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PREFACE

Two volumes of Methods in Enzymology devoted to methods in mitochon-
drial research were published in 1995 and 1996 under the editorship of
the late Guiseppe Attardi and Anne Chomyn. The emphasis of the earlier
volumes was on mitochondrial biogenesis. Nevertheless, they also
contained several articles describing methods for examining the structure
and function of inner membrane complexes that participate in electron
transport and ATP synthesis. In the intervening years, high-resolution
crystal structures have been obtained for complexes II, III, and IV derived
from the mitochondrial inner membrane. However, a crystal structure
has yet to be obtained for a eukaryotic complex I (NADH: quinone
oxidoreductase). Thus, several chapters in this volume of Methods in
Enzymology describe alternative methods to characterize the structure and
function of complex I. Other chapters are focused on the location and
function of mitochondrial iron-sulfur complexes and the characterization of
reactive oxygen species that are formed during mitochondrial electron
transport in mammalian and yeast mitochondria.

Because a crystal structure has not been obtained for complex I isolated
from mammalian or yeast mitochondria, several chapters in this volume
(Chapters 1, 2, 6 and 7) describe methods that have been developed to
examine structural characteristics of complex I. Other articles describe methods
that have been developed to examine electron transport through complex I
(Chapters 3 and 4) and to assay complex I in human cells (Chapter 9).
Methods to characterize type II NADH: quinone oxidoreductases isolated
from the parasites Plasmodium falciparum and Mycobacterium tuberculosis are
described in Chapter 17. Three chapters describe methods for the isolation
and characterization of electron transport super complexes from yeast
(Chapters 10 and 11) and mammalian mitochondria (Chapter 8). Another
chapter describes methods to examine the assembly of subunits encoded by
mitDNA and nuclear DNA in the mitochondrial inner membrane of
mammalian cells (Chapter 18). The use of ruthenium ion photooxidation
and photoreduction to examine electron transfer in mitochondrial complex
II and complex IV, respectively, are described in Chapters 5 and 28,
respectively. Chapter 16 describes methods for examining mitochondrial
mobility and protein diffusion within the mitochondrial matrix.

Although they were discovered in the 1970s, the biosynthesis and
assembly iron-sulfur proteins have been examined more recently. Three
chapters (Chapters 12, 14 and 15) describe methods to examine the

XXiii



XXiv Preface

location, function, and assembly of iron-sulfur complexes in the mitochon-
drial inner membrane, whereas Chapter 13 describes the isolation and
characterization an iron-sulfur protein located in the mitochondrial outer
membrane.

Although they probably play a beneficial role at low concentrations,
reactive oxygen species (ROS), which include superoxide anion (O%~) and
hydrogen peroxide (H,O»), excessive ROS formation in mitochondria is
invariably associated with pathologic conditions. Chapters 19 to 27 describe
methods that have developed to detect, induce, or control formation of
ROS during electron transport in mammalian and yeast mitochondria.

The methods described in this volume should provide investigators with
techniques that can be used or modified to examine mitochondrial electron
transport complexes, the location and function of iron-sulfur proteins, and
the detection and control of reactive oxygen species that are formed during
electron transport in mitochondria.

WILLIAM S. ALLISON AND IMMO E. SCHEFFLER
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Complex | is the major entry point in the bacterial and mitochondrial respiratory
chain. Structural knowledge of the enzyme is still limited because of its large
size and complicated architecture. Only the structure of the hydrophilic domain
of a bacterial Complex | has been solved to high resolution by X-ray crystallog-
raphy. To date, no X-ray structure of the complete enzyme has been reported,
and most structural information of the holoenzyme has been obtained by
3-D electron microscopy. In this chapter the methods are described used for
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determining the 3-D reconstruction of Complex | that revealed for the first time
a detailed and reproducible domain structure. Complex | is a highly flexible
molecule, and methods for calculating the 3-D reconstruction from electron
micrographs must take into account this heterogeneity. The techniques
described in this chapter can be modified and adapted for the study of more
heterogeneous preparations, such as functionalized Complex I. In addition,
these techniques are not restricted to the structure determination of Complex
| but are appropriate for the 3-D reconstruction of macromolecular assemblies
from electron micrographs when inhomogeneities may be present.

