.5 to 2 (PMG-like IDPs)
and from 1.6 to 3 (coil-like IPDs) for M increasing from 5 to
200 kDa.

The present chapter represents a detailed protocol for retriev-
ing and analyzing SV data for IDPs. This protocol does not
contain AUC sedimentation equilibrium experiments, which
lead to the determination of M-values, but requires more homo-
geneous and stable solutions. The protocol is based on a real case
study of the partially folded C-terminal domain of Sendai virus
nucleoprotein: Ntail.

Sendai virus belongs to the Paramixoviridae family. Its RNA
genome is tightly packed by many copies of the nucleoprotein,
forming a helical nucleocapsid (14). This nucleocapsid is the matrix
for the polymerase complex during the viral replication. Ntail
domain, 125 residues in length, is known to mediate the interaction
with the polymerase complex by a folding upon binding mecha-
nism. The protein is predominantly unfolded but contains a tran-
sient a-helical motif in its molecular recognition element (15).

2. Materials

1. Analytical buffer: 50 mM Na /K phosphate, 500 mM NaCl, pH 6.

2. The protein solution, in volume and concentration required for
SV measurements at three dilutions (see Notes 1 and 2). The
solvent (10 mL) should be well defined and preferentially
contain salt above 100 mM (see Note 3). Our study used
233 pL of Ntail protein of Sendai virus (15) at 1.16 mg/mL
in 50 mM Na/K phosphate pH 6, 500 mM NaCl.

3. An analytical ultracentrifuge (Optima XLI Beckman) with asso-
ciated program Beckman XL-I. A rotor (4-hole AnTi 60 or 8-
hole AnTi-50, Beckman) (see Note 4).

4. AUC cell assemblies equipped with sapphire windows and
2-channel Titane, aluminum or Epon centerpieces of 1.5, 3,
and/or 12 mm optical path length (Nanolytics or Beckman)
(see Notes 2 and 4) with manual for cell montage (Beckman,
provided with the rotor).

5. The program SEDNTERP created by D. Hayes, T. Laue, J. Philo
and available free (http://www.jphilo.mailway.com/), for
calculating the parameters relevant to SV analysis (see Note 5).

6. The program SEDFIT created by P. Schuck and available free
(http://www.analyticalultracentrifugation.com), for the analy-
sis of AUC experiments (see Note 6).
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7. An UV spectrophotometer for absorbance measurements and
determination of protein concentration in the solution samples
(DU 7400 Beckman).

8. The amino acid sequence as a text file.

3. Methods

3.1. Theoretical
Background

Sedimentation is a transport method akin to diffusion and sedi-
mentation. Sedimentation velocity measures in a rotor spinning at
high angular velocity, o, in the centrifuge, the evolution of the
weight concentration, ¢, with time, #, and radial position, 7. For
each homogeneous ideal solute, and given the sector shaped cells
used in AUC, the transport is described by the Lamm equation:

(0c/0t) = —1/7 9/ 0r[r(csw’*r — D x dc/dr)], (1)

where sand D are the sedimentation and diffusion coefficients of the
macromolecule. sis defined as the ratio of the macromolecule veloc-
ity (cm/s) to the centrifugal field (w®7in cm/s%). sis expressed in
Svedberg unit S (1 S = 10 *3s). sand D are functions of the molar
mass M, the hydrodynamic radius Ry (also referred to as the Stokes
radius Rg) and the partial-specific volume 7 of the macromolecule.
sand D also depend on the solvent density p and viscosity 7.

The Svedberg equation relates s to Ry (or D), M and »:

s=M(1 - pv)/(NabmnRy) = M(1 — p¥)D/RT  (2)

N, is Avogadro’s number and T the absolute temperature. The
sedimentation coefficient is generally expressed as s5,¢ , after correc-
tion for solvent density and viscosity in relation to the density and
viscosity of water at 20°C (p2ow = 0.99832 g/mL; 150 = 1.022
mPa/s):

N0,w = 5[(1 - pZO,wT))/(l - P?)}(W/Wzo,w) <3)
The Stokes—Einstein equation relates D to Ry:
D = RT/(Na6mnRy) (4)

D is often expressed as D, , after correction for temperature and
solvent viscosity compared to the conditions of water at 20°C
(Tro = 293.45 K, 20w = 1.002 mPa/s):

DZO,W = D(TZO/T) (77/7720,“7) <5)

Non-ideality effects in concentrated samples influences sand D.
The sedimentation and diffusion at infinite dilution, sy and Dy, be
derived from the linear approximations:

sV =501 + kye) (6)
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D = Dy(1 + kpe) (7)

In the favorable case of an ideal solution comprising one non-
interacting solute (eventually two), D (thus Ry) can be measured
experimentally from SV experiments from the Lamm equation. The
ratio of Ry to the minimum theoretical hydrodynamic radius R,
of non-hydrated volume, V, of the particle defines the frictional

ratio f/ fiin:
V = (4/3)nRmin> = M%/ Ny (8)
RH - (f/fmin)Rmin <9)

1. In order to choose the experimental conditions and prepare
the analysis, we use the program SEDNTERP for calculating
from the amino acid composition of the protein, M = 13,388
Da, » =0.6989 mL/g and the extinction coefficient at
280 nm, Eg 194280 = 0.933 mg/mL cm. From the solvent
composition: p = 1.023 g/mL, n = 1.067 mPa/s (1 mPa/s
= 1 centipoise (cP)).

2. Equations 2,4, 8, and 9 are used to calculate estimates for sand
D considering a monomeric protein with different shapes. We
use homemade excel sheets. We can also use the calculation
facilities in the program SEDFIT for calculating sy,hericals Rmins
and Dypperical for the anhydrous spherical protein: option/ cal-
culator/ calculate s(M) for spherical particle/. Input values are
M, v, temperature, p and 7. Output values are sgpherical = 2.03 S,
Dypherical = 1.3 % 107 cm?/s, and Ry, = 1.55 nm. Then,
estimates for a globular compact hydrated shape (f/fiin
= 1.25) are: Ry = 1.25 X Ry = 1.9 nm, D = Dgyherica/
1.25=1.0 x 10°° em’/s and s = spherical/1.25 = 1.6 S.
For a rather extended shape (f/fiin =2): Rg =2 X Run
= 3.1 nm, D= Dyperical/2 = 0.6 X 10°¢ cmz/s, and s =
Ssphcrical/ 2=18.

3. Select the temperature of measurement: here, 20°C, because
our sample is stable at that temperature (see Note 7).

4. Use SEDFIT to simulate the sedimentation in our standard
rotor speed for SV experiments of 42,000 rpm (revolution per
minute), i.e. 130,000x 4. Open SEDFIT; generate/single/ fit M
and s instead for s and D: no/dr = 1e-3: OK/rotor speed: change
to 42,000 rpm/simulate. ... yes/acceleration.... OK/Time
interval of scan (sec): write 600 (i.e., 10 min)/number of
simulated scans: write 30 (i.e., 5 h)/std of noise = le-2: OK. In
the table, check component 1 box is marked, write as input value
¢=0.5,D=0.6,and s = 1 corresponding to our hypotheti-
cal extended Ntail, meniscus = 6.0, then: OK; create a folder
to temporary save the generated data; a window opens
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3.3. Experiment

showing in the top panel the superimposition of simulated
sedimentation profiles: the vertical and horizontal axis are the
concentration (stated as absorbance) and radial position,
respectively. Drag the vertical green line at right to » = 7 cm.
Change the scale: display/data range. Copy the screen in
a word file if desired. The SV profiles show at 130,000xg.
important boundary spreading, because the protein is relatively
small; particularly the concentration hardly reaches zero upon
centrifugation. This may decrease the robustness of analysis.
Thus, make the same steps for a simulation at a rotor speed
of 55,000 rpm. Boundary spreading is decreased. Thus,
(220,000xg) is selected (see Note 8). It imposes the choice of
the rotor (AnTi 60) and centerpieces (see Note 4).

. Estimate or measure the absorbance A of stock protein solution

at 280 nm, to decide the dilutions to be made, the AUC
centerpieces to be used, given their path length (/) and the
sample volume (V) (see Note 2). We measured Aygo = 1.24.
We decided to measure SV for the stock solution with / = 0.3
cm, V= 100 pL providing A,y = 0.3 x 1.24 = 0.372, dilu-
tion 4 with /=1.2 cm, V =400 pL providing A, = 1.2
x 1.24/4 = 0.372 and dilution 12 with / = 1.2 cm, V = 400
pL providing Ajyie = 1.2 x 1.24 /12 = 0.124, respectively.

. Prepare the diluted samples (see previous paragraph) and store

the samples at the appropriate temperature (here 4°C).

. Equilibrate the centrifuge at 20°C.

. Prepare the AUC cells assemblies. Details concerning cell

assemblies and practical steps for cell montage and rotor
preparation are described as videos that can be downloaded
((http: //www.beckman.com /resourcecenter/labresources/
sia/cellassy_video.asp?pf'=1) (16)). We prepared three cells
equipped with Ti-centerpieces with / = 0.3 cm (for the stock
sample) and 1.2 cm (for the diluted ones), and comprising
sapphire windows (see Note 9). We filled the sample com-
partments with 400 or 100 pL of sample, and the solvent
compartment with the same volume of solvent.

. Once the cells are closed, check that cells that will be placed in

opposite positions in the rotor have the same weights: the two
12 mm cells, and the 3 mm cell and the counterbalance
(required for instrumentation calibration). Place the cells in
the rotor.

. Put the rotor into the analytical ultracentrifuge, and initiate

vacuum and temperature equilibration at 20°C. Wait for tem-
perature equilibration before the SV experiment, but at least
30 min, irrespective of the temperature reading (see Note 10).
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. During temperature equilibration, start the program Beckman

XL-I. Give a title for each cell and a common localization for
the generated data. Start the AUC at 3,000 rpm (665 x4) and
acquire for each cell a wavelength scan between 240 and
400 nm at a radial position of 6.5 cm (the mean radial position
of the compartments) (see Note 11). Check the absorbance
corresponds to expectation. As a second control, start for all
cells a radial scan at 280 nm (see Note 12).

. Start the SV experiments overnight: In our study, the sedimen-

tation profiles, i.e., Aygo as a function of the radial position, 7,
were measured for each cell every 5 min for 14 h at 55,000 rpm
(see Note 13).

. Stop the data acquisition and centrifugation after night. After

breaking the vacuum, remove the rotor, set off AUC and
remove the cells from the rotor. Rotate the cells to provoke
the displacement of an air bubble within the sample compart-
ment if the samples are to be recovered. Dismount and clean
the cell assemblies.

. Zip the raw data and duplicate them for saving and analysis.

. Open the program SEDFIT (see Note 6) and select, starting

with the more concentrated sample, a set of 20-30 SV profiles
corresponding to the whole sedimentation process (see Fig. 2,
top). We select 1 over 7 profiles for a total of 140 profiles
(time interval: ~40 min, total time 14 h). Fix the meniscus
(air-sample interface) and bottom position and the radial limits
for the fit, avoiding the pellet region at the bottom of the cell.

. Analyze first our data in the model of the ¢(s) analysis. The

analysis considers that the solution contains a continuous distri-
bution of a large number of types of particles, which are char-
acterized by s and are quantified by their absorbencies at
280 nm. The ¢(s) method deconvolutes the effects of diffusion
broadening for obtaining resolution distributions. This is
approximately but efficiently done by assuming that all proteins
have the same shape, which gives a relationship between sand D.
The relation is established through the inputs given for v, f/finin
(which can be fitted), p and 7 (see Note 14). We considered first
50 particles, in the range 0.1-20 S without regulation proce-
dure (see Note 15), with f/fo;, = 1.25 corresponding to com-
pact proteins. Since no aggregates were detected above 4 S, a
second analysis was done in the range 0.1-4 S (see Fig. 2a). A
third analysis was done fitting f/fin leading to f/finin = 2.0
(see Fig. 2b). The quality of the fit increased significantly as
attested by the better superposition of the fitted and experimen-
tal SV profiles (top panels) and the observation of the residuals
(middle panels), the significant decrease of the root mean square
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Fig. 2. Fitting /£, in the ¢(s) analysis of Ntail at 1.16 mg/mL. Print screens were obtained
using the program SEDFIT. Panels a and b show the results of the fit when #/1.;, is fixed at
1.25 and fitted, respectively.

deviation (rmsd). The details of the distributions (bottom
panels) are different, but the general features of ¢(s) are similar
attesting the robustness of this type of analysis.

3. The last ¢(s) analysis is made with 300 particles and a regulari-
zation (F-ratio of 0.95) leading to a more regular ¢(s) distribu-
tion and avoiding possible irrelevant details (see Fig. 3a—c).
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Fig. 3. Sedimentation velocity ¢(s) analysis of Ntail. (a) Superposition of selected experi-
mental (dots) and fitted (continuous line) SV profiles corrected for all systematic noises,
for Ntail at 1.16 mg/mL measured at 280 nm in a 3 mm optical path length centerpiece.
The last profile corresponds to 14 h of sedimentation at 55,000 rpm (220,000 g) at
20°C. (b) Superposition of the difference between the experimental and fitted curves. (¢) ¢
(8) distribution in the range of 0.1-4 S. (d) Superposition of ¢(s) for Ntail at 1.16 mg/mL
and diluted 4 and 12 times. For clarify, ¢(s) are normalized for optical path length and for
sample dilution.

Integrate the main peaks to obtain mean values for s, 5,9 v, and
signals in absorbance units. The peak at 559, = 0.15 S results
most probably from a poor deconvolution of the baseline and
will not be considered further. The peak at 5,0 = 4.4 S (less
than 2%) may be related to a very small amount of larger species
or to a poor deconvolution of the data. Copy the (s) data in a
spreadsheet software (see Note 16).

. Apply steps 2 and 3 for the other cells. Compare the results by

superposing the ¢(s) (see Fig. 3d). Summarize the data (see
Table 1).

. Analyze the rmsd: it is always comparable to the systematic

noise in absorbance data, indicating the fit is nice.

. Analyze the fitted f/fhin: they are much larger than 1.25

corresponding to globular compact particles. This is what we
expect for an IDP (see Note 17).

. Analyze the changes in s with concentration: all Ntail samples

have one main contribution (>86%) at 5,9, = 1.3 S and a minor
species at 50 = 2.5 S. The invariance of the s-values means the
solution may be considered as composed of noninteracting
species: a peak in the (s) represents a species (see Note 18).
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Table 1
c(s) analysis of Ntail

Main species Minor species

Concentration (mg/mL) rmsd  ff, S(S) Sow(S) AbS;em % S(S) Suw(S) %

1.16 0 2 1.13  1.28 1.12 92 21 24 8
0.29 0.01 199 1.17 1.32 0.26 90 2.2 2.5 10
0.097 0 1.81 116 1.34 0.10 99 25 2.8 1

rmsd, f/ fmin, sand s, are obtained from the ¢(s) analysis; Abs .y, is normalized by the optical path length;
%s are given considering 100% for the two types of species

8.

9.

10.

11.

This is fortunate because the analysis of the value of sin terms of
Ry and f/finin (presented below) is only valid in that case.

Analyze the changes of the percentage of the different species
with concentration. If the percentages are constant with dilu-
tion, the minor species is a contaminant. An increase of the
percentage of the larger species when increasing the concentra-
tion would indicate a slow equilibrium of association (see Note
18). Our data are not enough precise to discriminate between
these two cases. Ntail is from SDS-PAGE >95% pure, which
does not solve the ambiguity. In case of interest, complemen-
tary experiments would be needed to characterize this species.

Analyze the slight changes in the s-values for the main peak with
concentration. Non-ideality related to inevitable excluded
volume effect leads to a decrease of s when increasing concen-
tration. This is indeed observed for Ntail (because the deter-
mination of s is accurate). The linear extrapolation of 1/s to
infinite dilution (see Eq. 6) gives sp, which can be used in the
Svedberg equation (see Eq. 2). We extrapolate 5,00 = 1.34 S
(see Note 19).

Attempt to analyze the data in SEDFIT with the noninteract-
ing species model for determining independent values of s and
D, thus M and Ry. Following ¢(s) analysis, we have to consider
two noninteracting species for Ntail. Figure 4a, b shows the
starting and fitted, respectively, values for the fit. Clearly, in our
case, the deconvolution of the signal for the two species is not
straightforward, and the approach is here inappropriate.

Use the Svedberg equation (Eq. 2) combined with Egs. 8 and 9
to calculate Ryy and f/ finin from 5o 20w with different hypothesis
on the association state for the main species. We use homemade
excel sheets. We can also use the calculation facilities proposed
in the program SEDFIT: option/calculator/calculate axial
and frictional coefficient ratios/. Input values are M = 13,388
Da (for a monomer), $ow0 = 1.34 S, 7» = 0.6989 mL/g,
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4. Noninteracting species analysis of the sedimentation velocity of Ntail at 1.16 mg/
Panel a shows the selected input values. They were chosen according to the result of

the c(s) analysis. We considered Component 1 as Ntail monomer, the “concentration” for
component 1 represents the total signal at 280 nm for this cell. Component 2 is the minor
species. The “concentrations” for components 2, 3, and 4 represent the fraction of the
total signal at 280 nm. Panel b gives the result of the fit. The result for relative proportion
of the two species is obviously wrong, meaning the two species are not properly
distinguished.

12.

hydration = 0 (see Note 20), 7= 20 C, p = 0.99828 g/mL,
and 7 =0.01002 P (see Note 21). The outputs are
Ry = 2.66 nm and f/f,in = 1.72. The hypothesis of a dimer
leads to Ry = 5.31 nm and f/fn = 2.72.

Analyze the f/fin results: Fig. 1 shows that f/fi,-values of
1.2 +£0.05, 1.7 £ 0.1, and 1.95 £ 0.1 are expected for an
M = 13,388 Da protein (i.e., Ntail monomer) that would be
globular compact, PMG-like, and coil-like, respectively. The
experimental 040 = 1.34 S is thus compatible with Ntail
as a PMG-like monomer. On the other hand, Fig. 1 shows
that f/fin-values of 1.2 £ 0.05, 1.8 £ 0.1, and 2.2 + 0.1
are expected for an M = 27,776 Da protein (i.e., Ntail dimer)
that would be globular compact, PMG-like, and coil-like,
respectively. The experimental 5,040 = 1.34 S is not compati-
ble with Ntail as a dimer, whatever its shape.
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13. Conclusion: we conclude that the studied solution comprises

essentially of a monomeric protein characterized by f/fmin
= 1.7. Ntail thus belongs to the PMG-like IDP family. This is
in agreement with the fact that the protein is predominantly
unfolded but contains a transient a-helical element.

4. Notes

. The measurement at three concentrations is made for evaluat-

ing nonideal effects and for attesting that the protein is not
undergoing association equilibrium (see Note 18). We typically
use a dilution series between 1, 2, 4 and 1, 4, 16.

. An absorbance between 0.1 and 1.2 in the ultracentrifuge is

optimal. Absorbance can be measured between 230 and
650 nm (typically 280 nm). The absorbance and volume of
the stock sample determines the choice of the optical path
length and the extent of the dilution series. The centerpieces
with optical path lengths of 1.2, 0.3, and 0.15 cm require
typically sample volumes of 420, 110, and 55 pL, respectively.

. Lowering solvent salt below 100 mM may lead to significant

hydrodynamic non-ideality for charged proteins—which is the
usual case. The non-ideality is related to the differential sedi-
mentation of the counter-ions and the macromolecule and to
electrostatic repulsion between proteins and/or to excluded
volume effects (17, 23).

. Rotor 8-hole AnTi 50 is used for AUC experiments performed at

angular velocity up to 50,000 rpm (185,000xg), while 4-hole
AnTi 60 rotor tolerates up to 60,000 rpm (265,000x4). Epon
centerpieces are not to be used above 42,000 rpm
(130,000x4), while Al and Ti centerpieces can be used up to
60,000 rpm (265,000 ).

. The program SEDNTERP allows evaluating, from amino acid

composition, M, » and extinction coefficients of proteins, and,
from the solvent composition, p and 7. For unusual solvents,
p and 7 can be measured experimentally: we use the density-
meter DMA5O0 and a viscosity-meter AMVn (Anton Paar).

. The program SEDFIT uses numerical solution of the Lamm

equation for analyzing SV experiments in different ways.
Detailed help, including step-by-step tutorials is available
online (http://www.analyticalultracentrifugation.com). SED-
FIT incorporates the possibility of accounting for the system-
atic noise of the experimental data, a procedure we routinely
apply. Note the program SEDPHAT, which will not be
described here and is available free on SEDFIT Web page
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(http: //www.analyticalultracentrifugation.com), may be used
for analyzing globally different sets of data, e.g., SV data
obtained at different concentrations.

. SV measurements can be done between 4 and 20°C on our

AUC. The temperature of 20°C is the less time consuming for
temperature equilibration of the rotor prior SV experiments.

. The maximum rotor speed of 60,000 rpm (265,000 x4) should

be even more appropriate but was not selected because our AnTi
rotor is aged.

. Sapphire windows allow the detection of concentration

changes using interference optics in our ultracentrifuge (XLI).
Interference is particularly appropriate when concentrations are
too large (absorbance optics would be saturated), or for the
study or multicomponents systems (see, e.g., refs. 18, 19). In
the present case, the same information is obtained at 280 nm or
using interference, which requires more care in terms of sample
design (solvent has to be rigorously the same in the sample and
reference solvent compartments) and cell montage (the sample
and solvent compartments have to be filled with the same
volume) for the analysis to be easy. Since interference measure-
ments are done without loss of time, we however generally
acquire the two sets of data in case. The modifications of the
present protocols for using interference are not detailed here
for clarity but details can be found in, e.g., ((http://www.
analyticalultracentrifugation.com) (19).

Temperature equilibration is very important because sedimen-
tation depends on solvent viscosity which changes significantly
with temperature.

In addition to angular velocity 3,000 rpm (665 xg) and temper-
ature (20°C), parameters to be defined for each cell are: the
number of measurements to be averaged (2); the wavelength
increment (1 nm).

Radial scan at 665 x4 allows checking the proper filling of the
cells, since the meniscus, i.e., the interface between air and
the solutions (sample and solvent), are easily detected. It will
measure Aygo as a function of 7 at time “zero.” A flat profile is
expected, since the concentration is the same at all radial positions
(at 665 x g, sedimentation is not significant unless for very large
assemblies). The quality of the signal is also checked at that step
(noise should be below 0.01 absorbance unit). The parameters to
be defined for each of the cell are: the wavelength (280 nm); the
range of radial position (5.8-7.2 cm); the number of A,g¢ mea-
surements to be averaged for each radial position (2); the radial
step (0.003 cm); the mode of acquisition (continuous).

Global parameters for SV experiments: 55,000 rpm (220,000 4),
20°C. The duration for scanning the absorbance of the three
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17.

18.

19.

20.
.p =0.99828 g/mL and n = 0.01002 P correspond to water

21

cellsis typically 5 min (for seven cells in the 8-hole rotor, it would
be 12 min). In the method, we define: the interval between
scans (1 min, much below 5 min in such a way the successive
measurements are done as soon as possible); the total number of
scans (typically 200 scans for exceeding overnight and stopping
manually the AUC in the morning -other protocols are possi-
ble); an overlay of four scans (for each of the cells, the superpo-
sition of the last four scans is displayed upon centrifugation).
The parameters for each of the cells are those given above.

The continuous c(s, ffo) model of SEDFIT allowing fitting a
distribution of s and of f/f,;» will not be described here (20).

Use Fratio = 0.5 for the analysis without regularization
procedure. Use F-ratio of 0.68 or 0.95 for analysis with
regularization.

For making Fig. 3, we also copied the raw and fitted data as well
as the residuals.

7/ fmin determination is only valid in theory if the sample is
composed of noninteracting (and ideal) species. In that case,
1/ fmin 1s determined as a mean for all species in solution. It may
be related to the extended shape of the particle but also may
artificially arise from the non-ideality of the solution, which
perhaps would explain in our data the larger apparent values of
1/ finin at the largest concentrations.

For a rapid equilibrium between monomer and dimer, one peak
at s-value intermediate between monomer and dimer is
expected (see, e.g., ref. 21, 22).

The same equation in principle allows determining %, whose
value is related to the particle dimension (17, 23). Our deter-
mination is not precise enough for such analysis.

This is because f;, refers to the non-hydrated protein.

at 20°C, since 530w, value is reported as the input value. Alter-
natively, experimental s-value, temperature, solvent density, and
viscosity can be chosen as input values.
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Chapter 7

Analysis of Intrinsically Disordered Proteins
by Small-Angle X-ray Scattering

Pau Bernado and Dmitri I. Svergun

Abstract

Small-angle scattering of X-rays (SAXS) is a method for the low-resolution structural characterization of
biological macromolecules in solution. The technique is highly complementary to the high-resolution
methods of X-ray crystallography and NMR. SAXS not only provides shapes, oligomeric state, and
quaternary structures of folded proteins and protein complexes but also allows for the quantitative analysis
of flexible systems. Here, major procedures are presented to characterize intrinsically disordered proteins
(IDDPs) using SAXS. The sample requirements for SAXS experiments on protein solutions are given and the
sequence of steps in data collection and processing is described. The use of the recently developed advanced
computational tools to quantitatively characterize solutions of IDPs is presented in detail. Typical experi-
mental and potential problems encountered during the use of SAXS are discussed.

Key words: Small-angle scattering, Solution scattering, Macromolecular structure, Flexible macro-
molecules, Functional complexes, Ab initio methods, Rigid body modeling

1. Introduction

Small-angle scattering of X-rays (SAXS) is a powerful method for
the analysis of biological macromolecules in solution (1). Over the
last decade, major advances in instrumentation and computational
methods have led to new and exciting developments in the
application of SAXS to structural biology including globular pro-
teins, macromolecular complexes and also flexible systems like
IDPs (2-6).

In a SAXS experiment, samples containing dissolved macro-
molecules are exposed to an X-ray beam and the scattered inten-
sity is recorded by a detector as a function of the scattering angle.
Dilute aqueous solutions of proteins give rise to an isotropic
scattering intensity I, which depends on the modulus of the
momentum transfer s (s = 4n sin(0)/4, where 4 is the wavelength

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_7, © Springer Science+Business Media New York 2012

107



108 P. Bernad6 and D.l. Svergun

of the beam, and 20 is the angle between the incident and
scattered beam). The solvent scattering is subtracted and the
background corrected intensity is presented as a radially averaged
one-dimensional curve I(s). For monodisperse solutions of iden-
tical randomly oriented proteins, the SAXS curve is proportional
to the scattering of a single particle averaged over all orientations.

Several overall parameters can be directly obtained from a SAXS
curve providing information about the size, oligomeric state, and
overall shape of the molecule. Moreover, for folded proteins or
macromolecular complexes, low-resolution three-dimensional
structures can be determined from the scattering data either ab
initio or through the refinement using available high-resolution
structures and/or homology models (5). SAXS is routinely
employed for the validation of structural models, analysis of oligo-
meric states, and the estimation of volume fractions of components
in mixtures. SAXS has been actively used also for flexible systems
including solutions of IDPs, but in the past the analysis was often
restricted to the determination of simple geometric and weight
parameters (7). Novel possibilities in the study of such systems
have recently been opened to structural biologists by the advanced
approaches that take the conformational flexibility into account (8).
These studies provide a novel piece of structural information that
has been proven as fundamental to understand biological processes
(9-13). In the present chapter the experimental and methodologi-
cal peculiarities of the use of SAXS for IDPs are presented. We
describe the experimental procedures and the analysis techniques
including the traditional methods providing overall parameters and
also the advanced approaches to characterize the systems in terms of
ensemble distributions.