1. INTRODUCTION

Eukaryotic Complex I has more than 35 different subunits and a
molecular mass of approximately 1 MDa, whereas the minimal bacterial
Complex I has 14 subunits and a molecular mass of approximately 600 kDa.
Additional subunits found in eukaryotic Complex I are referred to as
accessory or supernumerary subunits, whereas subunits in common with
the minimal bacterial Complex I are referred to as conserved subunits.

Large efforts have been undertaken over the past 20 years to determine
the structure of Complex I from different species. Several medium resolution
(16 to 35 A) 3-D reconstructions determined by electron microscopy meth-
ods existed previously, three of Neurospora crassa Complex I (Guénebaut
et al., 1997; Hothaus et al., 1991; Leonard et al., 1987), one of Bos taurus
Complex I (Grigorieft, 1998), and two of Escherichia coli Complex I (Bottcher
et al., 2002; Guenebaut et al., 1998). All, except the reconstruction reported
in Bottcher et al. (2002) show Complex I as an L-shaped molecule: one arm is
membrane bound, and the other arm reaches into the mitochondrial matrix.
However, neither of these reconstructions, even though one was obtained
from cryo preparations (Grigorieft, 1998), showed any detailed substructure.
The Complex I structures determined in our laboratory since 2003 (from
Yarrowia lipolytica, B. taurus, and Aquifex aeolicus) (Clason et al., 2006;
Radermacher et al., 2006) show, for the first time, a distinct and reproducible
domain structure conserved in different species.

Complex I is a large multi-subunit membrane protein. In the electron
microscope, preparations of Complex I show a high degree of variation.
Some of these variations can be expected to reflect part of the conforma-
tional spectrum of Complex I during its functional cycle. Other variations
may originate from a destabilization of Complex I when it is removed from the
membrane by detergent solubilization or during the preparation for electron
microscopy. Given the lack of knowledge about the functional mechanism of
Complex I, attempts to stabilize Complex I for electron microscopy by
addition of inhibitors or substrates have been unsuccessful (Bostina, 2004).
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Independently of the source of the variation, a reliable 3-D structure can only
be obtained if the variations are carefully analyzed and reconstructions
are calculated from subsets of particles that show the same conformation.
At present, there are three techniques, random conical reconstruction
(Radermacher, 1988; Radermacher ef al., 1986, 1987), orthogonal tilt recon-
struction (Leschziner and Nogales, 2006; Leschziner et al., 2007), and electron
tomography (Forster ef al., 2008; Hoppe ef al., 1968, 1974, 1976; Knauer et al.,
1983; Walz et al., 1997), that provide sufficiently sophisticated and proven
classification schemes to accomplish this task.

We have used the random conical reconstruction technique for the
reconstruction of Complex I. This technique developed in 1985/86 was
the first technique that allowed the reconstruction of macromolecular
complexes under true low-dose conditions (Radermacher et al., 1986).
Among many other applications, it has been used for the 3-D reconstruc-
tion of cryo samples of the ribosomes (Frank ef al., 1991; Morgan et al.,
2000), the calcium release channel (Radermacher et al., 1994), the nuclear
pore complex (Akey and Radermacher, 1993), and phosphofructokinase
(Ruiz et al., 2001).

Angular reconstitution (van Heel, 1987) and similar techniques, like 3-D
reconstruction methods based on the alignment of projections to an initial
model, have become very popular. These techniques work well for homo-
geneous samples, but their performance is questionable for heterogeneous
data, even if a 3-D reference structure is available. With the increased
awareness that many samples are not homogeneous, the random conical
reconstruction technique has seen a revival, and major efforts are underway
to automatize the data collection for this geometry (Yoshioka ef al., 2007).
An essential step in the reconstruction process is the classification or sorting
of particle images into homogeneous subgroups. Pattern analysis techniques
used for this purpose are based on neural networks (self-organizing maps)
(Kohonen, 1990; Marabini and Carazo, 1994), principle component analysis,
and correspondence analysis (Lebart ef al., 1984), often followed by classifi-
cation techniques. The type of analysis used is not irrelevant, because
most—if not all—classification methods are based on heuristic approaches.
Images are sorted according to a mathematical criterion, which is mini-
mized. Although the techniques are “objective’” in the sense that they
minimize a mathematical criterion, they may not find the most optimum
sorting for a specific set of images. The human brain in most instances is still
unsurpassed in judging similarities and discrepancies of objects presented in
images. This is limited, however, by the large size of the datasets and the
extremely low signal-to-noise ratios. Any image classification should,
whenever possible, be carefully supervised. If needed, several different
classification strategies should be applied until the most convincing classifi-
cation is found. For Complex I the best strategy for separating different
conformations was the use of correspondence analysis in combination with
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Diday’s classification with moving centers (Diday, 1971, 1973) followed by
hierarchical ascendant classification. In earlier tests we have observed that
this combination of algorithms is one of the most effective methods for
sorting electron microscopy images of single particles.

3-D reconstructions from heterogeneous samples are currently in the
forefront of reconstruction problems and with each new reconstruction
the methods are being improved, partially by making them easier to apply
and partially by refining existing or developing new algorithms. Efforts are
under way to extend the applicability of angular reconstitution techniques
to heterogeneous samples. However, because of the lack of sufficiently large
datasets recorded either with random conical or orthogonal tilting and
reconstructed in two different ways, the validity of current attempts to
separate inhomogeneity of samples without tilting has not yet been proven
in practice (e.g., Fu ef al. [2007] and Scheres et al. [2007]).

2. RANDOM CONICAL RECONSTRUCTION

Random conical reconstruction (Radermacher et al., 1986, 1987,
1992; Yoshioka et al., 2007) is a well-established technique, capable of
reconstructing 3-D structures from heterogeneous samples. For simplicity
of explanation, it is assumed that the sample contains identical particles, with
a preferred orientation relative to the specimen support. These assumptions
do not pose a limitation. When these conditions are not fulfilled, subgroups
of molecules that fulfill these conditions are extracted from the dataset at a
later stage in the processing.

The dataset for a random conical reconstruction consists of pairs of
micrographs, the first image in each pair is recorded at a high tilt angle of
the specimen, typically 55° to 60° (Fig. 1.1A), and a second image in each
pair of the same specimen area is recorded at 0° (Fig. 1.1B). Under the
assumption that all particles are identical and lie in a preferred orientation
parallel to the sample support, every particle in the tilt image provides one
view of the same molecule, however, each from a different direction.
The viewing directions form a cone and, therefore, the set of tilt images
form a conical tilt series (for an illustration of the technique see Raderma-
cher et al. [1987]). Because the azimuthal angles are random, the technique
is called random conical reconstruction technique. The 0° images serve two
purposes; the first is the finding of the in-plane orientation of each particle,
which, together with the tilt angle, specifies the viewing direction for each
tilted particle. The second purpose, essential for the reconstruction from a
heterogeneous sample, is the classification of the particles into groups that
represent identical projections. After classification, each group of 0° images
forms a homogeneous subset, with particles in the same in-plane orientation
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Figure 1.1 Tilt pair of Y. lipolytica Complex 1. Top left, 0° image; top right, tilt image.
Arrows point to particle pairs in the tilt and 0° image. Tilt axis horizontal. Scale bar
1000 A. Bottom, Gallery of a few single particles boxed out of the 0° image. Scale bar
100 A.

and the same conformation. Reconstructions are calculated for each
group separately by use of the corresponding tilted views. The 3-D recon-
structions of all classes are compared and those that differ only in the
orientation in space are merged. Those that show different structures are
left as separated classes.

2.1. Digitization

Images are digitized, usually with the best resolution of the scanner. The pixel
size is increased by binning to an appropriate value for the following image
processing, maintaining a balance between the best expected resolution and
the dataset size. The factor between the final pixel size of the digitized images
and the best resolution expected in the 3-D reconstruction should be atleast 3,
so that possible interpolation errors during image processing do not result in a
loss of final resolution. Important in the scanning step is the conversion of film
transparencies to optical densities. This conversion must be consistent
throughout the dataset. The conversion is not linear, and inconsistencies
can lead to loss of resolution when images are combined. For scanners with
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a limited bit depth, like the SCAI scanner with a depth of only 10 bits, the
best quality images are obtained by the following scanning procedure: First,
an empty area of the film is scanned (e.g., the area that contains the image
number) with the full range of the scanner. The maximum transparency of
this area is used as the reference transparency T. The entire image is scanned
after adjustment of the transparency histogram, such that transparencies in the
image as closely as possible fill the scanning range without cutting off any
transparencies present in the image. If r is the range of the scanner values, and
Cmin and €y are the minimum and maximum cutoffs for the histogram
adjustments, we can define a scaling factor

f=— (1.1)