2. Materials

2.1. Sample Preparation:
General Considerations

SAXS can probe structure on an extremely broad range of
macromolecular sizes, ranging from small proteins and polypep-
tides (a few kDa) to macromolecular complexes and large viral
particles (to several hundred MDa). The proteins can all be
measured in solution under near native conditions, and the effect
of changes in sample environment (like pH, temperature, ionic
strength, ligand addition, etc.) can be easily followed. Still, the
protein solutions must be well prepared, thoroughly purified, and
characterized before doing SAXS experiments.

In general, SAXS requires a few (typically 1-3) mg of highly pure,
monodisperse protein that remains soluble at high concentration.
If the sample is aggregated, the scattering data will be difficult
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or even impossible to interpret (see Note 1). The sample
concentrations must be determined as precise as possible, and
accuracy better than 10 % is required to appropriately normalize
the scattering data and thus to estimate the effective molecular mass
of the solute (see Note 2).

A typical sample volume required for a single measurement is
about 20-60 pl depending on the SAXS station used (see Note 3).
A series of scattering curves is always to be recorded at varying
concentration to ensure that the condition of'a “dilute” solution is
tulfilled. The typical solute concentrations range from about
0.5-1 mg/ml to about 5-10 mg/ml (see Note 4), such that
about 1-2 mg of purified material is usually required for a complete
SAXS experiment on the given protein or construct at the given
conditions (e.g., buffer composition and temperature). Sufficient
amount (>10 ml) of matching buffer(s) must be brought to the
SAXS station to make the buffer collections and to dilute the
samples if necessary. The buffer composition must precisely match
the composition of the sample: even small mismatches in the chem-
ical composition of the solvent between the buffer and the sample
may lead to difficulties during background subtraction. At best, the
last dialysis buffer should be used for the background measure-
ments (see Note 5). The protein solutions are usually centrifuged
prior to the measurements for ca 5 min at ca 13,000 rpm and the
supernatant is taken for the measurements to remove large aggre-
gates (this procedure is especially useful for the samples stored at
—80°C, which were thawed for the SAXS experiments).

3. Methods

3.1. Measurement of the
SAXS Profiles: General
Considerations

Each measurement of the macromolecular solution typically
requires two measurements of the corresponding buffer, before
and after the sample. Note that typically all the SAXS measurements
for the given experimental session are performed in one and the
same measuring cell to ensure that the background scattering
remains unchanged allowing for reliable buffer subtraction.
The sample compartment (which is either a cell with flat windows
or a capillary) is cleaned and refilled after each measurement. In the
past, the cleaning and filling procedure was done manually; nowa-
days, liquid handling robots are becoming more and more popular
to facilitate the automatic data collection (14, 15). On some sta-
tions (e.g., X33 station of the EMBL in Hamburg) remote opera-
tion is possible where the users send the samples and perform the
data collection from their laboratory.

On synchrotrons, SAXS experiments are very fast, and the data
is typically collected within seconds (see Note 6); on laboratory
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3.2. Data Analysis

3.2.1. Primary Analysis
of SAXS Data

X-ray sources, minutes and even hours are required. Using a
robotic operation, the user fills in the tray with the samples and
corresponding buffers, then specifies the sequence of measure-
ments and monitors the progress. The main problem for the user
remains to monitor the bubble-free cell filling (see Note 7). On the
stations with the manual operation, each individual sample should
be filled (without bubbles), then the data collection started, fin-
ished, and the cell compartment cleaned. This cycle is then repeated
as many times as needed to measure all the samples and
corresponding buffers.

The measurements of the SAXS data are usually made below
room temperature (typically, at 5-10°C) to reduce the possible
radiation damage effects. However, SAXS stations normally allow
for controlled measurement of the temperature series, in the range
from ice melting to water boiling points. The temperature measure-
ments are often useful for the studies of the thermodynamic char-
acteristics of IDPs.

There are different strategies and difterent pieces of software available
for the analysis of the SAXS data from IDPs. We shall present here
the protocols based on the use of the program package ATSAS (16),
which allows one to perform major processing and analysis
steps. This package and all the programs mentioned below are
publicly available for download from http://www.embl-hamburg.
de/biosaxs/software.html.

The scattering data are usually collected by two-dimensional detec-
tors, and the images are appropriately processed, corrected, and
reduced to one-dimensional scattering profiles by the local software
of the SAXS stations. The output is typically an ASCII file contain-
ing the subtracted data in columnar format: s, I(s), o(s), where the
latter column represents the standard deviation of the processed
intensity. The normalization and buffer subtraction are performed
following Eq. 1

I(-V) - (Isamplc(s)/nam})lc - Il)Llffcr(S)/Tbuffcr)/‘:a <1)

where Lmpie(s) and Inuser(s5) are, respectively, the measured scatter-
ing data from the sample and the buffer, Tmple and Tiygrer are the
intensities of the transmitted X-ray beam, and ¢ is the solute con-
centration. This basic operation is also often performed by the
station-specific software, scripts, or completely automatically (the
latter is the case at the already mentioned synchrotron X33 station
of the EMBL in Hamburg). In the following we assume that the
radially averaged and subtracted patterns are available and describe
the sequence of actions using the interactive data analysis program
PRIMUS from the ATSAS package (16).
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Fig. 1. Kratky representation of SAXS curves measured for different N-terminal constructions of Src-Kinase. (1) The SH3
domain, globular; (2) the Unique-SH3 fragment of the protein, partly disordered; (3) the Unique domain, fully disordered.
The features observed in the Kratky representation identify the degree of compactness of the polypeptide. Figure made
with the program SASPLOT of the ATSAS package.

1. Load the SAXS curve in PRIMUS.

2. A Kratky representation of the SAXS curve (I(s)s vs s) is an
excellent tool to qualitatively identify conformational disorder
in proteins. Unstructured proteins present a continuous rise of
I(5)s* whereas globular proteins display a peak. Partly disordered
proteins present a mixed behavior depending on the relative
proportion of each of the parts. The Kratky representation of a
SAXS curve can be obtained with the SASPLOT application of
PRIMUS that allows several data representations (see Fig. 1).

3. Using Guinier approximation, R, and the forward scattering,
1(0), are derived from the initial part of the scattering profile
(17). At very small angles the intensity is represented as:

I(s) = I(0)exp <—(5Rg)2 /3). (2)

The R, and I(0) are obtained by a simple linear fit in logarithmic
scale using the Guinier option of PRIMUS (see Fig. 2) where
the optimal range of points for the analysis can be selected
(see Note 8). Note that there is an option AuzoRyg available,
which selects the appropriate range and computes the R, auto-
matically. In some cases, however, it might be useful to cross-
validate the results by interactive analysis.
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Fig. 2. Derivation of the Ry and the /0) values from the initial part of the SAXS curve of the Unique domain of Src-Kinase
using Guinier approximation with the software PRIMUS of the ATSAS package. Experimental data (filled dots) are fitted to
Eq. 2 (straight line), individual discrepancies are displayed (empty dots). The number of points and the R,s range used, and
the resulting R, and /0) are displayed on the top of the figure.

4. An initial quantitative estimate of the compactness of an IDP
can be obtained from the R, using the following Flory’s rela-
tionship as a threshold value (18)

R = (2.54 £ 0.01) N(0522£000), (3)

This equation relates the number of amino acids of the protein,
N, with the expected radius of gyration of a disordered chain
when it behaves as a random caoll, RgRC. Obtaining R, < RgRC
is an indication of compactness with respect to the random coil
(e.g., presence of long-range contacts), if R; > RgRC then
the IDP is more extended than the random coil (e.g., contains
long B-sheet-like regions). Note that this interpretation is not
valid for multidomain proteins containing globular domains
connected by flexible linkers.

5. The forward intensity, I(0), provides the estimate of the molec-
ular weight (MW) of the protein and hence suggests its oligo-
meric state. This is done by comparison of the I(0) value of the
protein studied with that obtained for a standard protein of
known MW and concentration (i.e., Bovine Serum Albumin,
with a MW of 66 KDa, is often used as such a standard)

MWprot = I(O) Mwstand/l(o)stand‘ (4)

prot
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Fig. 3. Distance distribution function, P, of the Unique domain of the Src-Kinase obtained with the program GNOM
implemented in PRIMUS of the ATSAS package. A Diax 0f 12.5 nm was imposed prior to the indirect transformation. The Ry
and the /0) obtained are displayed on the top of the figure.

To apply this equation experimental I(0) values must be
divided by the concentration of the sample in mg/ml, that is
why knowledge of the precise solute concentration is important
(see Subheading 2.1 and Note 2).

6. The distance distribution function, P(7), is defined as the dis-
tribution of distances between volume elements inside the
particle. P(7) is obtained from the SAXS curve with the pro-
gram GNOM (19), which is called directly from PRIMUS or
its automated version AUTOGNOM (16). P(») defines the
maximum particle distance, Dy, beyond which P(7) is equal
to zero (see Fig. 3 and Note 9).

7. The scattering data sets recorded on the same protein in the
same buffer and temperature but at different concentrations,
should be analyzed together to check whether there are
concentration-dependent differences between the data sets.
Typically, the dependences Ry(c) or MW(¢) allow one to
judge, whether the concentration dependence is present.
If this is the case, the data can be extrapolated to infinite
dilution using the Zerconc command of PRIMUS or a sepa-
rately provided AutoMerge program (see Note 10). The pattern
extrapolated to zero concentration should be employed for a
more in-depth analysis in the next section.
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3.2.2. Analysis of SAXS
Curves in Terms

of Ensembles

with the Ensemble
Optimization Method

Highly flexible proteins such as IDPs probe an astronomical
amount of conformations that are in fast equilibrium exchange.
Therefore, their accurate structural description requires its defini-
tion in terms of ensembles. The following points explain in detail
the use of the Ensemble Optimization Method (EOM) which is the
original and most used strategy developed for the structural char-
acterization of flexible proteins using SAXS (20) and is included in
the ATSAS package. Different variations of the EOM principle have
been later reported by other groups (13, 21, 22).

The use of the EOM approach consists in three consecutive
steps:

1. Generation of a pool of conformations.

2. Selection of a sub-ensemble of conformations describing the
SAXS data.

3. Quantitative description of the structural properties of the
selected ensemble.

These most relevant aspects of each one of these steps will be
explained in the following points and associated notes. Reader is
referred to the EOM manual (available in the ATSAS package) for
more specific details about its usage.

1. The three steps of EOM are performed with two different
programs: RanCh (Random Chain) and GAJOE (Genetic
Algorithm Judging Optimization of Ensembles). These pro-
grams are ready to use after the installation of the ATSAS suite.

2. The first step is the generation of a pool of M >> conformations
of the protein of interest that must be a good representation of
the conformational space sampled. The program RanCh,
which is the tool to perform this part, distinguishes between
the two different scenarios:

1. Fully disordered protein (scenario FDP).
2. Multidomain protein (scenario MD) where several globular
domains are connected with (potentially) flexible linkers.

Conformations can be generated also using alternative meth-
ods different than RanCh (see Note 11).

3. The files needed to generate the pool of conformations are:
e A file with the exact amino acid sequence of the protein in a
one-letter code FASTA format ( *.seq).

e The experimental SAXS curve ( *.daz) in ASCII format with
three columns corresponding to momentum transfer s,
Intensity I(s), and experimental error, a(s), associated to I(s).

These two files are sufficient for the FDP scenario. For the MD
scenario, the pdb files ( *.pdb) corresponding to each one of the
globular domains must be provided.
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4. Upon execution of RanCh different parameters and file names
will be asked by the program (see the EOM manual). It is
important to give more detail for two of them:

e Type of model: When modeling disordered proteins [R]
option is preferable (see Note 12).

o Total number of structuves to gemerate. A large number
(~10,000) is required in order to have enough survey of
sizes and shapes to select in the following step (see Note 13).

For each of the structures generated the theoretical scattering
profile is computed using CRYSOL (23). This step is already
incorporated into RanCh. Standard parameters for a CRYSOL
calculation can be used although a larger order of harmonics
(15 is default and 50 maximum) can be used to have more
accurate representation of higher angles.

5. Output files of RanCh are: (These files must be maintained in
the same folder for running following steps).

e junX00.int: This file contains the intensities of the random
models created by RanCh. X is the extension of the new
pdb files

e RanchX.loy: This is a log file containing the parameters
used for the calculation.

*  Size_listZ.txt: Contains the individual Ry and Dy, of all

conformers computed with RanCh. Zis the experimental
SAXS data file name.

6. The selection of a sub-ensemble of conformations describing the
SAXS data is performed with GAJOE. The aim of this part is
finding in the pool of M conformations a subset of N (between
20 and 50) theoretical scattering profiles (chromosome)

1 N
I(s) =5 > Inl), (5)
n=1

that optimally describes the SAXS data when averaged (with the
lowest y* value).

K

2 _ 1 ,“I(-Vj) - Iexp(sj) 2 6
* 1(—1;{ o(s) ] (8)

This procedure is performed using a genetic algorithm (GA)
defined with a number of parameters such as the size of the
chromosome, number of chromosomes per generation, maxi-
mum number of mutations allowed, the number of generations.
The GA is run several times (cycles) starting from different
randomly selected chromosomes. With this strategy a set of
optimal solutions is obtained, one per cycle (see Note 14).
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Default values implemented in GAJOE ensure the optimal
performance of the GA.

. The output files of GAJOE contain information regarding the

GA selection procedure and also about the guantitative descrip-
tion of the structural properties of the selected ensemble (see step
8). These output files are placed in a subfolder named in the
form GAnum where num is the sequential number for every
time the program is run. In each subfolder the following files
can be found:

e GAnum.oy: The log file that reports on the files, the
parameter values used, etc.

o best_curvenum.txt: File showing the number of times each
curve/structure was selected in the final generation of all
cycles.

o selected_ensemmnum.txt: File showing the best 10 ensembles
at the final generation of each cycle.

o profilesZnum.fit: The file with the fit of the best selected
ensemble, i.e., the cycle with the lowest discrepancy y to
the experimental data Z.dat. It also contains the y values

for all cycles. The *.darand * fitfiles can be visualized using
SASPLOT program.

The quality of the fit, x, obtained with EOM should be around
unity and the *.fiz file should not display systematic deviation
between the experimental and calculated data. If this is not the
case, it is an indication that the structures composing the pool
are not good representation of the behavior of the protein in
solution and other alternatives such as oligomerization must be
taken into account (9, 24).

. The quantitative description of the structural properties of the

selected ensemble is also performed by the program GAJOE.
The structural properties that the molecule adopts in solution
are described in terms of distributions of low-resolution struc-
tural parameters such as R, Dy, and anisometry. Therefore,
EOM is a tool to describe the size and shape distributions
sampled by the unfolded molecule in solution (see Note 15).
To calculate these distributions, the Ry and Dy, of the indi-
vidual conformers belonging to the optimal chromosome (the
one that fits best to the SAXS curve) of each cycle are computed
and placed in a histogram by GAJOE. The output files from
GAJOE regarding the structural interpretation, also placed in
the GAnum subfolder, are:

o Size_distrZnum.dat/Ry_distrZnum.dat: Files containing
the Dy, and R, distribution obtained from the sub-
ensembles collected and placed in common histograms.
Distributions from the pool are also included in these files
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10.

for quantitative comparison with the model with complete
conformational freedom (see step 9).

o A subfolder named pdbs which contains the structures that
were selected in the cycle with the lowest y. These struc-
tures are intended to offer a visual inspection of the struc-
tures, but not a high-resolution picture of the preferred
conformations adopted by the protein in solution (see
Note 7). In the MD scenario selected structures can pro-
vide direct insight into the interdomain distances attained
by the molecule in solution (see step 10).

. Direct comparison of size and shape descriptor distributions

obtained for the pool and the EOM selected ensemble
obtained (Size_distrZnum.dat/Ry_distrZnum.dat) puts into
perspective the conformational sampling of the protein. When
pool distributions are a good representation of a random coil
model (see Note 16) then structural phenomena such as com-
paction or enhanced extendedness can be quantified. Sharp
distributions of R, and Dy, suggest the globularity of the
protein (in the MD scenario), while broad distributions indi-
cate large-amplitude motions, see examples in Fig. 4.

In the MD scenario, interdomain distance distributions can be
derived from the ensemble of selected conformations. The
centers of masses of the globular domains of the MD protein
can be derived for the individual conformations, and the distri-
bution of distances can be plotted in a histogram. Comparison
of these distributions with the random coil model implemented
to generate the pool can identify partial ordering in connecting
linkers or transient specific interaction between these domains
(see Note 17). Examples of this analysis have been reported
(20, 25).The specific routines to perform these analyses during
the GAJOE process are under development.

4. Notes

. The sample monodispersity (desirably better than 90 %) has to

be verified in advance by biophysical methods, e.g., by native
gel filtration, ultracentrifugation, and dynamic light scattering.
One must keep in mind that having a single band on an SDS gel
is not sufficient and only a single band on the native gel sug-
gests that one has a monodisperse solution.

. To determine concentrations for SAXS measurements, Brad-

ford assays are usually not sufficiently precise and absorption
OD measurements at the laser wavelength 280 nm are more
reliable. For the proteins lacking aromatic residues the
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Fig. 4. R, distributions derived from the EOM analysis of the synthetic SAXS profiles
computed for rigid structures (filled triangles) and dynamically averaged ensembles of
conformations (empty dots) for (a) di-, (b) tri-, (c) tetra-, and (d) penta-ubiquitin
chains, composed by different number of globular ubiquitin domains connected with a
20-residue-long flexible linker. The vertical dashed lines represent the R, of the confor-
mation used to calculate the synthetic curves for the rigid scenario. See ref. 28 for details.
The different behavior of the R, distributions discriminates flexible proteins (broad
distributions) from rigid arrangements (sharp distributions).

concentration may also be determined using the refraction
index of the solute (i.e., a refractometer can be used).

3. On second generation synchrotrons and on older X-ray labora-
tory sources, one needs about 50 pl and more; on modern
high-brilliance synchrotrons and on new laboratory cameras,
about 10 pl is required. The new trends using microfluidic

devices (26) are expected to lead to sub-pl sample volumes for
SAXS in future.
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4.

10.

Typically, for each sample a concentration series (e.g., 1, 2, 5,
10 mg/ml) has to be measured. If the sample tends to (or may)
aggregate at higher concentrations, it is highly recommended
to bring the low-concentration stocks to the SAXS instrument
and concentrate the samples prior to the X-ray measurements.
If the sample is well behaved, one may bring high-
concentration stocks to dilute them before the measurements.

. To achieve the best SAXS results, the proteins should normally

be dissolved in the buffers yielding close-to-ideal solutions. The
ionic strength and pH should be selected in such a way that the
proteins minimally interact with each other unless it is required
by the nature of the experiment. Any additives (salts, small
molecules, cosolutes, etc.) diminish the contrast of the protein
and increase the X-ray absorption, therefore buffers with exces-
sive amounts of additives (typically, not more than 0.5 M NaCl,
not more than 5 % glycerol, not more than 5 mM ATP, etc.)
should be avoided unless this is not dictated by the biological or
chemical considerations.

. On high-brilliance synchrotrons, the samples can be damaged

by the X-ray radiation even during the seconds and sub-seconds
collection time. A reducing agent (e.g., 2 mM DTT or TCEP)
or an additive slowing down the free radicals (e.g., up to 5 %
glycerol) may be added to the sample before the experiment to
diminish the damage/aggregation during the data collection.
In any case, synchrotron data should be collected in short
individual time frames, which are compared to each other to
detect the radiation damage eftects.

. Having a bubble-free cell filling is extremely important: if an

edge of a bubble (either of the sample or of the buffer speci-
men) is illuminated by the X-ray beam, parasitic scattering
emerges and data will become unusable.

. The momentum transfer range used for Guinier’s approach

must not exceed s < 1.3R,. First points of the curve, if they
are influenced by the primary beam and show nonlinear behav-
ior, must be suppressed from Guinier’s analysis.

. For highly flexible proteins such as IDPs or some multidomain

proteins, Dy, derived from the primary analysis of the SAXS
curve is smaller than the maximum distance that the molecule
can adopt in solution (27, 28). The low population of the
highly extended conformations often induces such an under-
estimation of Dy,,y.

The simplest procedure often used to obtain the scattering
pattern representing the “infinite dilution” case is to take the
lowest concentration data at small angles and the highest con-
centration data at the higher angles and merge the two patterns
using the PRIMUS command Mezge. One should, however,
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11.

12.

13.

14.

15.

keep in mind that this procedure is an approximation and is
only applicable if the data display negligible concentration
dependence at low solute concentrations.

The pool of conformations can be generated with alternative
strategies that also ensure a reasonable sampling of the confor-
mational space. Molecular Dynamic or Monte-Carlo simula-
tions are potential alternatives. Appropriate scripts and
protocols are provided in order to adapt these ensembles to
GAJOE requirements (see EOM manual for details).

RanCh distinguishes between Random model [R] and Native-
like model [N]. In both cases the disordered regions are repre-
sented by self-avoiding C, chains, where the conformation is
defined by the bond and dihedral angles of four consecutive C,
atoms, the so-called quasi-Ramachandran space (see ref. (29)
for details). The difference between both models originates in
the definition of the conformational sampling forced when
building the chain. A Native model, [N], is based on a quasi-
Ramachandran space derived from all residues of a large library
of high-resolution protein structures. Random model, [R],
only take protein residues that are placed neither in a-helices
nor in B-strands (30).

A large number of conformations is required in the pool in
order to provide a vast survey of sizes and shapes for the
molecule. In our experience 10,000 is a reasonable number.
It is worth noting that, at atomic level, the sampling of the pool
cannot be exhaustive as a disordered protein can adopt an
astronomical number of conformations. However, SAXS is a
low-resolution technique and only descriptors of the overall
structural features are relevant.

Uniqueness of the solutions obtained in each of the cycles of
GAJOE in an EOM study is an important aspect. Selected
ensembles derived from repeated cycles starting from different
random selections normally contain different conformations but
they all provide similar low-resolution structural descriptor dis-
tributions such as R, and D,,,,. Therefore, the algorithm is able
to find equivalent minima in terms of distributions but of course
not in terms of individual molecular configurations: the latter is
not identifiable given the low-resolution nature of SAXS data.

Conformations created in the pool are described at atomic reso-
lution. However, the structural interpretation of an EOM analy-
sis of a SAXS curve is restricted to low-resolution descriptors of
these conformations. This situation is a direct consequence of
low-resolution information coded in a SAXS profile. Still, the
distributions provided by EOM yield a major improvement over
traditional approaches that condense all structural characteristics
in the averaged R, values. Attempts to interpret selected ensem-
bles at atomic or residue level are discouraged.
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16. In order to quantify the degree of order of the flexible regions of
the protein studied, structures of the pool must represent the
conformational sampling in a completely disordered state (ran-
dom coil). In that sense, RanCh is a good program as the coil
library used to generate conformations has been proven asa good
model of natively disordered regions. Molecular dynamics simu-
lations are often not a good description of the complete confor-
mational space available due to the limited time of simulation and
the inaccuracy of force-fields to describe residue-specific Rama-
chandran’s space of natively disordered polypeptides.
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Chapter 8

Small Angle Neutron Scattering for the Structural
Study of Intrinsically Disordered Proteins in Solution:
A Practical Guide

Frank Gabel

Abstract

Small angle neutron scattering (SANS) allows studying bio-macromolecular structures and interactions in
solution. It is particularly well-suited to study structural properties of intrinsically disordered proteins
(IDPs) over a wide range of length-scales ranging from global aspects (radii of gyration and molecular
weight) down to short-distance properties (e.g., cross-sectional analysis). In this book chapter, we provide a
practical guide on how to carry out SANS experiments on IDPs and discuss the complementary aspects and
strengths of SANS with respect to small angle X-ray scattering (SAXS).

Key words: Small Angle Neutron Scattering, Contrast Variation, Intrinsically Disordered Proteins,
Hydration Water, Deuterium labeling

1. Introduction

Small angle neutron (SANS) and X-ray (SAXS) scattering have been
used extensively for several decades to study the structural proper-
ties of polymers (1, 2) and bio-macromolecules (3-9) in solution.
They are particularly well-suited to provide information on several
length-scales for unfolded systems (going from radii of gyration
over persistence lengths to cross-sectional analysis). An extensive
review and discussion of the systems studied is beyond the scope of
this book chapter. More recently, SAXS and SANS have been applied
to study the structural properties of unfolded proteins (3, 10-19),
in part by using the concepts developed in the polymer sciences.
Two very interesting and promising recent topics are the presence of
residual native structures (20, 21) and the description of the
unfolded state in terms of explicit conformational ensembles (10,
22). Both findings were stimulated by complementary information

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
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Table 1
Neutron and X-ray scattering lengths of the most
common nuclei found in biological macromolecules (5)

Nucleus beon (1072 cm) fi-rays (1072 cm)
'H —0.3742 0.28

’H (D) 0.6671 0.28

12¢ 0.6651 1.69

4N 0.94 1.97

160 0.5804 2.25

3p 0.517 423

2 0.2847 4.5

from NMR in particular residual dipolar couplings (RDCs), a fruit-
ful combination with high potential for future studies of disordered
proteins (8, 23).

It has been recognized that the study of polymer structures can
benefit from contrast variation and specific deuterium-labeling
using SANS, in particular regarding the cross-sectional analysis (2,
24). It would be desirable to supplement SAXS with SANS datain a
similar way in order to study structural properties of IDPs making
use of the concept of contrast variation (H,O/D,O ratio in solu-
tion and/or deuteration of specific moieties in IDPs). While SAXS
and SANS yield similar parameters at “large” distances (such as radii
of gyration) for IDPs, particular questions that can be specifically
addressed with SANS include the following: (1) how are the inter-
actions of protein and solute organized in solution? (2) solvent
properties in the vicinity of unfolded proteins in contrast to folded
proteins, (3) properties of side-chain flexibility and its effect on the
scattering curve at higher angles, and (4) deviations from the
random-coil model, e.g., excluded volume effects.

While X-rays are sensitive to variations of the electronic density
between the solutes and the solvent, neutrons are sensitive to
variations of the nuclear scattering length density p (5). The neu-
tron scattering lengths &, do not vary in a systematic way with
atomic number as do X-rays (Table 1). The most important feature
for biological applications is the difference in scattering length
between the hydrogen (H) and deuterium (D) nuclei that is the
basis for contrast variation of proteins in aqueous solutions (Fig. 1).
In contrast to polymers, combined SAXS/SANS data analysis on
biological systems is difficult in many cases due to their fragility:
both experiments ideally have to be done on the same sample
within a minimum time delay which is not always possible.
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(per-deuterated)
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Percentage D,0O in HZO/DZO solvent

Fig. 1. Neutron scattering length densities p (in cm~2) of natural abundance and perdeuterated proteins in aqueous
solution. They can be calculated from the chemical composition of the protein, its solvent-excluded volume and the
number of exchangeable hydrogen atoms. At a given H,0/D,0 ratio in solution, “contrast” (=scattering length density
difference) Ap is defined as the difference between the water line and the respective protein line.

2. Material

2.1. Neutron Sources
and Instruments

2.2. Sample State and
Experimental Practice

Small angle neutron scattering (SANS) requires cold neutrons (wave-
lengths ~ 5-10 A). They are produced either in nuclear fission pro-
cesses in reactors or by spallation processes in spallation sources and
moderated to yield a maximum flux near the desired wavelength.
An overview of existing facilities can be found at the following Web
site (http: //www.neutron.anl.gov/facilities.html). An overview of
available SANS instruments is provided under the following link:
http: //www.ill.eu/instruments-support/instruments-groups,/
groups/lss /more /world-directory-of-sans-instruments /. Instru-
mental access usually requires writing and submitting a proposal
that is reviewed by scientific committees of the respective neutron
centers which attribute beam-time based on scientific merit.

SANS is carried out on solution state samples at typical protein
concentrations ranging from about 1 to 10 mg/ml and sample
volumes of the order of 100-200 pl. These conditions are very
similar to those used in SAXS or NMR experiments. Sample holders
are usually glass cells made out of quartz (e.g., Hellma® 100-QS)
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2.3. Sample List for
a SANS Experiment
on IDPs

with optical path-lengths of 1-2 mm (see Note 1). In general, these
(spectrophotometer) cells allow an easier sample manipulation and
access than the capillary system usually applied in SAXS experi-
ments. It should be noted that cells containing specific chemical
elements with high neutron capture rates, e.g., Boron (25) should
be avoided. Due to different contrast conditions (as compared to
SAXS), SANS can tolerate high concentrations of solutes like salt,
sugar, or glycerol without diminishing the signal/noise of the
dissolved proteins in the scattering experiment significantly.
An additional advantage of SANS is that the protein samples do
not suffer from radiation damage and can be recovered for supple-
mental studies after the experiment. SANS experiments usually take
a few minutes to several hours to obtain a good scattering curve,
depending on concentration, sample volume, and contrast condi-
tions. The use of D,O as a solvent can increase the signal /noise of a
natural abundance IDP but should be used with care since many
proteins tend to oligomerize or aggregate in D,O (see Note 2).
Several SANS instruments offer the possibility to control the sam-
ple temperature in a large range during the exposure time. E.g., the
instrument D22 at the Institut Laue-Langevin (ILL), Grenoble,
France, covers the whole temperature range of interest for
biological samples (4-90°C) limited only by practical aspects
(freezing and vaporization of the solution). Good general practice
of SAXS/SANS experiments on proteins in solution has been
reviewed in detail recently (8, 26).

1. IDP in solution. The protein to be studied should be prepared
in the buffer of choice in a concentration series covering the
range from about 1 to 10 mg/ml (e.g., 1,2, 5, and 10 mg,/ml)
(see Note 3). There are no general restrictions on solvent apart
from the fact that it should not contain exotic elements that
absorb neutrons strongly like °B, *Gd, and others (25). The
minimum sample volume that should be prepared at each
concentration is 200 pl. Sample concentrations should be
measured using optical absorbance at 280 nm with the appro-
priate calibrations.

2. IDP buffers. The reference buffers of the samples should match
the buffer containing the protein(s) as faithfully as possible, in
particular regarding the H,O /D50 ratio if contrast variation is
used. If the sample preparation is finished by a dialysis step, the
buffer used during the last dialysis step should be kept and
measured by SANS. If sample preparations imply solubilization
of a lyophilisate, the dissolving buffer should be prepared in
excess in order to serve as reference buffer for the neutron
experiments. The volume of the reference buffer(s) should be
the same as the sample volume and measured in an identical cell
as the one used for the protein sample(s).
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3. Sample holder refevence. The sample holder reference (e.g.,
empty quartz cuvette) needs to be measured in the same
instrumental conditions as the sample(s) and buffer(s) in
order to account for its contribution to the scattered signal.

4. Detector background wmeasuvement. A strongly neutron-
absorbing material (boron composite such as BF,) is usually
measured in order to account for the electronic background
signal on the detector once the incoming direct neutron beam
is blocked. It is usually provided by the neutron facility.

5. Water (H>0) refevence. A pure water sample (same volume as
samples and bufters) needs to be measured in order to calibrate
the detector efficiency and put data on an absolute scale (27). It has
to be measured in the same setup as the other samples /buffers.

3. Methods

3.1. Schematic
Representation of a
SANS Experiment

3.2. Instrument Setup
for IDPs (see Note 4)

Neutrons from
reactor/spallation

— 0:0
_

Instrument optics
(monochromatization etc)

A SANS experiments consists in following the scattered intensity of
a well-defined incoming beam as a function of scattering angle or
scattering vector Q = (4n/A)sinf (where 20 is the scattering
angle) (Fig. 2). If the solution of bio-macromolecules is isotropic
(i.e., the orientation of one molecule does not influence the orien-
tation of the others), the scattered signal is symmetric around the
center of the incoming direct beam. The sensitivity for molecular
weight ranges from a few kilodalton to several Megadalton, the
structural length-scales accessible range from a few Angstrom to
several thousand Angstrom.

In contrast to globular, compact proteins, IDPs require a specific
instrumental setup in a SANS experiment, in particular a wider
angular range (Q-range) has to be covered. Often this cannot be
obtained by a single sample-detector distance but requires several
ones. The lowest Q-value, Qp,i,, should be chosen in a way to allow a

2-dimensional detector array|

Protein solution:
- concentration = 1..10 mg/ml Global properties:

- volume = 100-200 pL - radius of gyration
I @/ - molecular weight

Structural details:
- distance distributions
- persistence length

- cross-section

A

Variable sample-detector distance
to cover several Q-ranges

Fig. 2. Schematic representation of a SANS experimental setup.
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3.3. Raw Data Reduction

proper determination of the radius of gyration (see Subheading 3.4)
fulfilling the condition Qi ~ 0.3/R,. If not known, the R, (in
Angstrom) of the IDP can be estimated in a first approximation from
an unfolded protein consisting of the same number N of amino acid
residues from a power law or from tables (20). For an IDD, the size of
ubiquitin (N = 76) the estimation would yield R, ~ 25 A and
require a Qp,;, of smaller or equal to about 0. 012 A~!in order
to apply the Guinier approximation properly. The upper limit of
the OQ-range used, Q).y, should ensure a proper analysis of short-
distance information (e.g., cross-sectional analysis, Kratky-plots,
etc.) as well as an accurate solvent-subtraction. A good compromise
between these requirements and a decreasing signal /noise at higher
angles restrams the upper limit of the Q-range in practice to about
0.5...1.0 A~! for most instruments. If possible, an additional sample
with high protein concentration (10-50 mg/ml) should be
measured in the high angular range in order to assure a proper
solvent subtraction.

The raw data consist in two-dimensional sets of intensities, recorded
by a detector system (Fig. 2). It is measured both for sample(s) and
the corresponding buffer(s). These data need to be corrected for
detector background (electronic, terrestrial, and cosmic as well as
parasitic radiation from the neutron optics). Background measure-
ments in SANS usually are done using a strongly neutron-absorbing
sample (e.g., boron). The empty sample holder (quartz cuvette) and
awater (H,O) sample are also measured to correct for sample holder
contribution and detector calibration, respectively.

In addition, all samples and references should be measured in
transmission mode in order to determine the respective weight with
which they contribute to the signal. The beam center can be deter-
mined by a strongly coherently scattering sample such as Teflon in
scattering mode or from the transmission experiment of the empty
beam. Raw data can be reduced using software developed at neutron
facilities (e.g., software developed at ILL Grenoble; http: //www.ill.
eu/instruments-support,/computing-for-science /cs-software /all-
software /sans). These programs can also be used to define appro-
priate masks to cut away the parasitic scattering close to the beam
center and beam stop. One-dimensional scattering curves, i.c.,
intensity vs. scattering vector, I(Q), are determined for both sam-
ples and butffers by integrating the 2D pattern in concentric rings
around the beam center.

In a final data step, the buffer intensities need to be subtracted
from the sample intensities in the one-dimensional curves (see Note
5). This can be done using available data visualization and manipula-
tion programs such as PRIMUS (28). It is in general important to
scale the level of both scattering curves at the highest available
Q-values prior to the subtraction. Discrepancies beyond about 2%
in the two levels are usually indicative of differences in sample and
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buffer preparations, often due to a slightly different H,O /D, O ratio
in the solvent.

If a solution of IDDPs is ideal (sufficiently dilute; no interparticle
eftects; isotropically oriented particles; see comments in the Sub-
heading 4) and chemically monodisperse (no mixture of several
oligomeric states and /or aggregation), basic structural parameters
can be extracted from the data and be interpreted as (conforma-
tionally averaged) structural properties of the IDP molecules.
The two most important ones are the radius of gyration, R,, and
the intensity scattered in the forward direction, I(0). Both can be
obtained by a linear fit in an In I(Q) vs. Q plot, the so-called
Guinier analysis (29):

In[I(Q)] = In[I(0)] - 1/3RZQ? (1)

It should be noted that the range of validity of this approxi-
mation for unfolded proteins is only valid up to about Q,.«R,
< 0.7...0.8 rather than 1.0...1.3 for globular particles (30, 31).
As discussed in the instrumental setup, the lower limit for the fit
range, OninR,, should be about 0.3 or lower. An approximation
that is more accurate in a wider Q-range (O Ry < 1.2...1.4) for
IDPs is the Debye equation (32):

~21(0) {

T RYO4
R3O

The radius of gyration describes the weighted distribution of

scattering length density differences (=contrast with bulk solvent)
around the center of scattering length density:

1Q) RZQ? ~ 1 +exp(~R2Q)] (2)

R; = JAp(;)VZdV/JAp(;)dV (3)

Here, 7 is the distance between a scattering element (atom or
residue if several atoms are grouped together) and the center of
scattering length density of an IDP molecule. Please note that R,
can also contain contribution from solvent/solute elements in the
proximity of the IDP if they display a different scattering length
density than the bulk solvent.

In both SANS and SAXS, the I(0) intensity can be related to the
molecular weight of the IDP, Mpp, by a relative comparison to a
known standard (e.g., BSA) (33) which has to be measured at the
same contrast conditions (=protein with same labeling scheme and in
the same bufter as the IDP, in particular at the same H,O /D, O ratio):

Iipp(0) Cgsa 4)
Igsa(0) Cipp

Mpsa is the molecular weight of BSA (=66 kDa) and C the
respective protein concentrations in mg,/ml. As an alternative, it is

Mipp = Mgsa
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3.5. Sophisticated Data
Analysis I: Properties
of the Solvent in the
Vicinity of IDPs and
Solute-IDP Interactions

3.6. Sophisticated Data
Analysis II: Fit of
Complex Mathematical
Expressions that
Describe the Structural
Properties of IDPs Over
Several Length-Scales

possible to determine the molecular weight by SANS in an absolute
manner by calibration against water (H,O) (27):

Iinc(o) f47'5 j_iDP
Iipp(0) 1 — Th,0

2
1
N4 Cppt1073 l(m Z beon — P?q) VIDP] (5)

Iipp(0) is the coherent protein scattering in the forward direc-
tion, I,.(0) is the incoherent scattering from H,O in the forward
direction, Tipp and Ty, are the transmissions of the sample and of
H,O, respectively, Cipp is the protein concentration in mg/ml, ¢ is
the thickness of the quartz cuvette in cm, f'is a correction factor for
the anisotropicity of the solvent scattering as a function of neutron
wavelength (27), Xb.., is the sum of scattering lengths of the
protein atoms in cm (5), pn” is the solvent scattering length density
in cm 2, and Vipp is the solvent-displaced protein volume in cm?
((34), and references therein).

The accuracy of both calibrations is about 10-20% and mainly
limited by the accuracy of the concentration measurement (usually
done by optical absorbance at 280 nm), but also by the accuracy of
the solvent-excluded volume of the protein in solution. The deter-
mination of molecular weight is very important in order to corrob-
orate the oligomeric state of the protein in solution.

Mipp =

One of the strengths of SANS is that the contrast conditions
of proteins, solvents, and solutes are very sensitive to chemical
composition (in particular H/D-exchange) and physical density
(e.g., solvent water in the vicinity of protein surfaces (35)). One
possibility to monitor these properties is via the 1(0) intensity. 1(0)
is proportional to the number N of particles in solution and the
integrated scattering length density differences Ap; of their compo-
nents (protein, hydration shell water, preferentially interacting sol-
ute molecules) with respect to the bulk solvent:

2
1(0) o N(Z Apivz) (6)

Equation 6 has been recently used to study the interaction of
ureca molecules with ubiquitin by comparing I(0) of native and
denatured ubiquitin in a combined SAXS and SANS study (12).

The entire scattering curve (beyond the Guinier- or Debye-range)
can be fitted using mathematical expressions that include structural
parameters over several orders of length-scale. These expressions
may include some or all of the following parameters: 1(0), R, L
(contour length), & (statistical segment length), R., and others (36).



3.7. Sophisticated Data
Analysis lll: Cross-
Sectional Analysis

3.8. Sophisticated
Data Analysis IV:
Kratky-Plots

3.9. Sophisticated Data
Analysis V: Explicit
Ensembles of Structural
Gonformers

8 Small Angle Neutron Scattering for the Structural Study. .. 131

The scattering curve at higher Q-values reflects structural properties
of IDPs at shorter distances, i.e., it is strongly influenced by
the distribution of scattering length densities around the central
backbone. This distribution can be described in terms of the cross-
sectional radius of gyration, R.:

R R
R = JAp(?)Vzdif'/J Ap(P)d7 7)
0 0

Ap is the contrast of the different scattering elements (atoms or
grouped moieties such as residues or side-chains) with respect to
the bulk solvent, » their distance to the cross-sectional center of
scattering length density, and R the maximum distance from this
center. R, can be extracted in a Guinier-like representation of the
data by a linear fit in an intermediate Q-range (for not too small or
too large angles, Q. = 1/R,):

In1(Q)Q] = Aln[1,(0)] - 3 R2Q? ®)

A and I(0) are fit parameters. The experimentally determined
cross-sectional term can be interpreted in terms of the scattering
length density distribution around the center of scattering length
density in the cross-sectional plane (Eq. 7) at different levels of
resolution; e.g., if an ensemble of PDB structures is available it can
be explicitly calculated from the atomic coordinates (see Subhead-
ing 3.9 below). This analysis is also perfectly suited for studying the
side-chain conformations and the structural properties of hydration
water that may have a different scattering density than the bulk
solvent (35).

Kratky-plots (I(Q)Q* vs. Q) are a special representation of the
scattering data and well-suited to analyze structural properties of
unfolded proteins and polymers in solution (37). They contain
information on the overall degree of folding of the protein. Com-
ments on their use and interpretation can be found in the following
publications (2, 3, 37). However, great care has to be taken in their
interpretation since Kratky-plots are particularly sensitive to errors
in buffer background subtraction.

The comparison of back-calculated small angle scattering curves
from ensembles of structural conformers of IDPs has become very
popular over the last 5 years (8, 10, 22). More details are provided
in the chapter on Small Angle X-ray Scattering in this book. It can
also be applied to SANS data if the specific neutron scattering
length densities of protein, solutes, hydration water, and bulk
solvent are taken into account.
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3.10. Concluding
Remarks and
Perspectives

While the principles of data analysis and interpretation are relatively
similar to SAXS, SANS offers the advantage of contrast variation and
specific hydrogen/deuterium-labeling. Contrast variation should
be particularly fruitful for IDPs in the analysis of structural proper-
ties on shorter length-scales (protein-solvent interface, side chain
properties, etc.. . .) by using specific deuterium-labeling schemes as
were used in the polymer sciences (2, 24). In addition, segmental
labeling schemes as introduced in NMR recently (38)—if applied as
H/D-labeling to IDPs—may also provide valuable structural
restraints on distance distributions at larger distances (~R,).
We believe that in both regimes SANS has the potential to provide
very useful structural information on IDPs in the near future that
can complement SAXS studies.

4. Notes

This section contains a list of typical problems that may be encoun-
tered during a SANS experiment and indications on how to avoid
them or minimize their impact.

1. Water condensation on quartz cuvettes. One of the most com-
mon potential sources of error in a SANS experiment can be the
condensation of water vapor on quartz cuvettes or in the
sample /buffer aqueous solution. This can happen when sam-
ples (or cuvettes) are transferred from a cold temperature (cold
room) to room temperature environment, and falsify SANS
results, in particular for D,O samples. Therefore, the quartz
cuvettes containing samples should be sealed in order to mini-
mize condensation in the solution and condensed water on the
outside surface of the sample holder should be carefully wiped
off prior to the neutron experiments.

2. Decreased solubility (attractive interparticle interactions) in sol-
vents containing large amounts of D,0. The physicochemical
properties of D, O are different with respect to those of H,O, in
particular the hydrophobic interaction (39). While popular in
SANS experiments in order to increase contrast (for hydroge-
nated proteins) and to reduce the incoherent background from
H,0, D,O has been observed in several cases to increase the
tendency of proteins to oligomerize, aggregate, or precipitate in
solution. While a precipitate of very large molecular weight
(all linear dimensions large with respect to the protein of inter-
est) may be tolerated, different oligomeric states of proteins in
solution will influence the data analysis of the protein of interest.
If the aim of the study is a modeling/characterization of a
specific protein state (and not the properties of an oligomeric
equilibrium), this situation must be avoided. Therefore, the
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oligomeric state of the protein should be characterized prior to
the SANS experiments with complementary techniques
(analytical ultracentrifugation, dynamic/static light scattering,
gel filtration, etc.) 2z D,0. During a SANS experiment, it is in
general important to monitor the oligomeric state as a function
of protein concentration (both in H,O and in D,O) using the
approaches described in the Subheading 3.4 (Eqs. 8.4 and 8.5)
and the ones presented in the next paragraph.

. Repulsive interparticle interactions. In some cases (mostly
charged bio-macromolecules such as DNA or RNA), repulsive
interactions can be observed in a SANS experiment, influencing
mainly the data interpretation at low angles (radius of gyration,
molecular weight, etc.). Usually, these effects tend to increase
with increasing protein concentration. They should be avoided
in a SANS experiment if they are not themselves the subject of
interest. In order to identify their presence in a given IDP
sample, it is important to run a concentration series, typically
in the range 1-10 mg/ml, as described in the Subheading 2.3
and plot the I(Q)/Cipp series graphically. If all curves super-
pose, it is generally a strong argument that there are no inter-
action effects in the sample. If there is a concentration
dependence on the shapes of the scattering curves I( Q)/ Cipp,
interaction effects play a role and two remedies are possible:
(a) Lowering the sample concentration as far as possible in
order to minimize the effects while conserving a good signal /
noise. (b) Change the buffer properties (e.g., ionic strength,
pH) in order to screen the long-range electrostatic effects that
may be at the origin of the interparticle effects.

. Atall stages of a SANS experiment, it is advisable to be in touch
with a local contact at the neutron facility (instrument respon-
sible or experienced user) that can help out to (1) optimize the
writing of a proposal, (2) discuss sample preparation, (3) carry
out the experiment, and (4) help with the data analysis.

. Solvent subtraction. Even in a carefully prepared SANS experi-
ment (see Subheading 2.3 above) the scattering intensity of the
sample might not align with the corresponding buffer at the
highest measured angles (Q,.)- Since the absolute level of
scattering at high angles in SANS is mainly determined by the
incoherent scattering of hydrogen atoms, this discrepancy is in
most cases due to slightly different levels of HO /D, O solvent
in the sample and buffer or stems from differences in the H/D-
density between the proteins and the solvent they displace. The
most consistent strategy to adopt when sample and bufter levels
differ at high angles is to scale the buffer level to the sample
level. If they align a subtraction can be carried out. If the
sample curve crosses the buffer line at high angles (=different
slope), the highest angles are not sufficient to determine an
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accurate subtraction. The most consistent strategy is then to
slightly “under-subtract” the bufter assuming that the sample
curve will continue to decrease at higher angles. A high-
concentration sample (=10-50 mg/ml) may also be helptful
in some cases to accurately subtract the buffer at high angles.
In this case, it is important to check the consistency of high-
concentration and low-concentration samples (<10 mg/ml) in
an intermediate Q-range by checking their alignment.
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Chapter 9

Dynamic and Static Light Scattering
of Intrinsically Disordered Proteins

Klaus Gast and Christian Fiedler

Abstract

Molecular parameters such as size, molar mass, and intermolecular interactions, which are important to
identify and characterize intrinsically disordered proteins (IDPs), can be obtained from light scattering
measurements. In this chapter, we discuss the physical basis of light scattering, experimental techniques,
sample treatment, and data evaluation with special emphasis on studies on proteins. Static light scattering
(SLS) is capable of measuring molar masses within the range 10°-10% g/mol and is therefore ideal for
determining the state of association of proteins in solution. Since proteins are in general too small to obtain
the geometric radius of gyration Rg from SLS, it is more useful to determine the hydrodynamic Stokes
radius, Rg, which can be obtained easily and quickly from dynamic light scattering (DLS) experiments.
Accordingly, DLS is an appropriate technique to monitor expansion or compaction of protein molecules.
This is especially important for IDPs, which can be recognized and characterized by comparing the
measured Stokes radii with those calculated for particular reference states, such as the compactly folded
and the fully unfolded states. The combined application of DLS and SLS improves measurements of the
molar mass and is essential when changes in the molecular dimensions and molecular association /dissocia-
tion take place simultaneously.

Key words: Dynamic light scattering, Static light scattering, Molecular mass, Stokes radius, Transla-
tional diffusion coefficient, Proteins, Compactness, Size distribution, Folding

1. Introduction

The experimental discovery of intrinsically disordered proteins
(IDPs) was based mainly on two observations: lack of ordered
secondary structure and atypically large molecular dimensions of
particular proteins under conditions, where the proteins were
found to be fully active. For an exploration of the molecular dimen-
sions of IDPs, coupled with thorough control of their monomeric
state, the combination of dynamic light scattering (DLS) and static
light scattering (SLS) is a method of choice.

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
DOI 10.1007/978-1-4614-3704-8_9, © Springer Science+Business Media New York 2012
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1.1. Light Scattering:
Basic Principles and
Instrumentation

It is worth mentioning that the unexpected results of size
exclusion chromatography (SEC) led to much confusion before
the protein community became aware of the extraordinary proper-
ties of IDDPs. Since a compact globular structure was expected, the
apparently large molecular masses were interpreted assuming an
oligomeric structure for the protein under study. Despite some
earlier work pointing to the unfolded nature of those proteins
(1-5), the beginning of extensive investigations leading to the
realization of the importance of this unusual behavior can be
dated roughly to the middle of the 1990s (6-8).

DLS and SLS measurements yield completely different macro-
molecular quantities. From DLS experiments, hydrodynamic para-
meters of macromolecules in solution, for example the Stokes
radius Rg, can be obtained. An advantage over other hydrodynamic
techniques is that DLS is fast, entirely noninvasive, and studies can
be done under a wide variety of solvent conditions. The curiosity of
being a hydrodynamic rather than an optical method results from
the fact that DLS analyzes the temporal fluctuations of the light
scattering intensity caused by hydrodynamic motions in solution.
The connection to the light scattering process itself, which had
been studied for a long time before the advent of DLS by measur-
ing time-integrated or static light scattering (SLS), is important for
several reasons. First, SLS enables the mass of the scattering parti-
cles to be determined, which is a useful complement to measure-
ments of the hydrodynamic dimensions. Secondly, since the
scattering effect is something like a weighting factor in a DLS
experiment, its knowledge is essential for proper application of
the method. Therefore, we shall discuss the basics of light scattering
before turning to the application of DLS to studying the dimen-
sions and conformational transitions of proteins.

As a consequence of recent technical developments, light scat-
tering can now be considered as a standard laboratory method.
Several compact instruments are on the market that are valuable
tools for protein analysis. Measuring SLS and DLS in one and the
same experiment is particularly useful for studying the molecular
dimensions of IDPs. Further improvements have been achieved by
combining light scattering and particle separation techniques.

The following short introduction to both methods is an attempt to
supply readers who are not familiar with these techniques with an
intuitive understanding of the basic principles and the applicability
to protein folding and aggregation problems. We will therefore
only recall some of the more fundamental equations. A clearer
and more detailed understanding can be achieved on the basis of
numerous excellent textbooks (9-14).

The theory of light scattering can be approached from either
the so-called single-particle analysis or the density fluctuation view-
point. The single-particle analysis approach, which will be used
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here, is both simpler to visualize and adequate for studying the
structure and dynamics of macromolecules in dilute solutions.
The concepts of light scattering from small particles in vacuum
can be applied to the scattering of macromolecules in solution by
considering the excess of various quantities (e.g., light scattering,
polarizability, refractive index) of macromolecules over that of the
solvent.

The strength of the scattering effect depends primarily on
the polarizability « of a small scattering element, which might be
the molecule itself if it is sufficiently small. Larger molecules are
considered as consisting of several scattering elements. The oscillating
electric field vector Eo(z, 7) = Ege#@*~k7) ofthe incident light beam
induces a small oscillating dipole with the dipole moment

B(#) = aE(¢). w is the angular frequency and ko is the wave vector
with the magnitude ‘Zo’ = 2nng /2. This oscillating dipole re-emits

electromagnetic radiation, which has the same wavelength in the case
of elastic scattering. The intensity of scattered light at distance 7 is

167* o2
IS:A—A}?IOa (1)

where 4 is the wavelength in vacuum, 7 is the refractive index of
L2
E|

incident vertically polarized laser beam. Equation (1) differs only
by a constant factor for the case of unpolarized light. In general, the
scattered light is detected at an angle 0 with respect to the incident
beam in the plane perpendicular to the polarization of the beam

(Fig. 1). The wave vector pointing in this direction is Zég, where %
and kg have the same magnitude (Fig. 1).

the surrounding medium, and Iy = is the intensity of the
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Fig. 1. Schematic diagram of a laser light scattering instrument.



140 K. Gast and C. Fiedler

1.2. Static Light
Scattering

An important quantity is the vector difference § = ko — ks, the
so-called scattering vector, which determines the spatial distribution
of the phases ¢; = 4 -7 of the scattered light wave emitted by
individual scattering elements 7 (Eq. 1 and Fig.1). The magnitude
of 4 is 4 = (4nn/2)sin(6/2). The phases play an essential role for
the total instantaneous intensity, which results from the superposition
of light waves emitted by all scattering elements within the scattering
volume » defined by the primary beam and the aperture of
the detector. The instantaneous intensity fluctuates in time for non-
fixed particles, like macromolecules in solution, due to phase fluctua-
tions ¢;(¢) = g - #;(¢) caused by changes in their location 7#;(z).

SLS measures the time average of the intensity, thus the term
“time-averaged light scattering” would be more appropriate,
although “static light scattering” appears the accepted convention
now. SLS becomes g-dependent for large particles, when light
waves emitted from scattering elements within an individual parti-
cle have distinct phase differences.

DLS analyzes the above-mentioned temporal fluctuations of
the instantaneous intensity of scattered light. Accordingly, DLS can
measure several dynamic processes in solution. It is evident that
only those changes in the location of scattering elements lead to
intensity fluctuations that produce a sufficiently large phase shift.
This is always the case for the translational diffusion of macromo-
lecules. The motion of segments of chain molecules and rotational
motion can be studied for large structures. Rotational motion of
monomeric proteins and chain dynamics of unfolded proteins are,
in practice, not accessible by DLS.