Cmax — Cmin

and pixel values in the image f; after the conversion from transparencies to

densities I; become:
* {min + t;
I; = —logy (b) (1.2)
T() )

2.2. Correction of the contrast transfer function

The images of single particle preparations acquired in the electron micro-
scope are, in good approximation, phase-contrast images. For obtaining
visible image contrast, images are recorded in underfocus, and the combi-
nation of spherical aberration of the objective lens and the defocus used
creates the phase contrast necessary for visualizing the sample. An image can
be described as the perfect image, convoluted with the point-spread func-
tion of the microscope. The Fourier transform of the point-spread function
is the transfer function, and the Fourier transform of the image is the Fourier
transform of the perfect image multiplied with the phase-contrast transfer
function (CTF). The equation of the CTF, as implemented in SPIDER 5.0
(Frank et al., 1996), is:

FE) = [(1 = a)sin((7)) + acos(r(7))] - BE) + 6 (1.3)
with

1
o) =5 [cﬁ?*‘* CP2RAZ 4 AZ cos(2 - o — )| (1.4)
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Where C; is the spherical aberration of the objective lens, 4 the electron
wavelength, Az the defocus, AZ, the magnitude of the astigmatism, ¢, the
direction of the astigmatism. a is a value depending on the amplitude
contrast, E(F*) is an envelope function that depends on the coherence
and energy spread of the electron beam, and b(¥™*) is a background function
that depends on the noise in the image, the amount of inelastic scattering,
and other factors (see e.g., Toyoshima and Unwin [1988]). An alternative
equation for the contrast transfer function was developed by Typke and
Radermacher (1982):

S(r) = sin(y —n) - E(r) + b(r") (1.5)

where y, E(r*), and b(r*) are defined as above and 7 defines the amplitude
contrast.

The CTF can be observed in the power spectrum of a micrograph
(Fig. 1.2). The rings visible are Thon rings. The power spectrum is always
positive; however, the complex transfer function changes its sign periodi-
cally. Therefore, in under focus the transfer function is negative until
the first O transition, the next bright ring is positive and continues with
alternating signs.

At 100 kV accelerating voltage, 1 to 1.5 um is a typical defocus value
used for the imaging of single particles, and the first O-transition occurs at a
radius corresponding to approximately 20 A to25 A resolution. Therefore,
image information up to 25 A is transferred with one sign, while the informa-
tion in the next ring is subtracted, alternating for each ring. Without transfer
function correction, only the information up to the first O-transition can be
used. To obtain higher resolution, the transfer function needs to be corrected.

Figure 1.2 Typical power spectrum of an electron micrograph. Insert in upper left
corner fitted CTF. The changing signs of the Fourier amplitudes are indicated.
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Most importantly, the sign of the transfer function needs to be flipped in
alternating rings, so that the information transfer occurs with the same sign
throughout the full resolution range.

The CTF can be determined by use of a variety of fitting algorithms.
We fit the defocus, astigmatism, and amplitude contrast by use of a cross-
correlation approach, which is equivalent to a least squares fit. Although the
fitting of the transfer function is simple for untilted images, the determina-
tion and correction of the transfer function in the tilt images is more
elaborate (Radermacher ef al., 2001), because the defocus varies perpendic-
ular to the tilt axis and can span a range of up to 2 um, depending on the
image size, magnification, and tilt angle. The image is divided into 4 X 5
quadrants, and the CTF is fitted separately for each of the quadrants. A plane
is fitted through the set of 20 defocus values, yielding the four parameters
needed for the analytical description of a plane in space. From the equation
of this plane, the defocus at any coordinate in the tilt image can be deter-
mined. The astigmatism is assumed to be the same for the complete
micrograph, and an average value is determined. By use of the value for
the astigmatism and the equation of the defocus plane, the image of every
single particle in the tilt view is corrected by properly flipping the sign of the
transfer function (Radermacher ef al., 2001). The correction is performed
with a smooth function to avoid artifacts. When processing a large number
of tilt images, it is important that the algorithm used works essentially
without supervision. Many modern microscopes store a nominal defocus
value with each image, which is used as a start value in the correlation
procedure. Start values for each quadrant in a tilt image are calculated from
the nominal defocus in the image center and the known tilt angle and tilt
direction. Our algorithm is robust for start values that are within 0.5 gm of
the true value, well within the accuracy of the values stored during image
acquisition.