The light scattering intensity from a macromolecular solution can
be calculated using (Eq. 1) and summing over the contributions of
all macromolecules in the scattering volume v. It is useful to substi-
tute the polarizability o by appropriate physical parameters. This
can be done by applying the Clausius—Mosotti equation to macro-
molecular solutions, which leads to 7> — ng =47 N'o, where n and
ng are the refractive indices of the solution and the solvent, respec-
tively. N is the number of particles (molecules) per unit volume and
can be expressed by N’ = Nyc/M. Nj is Avogadro’s number, ¢ and
M are the weight concentration and the molecular mass (molar
mass) of the macromolecules, respectively. Using the approxima-
tion 7 + 1 ~ 2my we obtain #? — nd ~ 2ny(dn/dc)c. On/dc is the
specific refractive index increment of the macromolecules in the
particular solvent.

The excess scattering of the solution over that of the solvent
Ix = Lolution — Lsolvenr Of noninteracting small molecules is then

41202 (On/dc)*

v v
ICX = T ﬁCMIO = Hﬁ CMI(). <2)
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The optical constant H = 47 n%(@n/80)2/24 N, depends only
on experimental parameters and the scattering properties of the
molecules in the particular solvent, which is reflected by d#n/0«.
The exact knowledge of 9n/0¢, the dependence of # on protein
concentration in the present case, is very important for absolute
measurements of the molecular mass. For proteins in aqueous
solvents of low ionic strength d7/dc is about 0.19 cm?® /g and does
not depend significantly on the amino acid sequence. However, it is
markedly different in solvents containing high concentrations of
denaturants.

One can eliminate the instrument parameters in (Eq. 2) by
using the Rayleigh (excess) ratio R, = (Ix/Ip)(7? /7). In practice,
R, of an unknown sample is calculated from the scattering inten-
sities of the sample and that of a reference sample of known Ray-
leigh ratio Rt by

Rq = chfﬁorr (ch/Ircf) ) <3)

feorr 18 an experimental correction factor accounting for differences
in the refractive indices of sample and reference sample (12). In the
more general case, including intermolecular interactions and large
molecules that have a refractive index 7, and satisfy the condition
4n(n, — ny)d/2<<1 of the Rayleigh-Debye approximation, static
light scattering data are conveniently presented by the relation

He

E MP(q) +2A;c. (4)

P(g) is the particle scattering function, which is mainly expressed in
terms of the product 4Rg, where Rg = <R?>1/2 is the root mean-
square radius of gyration of the particles. Analytical expressions for
P(q) are known for different particle shapes, whereas other charac-
teristic size-dependent parameters are used instead of Rg (e.g.,
length L for rods or cylinders) In the limit gRg<<1, the ‘approxi-
mation P(g) ' =1+ (qRg)*/3 can be used to estimate Rg from
the angular dependence of R,,. A perceptible angular dependence of
the scattering intensity can only be expected for particles with Rg
> 10 nm. Thus, light scattering is not an appropriate method for
monitoring changes of R during unfolding and refolding of small
monomeric proteins. However a substantial angular dependence is
observed for large protein aggregates.

The concentration dependence of the right-hand side of
(Eq. 4) yields the second virial coefficient A, which reflects the
strength and type of intermolecular interactions. The usefulness of
measuring A, will be discussed below. A, is positive for predomi-
nantly repulsive (covolume and electrolyte effects) and negative for
predominantly attractive intermolecular interactions.

In general, both extrapolation to zero concentration and
to zero scattering angle (4 = 0) are done in a single diagram
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1.3. Dynamic Light
Scattering

(Zimm plot) for calculations of M from (Eq. 4). The extrapolation to
zero concentration at a fixed scattering angle is termed Debye plot.

The primary mass “moment” or “average” obtained is the
weight-average molar mass

M = ZQM/ZQ?

in the case of polydisperse systems. This has to be taken into
consideration for proteins when both monomers and oligomers
are present. Molar masses of proteins used in folding studies (i.e.,
M < 50,000 g/mol) can be determined at 90° scattering angle
because the angular dependence of R, is negligible. Measurements
at different concentrations are mandatory, however, because
remarkable electrostatic and hydrophobic interactions may exist
under particular environmental conditions. In the following, the
values of parameters measured at finite concentration are termed
apparent values, e.g., M.

Information about dynamic processes in solution is contained pri-
marily in the temporal fluctuations of the scattered electric field

E,(¢). The time characteristics of these fluctuations can be
described by the first-order time autocorrelation function (acf)
gV () = <E(2) - E(t 4 1)>.

The brackets denote an average over many products of Eq(z),
with its value after a delay time 7. 41)(1) is only accessible in the
heterodyne detection mode, where the scattered light is mixed
with a small fraction of the incident beam on the optical detector.
This experimentally complicated detection method must be used if
particle motion relative to the laboratory frame, e.g., the electro-
phoretic mobility in an external electric field, is to be measured.
The less complicated homodyne mode, where only the scattered
light intensity is measured, is normally the preferred optical
scheme. As a consequence, only the second-order intensity correla-
tion function

4P() = <I()I(r +1)>

is directly available. Under particular conditions, which are met in
the case of light scattering from dilute solutions of macromolecules,
the Siegert relation
2
72 =1+ V)|
can be used to obtain the normalized first-order correlation func-
tion g (1) from the measured 4 (). Analytical forms of 4! (1)

have been derived for different dynamic processes in solution.
As we have already indicated above, essentially only translational
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diffusion motion contributes to the fluctuations of the scattered
light in the case of monomeric proteins and we can reasonably
neglect rotational effects. g1 (1) for identical particles with a trans-
lational diffusion coefficient D has the form of an exponential

gV (@) =T (5)

D is related to the hydrodynamic Stokes radius Rg by the Stokes—
Einstein equation

kT

Rs
where % is the Boltzmann’s constant, T'is the temperature in K, and
7 is the solvent viscosity. g!) (1) for a polydisperse solution contain-
ing L different macromolecular species (or aggregates) with masses
M,, diftusion coefficients D; and weight concentrations ¢; is

1 L
pV@) =5 > me T (72)
=1

where § = ZiL:l a; is the normalization factor. The weights
a; = c;M; = n,'Mi2 reflect the ¢M dependence of the scattered
intensity (see Eq. 2). »; is the number concentration (molar con-
centration) of the macromolecular species. Accordingly, even small
amounts of large particles are considerably represented in the
measured g (t). The general case of an arbitrary size distribution,
which results in a distribution of D, can be treated by an integral

g(r) = % Jﬂ(D)equTdD. (7b)

Equation (7b) has the mathematical form of a Laplace transfor-
mation of the distribution function #( D). Thus, an inverse Laplace
transformation is needed to reconstruct (D) or the related distri-
bution functions ¢(D) and #(D). This is an ill-conditioned problem
from the mathematical point of view because of the experimental
noise in the measured correlation function. However, numerical
procedures exist, termed “regularization,” which allow stabilized,
“smoothed” solutions to be obtained. A widely used program
package for this purpose is “CONTIN” (15). Nevertheless, the
distributions obtained can depend sensitively on the experimental
noise and parameters used in the data evaluation procedure in
special cases. Extraction of a reasonable amount of information
from a DLS experiment is a critical step of the data evaluation
procedure. For this purpose, a visual inspection of the pattern and
the noise of the measured autocorrelation function is strongly
recommended before applying the inverse Laplace transformation
to obtain a size distribution. Figure 2 illustrates how the size
distributions are related to the measured correlation functions for
the cases of unimodal and bimodal distributions. More detailed
instructions will be given in Subheading 3.
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Fig. 2. Unimodal and bimodal size distributions and the related time-correlation functions (experimental conditions:
A=1532nm, 0 =90°, T= 20°, water).

1.4. Experimental Setup:
Considerations for
Studies on Proteins

In some cases, it might be more appropriate to use simpler but
more stable data evaluation schemes like the method of cumulants
(16), which yields the z-averaged diffusion coefficient D and higher
moments reflecting the width and asymmetry of the distribution. D
can be obtained simply from the limiting slope of the logarithm of
Y (1), viz.

D= —q‘2% (ln@(l)(r)i)

This approach is very useful for rather narrow distributions.
D, like M, is concentration dependent, usually written in the form

D(C) = D()(l —+ kDC), (8)

where kp is the diffusive concentration dependence coetficient,
which can be used to characterize intermolecular interactions. kp
can vary considerably in magnitude and sign, and in dependence on
solvent, conformational state and net charge of the protein. How-
ever, kp differs from A,. The concentration dependence of D and
other macromolecular parameters has been discussed in more detail
by Harding and Johnson (17). Extrapolation to zero protein con-
centration, yielding Dy, is essential in order to calculate the hydro-
dynamic dimensions in terms of Rg for individual protein molecules.

—0 '

The basic experimental setup for light scattering measurements in
macromolecular solutions is relatively simple (Fig. 1). A beam from a
continuous-wave (cw) laser is focused into a temperature-stabilized
cuvet. Temperature stability better than £0.1 °C is required for DLS
experiments because of the temperature dependence of the solvent
viscosity. The scattered light intensity is detected at one or various
scattering angles using either photomultiplier tubes or avalanche
photodiode detectors (APD). The complexity of a particular light
scattering apparatus can vary considerably. This depends on the type
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1.5. Supplementary
Measurements and
Accessory Devices

of the laser and the detection scheme. Expensive devices allow
simultaneous multi-angle measurements of both SLS and DLS. For
DLS or combined SLS/DLS experiments photon counting is the
preferred mode of operation allowing a convenient use of digital
autocorrelation techniques. Modern autocorrelators deliver time-
correlation functions and average intensities as well. Analog signal
detection with photodiodes is used in special simultanecous multi-
angle measurements. While multi-angle experiments with either
simultaneous or sequential detection are mandatory for studies on
large particles (> 4,/20), measurements at a fixed angle of 90 degrees
are sufficient in the case of monomeric proteins. This simplifies the
experiments considerably allowing the use of easily available (rectan-
gular) measurement cells and minimizes the risk of distortions due to
undesired stray light from the cell walls. Furthermore, measurements
of concentration and light scattering can be done with the same
cuvet (see Note 1).

It is very useful to measure the mass and the Stokes radius in
one and the same experiment. However, the combination of the
two experimental procedures involves some problems, since the
optimum optical schemes for DLS and SLS are different. Briefly,
DLS needs focused laser beams and only a much smaller detection
aperture can be employed because of the required spatial coherence
of the scattered light. This is unfavorable for SLS because it reduces
the light intensity and demands higher beam stability.

Combined DLS/SLS offers two main advantages for studies of
the conformational states of proteins. The first concerns the reli-
ability of measurements of the hydrodynamic dimensions and plays
an important role during folding or unfolding investigations and,
particularly, for studies of IDPs. The observed changes or unex-
pected large values of Rg measured by DLS could partly or entirely
result from an accompanying aggregation reaction. Such effects can
clearly be recognized when the molecular mass is determined in the
same experiment by SLS. The second advantage of combined
DLS/SLS is its ability to measure correct molar masses of proteins
in imperfectly clarified solutions that contain protein monomers
and an unavoidable small amount of aggregates. This procedure is
illustrated in Subheading 3.

A detailed evaluation of the advantages/disadvantages of dif-
ferent commercially available devices exceeds the scope of this
chapter. The decision concerning the selection of an instrument
should be based on the general requirements for SLS and DLS
measurements outlined in Subheadings 2 and 3.

Additional physical quantities are required for estimating
the molecular mass from SLS, and the diffusion coefficient and
the Stokes radius from DLS. To calculate the optical constant in
(Eq. 2), the refractive index of the solvent and the refractive index
increment of the protein in the particular solvent must be known.
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1.6. Use of Scaling Laws
to Analyze the
Dimensions of IDPs

The former can be measured easily with an Abbe refractometer,
whereas a differential refractometer is needed for precise measure-
ments of 9n/dc. Measurements of On/0c are often more expensive
than the light scattering experiment itself. A comprehensive collec-
tion of 9n/0¢ values can be found in (18). Since the protein concen-
tration ¢ directly enters the equation for the calculation of the mass
(Eq. 4), precise estimation of ¢ is necessary. UV-VIS absorption
measurements using the light scattering cuvet are the best choice.

For calculating Rg from DLS data by (Eq. 6), the dynamic
viscosity 1 of the solvent must be known. It can be obtained from
the kinematic viscosity v (e.g., measured by an Ubbelohde-type
viscometer) and the density p (measured by a digital density
meter) by n = vp.

A very useful option for light scattering instruments is online
coupling with FPLC, HPLC, or field-flow fractionation (FFF) and
a concentration detector, which can be a UV absorption monitor or
arefractive index detector. This allows direct measurements of M of
the eluting particles. In the case of known 97/0c for the particular
solvent conditions, the molecular mass can be obtained from the
output signals of the SLS and refractive index detectors by
M = k,(3n/dc)” " (output)g, ¢/ (output) g, where k, is the instru-
ment calibration constant. A parallel estimation of Rg is possible
when the scattering is strong enough, allowing a sufficiently precise
DLS experiment within a few minutes.

A useful procedure to analyze the basic conformational type of a
protein is to compare the measured Stokes radius with the expected
hydrodynamic dimensions in particular reference states. Such states
are the compactly folded globular state on the one hand and a
highly unfolded state with random coil dimensions on the other
(a highly unfolded state is obtained for proteins lacking disulfide
bonds in the presence of high concentrations of GdmClI or urea).
Hydrodynamic dimensions for particular states can be estimated on
the basis of empirical relationships (scaling laws) derived from the
analysis of large sets of experimental data. A linear dependence
concerning the relation between the hydrodynamic dimensions
and the number of amino acids N or the relative molecular mass
M can be obtained by drawing Rg and N or M in a double logarith-
mic diagram (Fig. 3). The scaling laws can be written in two
different forms:

Rs=RonN" or Rs=RouM’,

where the scaling exponent v and the pre-factors can be obtained
from linear fits to the log—log plots. The results obtained by differ-
ent authors (19-24) are shown in Table 1. For the analysis of Stokes
radii we prefer the results from data sets used by Uversky (21) and
Damaschun et al. (20) for the native and unfolded conformations,
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Fig. 3. Graphic illustration for the application of scaling laws of the type Rs = aM’.
The straight line corresponds to the scaling law for globular proteins and the dashed line
for unfolded proteins in the presence of high concentrations of GdmCI. The Stokes radii for

prothymosin o at pH 7.4 (open triangle) and pH 2.45 (filled triangles) are shown as an
example for the hydrodynamic dimensions of a typical intrinsically unfolded protein.

Table 1
Scaling laws for proteins in natively folded
and chemically unfolded states

State, conditions  Exponent»  Roy(nm) Ry (nm) References

Natively folded
0.29 0.475 (22)
Figure 3 0.369 0.0557 (21)
0.357 0.0625 (23)
0.33 0.362 (19)
Unfolded
GdmCl, urea 0.57 0.221 (22)
GdmCl 0.502 0.0286 (21)
Urea 0.524 0.022 (21)
GdmCl 0.543 0.0189 (23)
Urea 0.521 0.0224 (23)
GdmCl 0.50 0.280 (20)
GdmCl (Fig. 3) 0.495 0.0271 Rescaled
(20)
0.522 0.2518 (24)

The scaling laws are given by either Rg = Ro y N' or Rg = Ro yyM" , where N
is the number of amino acid residues, M is the relative molecular mass in Da
and Rg is obtained in nm. Errors are omitted
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respectively (Fig. 3). The original data from (20) have been rescaled
for plotting Rg versus M. The hydrodynamic dimensions of two
typical globular proteins, RNase A and phosphoglycerate kinase
(PGK), in the native and unfolded states are also shown in Fig. 3.
The Stokes radii of the IDP prothymosin o shown in Fig. 3 will be
discussed in Chapter 3.

2. Materials

2.1. Light Scattering
Equipment

2.2. Sample Cells

The primary goal of light scattering investigations on IDPs is the
determination of the molecular dimensions in terms of the hydro-
dynamic Stokes radius. Nevertheless, the instrument should be able
to measure SLS in addition to DLS with high precision and sensi-
tivity to verify the monomeric state of the protein. Nowadays, most
of the commercially available instruments fulfill this condition.
These SLS/DLS systems can handle small sample volumes and
are sensitive enough to study monomeric proteins at low concen-
trations. Some companies and the corresponding Web sites are
listed in alphabetic order:

ALV-Laservertriebsgesellschaft Germany: http: /www.alvgmbh.de.
Brookhaven Instruments Corporation, USA: http: /www.bic.com.
Malvern Instruments Ltd., UK: http: //www.malvern.co.uk.

Wyatt Technology Corporation, USA: http:/www.wyatt.com or
http: //www.wyatt.de.

Several companies produce not only light scattering instru-
ments but also important optional units.

Most of the commercially available instruments can handle differ-
ent sample cells. Exceptions are special built-in sample cells in
multi-angle devices mostly working in the flow-through mode.
As the laser beam waist in DLS instruments is very small, standard
micro or ultra-micro fluorescence cells can be used. This reduces
the necessary sample volume considerably, e.g., a sample volume of
only 12 plis needed for an ultra-micro fluorescence cell with a light
path of 1.5 mm (Hellma, 105.252-QS). However, ultra-micro
fluorescence cells with a pathlength of 3 mm (volume 45 pl, Hellma
105.251-QS) are very convenient to work with as long as sufficient
protein is available. If extremely pure sample solutions are required
for your light scattering experiment (see Subheading 3.3), flow
cells (e.g., Hellma, 176.152-QS, pathlength 1.5 mm) preceded
by an in-line filter with pore size 0.1 um should be applied. Keep
in mind that measuring both the light scattering signal and the
concentration in one and the same cuvet is of great advantage.
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2.3. Buffers
and Solvents

2.4. Reference Samples

2.5. Equipment for
Sample Preparation
and Purification

2.5.1. Filtration

2.5.2. Centrifugation/
Ultracentrifugation

Therefore, all cuvets used for light scattering should be compatible
with standard UV-VIS photometers.

Cylindrical light scattering cells, if needed, can also be obtained
from Hellma or from manufacturers of light scattering instruments.

Prepare all buffers and aqueous solvents using ultrapure deionized
water. Buffers and solvents should be filtered (pore size 0.2 pm)
and degassed directly before use.

The standard reference sample for calibration of an SLS instrument
is toluene (ultrapure, e.g., Merck Uvasol). Toluene should be filled
into a carefully cleaned sample cell. Seal the reference cell tightly to
avoid evaporation and contamination. Note that the Rayleigh ratio
of toluene is strongly dependent on both wavelength and tempera-
ture (12). Most providers of commercial instruments incorporate
the Rayleigh ratios of the reference sample for particular experi-
mental conditions into the instrument software. A well-defined
protein solution can also be used as a reference sample. However,
such a reference solution is difficult to prepare and is in general not
stable for long times.

DLS instruments do not require further calibration as long as all
experimental parameters used for data treatment (e.g., 4, 0, », T, n)
are properly determined. However, test experiments with solutions
of monodisperse latex spheres could be used to verify the proper
function of an instrument.

Filters with pore sizes of 0.1 or 0.02 um (e.g., Whatman Anotop or
Anodisc filters) and inner diameters of 10 mm are very useful for
sample purification. However, a disadvantage of filtration is the
relatively large amount of sample volume needed to equilibrate
the filter unit (see Subheading 3). While Anotop filters are ready
to use, the Anodisc filter discs have to be mounted carefully into a
special holder (see Note 2). Such filter holders are provided by
some manufacturers of light scattering instruments (e.g., Wyatt
technology corporation) and enable very small dead volumes
(~10 pl). The Anotop filters (diameter of 10 mm) have dead
volumes of about 0.1 ml.

Centrifugation at about 10,000 x g for at least 10 min is only
sufficient to remove bubbles, dust particles, or visible aggregates.
This procedure is only recommended for strongly scattering solu-
tions or for proteins sensitive to strong mechanical stress condi-
tions. Ultracentrifugation (accelerations up to about 75,000 x 4)
for 1-2 h permits the use of Eppendorf cups and is thus both useful
and convenient to remove large aggregates completely. Elimination
of species with rather small sedimentation coefficients, e.g., smaller
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2.5.3. Size Exclusion
Chromatography and
Other Particle Separation
Techniques

2.5.4. Batch and Flow
Experiments

2.6. Devices and
Materials for
Supplementary
Measurements

2.6.1. Protein Concentration

2.6.2. Refractive Index n
and Specific Refractive
Index Increment on / Oc

aggregates (Rs < 50 nm) and, particularly, fibrous structures,
requires high-speed ultracentrifugation with up to 300,000 x g.
In this case, the use of special centrifugation tubes is obligatory.

Serious problems in light scattering experiments may arise from
small aggregates or oligomers, because those structures can hardly
be removed by filtration or centrifugation. Such particles can be
separated from monomeric proteins by size exclusion chromatog-
raphy (SEC). Besides conventional SEC-based purification schemes
field-flow fractionation (FFF) is successfully utilized for separation.
Avoiding the employment of stationary phases FFF is applicable to
proteins larger than 10 kDa. A combination of FFF and SLS/DLS
has already been offered for more than a decade by some companies
(e.g., Wyatt technology corporation, Postnova Analytics GmbH).

The above-mentioned separation techniques (see Subhead-
ing 2.5.3) can be applied either in batch or in flow mode. In flow-
SLS/DLS experiments, the light scattering flow-through cell is
directly coupled to the separation device. This has the advantage
that perfectly purified samples can be obtained provided that the
column (or another separation device) is carefully flushed with
filtered solvent. In the batch mode, collected fractions (e.g. from
SEC) are transferred to the scattering cell, whereas an additional
filtration step can be necessary to remove scattering contaminants.

Precise protein concentrations are especially important for evalua-
tion of SLS data. The most convenient way is a spectrophotometric
determination in the near-UV region (25). If the same cuvet is used
for both the concentration determination and the light scattering
experiment, the measured absorption may be comparatively small
due to the disadvantageous combination of low protein concentra-
tion and short pathlength of the cell. Therefore, the use of a
sensitive and fast instrument is recommended. Modern diode
array spectrophotometers fulfill this condition very well.

The refractive index can be determined easily and with sufficient
precision with an Abbe refractometer. Measurements of the refractive
index increment 97/9d¢ are much more time-consuming and require
the use of differential refractometers, which are also frequently used as
concentration detectors in chromatography techniques. Therefore,
instruments for measuring 0n/Jc¢ can be obtained from manufac-
turers of light scattering devices and chromatography systems as well
(e.g., Optilab T-rEX from Wyatt technology). However, it is recom-
mended to try to obtain appropriate values of 9z/d¢ from the litera-
ture (18) for particular buffer and solvents before starting tedious
experiments.
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2.6.3. Solvent Viscosities
and Densities

For calculations of Stokes radii the dynamic viscosity n of the
solvent must be known, which requires measurements of the kine-
matic viscosity v and the solvent density p. Kinematic viscosities are
measured using an Ubbelohde-type capillary viscometer (e.g.,
Schott AG, Germany). Precise density meters can be purchased
from Anton Paar GmbH (Austria). Like calculations of dn/0c¢
viscosity measurements may become more time-consuming than a
typical SLS/DLS experiment itself. Therefore, it is useful to check
the literature for appropriate data (see Note 6).

3. Methods

3.1. Control Experiments

In this section we describe light scattering experiments which
are typical of intrinsically disordered proteins. Some results
obtained with Prothymosin o (Prota) are shown for illustration.
The subsequent description of all procedures refers to a hypothetic
SLS/DLS setup comprising the following components and
parameters:

e A continuous-wave laser (4 = 532 nm), laser power adjustable
between 0.2 and 1 W.

e Detection at 90 degrees using a temperature-regulated
(0-80 °C) sample holder for rectangular cells and a high
quantum vyield avalanche photo diode (APD) detector with
maximum count rate of about 10” s~ (10 MHz, an optimum
count rate is adjustable by regulation of the laser power and
changeable apertures).

e A muld-bit digital correlator with at least 200 pseudo-
logarithmic spaced delay times that allows to handle exponen-
tial correlation functions with decay times from 107® s up to
about 1 s without the need for adjustment of the correlator
sample time Ar.

e An online computer for sophisticated instrument control, data
storage, and data evaluation.

1. Prepare a reference sample by filling toluene into a rectangular
fluorescence cell (4 =1 cm; e.g., Hellma 111-QS) or follow
the calibration instructions of the instrument provider. Avoid
any contamination of the cell surfaces that could produce stray
light!

2. Insert the reference cell into the sample holder at a defined
temperature (typically, 20 °C or 25 °C) and check the light
scattering intensity. For this purpose, standard conditions for
the instrument settings (laser power, beam attenuation, etc.)
should be used. Take into account the warm-up times
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3.2. Standard SLS/DLS
Experiment
with Proteins

recommended by the instrument manufacturer. If the system
setup is correct the measured “standard” intensity should be
stable over long periods of time.

3. Thoroughly check both the sample preparation procedure and
the quality of the sample cell in order to reduce stray light as far
as possible (steps 4-6, see also Note 5).

4. Flush a 0.1-um Anotop filter with at least 5 ml of ultrapure
deionized water. Purge a carefully cleaned sample cell (Sub-
heading 3.5) with nitrogen or clean air in order to remove dust

(an improved procedure for filling sample cells is described in
Subheading 3.3).

5. Filter an appropriate amount of water (e.g., 100 pl in the case
of micro fluorescence cells with pathlength of 3 mm, Hellma
105.254) into the cell.

6. Observe the scattered intensity of the water sample for at least
2 min. The basic preconditions for light scattering experiments
are fulfilled if (a) the scattering intensity is about ten times
smaller than that of toluene (the exact ratio depends on the
wavelength) and (b) the scattering signal is devoid of strong
intensity fluctuations (signal spikes). It is particularly useful to
carry out a short DLS experiment. The measured autocorrela-
tion function (acf) should consist of a flat baseline with statisti-
cal noise.

The sample purification guidelines (steps 4-6) should be
applied both to the buffer and protein solution. Repeat the sample
preparation until all quality conditions are met. If the above-
mentioned protocols are not sufficient to meet the purification
requirements, browse Subheading 3.3 for specialized sample prep-
aration procedures.

The aim of the experiment is the determination of the diffusion
coefficient Dy, Stokes radius Rg, and the molar mass M. This
requires the extrapolation of M, and D,y to zero protein con-
centration. If the concentration dependence turns out to be linear,
5 concentrations are sufficient. The concentration range depends
on the protein under study and should be 0.5-2.5 mg/ml for a
typical experiment. Each measurement requires a volume of about
0.5 ml. The entire experiment can be done in two ways regarding
the order of concentrations. In the first case, 5 solutions with
concentrations between 0.5 and 2.5 mg/ml are prepared separately
and the experiment is started with the lowest concentration. In the
second case, the experiment is started with the sample of the high-
est concentration. All subsequent samples are derived by dilution.
In the latter case, less material is needed. The following protocol is
based on the second method.
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1.

10.

11.

Prepare a stock protein solution with a concentration of
2.5 mg/ml in an adequate buffer, which was filtered and
degassed immediately before use.

. Flush a filter (0.1 pm pore size) with water, filter 100 pl water

into the sample cell (here we use 45 pl-microcells, see above),

check the cell for purity and measure the reference intensity as
described (Subheading 3.1).

. Empty and dry the sample cell.
. Flush the same filter with 2 ml buffer, filter 100 pl buffer into

the sample cell and measure the light scattering intensity Ig.
This can be combined with a short DLS experiment. The acf
must not show any correlations. However, buffers containing
high salt concentrations may show a small, fast-decaying acf.

. Measure the buffer baseline of the same cuvet in a UV-VIS

spectrophotometer.
p p

. Empty the cuvet, purge it with ultrapure water and dry it.

. Fill a separate 1-ml syringe with ~0.5 ml protein solution. Rinse

about 0.3 ml very slowly through the filter previously used for
buffer and collect the outlet in an Eppendorf tube. A volume of
0.3 ml should be enough to remove the bufter or the previous
protein solution nearly completely from the filter unit. Filter
0.1 ml of the remaining protein solution into the sample cell.

. Measure the near-UV absorption spectrum (or other available

absorption bands) of the protein sample and determine the
protein concentration.

. Put the sample into the SLS/DLS instrument and watch

the scattered intensity Ip or perform a short DLS experiment.
The sample can be considered as suitable for measurements if no
or only rare intensity spikes are observed. A new sample should be
prepared, if the scattered intensity is strongly fluctuating,.

Adjust beam attenuation. The mean pulse rate should not
exceed 10° cps (see Note 4).

Start data acquisition. It is useful to accumulate data from a
large number of short (5-10 s) time intervals instead of averag-
ing over a single or a few long intervals.

Whether or how an instrument can handle contaminated
solutions depends on the quality of the data accumulation
software. Some instruments come with special software, a so-
called electronic dust-filter, to reject distorted measurement
intervals or to stop data accumulation temporarily. The total
duration of an experiment (typically, 1-30 min) that is needed
to obtain an acf with a sufficiently high signal-to-noise ratio
depends on the attainable pulse count rate and the complexity
of the acf.
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12. Empty the sample cell and collect all filtered material to prepare
the next solution of lower concentration. Clean the sample cell
either with water or according to Subheading 3.5 and dry it.

13. Repeat steps 7—-12 until the lowest concentration is reached.
Note, that longer data acquisition times are needed at lower
concentrations if the decrease in scattering power cannot be
compensated, e.g., by higher laser power. Normally, a single
filter can be used for all concentrations. This simplifies the
experiment and helps to save material.

14. Measure the reference intensity and turn to data evaluation
(Subheading 3.4).

3.3. SLS/DLS In this section, some experimental situations are described, which
Experiments with may be encountered during SLS /DLS studies on protein solutions.
Special Precautions

1. Small proteins or peptides, which scatter light only weakly.
For very weakly scattering systems it is crucial to avoeid any
contamination of the sample. Thus, working with open sample
cells may be inappropriate. Instead, you should change to a
flow experiment, in which a filter is permanently attached to the
inlet of a flow-through cell. Without separating filter and cell,
both elements should be successively purged with water, buffer
and protein solution. This ensures perfectly cleaned samples
allowing the measurement of rather small excess scattering
intensities. However, the disadvantage of this method is the
higher amount of sample volume that is needed due to the
larger dead volume of the flow-through device.

2. Only a small amount of protein is available.

In this case you may be interested in reducing the sample
volume as much as possible. There are two ways to work with
sample volumes smaller than 50 pl. First, you can use a micro-
filter device (see Subheading 2.5.1) and an ultra-micro fluores-
cence cell (see Subheading 2.2). The second possibility is ultra-
centrifugation of the sample (see Subheading 2.5.2) and
subsequent transfer of a small volume of the supernatant into
an ultra-micro fluorescence cell. Try to estimate the protein
concentration as good as possible with an appropriate UV-VIS
spectrophotometer.

3. Data acquisition in the case of strongly contaminated protein
solutions.
Even the purest sample solution can turn into an experimental
nightmare if either the protein molecules have a tendency to
form aggregates or the buffer solution facilitates the develop-
ment of bubbles. The latter is frequently observed in mixed
solvents and can hardly be prevented. Measurements under
such conditions require special data acquisition schemes and
the corresponding software. Briefly, instead of the usual data
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3.4. Data Evaluation

accumulation scheme all short-time acfs and average intensities
measured during the entire experiment need to be stored sepa-
rately. After that, the individual acfs and intensities have to be
inspected. Only undistorted members of the data set are then
accumulated and used for data evaluation.

In this section we consider the exceptionally rare case of perfectly
purified monomeric proteins first. This case allows an independent
data evaluation for both SLS and DLS. A more realistic and thus
more complicated situation is regarded in the last section.

1. Static light scattering.
For the determination of the molar mass M and the second
virial coefficient A, equations 3 and 4 have to be used. Even
under unfolding conditions the size of proteins with M < 100
kDa is small compared to the laser wavelength (see Fig. 3).
Therefore, at a scattering angle of 90 degree P(g) is ~1 in
(Eq. 4). The primary quantity for all further calculations is
the relative excess scattering .. L., Where I, is the difference
between the scattering intensities of the protein solution,
Ip and the buffer (or solvent), Iz. For proteins at concentra-
tions below 1 mg/ml, I., can be small or even smaller than I;.
Therefore, the quality of primary data should be inspected
before subjecting them to further calculations. The final data
representation is plotting 1/M,,, = Hc/R, versus ¢ (Debye
plot). The results for the intrinsically disordered protein Prota
are shown in Fig. 4. The slope of a linear fit yields the second
virial coefficient A2, which is a measure of intermolecular
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Fig. 4. Concentration dependence of the reciprocal apparent molecular mass (Debye plot)
of prothymosin o in PBS, pH 7.4 at 20 °C.
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3.

interactions. The software of most of the commercially available
instruments is able to generate Zimm or Debye plots.

. Dynamic light scattering.

The autocorrelation functions measured by DLS are subjected
to mathematical procedures in order to obtain apparent diffu-
sion coefficients D,,,. These, in turn, can be converted into
apparent Stokes radii by means of the Stokes—Einstein equa-
tion. In the ideal case of a monodisperse solution of protein
monomers the acf'is properly described by a single exponential
decay and vice versa (Fig. 2) yielding D,y according to (Eq. 5).
In the case of polydisperse solutions distributions of diffusion
coefficients or Stokes radii can be calculated by means of an
inverse Laplace transform. The application of this procedure is
generally recommended, because it can be applied to polydis-
perse and monodisperse systems as well. The mathematical
procedure of an inverse Laplace transform for obtaining the
distribution is, however, the most crucial step of DLS data
evaluation. Though the software supplied with many DLS
instruments is able to calculate distributions automatically the
following remarks should be considered:

—  Check the measured acf for distortions (oscillations, steps,
spikes) before executing the inverse Laplace algorithm.

—  Check the stability of the obtained result both by varying
the range of D, or R, and the strength of the regulari-
zation parameter which is important for obtaining reliable
solutions (15).

The mathematical procedure can be instructed to calculate
different types of distributions, namely intensity, mass concentra-
tion or number distributions of D,,,, or Ry ,p,p,. Only the first one
can be calculated without making additional assumptions on the
particle structure. This may be difficult, however, particularly in
case of IDPs. Normally, the strongest or sole peak in the calcu-
lated distribution can be attributed to the monomeric protein.

Keep in mind that the diffusion coefficient of a protein Dy
can only be obtained by linearly extrapolating the experimen-
tally determined apparent diffusion coefficients D,, to zero
protein concentration. Illustrating the concentration depen-
dence of D,,, experimental data obtained for prothymosin o
are shown in Fig. 5. It becomes evident from these data that
both the hydrodynamic dimensions and the intermolecular
interactions remarkably change with the solvent conditions.
The results are discussed in more detail in (7).

Advantage of combined SLS /DLS experiments in the presence
of aggregates.

For the calculation of the molar mass we have assumed so far
that the total light scattering intensity, I.,, results exclusively
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3.5. Cleaning of Sample
Cells
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Fig. 5. Concentration dependence of the translational diffusion coefficient D of prothy-
mosin o in PBS, pH 7.4 (squares) and in 10 mM glycine-HCI, pH 2.45 (circles) at 20 °C.

from the monomeric protein. However, if aggregates contrib-
ute significantly to L., static light scattering experiments yield
meaningless molar masses. Since aggregates are much larger
than monomers their contribution to the total light scattering
intensity may be notable even at low concentrations. If the
aggregate fraction is small enough, so that the monomer con-
centration is essentially identical to the total concentration,
proper values of M can be obtained simply by considering the
size distribution obtained from DLS. SLS/DLS experiments
with the Syrian hamster prion protein (ShPrP) may serve as an
example (26). No corrections to I are needed at pH 7, since
the size distribution consists of only one peak (Fig. 6). By con-
trast, analysis of the size distribution at pH 4 tells us that
aggregates with Stokes radii in the region of 20 nm contribute
with 14 % to L. Once the aggregate-related scattering inten-
sity is subtracted from I, evaluation of the remaining scatter-
ing intensity yielded a molar mass of ShPrP that was close to
that calculated from the amino acid sequence (26). Underlin-
ing the strength of DLS, the data evaluation procedure works
still when the contributions of aggregates and monomers to Iy
are comparable. This opportunity simplifies measurements of
molar masses of proteins by light scattering considerably.

After finishing the experiment sample cells should be thoroughly
cleaned by special cleaning solutions provided by manufacturers of
glass or quartz cells (e.g., Hellmanex from Hellma GmbH). In
general, it is sufficient to leave the cells in dilute solutions (1-2 %)
of the concentrate for some hours at room temperature. After that
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3.6. Remarks
Concerning
Supplemental
Experiments

{l.'.-'

] 4.0
E pH 7.0

8(‘! 9 (i}

0.2 14 %

relative scattering intensity
fsd

0.0 [ T

1 10 100
Rg/nm

Fig. 6. Size distributions in terms of the relative scattered intensity versus Rs for the
recombinant Syrian hamster prion protein, ¢ = 1.1 mg/ml at pH 7 (unimodal distribution)
and pH 4 (bimodal distribution).

the cells have to be rinsed carefully with ultrapure water. Since
cleaning solutions as well as ultrapure water may harm the surface
of your cells, avoid very long contact time.

Supplementary measurements of the solvent viscosity, the solvent
density and the refractive increment of proteins should be done with
great care. Since a detailed description of these procedures exceeds
the scope of this chapter, the reader should follow the instructions of
the manufacturers of the corresponding instruments.

4. Notes

1. Cells.
—  Use quartz cells only.

— Check the cell concerning stray light by measuring the
scattering intensity of water. Change the cell position
checking for signal fluctuations that may be related to
contaminations at the cell surface.

2. Filtration.
—  Filter your solutions directly into the quartz cell.

— DPurge the filter with water or buffer solution and repeat-
edly check the scattering intensity of the filtrate.

— Avoid bubble formation during filtration. This may be
observed most frequently with mixed solvents and can
be reduced by optimizing pressure and flow rate during
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filtration. Low and stable flow rates can be obtained by
using syringe pumps.

Keep in mind that some organic solvents or strong acid/
alkaline solutions may harm your filter material.

Filtration through a 0.02 pum filter membrane can cause
shear stress that promotes protein aggregation. Increase
the pore size to 0.1 um to avoid or reduce this effect.

Some proteins tend to irreversibly bind to the filter mem-
brane. This may reduce the protein concentration in the
filtrate. Therefore, determining the protein concentration
after each filtration is crucial.

Assemble micro-filter units very carefully to avoid fracture
of the Anodisc filter plates.

3. Centrifugation.

The choice of an optimum relative centrifugal force depends on
the mass and the structure of the aggregates. For example,
sedimentation of long fibrillar aggregates is rather slow. There-
fore, protein aggregates do not necessarily form “pellets” at the
bottom of the centrifugation vessel. Care should be taken when
transferring the supernatant from the vessel into the quartz cell.

4. Excess scattering intensities.

As a rule of thumb, the scattering of an aqueous buffer
solution roughly accounts for 1/10 of the toluene stan-
dard. Proper correction of the measured scattering inten-
sity of a protein solution for the solvent scattering is
especially important in the case of weakly scattering solu-
tions of small proteins at low concentrations. For example,
the excess scattering of a 0.4 mg/ml protein solution (M
= 10,000 Da) equals that of pure water.

High signal intensities (e.g., in strongly scattering solu-
tions) can lead to detector overload. This, in turn, leads
to nonlinear signal detection causing not only incorrect
average scattering intensities but also serious distortions
of the recorded acf. In order to prevent detector overload,
the average intensity of scattered light (Is) should not
exceed about 1/10 of the specified maximum intensity
(photon count rate) suggested in the manufacturer’s doc-
umentation.

5. Turbid and other absorbing solutions.

Solutions with visible turbidities are not applicable to SLS /
DLS experiments.

Difficulties with turbid solutions arise from two main
aspects. First, turbidity leads to attenuation of the incident
and the scattered light. Second, multiple scattering,
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particularly at large scattering angles, becomes far more
likely. This leads to alterations of the average intensity
and to distortions of the measured autocorrelation func-
tions.
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the wavelength of the laser light. Absorption of the intense
laser beam can lead to an uncontrolled heating of the sam-
ple in addition to the attenuation of incident and scattered
light.

Viscosities.

— The individual components of a sample do not additively
contribute to the viscosity.

— Working with multicomponent systems it is generally
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mentally rather than adding up theoretical values.

Concentration dependence of 1,/ M, and D,,.
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Chapter 10

Estimation of Intrinsically Disordered Protein Shape
and Time-Averaged Apparent Hydration in Native
Conditions by a Combination of Hydrodynamic Methods

Johanna C. Karst, Ana Cristina Sotomayor-Pérez,
Daniel Ladant, and Alexandre Chenal

Abstract

Size exclusion chromatography coupled online to a Tetra Detector Array in combination with analytical
ultracentrifugation (or with quasi-elastic light scattering) is a useful methodology to characterize hydrody-
namic properties of macromolecules, including intrinsically disordered proteins. The time-averaged
apparent hydration and the shape factor of proteins can be estimated from the measured parameters
(molecular mass, intrinsic viscosity, hydrodynamic radius) by these techniques. Here we describe in detail
this methodology and its application to characterize hydrodynamic and conformational changes in proteins.

Key words: Molecular mass, Intrinsic viscosity, Protein shape, Time-averaged apparent hydration,
Protein hydration, Size exclusion chromatography, Static light scattering, Dynamic light scattering,
Analytical ultracentrifugation, Online viscometer

Abbreviations

M Molecular mass, g/mol

T Absolute temperature, K

C Protein concentration, mol /L (M)

dn/dc  Refractive index increment, mL/g
dA/dc¢  Absorbance increment, I /g cm

7] Intrinsic viscosity, mL/g

v Hydrodynamic shape function, viscosity increment, Simha-Saito shape factor, unitless
0 Time-averaged apparent hydration, gy, /8prorcin

£l Translational frictional ratio of the protein, including shape and hydration parameters
f Frictional coefficient of the protein, g/s

fo Frictional coefficient of an anhydrous sphere of the mass of the protein, g/s

Ry Hydrodynamic radius of the protein, cm

Ry Radius of an anhydrous sphere of the mass of the protein, cm

Va Hydrodynamic volume calculated from the Ry, cm?
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D, Translational diffusion coefficient, cm? /s

s Scdiglentation coefficient obtained at the temperature of the experiment, Svedberg,
107 s

n Viscosity of the solvent, Poise: g/cm s

o Density of the solvent, g/mL

kg Boltzmann’s constant, erg /K (Kg: 1.38065 x 10~ '®erg/K, witherg: gcm?/s?> = 1077
1.38065 x 1072 J/K)

Ny Avogadro’s number, molecules/mol

y Partial specific volume, mL /g

a/b Axial ratio of ellipsoid

RALS Right Angle Light-Scattering

LALS Low Angle Light-Scattering
Internal Pressure

Ultraviolet absorption

Ipr

DP Differential Pressure
uv

RI

Refractive Index

1. Introduction

Many methods are available for the characterization of folded
proteins, allowing the determination of structural and hydrody-
namic parameters. In contrast, fewer methods can be used to
study intrinsically disordered proteins, because the particular
behavior of such proteins makes their study difficult. Unfolded
proteins are hydrated and flexible with limited residual structure.
These biophysical characteristics preclude the use of X-ray crystal-
lography and limit the use of NMR. In this context, experimental
approaches providing information on the shape and the hydration
of intrinsically disordered proteins are valuable. As opposed to
large-scale instruments required for small-angle X-ray and neu-
tron solution scattering (SAXS and SANS), SEC-TDA is a bench-
mark for in-lab molecular mass, protein shape, and hydration
determination.

Here, we describe a methodology to characterize the hydrody-
namic properties consisting in the combination of several experi-
mental biophysical approaches: analytical ultracentrifugation
(AUC), quasi-elastic light scattering (QELS), and size exclusion
chromatography coupled online to a Tetra Detector Array (SEC-
TDA) (Fig. 1). This latter technique, which is described in detail
here, combines right and low angles static light-scattering (RALS
and LALS) detectors, a spectrophotometer (UV), a refractometer
(RI), and pressure transducers (difterential pressure (DP) and inter-
nal pressure (IP)) (Fig. 2). Importantly, this methodology allows
the characterization of intrinsically disordered proteins in solution
and in native conditions and provides an estimation of their hydro-
dynamic parameters, such as shape and hydration.
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Degasser Pump Autosampler

= =y

Solvent Injection

Oven and columns loop

Wastes

UV detector Light scattering  Refractometer Viscometer
detector

Fig. 1. Scheme of size exclusion chromatography system connected online to a Tetra
Detector Array and controlled by a GPCmax module (Viscotek Ltd., a Malvern Company).
The GPCmax module provides an integrated solvent pump, an autosampler, and a
degasser. The Tetra Detector Array contains a UV detector, a static light-scattering cell,
a differential refractive index (RI) detector, and a four-capillary differential viscometer. All
the detectors reside within a temperature-controlled compartment. It is noteworthy that
the linkup of an online QELS instrument would allow the acquisition of all hydrodynamic
parameters (M, Ry, []) with a unique sample injection.

P
-l
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Delay volume

-

Flow in —p—— E_a DP —p—— Flow out

Fig. 2. Schematic diagram of differential viscometer (Viscotek Ltd., a Malvern Company).
It consists of a four-capillary bridge design, developed by Dr. Max Haney. The four
capillaries are arranged in a balanced bridge configuration, analogous to the Wheatstone
bridge commonly present in electrical circuits. Differential pressure transducers measure
the pressure difference (DP) across the midpoint of the bridge and the pressure difference
IP from inlet to outlet. A delay column is inserted in the circuit to create the differential
pressure (providing a reference flow of solvent during elution of the sample).

Molecular mass and intrinsic viscosity are measured by
SEC-TDA. The protein concentration is determined using the pho-
tometer or the deflection refractometer. The static light-scattering
signals combined with the protein concentration provide online
measurements of the molecular mass (M) of each eluting species,
whereas differential viscometer measurements in combination with
protein concentration provide their intrinsic viscosity ([n]) values.
The hydrodynamic radius of the macromolecule, Ry, is obtained
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either by the sedimentation coefficient (s) value determined by
AUC, or by using the translational diffusion coefficient (D¢) deter-
mined by QELS. From the hydrodynamic parameters (M, [n], Ryg)
measured by these techniques, we can ascribe the respective con-
tributions of hydration and shape factor (viscosity increment) to the
intrinsic viscosity value.

The methodology described here has been shown to be useful
for the studies of intrinsically disordered proteins, protein/ligand
interaction (1, 2), protein/protein interaction (3, 4) and proteins
exhibiting anomalous behavior (5, 6).

2. Materials

1. A gel filtration column of appropriate fractionation range for
the samples of interest.

2. A gel filtration buffer that is compatible with both the column
and the sample (see Note 1).

3. Calibration standards (see Note 2):

a) NIST-1923 Polyethylene Oxide 22 KDa (PEO from Vis-
yethy.
cotek PolyCal™ TDS-PEO-N at 4 g/L).

(b) BSA (SIGMA A0281 at 2 g/L).

4. A GPCmax module or a similar instrument that provides an
integrated solvent pump, an autosampler and a degasser
(Fig. 1). It can be controlled manually or using the OmniSEC
software.

5. A tetra detector array model 302 (Viscotek Ltd., a Malvern
Company) or a similar instrument that consists of a UV detec-
tor, a differential refractive index (RI) detector, a four-capillary
differential viscometer (Fig. 2) and a static light-scattering cell
with two photodiode detectors at 7 ° for low angle (LALS) and
at 90 ° for right angle laser light scattering (RALS) (Fig. 1).
All the detectors reside within a temperature-controlled
compartment (see Note 3).

3. Methods

3.1. Data Acquisition

1. Filter all solutions using a 0.22-pm filter to degas and remove
any small particles that may clog the column frit (see Note 4).

2. Change the RALS filter to avoid injection of column particle in
the static light-scattering cell.

3. Purge the pulse dampener.

4. Switch on the TDA electronic part, the laser source and the UV
detector (see Notes 5 and 6).
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. Open the OmniSEC software (Viscotek Ltd., a Malvern

Company) and follow the general procedures described in the
user manual.

. In the panel “tool/options,” choose a folder to save your files.

Enter parameters such as time and volume of an experimental
run, file name format, and detectors sensitivity in the panel
“acquire/configuration.”

. Indicate the flow rate (see Note 7).

. Select the minimum and maximum pressure (see Note 8).
. Wash out ethanol 20 % (in water) from the GPCmax-TDA with

water (0.1 mL/min) and purge the Refractometer and Viscom-
eter detectors (see Note 9).

Wash extensively the Hamilton syringe and its needle as well as
the injection loop of the autosampler with water and then with

buffer.

Equilibrate the GPCmax-TDA with at least 60 mL of buffer
(0.5 mL/min) and examine the baselines (see Note 10).

Start a quick run.

Purge the Refractometer and Viscometer detectors for 5 min
with buffer and repeat the operation until the displayed values
become stable (see Note 9).

Connect the column online; the column should have been
previously equilibrated with at least two column volumes of
buffer (see Note 11).

When the system is equilibrated, flat all baselines until an
acceptable signal /noise value is reached (see Note 10). Then,
turn off the flow, wait until the IP baseline is flat and reset the
Inlet Pressure Transducer by pushing the zero button on
the instrument (see Note 12).

Measure the viscometer bridge balance by using the following
formula:

Specific viscosity: 4DP/(IP-2DP)
The value should be below 0.03. The bridge is very well bal-

anced for a specific viscosity value below 0.01 (i.e., 1 % of
difference across the viscometer bridge).

Clarify and degas the samples using a 0.22-um filter and /or by
centrifugation (10,000 x g for 10 min). Vials, containing the
sample, can be inserted at defined numbered positions in
the autosampler (see Note 13).

To determine M and [n] (and subsequently shape and hydra-
tion), a concentration of 2 g/ is required for a folded protein,
whereas ~ 0.5-1 g/L is enough for an intrinsically disordered
protein, as [] of such proteins is higher. To determine the
molecular mass only, a concentration around 0.5 g/L is enough.
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3.2. Data Processing

3.2.1. Calibration

18. Create an analytical sequence in the software by listing the
injections to be realized: standards (BSA, PEO), sample injec-
tions, and finally standards again. Indicate the sample names,
concentrations, volume, number, and the order of sample
injections (see Note 14).

19. Start the sequence.

20. At the end of a sequence, replace the buffer from all the system
by water. Make purges of the Refractometer and Viscometer as
described in (11). Then store the system in filtered and
degassed 20 % ethanol (in water).

Standards are used for TDA internal constant calibrations. BSA is
employed to calibrate the conversion from static light scattering to
molecular mass, as this protein is commonly used as a reference in
numerous biochemical applications. However, as its intrinsic vis-
cosity is low, PEO can be used to calibrate both M and [n] para-
meters (see Note 2). Then, BSA injections are used to validate the
method.

Polypeptide concentrations can be determined using the pho-
tometer (UV) and/or the deflection refractometer (RI). RALS
and/or LALS data combined with the protein concentrations
(UV or RI) provide the molecular mass, while the differential
viscometer measurements (Differential Pressure, DP), in combina-
tion with the protein concentrations provide the intrinsic viscosity.

1. Open a file of standard for calibration.

2. For each detector, add the baselines automatically with
OmniSEC. If necessary, modify their positions manually and
note the noise (in Volt).

3. Surround the monomeric species by the integration limits on
all channels.

4. Create a method, in which you indicate all parameters
concerning the standard (dn/de, dA/de, MM, [n]...) (see
Note 2). Click the box “Calculate Concentration from Detec-
tors.” Two different methods can be created, one using the
refractometer (RI) and the other using the photometer (UV) as
detector to determine the sample concentration.

5. Press the button “calibration” and save the method.
6. Check the calibration constant values (see Note 15).

7. Test the calibration with the same standard file as sample and
with other injections of standard. If the standard changes, do
not forget to change the parameters (dz/dc, dA/dc...) in the
“sample parameters” window.
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Determination
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p—

. Open a sample file.

2. Determine the baselines automatically on all channels with
OmniSEC. If necessary, modity their position manually.

3. Place the integration limits on all channels by surrounding the
entire elution profile, from the void volume to the salt elution,
or restrict the window to the area of interest.

4. Open the appropriate method depending on the selected
detector used to determine the concentration (UV or RI).
Enter dn/dc and dA/dc of the protein in the “sample para-
meters” window.

5. Start analysis by pressing the button execution: the software
computes molecular mass and intrinsic viscosity of the macro-
molecule (see example given in Fig. 3).
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Fig. 3. Typical traces of a protein analyzed by size exclusion chromatography connected
to a tetra detector array. (a) Deflection refractometer (bold continuous line), right angle
light scattering (thin continuous line) and differential pressure (dotted line) chromato-
grams. (b) The molecular mass (black line) and intrinsic viscosity (grey line) are computed
with the OmniSEC software (Viscotek Ltd., a Malvern Company). This figure shows typical
chromatograms from the apo-state of the RD protein (1), an intrinsically disordered
protein (13).
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Fig. 4. Determination of protein shape (v) and hydration (9) parameters. The molecular mass (M), the intrinsic viscosity [7)],
and the hydrodynamic radius Ry of the macromolecule determined by SEC-TDA, AUC, and/or QELS are required to
estimate protein shape and hydration.

3.3. Protein Shape and
Hydration Estimation

6. Check the robustness of the results by testing the two different
methods (RI- and UV-based) if applicable, and different injec-
tions (volume or concentration) of the same protein sample.

For the determination of protein shape and hydration, the molecular
mass (M), the intrinsic viscosity [7], the hydrodynamic radius Ry and
the partial specific volume v of the protein are required (Fig. 4). The
hydrodynamic radius Ry is calculated from the translational diffusion
coefficient measured by QELS using the Stock Einstein relation
Ry = (kg T) /(671 Dt) or more accurately, using the Svedberg equa-
tion Ry = M(1 — pv)/(67nNys) with molecular mass determined
by SEC-TDA (see above) and sedimentation coefficient (s) deter-
mined by AUC (see Note 16). The partial specific volume (which
usually ranges between 0.69 and 0.75 mL/g) can be either experi-
mentally determined by AUC equilibrium measurement or estimated
from the amino acids sequence with, for instance, the SEDNTERP
software (http: //www.rasmb.bbri.org). The solvent viscosity n and
density p can also be computed with the SEDNTERP software.

The intrinsic viscosity of a protein, [n] (7, 8), is expressed
according to the relation [n] =vV, =v(v+d/p) (see Note 17).
The intrinsic viscosity is the product of (a) a hydrodynamic function,
the viscosity increment v, and (b) the swollen volume Vs. A v value of
2.5 suggests that the protein adopts a spherical shape, while
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increasing values of v are indicative of ellipsoidal shapes. The swollen
volume is the sum of two volumic factors, i.e., the partial specific
volume, ¥, and the time-averaged apparent hydration of the
protein (6 in gy,0/8proein)- Lhe hydration parameter includes
the water molecules bound to the protein and the water molecules
entrained by the diffusion of the protein. Hydration corresponds to
the water molecules within the hydrodynamic volume, i.c., to the
water included in protein cavities and between the protein surface
and the plan of shearing (slipping plan).

Three approaches can be used to estimate protein shape and
hydration (see Fig. 4 and Note 18 for an example)

1. The shape factor v can be calculated using the Einstein viscosity
relation M[n] =vVuNa (see Note 19) inverted to
v = Mn|/VaNy, where Vg is the hydrodynamic volume
defined by Vg =4nR} /3. The viscosity increment is then
used to estimate the ratio (a/b = ¥9) of the semi-axes # and &
(with & > &) for an equivalent prolate or oblate ellipsoid. Hard-
ing and Colfen described polynomial equations that can be used
to convert the viscosity increment into the axial ratio value (9).
Solutions for triaxial ellipsoid have also been described (10).
The solution for a prolate ellipsoid (R}, = 2 x & x bwitha > b
and a/b=1) is given by a2 = Ry x 9*3 and b= a/9 (or
b= Ry x 9~1/3), while the solution for an oblate ellipsoid
(R, =axaxb with a>0b and a/b=1) is given by
b=Ry x93 and a=9xb (or a =Ry x 9/3). Then,
from the intrinsic viscosity relation [] = v(v + §/p), the hydra-
tion ¢ is calculated from the parameters [7], v and v according to
0 = (([n]/v) — v)p (see Note 20).

2. A second way to calculate protein shape and hydration is first to
determine the hydration (J) from the experimental values of M, v
and Ry using the relation M (v 4 ) = Vi Na. Then, the viscos-
ity increment v is calculated with the intrinsic viscosity relation
v =[n]/(v+J/p), providing the a/b ratio as described above.

3. As an alternative estimation of the semi-axial ratio (a/b = ),
the Perrin hydrodynamic function P (11) can be calculated

according to the equation P = (f/fo)/{((é/Vp) + 1)1/3}
(12). For this purpose, the frictional ratio f/fy and the previ-
ously determined hydration values ¢ are combined. Ry values
are used to calculate the frictional ratio f/fy from the relation
f/fo = Ru/Ry. The anhydrous radius Ry (by definition with
6 =0),is defined by Mv = Vo N4 = (4nR$/3) Na, which gives
Ry=(3M V/47INA)1/ 3. An estimation of the semi-axial value
can be computed according to the polynomial equations
provided by Harding and Colfen (9). The shape factor esti-
mated from the Perrin Hydrodynamic function is generally
lower than that obtained from the viscosity increment.
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4. Notes

. It is recommended to work at neutral pH. Acidic buffers can

damage pressure transducers, whereas basic buffers can damage
quartz of the static light-scattering cell.

. PEO and BSA parameters are the following;:

PEO (Viscotek PolyCal™ TDS-PEO-N): its intrinsic viscosity
is 38.8 + 0.4 mL /g, its molecular mass is 22.411 g/mol
and its refractive index increment, dn/dc, is 0.132. It is
noteworthy that PEO cannot be used for a UV-method as
it does not absorb in the UV region.

BSA (SIGMA A0281): its intrinsic viscosity is 4 mL/g, its
molecular mass is 66,430 g/mol, its molar extinction coef-
ficient (&) is 45,000 M~ cm ™, dz/dcis 0.185 and dA/dc
is 0.667 L/g cm

The refractive index increment, dz/dc, is the slope of the
plot of the total scattered light (d#z) as a function of sample
concentrations (d¢). dA/dc is easily computed as
dA/dc=¢/M.

. The instrument described in the present review was purchased

from Malvern (Malvern, UK). Other companies, e.g., Wyatt
Technology, sell similar apparatus.

. Buffers must be degassed before use to prevent air bubbles

from becoming trapped in the pump, column, or detectors.

. TDA power supply should not be switched off; it controls the

temperature of the oven that must be comprised between 15
and 80 °C and be at least 3 °C higher than the room (or refri-
gerated cabinet) temperature to ensure thermal stability.

The GPCmax system must be switched on in order to let
the degasser pump functioning. Degasser pressure must be
comprised between 0.7 and 0.8 mbar.

. With flow, the pressure on DP and IP detectors should not

exceed 2.5 V (2.5 kPa) and 100 mV (100 kPa), respectively.

. The flow rate must be 0.1 mL/min for the transition from 20 %

ethanol to water. Flow rate during an injection is comprised
between 0.2 and 0.5 mL/min. The flow of the pump can be
adjusted at any time during operation by pressing the Pump
ON key and type the desired flow in the box. In any case, it
should not exceed 1.5 mL/min when the viscometer is
connected online (the IP detector limit pressure is 100 mV,
which corresponds to 100 kPa).

. Pressure must be limited to that of the column, including the

backpressure of the system. If the pressure drops under or exceeds
the programmed pressure values, the pump stops automatically.
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. Purges are performed in order to obtain optimum, flat baselines.

Purge time can be settled from the software. Do not make them
too long (from 2 to 5 min) to avoid damage of purge valves.

Baseline detector responses are approximately: RI (variable),
UV: 20 mV; RALS: 30-50 mV; LALS: 300-500 mV; IP:
5-6 mV (at 0.1 mL/min) to 25-30 mV (at 0.5 mL/min). It
is noteworthy that a lower value can indicate a leakage; DP:
20-100 mV, as a function of the flow rate. Baseline noise
should be around: IP: 0.02-0.04; DP, RALS, RI, and UV:
0.1; and LALS: 0.5 mV.

It is better to equilibrate the column with water and then with
buffer before connecting it to the GPCmax system in order to
avoid injection in the detectors of particles that may come out
from the column.

The IP measurement is treated as an “absolute” measurement
by the data system, unlike the others signals, which are
baseline-corrected. For this reason, the IP must never be zer-
oed with the flow on.

Each vial is accessible to a needle, which can take a defined
volume of sample and inject it onto the column for analysis.
Put in the vial a higher volume than the one required because
you have to take into account the volume (1) lost in the capillar
during loop loading (typically, 50 pL) and (2) required to fill the
space between the bottom of the vial and the extremity of the
needle (this volume is dependent on the shape of the vial used).

At least three injections of different concentrations (0.5; 1;
2 g/L) or different volumes (100; 150; 200 pL) must be
performed for each sample. Usually, two or three injections of
each standard are performed at the same volume (150 pL) and
concentration (2 and 4 g/L for BSA and PEO, respectively) to
be sure of the signal and baseline stability, and the reproduc-
ibility of the data. If required, injections of variables volumes
(50-200 pL) can be performed in order to determine the dn/
dc of the samples (see Note 2).

Calibration constants values should range as following: RI and
UV: 1 x 10° to 20 x 10% RALS and LALS: 1 x 10® to
20 x 10%, DP: 0.7-1.3.

The Svedberg equation is given by s = M (1 — pv)/(6nnNa Rp),
where s is the sedimentation coefficient (S), M the molecular
mass (g/mol), v the partial specific volume (mL/g), and Ry
the hydrodynamic radius of the macromolecule (cm). p and 7
are the solvent density (g/mL) and viscosity (poise: g/cm s),
respectively.

The intrinsic viscosity relation is given by [n] = v(v+ d/p),
where [n] is the intrinsic viscosity (mL/g), v is the viscosity

increment (unitless), ¥ the partial specific volume (mL/g),
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and ¢ the hydration of the macromolecule (g/g). p is the
solvent density (g/mL).

18. Here is a theoretical example describing how to access to
hydrodynamic parameters from M, [n] and Ry (Fig. 4). We
consider a protein with a molecular mass of 50,000 g/mol,
an intrinsic viscosity of 12 mL /g, a partial specific volume of
0.73 mL/g, a sedimentation coefficient of 3 S (3 x 1073 )
and a translational diffusion coefficient of 5.6 x 10~7 cm?/s.
The macromolecule is studied at 25 °C in Hepes 20 mM, NaCl
150 mM pH 7.4 of density 1.00382 g/mL and viscosity
0.00908 poise (or 0.00908 g/cm s).

We first calculate the hydrodynamic radius (Ryy) using the
Svedberg equation:

Ry = M(1 — pv) /(67 Nys)

with M in g/mol, p in g/mL, v in mL/g, n in poise and s in
seconds.

Ry = 50,000(1 — 1.00382 x 0.73) /(67 x 0.00908 x Ny x 3 x 10713)
Ry =4.32x 1077 cm

Alternatively, the hydrodynamic radius Ry can be calcu-
lated from the translational diffusion coefficient measured by
QELS using the Stock Einstein relation

Ry = (l’c’B T)/(67'C7]Dt)

with kg = 1.38 x 1071 gcm?/s’K, T'in Kelvin, 7 in poise and
Dt in cm?/s.

Ry = (1.38 x 107'% x 298) /(67 x 0.00908 x 5.6 x 1077)
Ry =4.32x10"7 cm

From the Ry, we calculate the hydrodynamic volume (V)
of the macromolecule according to

Vi = 4nR}; /3
with Ry in cm.
Vi = 4n(4.32 x 1077)°/3
Vi = 3.38 x 107 cm?

e According to the first approach, the shape factor (the vis-
cosity increment, v) is calculated using the Einstein viscos-
ity relation:

V= M[U]/VHNA
with Min g/mol, [] in mL/g, and Vi in cm?®,
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y = 50,000 x 12/3.38 x 10 " N,
v=2.95

The viscosity increment provides an estimation of the
ratio of the lengths of the semi-axes # and & of an ellipsoid
of revolution according to the polynomial equations
described by Harding and Colfen (9). A viscosity incre-
ment of 2.95 gives an axial ratio of 2.07. We can then
calculate the semi-axes @ and & for an equivalent prolate
or oblate spheroid.

For a prolate ellipsoid (defined by 4, &, b semi-axes):

W Rux ¢ b=afy

a=432x2¥3% b=7/2

a =7 nm b=3.5nm

For an oblate ellipsoid (defined by #, a, b semi-axes):

n=Rugx9'? b=aly

a=432x2Y3 b=54/2
a=54nm b=2.7 nm

Finally, from the intrinsic viscosity relation, the hydra-
tion parameter is extracted:

o= (([l/v) =v)p
with [n] in mL/g, vin mL/g, and p in g/mL. v is unitless.
5 = ((12/2.95) — 0.73)1.00382
0=3.35g/g

Altogether, these data indicate that the protein is elon-
gated with an axial ratio of 2 and displays a high hydration.

The second approach is used to calculate first the hydration
parameter according to

0= ((VuaNa)/M) -V
with Vi in cm®, Min g/mol, and ¥ in mL/g.
0 =1((3.38 x 107 x N4)/50000) — 0.73
0=334g/g

The viscosity increment is then determined using

v=[nl/(v+0/p)
with [] in mL/g, vin mL/g, J in g/g, and p in g/mL.
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19.

20.

v=12/(0.73 + 3.34/1.00382)
v=2.96
Then, the semi-axes 2 and & of an ellipsoid of revolu-
tion are estimated as described above.

e Finally, the third approach is used to calculate the Perrin
hydrodynamic function P (P = (£/fo)/[((6/p) + 1)/?])
as an alternative estimation of the semi-axial ratio using the
hydration previously calculated by the first and second pro-
cedures and the frictional ratio determined, according to

f/fo =Ru/Ro

Ry is the hydrodynamic radius of an anhydrous and spheri-
cal molecule with equivalent M and v and is defined as

3My /3
Ry =
477.'NA

with M in g/mol and v in mL/g.

The Einstein viscosity relation is given by Mn] = vV N,
where M is the molecular mass (g/mol), [n] the intrinsic viscos-
ity (mL/g), v the viscosity increment, and Vp the hydrody-
namic volume of the macromolecule (cm?).

The partial specific volume can be either calculated by AUC
equilibrium measurement or estimated with the SEDNTERP
software. An approximation of the v is enough for the calculation
of'the hydration parameter. Indeed, v commonly ranges between
0.69 and 0.75 mL /g, which makes little changes to hydration
that can varies between 0.2 and 0.5 g/g for folded proteins, and
from 1 to 10 g/g for partially and intrinsically disordered pro-
teins. These values are given as rough indications.
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Chapter 11

Size-Exclusion Chromatography in Structural Analysis
of Intrinsically Disordered Proteins

Vladimir N. Uversky

Abstract

Gel-filtration chromatography, also known as size-exclusion chromatography (SEC) or gel-permeation
chromatography, is a useful tool for structural and conformational analyses of intrinsically disordered
proteins (IDPs). SEC can be utilized for the estimation of the hydrodynamic dimensions of a given IDP,
for evaluation of the association state, for the analysis of IDP interactions with binding partners, and for the
induced folding studies. It also can be used to physically separate IDP conformers based on their hydrody-
namic dimensions, thus providing a unique possibility for the independent analysis of their physicochemical
properties.

Key words: Gel-filtration chromatography, Size-exclusion chromatography, Gel-permeation chroma-
tography, Hydrodynamic dimensions, Molecular mass, Compaction, Induced folding, Intrinsically
disordered protein, Coil-like, Pre-molten globule, Molten globule

1. Introduction

Due to a wide range of physical methods utilized for separation and
analysis of complex mixtures, chromatography deserves a unique
position among various analytical techniques of modern biochem-
istry, biophysics, and molecular biology. In chromatography, the
components to be separated are partitioned between a stationary
phase (which is typically packed into a column) and a mobile phase
(that usually contains dissolved sample and percolates through the
stationary phase in a definite direction). These phases are chosen
based on the different capabilities of components of the sample to
interact with the stationary and mobile phases. The ability of the
stationary phase to differently interact with the components of the
mobile phase determines their retention and separation, since a

Vladimir N. Uversky and A. Keith Dunker (eds.), Intrinsically Disordered Protein Analysis:
Volume 2, Methods and Experimental Tools, Methods in Molecular Biology, vol. 896,
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component with higher affinity to the stationary phase will travel
longer through the column than a component with lower affinity.
Importantly, various retention mechanisms based on reversible
physical interactions can be utilized (e.g., adsorption at a surface,
absorption in an immobilized solvent layer, electrostatic interac-
tions, etc.). Furthermore, more than one type of interaction may
contribute simultaneously to the separation mechanism, and vari-
ous means may be employed to achieve the reversibility of the
component interaction with the stationary phase. All this defines
the uniqueness of chromatography as an exceptionally useful and
pliable analytical tool with almost endless applications.

One of the most commonly used chromatography types is the
size-exclusion chromatography (SEC), also known as molecular
exclusion chromatography, gel-filtration or gel-permeation chro-
matography (GFC or GPC), which represents a unique laboratory
tool for separation of biomolecules, including proteins, based on
their hydrodynamic dimensions. Separation in SEC is achieved via
the use of the porous beads with a well-defined range of pore sizes
as the stationary phase. Therefore, the separation mechanism of
gel-filtration is very gentle, nonadsorptive, and is typically indepen-
dent of the eluent system used.

In SEC, molecules in the mobile phase pass by a number of
these porous beads while flowing through the column. Molecules
whose hydrodynamic dimensions are smaller than a particular limit
can fit inside all the pores in the beads. They will be drawn in pores
by the force of diffusion, where they will stay for a short time and
then will move out. These molecules are totally included as they
have total access to all the mobile phase inside and between the
beads. They have the largest retention and therefore will elute last
during the gel filtration separation. On the other hand, large mole-
cules that are too massive to fit inside any pore will have access only
to the mobile phase between the beads. These molecules are
excluded as they just follow the solvent flow and reach the end of
the column before molecules with smaller size. Finally, molecules
of intermediate size are partially included as they can fit inside some
but not all of the pores in the beads and therefore possess an
intermediate retention and elute between the large (“excluded”)
and small (“totally included”) molecules. Within the fractionation
range chosen, molecules are eluted in order of decreasing size. It is
important to remember that all the molecules larger than all the
pores in a matrix will elute together regardless of their size. Like-
wise, any molecules that can fit into all the pores in the beads will
elute at the same time.

In the protein field, the most frequent uses of SEC are separation
of proteins based on their size and estimation of their molecular
masses. Formally, SEC is a separation technique based on hydrody-
namic radius (see below); however, for similarly shaped molecules
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hydrodynamic radius is proportional to molecular mass. Therefore,
we can talk about SEC as a mass-based separation, even though this is
not strictly true.

The hydrodynamic volume is one of the most important and
fundamental structural parameters of a protein molecule. Hydro-
dynamic volume changes dramatically during the denaturation and
unfolding of a globular protein (1-4), and the evaluation of the
protein hydrodynamic dimensions (compact, extended, or partially
swollen) is an absolute prerequisite for an accurate classification of'a
protein conformation. Many experimental techniques were elabo-
rated to estimate the protein hydrodynamic dimensions, including
viscometry, sedimentation, dynamic light scattering, small angle
X-ray scattering, small angle neutron scattering, and so on.

Although many of the listed above approaches are based on the
well-developed theories, all of them have some difficulties and pit-
falls. Some hydrodynamic techniques require large protein quanti-
ties, while others use complex and expensive equipment and
sophisticated approaches for data processing. All techniques
based on scattering (dynamic light scattering, small angle X-ray
scattering, small angle neutron scattering) require very homoge-
neous samples, as presence of even small fraction of the aggregated
material is known to dramatically affect the scattering profile,
making interpretation of data difficult. Furthermore, practically
all these methods consume a lot of time for sample preparation
and precise measurements and have some limitations in the varia-
tion of experimental conditions. Application of SEC allows
researchers to overcome many of these experimental difficulties.
For example, the protein concentration can be decreased up to
0.001 mg/ml by using the 226 nm filter in the optical registration
system or even to the nanogram level if the radiolabeled proteins
are studied.

In comparison with the classical hydrodynamic methods such
as viscometry and sedimentation, the use of SEC as a technique for
the macromolecular dimension evaluation is a relatively novel
approach. In 1959, it was recognized that the SEC-based fraction-
ation of macromolecules is determined by their molecular sizes (5).
This brought the molecular sieve hypothesis of the gel-forming
polymer action to the existence. SEC now is considered as a general
separation technique where size and shape of molecules are the
prime separation parameters (6). Therefore, the elution behavior
of proteins on SEC column is determined by their Stokes radii
rather than by molecular masses (2, 3, 7-14).

Currently, SEC-HPLC (FPLC) is commonly used as a conve-
nient tool for the estimation of molecular dimensions and analysis
of their changes under the variety of conditions. For example, the
processes of globular protein denaturation and unfolding are often
analyzed by SEC either in terms of changes in the retention time
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which correlate with the changes of Stokes radii of the protein
conformers (2, 3, 13, 15-18) or by following the appearance of a
new elution peak (2, 3, 13, 15, 16, 19-23). Hydrodynamic
dimensions of intrinsically disordered proteins are also studied by
SEC (24-28). This chapter describes the peculiarities of the SEC
application for evaluation of protein hydrodynamic dimensions,
for conformational classification of IDPs, for separation of different
conformational states of a protein by their dimensions, and
for the independent structural characterization of these separated
conformers.

2. Materials

1. A gel filtration column of appropriate fractionation range for
the samples of interest.

2. A gel filtration buffer that is compatible with both the column
and the sample (see Note 1).

3. Calibration standards, i.e., a set of proteins with known hydro-
dynamic dimensions. Possible standards are thyroglobulin
(Pharmacia AB, gel filtration calibration kit); ferritin, catalase,
aldolase, bovine serum albumin, ovalbumin from hen egg,
chymotrypsinogen A, and cytochrome ¢ (calibration proteins
1 for gel chromatography, Combithek, Boehringer Mannheim
GmbH), carbonic anhydrase II, myoglobin, B-lactamaze,
a-lactalbumin, lysozyme, etc.

4. Proteins with known hydrodynamic dimensions in their folded
and completely unfolded states can be used as standards for the
SEC column calibration (see Note 2).

5. Blue dextran (Sigma) and acetone should also used in column
calibration.

6. The protein solution, in volume and concentration required for
SEC measurements (see Note 3).

7. Concentrated urea and guanidinium hydrochloride (GdmHCI)
solutions. The denatured concentration in solution is measured
by the refractive index.

8. Any chromatographic equipment, e.g., FPLC equipment
(Pharmacia, Uppsala, Sweden). To analyze the diluted protein
solutions absorption detector (e.g., 2158 Uvicord SD (LKB))
should be equipped with the 226-nm filter or set to measure
absorption in the peptide bond region ~220 nm.
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3. Methods

3.1. Estimation of the
Hydrodynamic
Dimensions by SEC

3.1.1. Calibration of the
SEC Column: Theoretical
Background

All the chromatographic materials suitable for gel-filtration are
characterized by specific “exclusion limits.” This parameter defines
an approximate upper limit for the size of molecules that can be
separated using a given column matrix. Gel-filtration columns
are characterized by two parameters, the void volume (V) and
the total volume (Vr). Vg is essentially the volume of the mobile
phase between the beads of the chromatographic medium. Mole-
cules larger than the exclusion limit, i.e., excluded molecules, elute
in the V. V7 is the volume of all of the liquid within the column
(i.e., both within the porous beads, as well as between them).
The smallest, or included, molecules appear in the V.

Calibration of a gel-filtration column represents a crucial
primary step in obtaining the quantitative information on the
protein molecular dimensions by SEC. Column calibration implies
the determination of a correlation between the parameters charac-
terizing the column permeation properties (or the retention capa-
bility) and the protein hydrodynamic dimensions. In SEC, the
retention of solute molecules by the column depends on their
continuous exchange between the mobile phase and the stagnant
mobile phase within the pores of the column matrix. This exchange
is an equilibrium entropy-controlled process, as enthalpic processes
such as adsorption are undesirable in SEC. Thus, the SEC retention
volume (1) is expressed by the following equation (29):

Vi = Vo + VpKsec + VsKic, (1)

where Vg is the void volume, Vp is the pore volume, whereas Vs is
the stationary phase volume, Kggc corresponds to the SEC solute
distribution coefficient, and Kjc is the coefficient characterizing
the liquid chromatography solute distribution. The ideal SEC
retention has to be governed only by entropic contributions
(i.e., it has to exclude both specific and nonspecific interactions of
solute molecules with the column matrix). Therefore, the column
packing material-eluent combination should be chosen such that
K ¢ is minimized to be as close to zero as possible (29).

The value of Kgg( for peaks eluting in the region resolvable by
the SEC column is 0 < Kggc < 1 (see Note 4). The retention of a
given molecule by a SEC column can be described by the column
partition coefficient, Ky, which is determined from the elution
profiles by the following equation:

Va—TVo

Ky=-2— "0
d VT—VO’

(2)
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3.1.2. Calibration of the SEC
Column: Experimental Steps

3.1.3. Measuring
Hydrodynamic Dimensions
of Proteins by SEC:
Experimental Steps

where Vo and Vp are void and total solvent-accessible column
volumes, respectively, whereas V,; is the elution (or retention)
volume of a given molecule under given conditions.

The dependence of the retention volume of a solute on its hydro-
dynamic dimension represents the SEC calibration curve.

1. First, one has to make sure that the void volume (V) and the
total volume (V) of the column are independent of solution
pH, denaturants in wide concentration intervals, and tempera-
ture. Since in our experiments, the value of the column void
volume is based on the elution volume of blue dextran, and the
value of the total solvent-accessible column volume is based on
the elution volume of acetone, blue dextran and acetone are
injected into the column under the variety of solvent/environ-
ment conditions to be used in the IDP analysis.

2. A starting point of column calibration is an injection of a series
of well-characterized SEC standards, proteins with known
hydrodynamic dimensions, followed by the determination of
the corresponding retention volumes (see Note 5).

3. The information from the step 2 is then used for the conversion
of the retention volume axis in SEC to a hydrodynamic dimen-
sion axis (that is, calibration), which can be accomplished in a
number of ways. A simple column calibration curve is a direct Rg
versus Ky plot (10, 30). Alternatively, when the column perme-
ation properties are independent of the experimental conditions
(i.e.,when Vi — Vo = const forall conditions and buffers used),
the simplified calibration procedure, plotting the migration rate
(1,000/V,) versus Rs, can be used (13) (see Note 6).

Thorough SEC-based analysis of several proteins whose hydrody-
namic dimensions in different conformational states were estimated
by other hydrodynamic techniques revealed that the SEC-
determined Rg values were in good agreement with those obtained
by traditional hydrodynamic methods such as viscometry, sedimen-
tation, and dynamic light scattering (2, 3, 13). The accuracy of the
SEC measurements is typically high enough to obtain the reliable
information on the hydrodynamic dimensions of a protein in dif-
ferent conformational states. In fact, even molten globules, whose
hydrodynamic dimensions are very close to the respective values of
the globular ordered proteins, were reliably discriminated form the
corresponding folded proteins (2, 3).

SEC represents a very useful tool to follow changes in the
hydrodynamic dimensions accompanying denaturation and unfold-
ing of globular proteins (2, 3, 13, 15). Importantly, it has been
established that the unfolding curve retrieved for a given protein by
SEC coincides with the unfolding curves measured for this protein
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by other techniques. This clearly indicated that the reliable Rg
measurements can be done not only under the conditions preced-
ing and following the conformational transition but also within the
transition region (2, 3, 13, 15).

1. Inject the protein sample to the calibrated column and deter-
mine the corresponding retention volume.

2. Using calibration curve from steps in Subheading 3.1.2 deter-
mine the Stokes radius of a given protein.

3. In order to obtain more accurate data, the above steps 1 and
2 should be repeated three to five times.

Molecular density, and hence hydrodynamic dimensions, is one of
the most unambiguous characteristics of a polymer molecule. Addi-
tional knowledge can be gained via the analysis of the molecular
mass dependence of the molecular density for a polymer in different
conformational states. In fact, the density of a globule is expected to
be independent of the chain length, whereas the density ofa partially
collapsed or swelled macromolecules depends on both the chain
length, and therefore on its molecular weight M, and on the non-
specific interactions of the monomer units with the solvent (31).
Keeping this in mind, data retrieved by SEC for several proteins in
different conformational states can be utilized for finding a potential
correlation between the hydrodynamic dimensions of a protein
molecule in a variety of conformational states and the length of
polypeptide chain (4, 32—-37). The analyzed proteins were grouped
in the following classes: native globular proteins with nearly spheri-
cal shapes; equilibrium molten globules and equilibrium pre-molten
globule states in the presence of strong denaturants; denaturant-
unfolded proteins without cross-links; and natively unfolded pro-
teins. Figure 1 represents the results of this analysis and clearly shows
that in all cases studied an excellent correlation between the appar-
ent molecular density (determined as p = M /(4nRs?/3), where M
is a molecular mass and Rg is a hydrodynamic radius of a given
protein) and molecular mass was observed. Thus, regardless of the
differences in the amino acid sequences and biological functions,
protein molecules behave as polymer homologues in a number of
conformational states (4, 32—37).

This analysis gave rise to a set of the standard equations for a
polypeptide chain in a number of conformational states (37):

log(RY) = —(0.204 & 0.023) + (0.357 £ 0.005) - log(M), (3)
log(RY') = —(0.053 £ 0.094) + (0.334 + 0.021) - log(M), (4)
log(REMS) = —(0.21 £ 0.18) 4 (0.392 + 0.041) - log(M), (5)
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log p (Da/A)

3 5 7
log M (Da)

Fig. 1. Variation of the density of protein molecules, p, with protein molecular weight, M,
for a number of thermodynamically stable conformational states: N, ordered globular
protein; MG, molten globule; PMG, partially folded and partially collapsed conformations
(native pre-molten globules are shown as reversed triangles, proteins with intact disulfate
bridges in 8 M urea or 6 M GdmHCI are shown as squares; intermediates accumulated
during the unfolding by urea or GdmCI are shown by circles); NU.;, native coil-like
proteins under the physiological conditions; Uyea, unfolded in 8 M urea (proteins without
cross-links or with reduced cross-links); and Uggmc, unfolded in 6 M GdmHCI (proteins

without cross-links or with reduced cross-links). Lines represent the best fits. Modified
from ref. 33.

log(RS™™)) = —(0.649 £ 0.016) + (0.521 & 0.004) - log(M),

(6)
log(RS ™M) = —(0.723 4+ 0.033) + (0.543 + 0.007) - log(M),

(7)
log(RYVMy = —(0.551 +0.032) + (0.493 + 0.008) - log(M),

(8)
log(RYVME)) = —(0.239 + 0.055) + (0.403 + 0.012) - log(M),

9)

where N, MG, PMG, U(urea), and U(GdmCl) correspond to the
native, molten globule, pre-molten globule, urea-, and GdmClI-
unfolded globular proteins, respectively, whereas NU(coil) and
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NU(PMG) correspond to native coil-like and native pre-molten
globule-like proteins, respectively (see Note 7).

As it follows from discussion above, SEC is very useful in ascertaining
the degree of compactness of a protein, and can distinguish between
partially and fully unfolded states, since an increase in the hydrody-
namic volume is associated with unfolding. Transformation of a
typical globular protein into a molten globule state results in a
~15-20% increase in its hydrodynamic radius (2—4, 35, 38, 39).
The relative increase in hydrodynamic volume of less folded inter-
mediates is even larger (4, 21, 22, 33, 35, 39). Figure 1 shows that
different protein conformations possess very different molecular mass
dependencies of their hydrodynamic radii, Rg (4, 33-36). Therefore,
equilibrium conformation of any given IDP (coil-like, PMG-like, or
molten globule-like) can easily be discriminated by the degree of
compactness of the polypeptide chain. Thus, based on its hydrody-
namic dimensions evaluated by SEC and the unique molecular mass
dependencies of the Stokes radii described by a set of equations
above, an IDP can be assigned to one of the structural classes.

1. To this end, using a set of Eqs. 3-9 (see above) one should
calculate the expected Stokes radii for a set of standard con-
formations (folded, molten globular, pre-molten globular,
urea-, and GdmCl-unfolded globular proteins, and native
coil-like and native pre-molten globule-like IDP) of a hypo-
thetical protein with the appropriate molecular mass.

2. Compare the calculated values with the Stokes radius of a given
IDP evaluated by SEC.

Examples below illustrate the usefulness of this approach for
structural classification of several IDPs. The hydrodynamic proper-
ties of the members of the synuclein family, a-, B-, and y-synucleins,
were studied under the variety of experimental conditions by SEC
(26). This analysis revealed that under the conditions of neutral pH
B-synuclein was slightly more extended and possessed the hydrody-
namic dimensions typical of a completely unfolded polypeptide
chain, whereas o- and y-synucleins were more compact than
expected for a random coil (26). This conclusion followed from
the comparison of the measured Stokes radius values with those
calculated for a completely unfolded polypeptide chain of the
appropriate molecular mass. In the case of B-synuclein, the experi-
mentally determined value (33.9 £ 0.4 A) perfectly matched
the calculated one (34.1 A). However, the Stokes radii measured
for a- (31.8 £ 0.4 A) and y-synucleins (30.4 + 0.4 A) were nota-
bly lower than the corresponding calculated values (34.3 and
32.8 A, respectively) (24). The conclusion on the partially collapsed
form in «o-synuclein was further confirmed by measurement of
its Rg in the presence of 8 M urea, where the protein behaved as a
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Folding

random coil (Rg = 34.5 £ 0.4 A) (24). Furthermore, SEC analy-
sis revealed that the decrease in pH was accompanied by the
formation of partially folded conformation in all three synucleins
as evidenced by the substantial decrease in their hydrodynamic
dimensions (Rg = 27.9 £ 0.4, 27.5 + 0.4, and 26.5 £+ 0.4 A for
o-, B-, and y-synuclein, respectively). As these data were in perfect
agreement with the values calculated from Eq. 9, it has been con-
cluded that at acidic pH all three proteins formed pre-molten
globule-like conformation (26).

SEC analysis of another IDP, inhibitory y subunit of the cGMP
phosphodiesterase (PDEY) revealed that the hydrodynamic dimen-
sions of PDEy at neutral pH in the absence of 8 M urea were close
to those measured in the presence of 8 M urea (28). Furthermore,
the Rg value determined for native PDEy (Rg = 24.8 + 0.8 A) was
very close to R calculated for a native coil with a molecular mass of
9,669 Da (Rg = 25.9 A), suggesting that PDEy should be classi-
fied as a native coil (28).

Finally, the results of the SEC analysis of the C-terminal
domain of chicken gizzard caldesmon (CaD136, residues
636-771) agreed well with the data of the far-UV CD, SAXS, and
intrinsic fluorescence and showed that this domain was essentially
unfolded under the conditions of neutral pH (40). Here, the
hydrodynamic dimensions of CaD136 were relatively close to
those measured in the presence of 6 M GdmCl (Rg = 28.1 + 0.8
and 35.3 £ 0.8 A, respectively), confirming the fact that CaD136
is essentially unfolded even in the absence of denaturant. Compari-
son of these measured values with Rg calculated using Egs. 4, 7-9
for a protein with a molecular mass of 14,514 Da (19.1,21.7, 34 4,
31.7,and 27 .4 A for N, MG, U, NU(coil), and NU(PMG), respec-
tively) suggested that CaD136 belonged to the native pre-molten
globule class (40).

Presented above data for the members of the synuclein family illus-
trate that SEC is a useful tool for the evaluation of the IDP partial
tolding induced by changes in the environment. Similar results on the
pH-induced gaining of partially folded conformation were obtained
for another typical IDP, prothymosin o (27). The hydrodynamic
dimensions of this protein at neutral pH were close to those measured
in the presence of 8 M urea (31.4 + 0.3 and 32.8 £ 0.3 A, respec-
tively). The small difference between the two values was explained by
swelling of the unfolded polypeptide chain in a good solvent. Both
values were virtually indistinguishable from Rg, calculated for the
completely unfolded protein with a molecular mass of 12.21 kDa
(31.3 A). A decrease in pH led to a pronounced decrease of the
prothymosin o hydrodynamic dimension (Rg = 24.9 + 0.3 A)
(27). It should be emphasized that this Rg value determined at pH
2.5 was still far from that expected for a globular protein of 12 kDa,
but correlated well with the dimensions of the pre-molten globule
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(25.5 A). Although we considered here only the data on the pH-
induced partial folding of IDPs, SEC can be utilized for the analysis of
folding induced in IDPs by any other environmental factors.

The situation when IDP partially folds while oligomerizing
is more complex, as here we are dealing with two opposite
effects—decrease in the hydrodynamic dimensions induced by
folding and increase in the molecular mass (and consequently
hydrodynamic volume) caused by oligomerization. However,
even in this case very useful information can be extracted both
on the polypeptide conformation and on its oligomerization state.
For a protein with a molecular mass of M, this information can be
retrieved using Eqs. 3, 4, 7-9 a set of molecular masses # x M,
with » =1, 2, 3, ..., N being the oligomerization stage.

Analysis of the heat-induced dimerization of a-synuclein represents
an illustrative example of this approach. Incubation of a-synuclein
at high temperature induced partially folded conformation (24).
This structural transformation was completely reversible, when
the heat treatment was transient. It has been hypothesized that
if the partially folded conformation serves as an intermediate of
the fibril assembly, then populating this structure for a longer
period of time should induce the self-assembly and might trap
the structure in oligomeric forms (41). To test this hypothesis
and see if the sustained heat treatment, thereby sustained partially
folded structure, can stabilize the structure and initiate the olig-
omerization, purified wild type human recombinant a-synuclein
was incubated at different temperatures for up to three days. This
incubation resulted in a temperature-dependent, progressive
aggregation followed by the gel electrophoretic analysis. The
incubation at 65°C showed small oligomers (mostly dimers) at
day 1, and at day 3, larger aggregates were detected with
increased amount of small oligomers (dimers). Whereas the olig-
omerization at 50°C was slower, but apparent at day 3, no
oligomers of any size were detectable at 37°C or room tempera-
ture for up to 3 days (41).

At the next stage, hydrodynamic properties of different asso-
ciated forms of a-synuclein have been analyzed by SEC (41). This
analysis revealed that the initial conformation of a-synuclein was
essentially unfolded polypeptide chain with the Stokes radius Rs
= 31.3 A, whereas trapped dimeric form, being characterized by
Rg = 36.3 A, had to be comprised of more compact protein mole-
cules. These conclusions followed from the comparison of the
measured Stokes radius, Rg, values with those calculated for native
coil or native pre-molten globule with a molecular mass of
14,460 kDa. In the case of initial a-synuclein conformation, the
experimentally determined value perfectly matched the value calcu-
lated for the native coil of 14,460 Da (Rs = 31.6 A). However, Rg
measured for the trapped conformation coincided with expected
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dimensions of the pre-molten globule protein with molecular mass
0f28,920 Da (Rs = 36.2 A). Therefore, incubation of a-synuclein
at elevated temperatures for prolonged periods of time may trap the
stable dimers comprised of partially folded pre-molten globule-like
intermediates (41). These experiments suggested that partially
folded PMG-like conformation of a-synuclein was stabilized as
the protein underwent a highly selective self-assembly process dur-
ing prolonged incubation at elevated temperatures (41).

An exceptional advantage of SEC, in comparison with the vast
majority of traditional structural methods, is its capability of physical
separation of protein conformers, which are different in their hydro-
dynamic dimensions. Although such separation takes place only
under the particular conditions (e.g., under the conditions which
are favoring slow conformational exchange between these species or
upon the formation of stable oligomeric forms), this property of
SEC allows one to perform an independent investigations of differ-
ent physical properties of compact and less compact or monomeric
and oligomeric conformations. Various traditional spectroscopic
techniques, being combined with the chromatographic facilities,
can be used for such structural characterization.

This property of SEC was successfully applied for studying the
formation of baicalein-stabilized oligomers of a-synuclein. Baicalein
is the main component of a traditional Chinese herbal medicine
Scutellarvia baicalensis and has multiple biological activities includ-
ing antiallergic, anticarcinogenic, and anti-HIV properties (42—45).
Furthermore, baicalein was shown to markedly inhibit a-synuclein
fibrillation in vitro (46, 47). This inhibition occurred via inducing
the specific oligomerization. This ability of baicalein to effectively
induce oligomerization of a-synuclein was shown using SEC-
HPLC. After incubation for 2 days with 100 uM baicalein, the
HPLC profile of a-synuclein showed a new peak with a retention
time of 11.5 min, indicating formation of the stable oligomeric
species (47). The peak corresponding to the monomeric protein
was also observed in the elution profile. Purified samples eluting
from the HPLC column were monitored by UV spectroscopy to
confirm the baicalein binding (47). The baicalein has three charac-
teristic maxima in the absorption spectrum, at 216, 277, and
324 nm. Zhu et al. (46) showed that when the baicalein was oxi-
dized, the absorbance at 324 nm disappeared, whereas when it was
bound to a-synuclein, a new peak at ~360 nm was observed.
The UV absorption spectrum of a-synuclein oligomer showed an
absorbance at around 360 nm, suggesting the effective baicalein
binding. Interestingly, the peak in the HPLC profile corresponding
to the monomeric a-synuclein coincubated with baicalein also
showed an absorbance at 360 nm, indicating baicalein binding (47).

These two samples separated by SEC were used for the detailed
biophysical analysis, including atomic force and electron
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microscopy, SAXS, FTIR and far-UV CD (47). Furthermore, ther-
modynamic stability of the baicalein-stabilized oligomers was eval-
uated via the analysis of their GdmCl-induced unfolding (47). The
purified baicalein-stabilized oligomers were incubated at 37°C for
1 month. No fibrils were formed and no dissociation was observed
after this prolonged incubation, suggesting the high stability of the
oligomers. Inhibitory effects of these oligomers on a-synuclein
fibrillation were also evaluated. Finally, the eftect of the baicalein-
stabilized oligomers on the integrity of lipid membranes was eval-
uated (47). All these very important studies became possible due to
the ability of SEC to physically separate monomeric and oligomeric
a-synuclein species.

4. Notes

1. It is recommended to work at neutral pH. Acidic buffers can
damage pressure transducers, whereas basic buffers can damage
quartz of the static light scattering cell.

2. The accuracy of the evaluation of protein’s hydrodynamic
dimensions (e.g., estimations of its Stokes radius, Rg) by SEC
depends significantly on the number of proteins used for the
column calibration. Furthermore, if the determination of
hydrodynamic dimensions for denatured and unfolded globu-
lar proteins is planned, then a set of denatured and unfolded
proteins with known Rg values should be used for column
calibration (3). This requirement is also applicable for the
evaluation of dimensions of intrinsically disordered proteins.
However, in the case of IDPs, a set of globular proteins with
known hydrodynamic dimensions in various denatured and
unfolded conformations can be used for calibration.

3. To avoid the influence of protein association on the results of
SEC-FPLC measurements, the usual protein concentration
should be low, about 0.001 mg/ml.

4. As the largest species is entirely excluded from the pores in the
column matrix, its retention volume is equal to the void vol-
ume, in which case Kggc is zero. On the other hand, the
smallest molecule permeates all of the pores within the SEC
column, and its retention volume equals the sum of the void
volume and the pore volume, i.c., the total volume or total
permeation limit ( V). The value of Kggc for species eluting at
the total volume is 1. Finally, the intermediate-size molecules
can permeate the pores to some extent and thus can be sepa-
rated according to their respective hydrodynamic volumes.
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. It is important to repeat all the measurements several times in

order to produce more accurate calibration curve.

. It is also useful to perform calibration procedure under the

variety of experimental conditions and in various solvent sys-
tems to be utilized in the IDP analysis. The goal of this analysis
is to make sure that the dependences of the migration rate
(1,000/V,) versus the logarithm of protein molecular weight
obtained for different solvents have virtually the same slopes.
These data would provide additional support to the conclusion
that the permeation properties of the column do not change
significantly under the conditions used in the IDP analysis.

. Importantly, statistical analysis has revealed that the relative

errors of the recovered approximations exhibit random distri-
bution over the wide range of chain lengths and do not gener-
ally exceed 10% (33). This means that the effective protein
dimensions in a variety of conformational states can be pre-
dicted based on the chain length with an accuracy of 10%.
In other words, this set of equations can be used to estimate
the Rg value for any protein with known molecular mass M in
any conformational state. Another important point is that hav-
ing the Rg measured by SEC and knowing the molecular mass
of the protein, one can understand what conformational state

the studied protein is in under the given conditions.
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Chapter 12

Denaturant-Induced Gonformational Transitions
in Intrinsically Disordered Proteins

Paolo Neyroz, Stefano Ciurli, and Vladimir N. Uversky

Abstract

Intrinsically disordered proteins (IDPs) differ from ordered proteins at several levels: structural, functional,
and conformational. Amino acid biases also drive atypical responses of IDPs to changes in their environ-
ment. Among several specific features, the conformational behavior of IDPs is characterized by the low
cooperativity (or the complete lack thereof) of the denaturant-induced unfolding. In fact, the denaturant-
induced unfolding of native molten globules can be described by shallow sigmoidal curves, whereas urea- or
guanidinium hydrochloride-induced unfolding of native pre-molten globules or native coils is a noncoop-
erative process and typically is seen as monotonous feature-less changes in the studied parameters. This
chapter describes some of the most characteristic features of the IDP conformational behavior.

Key words: Conformational stability, Denaturant-induced unfolding, Molten globule, Pre-molten
globule, Two-state transition, Three-state transition

1. Introduction

1.1. Introducing IDPs Intrinsically disordered proteins (IDPs) exist as highly dynamic
ensembles of interconverting structures, carry numerous vital
biological functions, and are abundant in various proteomes.
Recently, the structure—function paradigm stating that ordered
3D structures represent the indispensable prerequisite for the effec-
tive protein functioning has been redefined to include IDPs (1-12).
According to this redefined paradigm, native proteins (or their
functional regions) can exist in any of the known conformational
states: ordered, molten globule, pre-molten globule, and coil.
Function can arise from any of these conformations and transitions
between them. Therefore, in addition to the “protein folding”
problem, where the correct folding of a globular protein into the
rigid biologically active conformation is determined by its amino
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acid sequence (13), the “protein nonfolding problem” does exist
too, where the lack of a rigid globular structure in a given IDP may
be encoded in some specific features of its amino acid sequence.
Since structural classification of IDPs frequently utilizes definitions
developed for the description of the partially folded globular pro-
teins, these conformations are briefly introduced below.

The unique 3D structure of a globular protein is stabilized by
noncovalent interactions of different nature. These include hydro-
gen bonds, hydrophobic interactions, electrostatic interactions,
van der Waals interactions, etc. Complete (or almost complete)
disruption of all these interactions can be achieved in concentrated
solutions of strong denaturants (such as urea or guanidinium
hydrochloride (GdmHCI)). Here, an initially folded and
highly ordered molecule of a globular protein unfolds, i.e., trans-
forms into a highly disordered random coil-like conformation
(14-17). However, environmental changes can decrease (or even
completely eliminate) only some noncovalent interactions, whereas
the remaining interactions could stay unchanged (or even could be
intensified). Very often, a globular protein will lose its biological
activity under these conditions, thus becoming denatured (17).
It is important to remember that denaturation is not necessarily
accompanied by the unfolding of a protein, but rather might
result in the appearance of various partially folded conformations
with properties intermediate between those of the folded (ordered)
and the completely unfolded states. In fact, globular proteins exist
in at least four different equilibrium conformations: folded
(ordered), molten globule, pre-molten globule, and unfolded
(6, 18-24). The ability of a globular protein to adopt different
stable partially folded conformations is believed to be an intrinsic
property of a polypeptide chain.

The molten globular protein is denatured and has no (or has only
a trace of) rigid cooperatively melted tertiary structure. Small-angle
X-ray scattering analysis reveals that it has a globular structure typical
of folded globular proteins (22, 25-28). 2D-NMR, coupled with
hydrogen—deuterium exchange, shows that the molten globule is
characterized not only by the native-like secondary structure content
but also by the native-like folding pattern (29-36). A considerable
increase in the accessibility of a protein molecule to proteases is noted
as a specific property of the molten globule (37, 38). The transforma-
tion into this intermediate state is accompanied by a considerable
increase in the affinity of a protein molecule to hydrophobic fluores-
cence probes (such as 8-anilinonaphthalene-1-sulfonate, ANS),
and this behavior is a characteristic property of the molten globules
(39, 40). Finally, on the average, the hydrodynamic radius of the
molten globule is increased by no more than 15% compared to
that of the folded state, which corresponds to the volume increase
of ~50% (41).
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1.2. Amino Acid
Determinants of
Intrinsic Disorder

The globular protein in the pre-molten globule state is also
denatured. It has a considerable amount of residual secondary
structure, which is much less pronounced than that of the native
or the molten globule protein. The pre-molten globule form is
considerably less compact than the molten globule or folded states,
being still noticeably more compact than the random coil. The pre-
molten globule can effectively interact with ANS, though this
interaction is weaker than the molten globule. The pre-molten
globule has no globular structure (6, 22, 23), suggesting that the
pre-molten globule probably represents a “squeezed,” partially
collapsed and partially ordered form of a coil. Finally, the pre-
molten globule was shown to be separated from the molten globule
by an all-or-none-transition (6, 18, 20, 21), suggesting that the
molten globule and the pre-molten globule are different thermo-
dynamic (phase) states of a globular protein.

By analogy with the mentioned above partially folded confor-
mations of ordered globular proteins, IDPs can be grouped into
three structurally different subclasses: native molten globules (so-
called collapsed IDPs), native pre-molten globules, and native coils
(both are known as extended IDPs).

In an attempt to understand the relationship between the amino
acid sequence and protein intrinsic disorder, a set of experimentally
characterized IDPs was systematically compared with a set of
ordered globular proteins (2, 11, 42, 43). This analysis revealed
that IDPs differ from structured globular proteins and domains
with regard to many attributes, including amino acid composition,
sequence complexity, hydrophobicity, charge, and flexibility. IDPs
are significantly depleted in a number of so-called order-promoting
residues (Ile, Leu, Val, Trp, Tyr, Phe, Cys, and Asn), being substan-
tially enriched in so-called disorder-promoting amino acids (Ala,
Arg, Gly, Gln, Ser, Pro, Glu, Asp, and Lys) (2, 11, 42-45).
Furthermore, the combination of low mean hydrophobicity
and relatively high net charge was shown to constitute an important
prerequisite for the lack of compact structure in extended (coil-like
and pre-molten globule-like) IDPs (46). Overall, these analyses
revealed that the amino acid sequences of IDPs and ordered pro-
teins are very different, supporting a hypothesis that the propensity
of a polypeptide chain to fold or stay disordered is encoded in its
amino acid sequence. For example, extended IDDs are disordered
under physiological conditions because of the strong electrostatic
repulsion (due to their high net charges) and weak hydrophobic
attraction (due to their low contents of hydrophobic residues).
These data also suggest that IDPs (especially extended IDPs) with
their highly biased amino acid sequences might possess unpredict-
able conformational responses to changes in their environment.
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2. Materials

1. Prepare all solutions using ultrapure water (prepared by purify-
ing deionized water to attain a sensitivity of 18 MQ cm at 25°C).

2. Guanidine hydrochloride (GdmHCI) and urea are of analytical
grade and stored at room temperature.

3. Prepare IDP for the analysis. Here, purification of the recom-
binant Bacillus pasteurii UreG (BpUreG) is performed as
reported previously (47).

4. Prepare protein samples (15 pM) in a buffer containing 50 mM
Tris—HCI at pH 8.0.

5. Prepare stock solutions of GAmHCI (6 M), urea (8 M) (see
Note 1), and NaCl (4 M) (see Note 2).

3. Methods

3.1. Use of Intrinsic
Fluorescence for the
Protein Unfolding
Analysis

3.1.1. Sample Preparation

3.1.2. Equilibrium Unfolding
Fluorescence Measurements

Experiments described below aim at the characterization of the
folded state of a protein. In particular, different intrinsic fluores-
cence parameters are used to monitor the structural transition
between a native state, N, and a denatured state, U, and to deter-
mine the thermodynamic parameters of the corresponding confor-
mational transitions (48).

In a quartz fluorescence cuvette of 1 cm path length and 4 mL
volume capacity, small aliquots (25-1,500 pL) of the denaturant
(GdmHCI) from a 6 M stock solution are added using a microsyr-
inge to a protein sample (0.7 mg/mL) of the initial volume of
2 mL. Then, using this procedure, the data must be corrected for
dilution as, F.,, = Fyps (Vi/ Vi), where F.,. and F,, indicate the
dilution-corrected and the observed fluorescence intensities, V;
represents the initial sample volume in the absence of denaturant,
and V, is the total sample volume after the denaturant addition.

As an alternative, sample of the same volume can be prepared
by adding 100 pL of a protein stock (final concentration of 15 pM)
to denaturant solutions of the same volume (1.9 mL) and increas-
ing denaturant concentration.

In both the preparation methods described, the protein folding
structure can be evaluated over a range of denaturant concentra-
tions from 0 M to 3 M GdmHCI. The samples are equilibrated at
25°C beftore the fluorescence measurements are performed.

To monitor the protein unfolding transition as a function of
GdmHCI concentration, different fluorescence parameters are
appropriate, such as (1) the change in the intensity of the fluorescence
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emission, (2) the change of the maximum emission wavelength
(see Experiment 1), (3) the change of the steady-state emission
anisotropy, <7> (see Experiment 2), or (4) the change of the time-
resolved fluorescence anisotropy (correlation time ¢, usually asso-
ciated with changes in the tumbling of the protein).

Experiment 1. This experiment describes this application for the
case of B. pastenrii UreG (52). Using the excitation wavelength
of' 295 nm the entire emission spectra is recorded from 300 nm
to 450 nm for each sample at increasing denaturant concentra-
tions. In a typical PC-driven fluorometer apparatus the data are
saved as an array of pairs of column for each denaturant con-
centration: a first column containing the incrementing wave-
length (x) and a second column containing the measured
fluorescence intensity (y). Then, to monitor the changes of
the emission maximum (Apax) as a function of the denaturant
concentration it is a good practice to use the Center of Mass
(COM) of the fluorescence emission. In this case, COM is
calculated as follows: Zx /2y, where x and y indicate the
kth wavelength and intensity coordinate of the emission spec-
trum, respectively (49).

Experiment 2. This experiment describes this application for the
case of B. pastenrii UreG (52). To collect fluorescence steady-
state anisotropy measurements, the fluorometer must be
equipped with two polarizers placed in the excitation and the
emission path, respectively (2). The best UV light transmit-
tance is obtained using Glan—Thomson prisms, but also less
expensive Polaroid HNP’B can be used, provided that an exci-
tation wavelength longer than 290 nm is chosen. In addition,
due to the polarizers’ light transmission cut, the excitation and
the emission band passes are increased to 4-5 nm each. Then,
by the appropriate rotation of the polarizers of 0° and 90° with
each other, the measure of the intensities of the parallel (I,,)
and the perpendicular (I,;,) components of the polarized fluo-
rescence emission can be obtained. These fluorescence intensity
components are used to calculate the steady-state anisotropy,
<r>, from Eq. 1 (50):

IWG - Ivh
(r) = T
IyG + 21y,

where G, the “grating” correction factor, is calculated as G =
Inn/ Ty

(1)

3.1.3. Equilibrium Unfolding To describe a two-state transition, N < U, between the native
Data Analysis and the unfolded states with an unfolding equilibrium constant,
K, = [U]/[N], and a free energy change given by,

AG’ = —RT In K, (2)
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3.2. Designing the
Unfolding Curves Using
Size Exclusion
Chromatography

3.2.1. Preliminary
Considerations

the following linear relationship (linear extrapolation model) is
used to describe the thermodynamics of the denaturant-induced
unfolding of proteins (48, 51):

AGO = A(;(()),un —-m [D] (3)

un

where AG) . is the free energy change of unfolding extrapolated to
zero denaturant concentration at a reference temperature, and 7,
the denaturant concentration index, is a measure of the dependence
of AG® on denaturant concentration. Equilibrium unfolding data
analysis is then performed as previously described (52). The follow-
ing equation is used to fit the experimental data by a two-state

transition model (52):

—AGY  4m[D]
sun

0
Xox + Sn|D| + (Xou + Su[D]). e &t
X = [ } ( —AGg +m[1[)] ]) <4)

sun

14— #—

where Xon and Xpy indicate either the wavelength Azr4x (COM)
or the steady-state anisotropy <7> of the native and the unfolded
states in the absence of the denaturant D, and the terms Sy and Sy
represent the baseline slopes for the native and unfolded regions.
Since the latter slope terms tend to be zero when Aypax or <7> are
used, they are not considered in these data analysis procedures.

Fitting equations can be obtained by nonlinear least-squares
utilities included in several commercial software packages. The
results that can be obtained by these experiments are presented in
Figs. 1 and 2. The AG obtained in this way can be considered as a
measure of the free energy involved in the noncooperative transi-
tion observed in these experiments.

This section is dedicated to the design of the unfolding curves
based on the results of the size exclusion chromatography (SEC)
analysis. Although described approaches were originally developed
for the analysis of the unfolding of globular proteins, they can also
be used for the analysis of the unfolding behavior of IDPs.

To build an unfolding curve based on the SEC data, one has to
analyze the changes induced in the elution profile by variations of
the environmental conditions. Similar to the profiles retrieved by
other separation techniques, e.g., sedimentation or urea-gradient
electrophoresis (53), the shape of the elution profile within the
transition region depends dramatically on two rates: the rate of
the exchange between the protein conformers and the characteristic
rate of the heterogeneous equilibrium between the bound and
unbound state of the protein on the stationary phase of the chro-
matographic process. In the case of conformational exchange faster
than the chromatographic process, a single peak corresponding to
the hydrodynamic dimensions averaged over compact and less
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Fig. 1. Conformational transition of BpUreG as revealed by steady-state fluorescence
signals. Steady-state emission spectra of BpUreG (0.7 mg/mL) in 50 mM Tris—HCI (pH 8.0)
at 24°C at increasing concentrations of GdmHCI (from 0 to 3 M, incubation time of
10 min). The excitation wavelength is 295 nm, and the band pass is 2.5 nm on both the
excitation and the emission side. (Modified from ref. 52).
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Fig. 2. Conformational transition of BpUreG as revealed by steady-state fluorescence
signals. Changes in Amay (filled triangle) and steady-state anisotropy (open diamond) as a
function of denaturant concentration. The solid lines represent the fits by a nonlinear
least-squares method of the experimental data. A two-state model in the form described
by Eq. 4 is used (modified from ref. 52).
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compact conformations is observed. The position of this peak is
condition-dependent. In the case of conformational exchange slower
than the chromatographic process, two different elution peaks
appear, corresponding to the different conformers. The intensities
of these peaks are redistributed as conditions are changed. Impor-
tantly, this behavior (the presence of two separate peaks within the
transition region) illustrates the most promising application of size-
exclusion chromatography for studying “all-or-none” transitions
between two states of different compactness (18, 21, 41, 54-58).
Furthermore, in this case, SEC opens unique possibilities for inde-
pendent estimation of the hydrodynamic dimensions for these com-
pact and less compact species, and, in principle, their physical
separation and independent study of other structural properties.

SEC data on protein conformational changes can be repre-
sented as unfolding curves monitored either by relative areas of
the two peaks or, for fast exchange, by the position of the average
peak (see, for example, refs. 41, 54-56). When exchange is fast, the
sigmoidal unfolding curve is obtained simply as a dependence of
the elution peak position on the denaturant concentration, whereas
when exchange is slow, the same dependence consists of two differ-
ent curves, describing the individual behavior of compact and less
compact species. However, even in the case of slow exchange,
sigmoidal unfolding curves can be obtained (41, 54-56).
The simplest approach to analyze the data is to plot a curve repre-
senting the denaturant-determined dependence of the relative
area under one of the elution peaks. These dependencies can be
determined as fractions of compact (fc) and less compact (fic)
conformations, being simply equal to relative areas of the
corresponding elution peaks:

Sc Sic
—_— ~ = 1 — o=,
Sc+ Sic fic f Sc + Sic

where Sc and Spc are the areas under the elution peaks
corresponding to compact and less compact species, respectively.
Alternatively, one can reconstruct the denaturant-induced depen-
dence of the position of an averaged elution peak (<V¢>) using the
obvious equation (18, 21, 54):

fo= (5)

<Va> = fo<VE> + fic<VEC>
= (1 = fc)<Vi> + Ac<Vi®>, (6)

where <V§> and <V} > are the elution volumes of the peaks
corresponding to the compact and less compact molecules respec-
tively. Then the denaturant dependence of this <V > parameter
should be plotted. This unfolding curve, being similar to that
tfollowed by the traditional methods, describes the changes in
hydrodynamic dimensions averaged over all protein conformations
existing within the transition region. Note that this equation also
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describes a case when compact and less compact conformations are
in fast exchange.

Let us now consider two different unfolding scenarios: when a
protein unfolds according to a simple two-state mechanism and
when it is a more complex process. It is believed that the denatur-
ation of a small protein is an all-or-none process (59), where each of
the structural parameters (X) can be presented as superposition of
contributions of native ( N) and denatured (D) molecules:

X = fAXn+ o Xp = fAXn+ (1 — &) Xp, (7)

where X is the measured parameter and Xy and Xp are its values
for the native and denatured molecules, respectively, whereas fy
and fj are the fractions of the native and denatured molecules.
Equation 7 leads to the well-known equations:

X — Xy Xp - X

= " :1— =
fo Xp — Xx' N fo Xp — XN

(8)
which are valid in all cases when protein denaturation as such is an
“all-or-none” process, irrespectively of other transitions which may
follow denaturation.

In the case of'a simple two-state N — U transition between native
and unfolded states, Egs. 5 and 8 give identical information, as fc =
f~and fic = fb = fu (with f{; being a fraction of unfolded mole-
cules), <Vi> = VI and Eq. 6 leads to (18, 21, 54):

C
foSaz= Vg o
el el

where <V§> and VY for any given denaturant concentration can
be determined by extrapolation of the corresponding baselines.
Importantly, Eq. 9 describes also a situation when protein unfolds
according to the three-state mechanism, being accompanied by the
accumulation of an intermediate state, the hydrodynamic dimen-
sions of which are close to the molecular size of the native molecule
(as observed for the molten globule state) (18).

Now, if a protein unfolds according to the three-state transition
(i.e., through a compact molten globule-like intermediate), then
the denaturation and unfolding become decoupled and Eqs. 5 and
8 permit one to determine the fraction of molecules in all three

states, fn, fmg, and fu, as fu = fic and

M = — fic=fc -\, (10)

It is important to remember, that in this case the changes of any
structural parameter of a protein are the results of averaging over all
possible conformations:

X = fNXN + fiX1 + fuXu, (11)
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3.2.2. lllustrative Examples
of SEC-Based Unfolding
Curves

where f1is a fraction of intermediate(s) and Xj is a value of parameter
X in this intermediate (or its value averaged over all intermediates).
Ignoring this fact and using a traditional approach to describe this
complex process in terms of the unfolding degree derived from the
Eq. 8

X — XN
fir= 2 (12)
is generally incorrect, as, in fact, fy depends not only on Xy and Xy
but also on X;. However, this approach might work if Xj is close
either to Xy or to Xy.
Furthermore, even in the case of a four-state transition through
a compact (molten globule) and a less compact (pre-molten glob-
ule) intermediates when the less compact intermediate exchanges
slowly with the compact intermediate but quickly with unfolded
molecules, SEC permits evaluation to be done separately for frac-
tions of molecules in both less compact states (pre-molten globule
and unfolded). In this case, elution volume averaged over the both

less compact states is equal to:

_ S VM + O VY

<Vi“>
o fome + fu
— e L oy, s
fic
where fpymg is a fraction of the less compact (pre-molten globule-

like) intermediate and VM€ is its elution volume. Therefore

LC PMG
LA £y (14)
T

el

fu = fic

and fy (as well as fpmg = fic — fu) can be calculated from f; ¢ and
<VIC> if the values of VY and VIMS can be estimated (18).
The elution volume of the unfolded state, V., can be extrapolated
from the corresponding baseline, whereas for VXMS one can have
only the upper estimate, as the < V¢> value obtained in the point
of appearance of the less compact species. Thus, even in the case
of very complex unfolding scenario (when protein unfolds through
two intermediate states (compact and less compact) separated by
the all-or-none transition and when less compact intermediate is
in the fast conformational exchange with the unfolded conforma-
tion) the application of Eq. 14 to the SEC data allows one to extract
unique information on the independent behavior of less compact
intermediate and unfolded species.

SEC-based analysis of the GAmHCI-induced unfolding of lysozyme
and carbonic anhydrase revealed dramatic difference in the confor-
mational behavior of these two proteins. For example, there was a
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3.3. Using Slopes of
the Unfolding Curves
in the Gonformational
Analysis of Proteins

3.3.1. Some Theoretical
Considerations

pronounced difference in the magnitude of the second branch of
the plot presenting < V> versus GdAmHCI concentration, i.e., the
part describing the GAmHCI dependence of < V1> In the case of
the lysozyme unfolding, this curve, being less pronounced, reflects
the swelling of the unfolded polypeptide chain, whereas in the case
of carbonic anydrase (21), as well as B-lactamase (18) and DNA
ligase (58), it reflects the existence of the less compact intermediate
(pre-molten globule) rapidly interconverting with the unfolded
state. Furthermore, the unfolding of lysozyme represents a simple
two-state transition, which describes the GdmHCI-induced
changes of all studied parameters and coincides with the all-or-
none transition monitored by the bimodality of SEC profile (see
below for further discussion of this phenomenon). In the case of
B-lactamase (18) and carbonic anhydrase (21), at least three
decoupled conformational transitions were detected: (a) the dena-
turation curve reflecting the destruction of the rigid tertiary struc-
ture and monitored by the disappearance of near-UV CD signal and
biological activity; (b) the all-or-none transition followed by SEC;
(c) the real unfolding curve, monitored by changes in the protein
hydrodynamic dimensions. This decoupled unfolding mechanism
with several discrete transitions monitored by different experimen-
tal techniques reflects the accumulation of the intermediate states.
Another important point is that the all-or-none transition moni-
tored by the bimodality of SEC profiles characterizes the transition
between two denatured conformations, the molten globule and its
precursor (18, 21).

IDPs, being highly dynamic, are characterized by low conformational
stability, which is reflected in low steepness of the transition curves
describing their unfolding induced by strong denaturants or even in
the complete lack of the sigmoidal shape of the unfolding curves. This
is in strict contrast to the solvent-induced unfolding of ordered
globular proteins, which is known to be highly cooperative process.
In fact, we can find here an extreme case of the cooperative transition,
which is an all-or-none transition where a cooperative unit includes
the whole molecule, i.e., no intermediate states can be observed in the
transition region. Based on the analysis of the unfolding transitions in
ordered globular proteins it has been concluded that the steepness of
urea- or GAmHCl-induced unfolding curves depends strongly on
whether a given protein has a rigid tertiary structure (i.e., it is
ordered) or is already denatured and exists as a molten globule
(60, 61). In fact, urea-induced or GAmHCI-induced protein unfold-
ing of globular proteins often involves at least two steps: the ordered
(native) state to molten globule (N < MG) and the molten globule
to unfolded state (MG < U) transitions (19, 20, 62-65). Both
transitions are rather cooperative (as they follow a sigmoidal curve).
However, for a long time the dimensions of the cooperative units for
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these transitions were unknown and, as a consequence, it was unclear
whether or not these transitions have a real all-or-none nature.

The usual method for estimation of the cooperativity of transi-
tion is the measurement of the slope of the transition curve at its
middle point. This slope is proportional to the change of the
thermodynamic quantity conjugated with the variable provoking
the transition, i.c., to the difference in the numbers of denaturant
molecules “bound” to the initial and final states in the urea-induced
or GAmHCI-induced transitions, Av.s. To understand the thermo-
dynamic nature of solvent-induced transitions in globular proteins,
the dependence of their transition slopes on the protein molecular
mass (M) was analyzed (60, 61). This analysis was based on the
hypothesis that the slope of a phase transition in small systems
depends on the dimensions of this system (66, 67). In the case of
first-order phase transition, the slope increases proportionally to
the number of units in a system (66), whereas the slope for second-
order phase transition is proportional to the square root of this
number (67). Therefore, it is possible to distinguish between phase
and nonphase intramolecular transitions by measuring whether
their slopes depend on molecular weight.

Taking these observations into account, the available at that
moment experimental data on urea-induced and GdmHCI-induced
N«U, N~MG and MG+ U transitions in small globular proteins
were analyzed (60, 61). Here, the cooperativity was measured
based on the corresponding Av.g values, which were obtained
from the equilibrium constants K¢ as (60, 61):

_ (0nKg\ (0O
= (ona)., < (an),., 09

where O is the fraction of molecules in one of the states separated
by the all-or-none transition, a is the activity of a denaturing agent,
and a, is its activity at the middle-transition point. The activities of
urea and GdAmHCI as functions of their molar concentrations (#z)
can be calculated by the empirical equations (51):

Murea = 0.9815(m) — 0.02978(m)* + 0.00308(m)* (16)

and
Agamuc = 0.6761(m) — 0.1468(m)* + 0.02475(m)*
+0.00132(m)* (17)

The analysis revealed that the Aveg (M) curve comprised of two
parts: for small globular proteins (with M < 25-30 kDa), coopera-
tivity of unfolding transition increased with M, whereas for large
proteins (with M > 25-30 kDa), cooperativity did not depend on
M. The existence of pronounced molecular mass dependence of the
degree of cooperativity showed that denaturant-induced unfolding
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3.3.2. Using Slopes

of the Unfolding Curves

for Prediction

of the Conformational Nature
of the Protein Before
Unfolding: Experimental
Approach

of small globular proteins exhibited the characteristics of phase
transition. On the other hand, the independence of the coopera-
tivity of unfolding from M for large proteins was related to their
multidomain organization.

The analysis of the log(Avi~Y) versus log(M) dependence for
solvent-induced N« U transitions in small globular proteins
revealed that it can be described as:

log(AVYY) = 0.97 log(M) — 0.07 (18)

with the root mean square deviation (rmsd) of 0.112 and the
correlation coefficient (7) of 0.87 (60, 61). As the proportionality
coefficient in the above equation is equal to 0.97 £ 0.15, we can
conclude that Av}i~Vis proportional to M, clearly showing that the
urea- and GdmHCI-induced unfolding of small globular proteins is
an all-or-none transition, i.e., an intramolecular analog of first-
order phase transition in macroscopic systems.

The analogous analyses for the denaturant-induced N—~MG
and MG«U transitions revealed that the slopes of the
corresponding transition curves clearly increased with the molecu-
lar mass of a protein. These increases were approximated by the
following equations (60, 61):

log(Av™MS) = 1.02 log(M) — 0.49 (19)
with rmsd = 0.090 and » = 0.82; and
log(AVMS=Y) = 0.89 log(M) — 0.40 (20)

with rmsd = 0.092 and » = 0.84.

These data suggested that all denaturant-induced transitions in
small globular proteins can be described in terms of all-or-none
transitions (60, 61).

1. Measure denaturant-induced changes in a given structural
parameter for a given protein (e.g., as described in sections
above).

2. Calculate the unfolding degrees, 0, for a given transition as
0= (X - Xn)/(Xu - XN), where X is the parameter by
which unfolding is monitored, while Xy, and Xy, are the values
of this parameter in the native, and unfolded states, respec-
tively.

3. Build the unfolding curve as 0 versus denaturant concentration
dependence.

4. Measure the Av.g value for a given transition using the equation
Avegr = 4/(Inay — Ina,) which is practically equivalent to
Eq. 15. Here 27 and a, are the activities of urea or GAmHCI
at the beginning and at the end of the transition, defined as the
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3.3.3. Using Slopes of the
Unfolding Curves for
Prediction of the
Conformational Nature of the
Protein Before Unfolding:
Illustrative Example

intersection of the tangent to the transition curve at the middle
of the transition with the lines 6 = 0 and 0 = 1.

5. Compare measured Avg value with AvfffHUand AvgngHUvalues
calculated from Eqs. 18 and 20 for a protein with a given
molecular mass.

In application to IDPs, it has been proposed that this type of
analysis can be used to differentiate whether a given protein has
ordered (rigid) structure or exists as a native molten globule (7).
In fact, the comparison of Egs. 18 and 20 suggests that the slope of
the N < U transition for a protein with a molecular mass of M is
more than twice as steep as the slope of the MG+ U transition. For
example, for a protein with the molecular mass of 30 kDa,
Av?}?U = 23.1, whereas Avg/flfGHU = 8.2. Therefore, to extend this
type of analysis to IDP, the corresponding Av.g value should be
determined from the denaturant-induced unfolding experiments.
Then, this quantity should be compared to the AVY:Y and
AVMSE=Uvalues corresponding to the N«>U and MG« U transi-
tions in globular protein of a given molecular mass, evaluated by
Eqgs. 18 and 20, respectively (see Note 3).

4. Notes
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Chapter 13

Identification of Intrinsically Disordered Proteins
by a Special 2D Electrophoresis

Agnes Tantos and Peter Tompa

Abstract

Intrinsically disordered proteins (IDPs) lack a well-defined three-dimensional structure under physiological
conditions. They constitute a significant fraction of various proteomes and have significant roles in key
cellular processes. Here we report the development of a two-dimensional electrophoresis technique for
their de novo recognition and characterization. This technique consists of the combination of native and
8 M urea electrophoresis of heat-treated proteins where IDPs are expected to run into the diagonal of the
gel, whereas globular proteins either precipitate upon heat treatment or unfold and run off the diagonal in
the second dimension.

Key words: Intrinsically unstructured protein, Large-scale separation, Proteomics, 2D electrophoresis,
Heat-stable proteins, Diagonal electrophoresis

1. Introduction

The long-standing dogma that tied protein function to a well-defined
three-dimensional structure has been increasingly challenged by the
recognition that for many proteins/protein domains the native,
functional state is intrinsically unstructured /disordered (1—4). Such
proteins constitute a significant fraction of various proteomes: from
studies based on their sequence attributes (3, 5) and heat stability (6)
it has been ascertained that as much as 25% of all residues may fall into
disordered regions in the proteomes of different species. IDPs have so
far been identified by the chance observation of the structural anom-
aly of proteins studied for their functional interest. Systematic studies
aimed at identifying novel IDPs are all the more compelling as IDPs
play essential physiological and pathological roles (2—4, 7). We
reasoned that a straightforward technique to separate IDPs from
globular proteins in a cellular extract could be established by the
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DOI 10.1007/978-1-4614-3704-8_13, © Springer Science+Business Media New York 2012

215



216

A. Tantos and P. Tompa

combination of a native gel electrophoresis of heat-treated proteins
followed by a second, denaturing gel containing 8 M urea. The ratio-
nale for the first dimension is that IDPs are very often heat stable, thus
heat treatment results in a good initial separation from globular
proteins, most of which aggregate and precipitate. In the native gel,
IDPs and rare heat-stable globular proteins will then be separated
according to their charge /mass ratios. Combining this first dimension
with an 8 M urea second step is rationalized by the usual structural
indifference of IDPs to chemical denaturation by trichloroacetic acid,
guanidine HCI, or ureaas reported for CsD1 (8), NACP (9), stathmin
(10),and p21Cip1 (11), for example. As urea is uncharged and IDPs
are justas “denatured” in 8 M urea as under native conditions, they are
expected to run the same distance in the second dimension and end up
along the diagonal. Heat-stable globular proteins, on the other hand,
will unfold in urea, slow down in the second gel, and arrive above the
diagonal. Because of this effective separation, IDPs are amenable to
subsequent identification by mass spectrometry. The technique has
been set up by a variety of controls and tested in terms of its perfor-
mance in identitying novel IDPs from cellular extracts and character-
izing proteins for structural disorder (12).

The technique is reproducible, is easy to perform, and is readily
adaptable to a high-throughput format. Its comparison with other
experimental and bioinformatic techniques showed that it provides
dependable assessment of global structural disorder even in contra-
dictory cases. Although its resolving power does not match that of
the conventional 2D technique, it enables specific applications in two
directions. Its first practical application is the rapid characterization
ofa single protein in terms of its disorder status. A simple run of the
native /8 M-urea 2D electrophoresis can tell with high certainty if
the protein is ordered or disordered in solution (Fig. 1). Given that
the technique can provide information on a protein of very small
quantity and limited purity, it will be a useful complement to other
techniques that are more demanding on protein quantity and quality.
The other application is in the analysis of cellular extracts. Using this
technique we could identify a range of novel, mostly disordered
proteins from Escherichia coli and Saccharomyces cerevisine (Fig. 1)
(13) and Drosophila melanogaster (12) extracts. Whereas the 2D
technique offers unique applications, it has some limitations as
well. Because of the application of a native gel in the first dimension,
its resolving power does not match that of the conventional 2D
electrophoresis. This can be partially overcome by applying mild,
non-charged detergents. An important further limitation is that
under the standard conditions of native electrophoresis, proteins of
net positive charge are lost. As roughly half of the IDPs have a basic
isoelectric point (14), they are lost in this type of analysis.

Notwithstanding these limitations, this technique is capable of
yielding significant information on the identity of novel intrinsically
disordered proteins.
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Fig. 1. The native/8 M urea 2D electrophoresis of IUPs and globular proteins. (a) A mixture
of proteins (1 pg of each) was run on a 7.5% native gel in the first dimension (without heat
treatment) and on a 7.5% gel containing 8 M urea in the second dimension. Individual
proteins marked are as follows: IUPs: (1) stathmin; (2) MAP2c; (3) Mypt1-(304-511);
(4) ERD10; (5) -casein; (6) NACP; (7) Csd1; (8) Bob-1; (9) DARPP32; and (10) -casein;
globular proteins: (11) fetuin; (12) IPMDH; (13) BSA; and (14) ovalbumin. The continuous
line marks the diagonal of the gel to where IUPs run. The dashed line marks the position of
globular proteins. Picture taken from ref. 13. (b) Separation and identification of IUPs from
S. cerevisiae. A heat-treated extract of S. cerevisiae. Dots marked were cut out and sent
for MS identification. Picture taken from ref. 13.

2. Materials

Prepare all solutions using deionized water and analytical grade
reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise).

1. Native polyacrylamide gel components.

(a) Stacking gel buffer: 500 mM Tris—HCI; pH 6.8. Dissolve
60.6 g Tris—HCl in about 900 ml of deionized water and
adjust pH to 6.8 with HCI. Using a graduated 1-L glass
cylinder adjust the volume with water to 1,000 ml.
Store at 4°C.

(b) Resolving gel bufter: 1.5 M Tris—-HCI; pH 8.8. Dissolve
181.7 g Tris—HCl in about 900 ml of deionized water and
adjust pH to 6.8 with HCI. Using a graduated 1-L glass
cylinder adjust the volume with water to 1,000 mL. Store
at 4°C.

(¢) 30% acrylamide/bisacrylamide solution: dissolve 146 g
acrylamide monomer and 4 g Bis in about 100 ml water
and mix for about 30 min (see Note 1). Adjust the volume
to 500 ml with water and filter the solution with a 45-pum
filter. Store in a bottle covered with aluminum foil at 4°C
(see Note 2).
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2. 8 M urea polyacrylamide gel components.

(a) Gel buffer: the same buffer as the separation gel buffer for
the native gel, supplemented with 8 M urea. Dissolve
480.48 g urea in around 300 ml of gel buffer (see Note
3). Heat the solution to 60°C in order to make the solva-
tion of urea easier. Adjust the volume to 1,000 ml with gel
buffer. Store at room temperature.

(b) 30% acrylamide /bis solution with 8 M urea: dissolve 146 g
acrylamide monomer and 4 g Bis in about 100 ml water and
mix for about 30 min. Dissolve 240.24 g urea by gentle
heating. Adjust the volume to 500 ml with water and filter
the solution with a 45-pm filter. Store in a bottle covered
with aluminum foil at room temperature (see Note 4).

. Ammonium persulphate (APS) solution: 10% solution in water.
4. N,N,N,N'-Tetramethyl-ethylenediamine  (TEMED) pur-

chased from a commercial supplier. Store at 4°C.

. Native PAGE running buffer: 0.025 M Tris-HCI, pH 8.3,

0.192 M glycine (see Note 5).

. Sample buffer for the native PAGE (4x): 0.12 M Tris—HCI

(pH 6.8), 0.1% bromophenol blue (BPB), 45% glycerol. Pre-
pare 1-ml aliquots and store at —20°C. Immediately before use,
add a few milligrams of DTE (see Note 6).

. Coomassie brilliant blue stain: dissolve 0.1 g Coomassie Bril-

liant Blue 250 (CBB250 G) in 100 ml ethanol. Add 800 ml
water and 3 ml concentrated HCI. Stir overnight. Next day
adjust the volume to 1 L (see Note 7).

. Proteins: prepare a protein mixture that contains both globular

and disordered proteins, at approximately 1 mg,/ml concentra-
tion each. Add your protein of unknown nature to this mixture
(see Note 8).

3. Methods

All procedures should be carried out at room temperature unless
otherwise specified.

1. First dimension

(a) Prepare the resolving gel by mixing 1.5 mL of resolving
buffer, 1.5 mL of acrylamide mixture, and 3 mL water in a
50-mL conical flask. Add 45 pl. of ammonium persulfate,
and 6 pL. of TEMED, and cast the gel within a 7.25 cm
x 10 cm x 0.7 mm gel cassette. Use a separator cut short
enough that the comb will fit on top of it to create a gel
strip according to Fig. 2. Pour the solution on both sides of
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Stacking gel

Spacer
Spacer

Separating gel

Gel strip
Short spacer

Fig. 2. Casting of the first-dimension gel strip.

2.

the separator in order to avoid leakage from the strip. Allow
space for the stacking gel and overlay gently with water.

(b) Prepare the stacking gel by mixing 1.0 mL of stacking gel
bufter, 0.54 mL of acrylamide mixture, and 2.5 mL water
in a 50-mL conical flask. Add 20 pL of ammonium persul-
fate, and 3 pL of TEMED. After cleaning away the water
from the separating gel, pour the mixture on top of the
separating gel and immediately insert a 10-well comb with-
out introducing any bubbles (see Note 9).

(c) Mix the protein sample with the sample buffer. Do not boil
the sample, but centrifuge it briefly at 3,000 x g prior to
loading on the gel. Load 20-30 pl of the mixture in the well
that is positioned above the strip. No protein standard is
needed for this procedure.

(d) Load the sample mixture in the well on top of the strip and
run the first dimension at 180 V for about an hour, or until
the dye front reaches the bottom of the gel.

(e) At the end of the run, separate the strip and rinse it in 8 M
urea-containing gel bufter for 45 min at room temperature.

Second dimension

(a) Prepare the 8 M urea gel by mixing 1.5 mL of urea contain-
ing resolving buffer, 1.5 mL of 8 M urea containing acryl-
amide mixture, and 3 mL water in a 50-mL conical flask.
Add 45 pL of ammonium persulfate, and 6 pL. of TEMED,
and cast a rectangular gel within a 7.25 cm x 10 cm x 1
mm (see Note 10) gel cassette as shown on Fig. 3 (see
Note 11). No stacking gel is needed for this dimension
(see Note 12).

(b) Insert the gel strip from the first dimension on top of the
rectangular gel. Care should be taken to avoid any remain-
ing air bubbles between the two gels (see Note 13).

(¢) Run the second dimension at the same voltage as the first
dimension, but 2.5 times longer (see Note 14).



220 A. Tantos and P. Tompa

Spacer
Spacer
Spacer

Rectangular gel

Fig. 3. Casting of the second-dimension, rectangular gel.

3. Staining

(a) Pour some deionized water on the gel and microwave at
maximum capacity for 60 s. Repeat this step after changing
of the water (see Note 15).

(b) Add 20 mL coomassie stain and heat the gel in microwave
oven for 30 s. Shake in the stain for 2—-5 min.

(c) Destain the gel with deionized water (see Note 16).

4. Notes

Here are a few practical notes, which help avoid most of the
problems when using this method.

1.

Wear a mask when weighing acrylamide. Transfer the weighed
acrylamide to the cylinder inside the fume hood and mix on
a stirrer placed inside the hood. Unpolymerized acrylamide is
neurotoxic and care should be exercised to avoid skin contact.

. The acrylamide solution can be stored at 4°C for 1 month. The