2.3. Particle selection

Images of single particles are selected from the tilt pairs, with the tilt-pair
particle-picking program in WEB (Frank et al., 1996). This program was
developed in the framework of the original random conical reconstruction
technique, aimed to make manual picking of image pairs as convenient as
possible (unpublished at the time). It allows for interruptions during the
picking process without loss of data, for correction of falsely picked particles
at any stage of the particle picking, and it assists semiautomatically to find the
position of each particle in the tilt micrograph from the location of its
counterpart in the 0° micrograph. The first five matching pairs of particles
are identified and picked manually from both micrographs viewed side by
side. After this initial selection, the program calculates the geometric rela-
tion between both images and predicts the location of each newly selected
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particle in the 0° micrograph in the tilt micrograph from its 0° location.
The cursor automatically moves to the predicted location. The precise location
of the tilt particle may be adjusted by hand, before confirming the selection.

The calculation of the geometric relation between the 0° image and
the tilt image is divided into two parts. The tilt angle is calculated from the
change in the area of triangles defined by any three particle coordinates.
The relation between the area A of a triangle in the 0° image and the area
of the same triangle in the tilt image A4, changes as:

A, = Ap - cos(V), (1.6)

where 1 is the tilt angle. The number N of triangles that can be calculated
from n picked particles is:

n!
N :m (1.7)

A parameter is provided to exclude those triangles whose area is too small
and where inaccuracies of the picked particle coordinates would create large
inaccuracies in the tilt angle calculation.

The rotational and translational parameters are calculated by a least
squares fit, keeping ¥ fixed. The geometry calculations can be repeated at
any time in the particle-picking process. At the end there are approximately
10,000 measurements for the angle 9} and, even with some inaccuracies in
the particle coordinates, the value of ¥ is correct to better than 0.1°.

During the particle-picking process care must be taken not to bias the
particle selection. The only selection criterion that should be used is a
sufficient separation between neighbors to avoid images with overlapping
particles in the tilt micrograph. Only structures that obviously cannot repre-
sent the particle, for example substantially smaller particles, should be left out.

2.4. Processing of the 0° images

Processing of the Complex I dataset was carried out with the package
SPIDER, version 5.0 with in-house extensions. The extensions comprise
all techniques that are based on the use of Radon transforms and minor
modifications to the calculation of the complex microscope transfer func-
tion. However, the 0° images can be processed with any good processing
package that contains reliable 2-D image alignment algorithms and good
pattern recognition and classification techniques (see, e.g., special issue
Journal of Structural Biology, 1996, vol. 116, and 2007, vol. 157). When
processing tilt pairs, it is crucial never to lose the correspondence between
each 0° image and its tilted counterpart. In our processing setup this is
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achieved by use of the same image number for the tilt images and their
0° counterparts. For systems with image stacks, an indexed stack should be
used that enables a unique identification of every single image. Even if
subsets of images are removed, the numbering is never changed. Without a
system that uniquely links the tilted and untilted images throughout all
the steps of processing, a 3-D reconstruction from random conical or
orthogonal tilt data cannot be done.

The 0° images are processed first. This is the most critical part of the
evaluation of a random conical tilt dataset, because in this step the particles
are aligned and sorted into groups that show identical shapes in the
0° image. After classification, each group represents a set of identical
particles in identical in-plane orientations. First, the images are aligned to
a common reference. In highly noisy datasets, this reference can introduce
a bias to the alignment. Therefore, the first reference is created by reference-
free alignment as described in Marco ef al. (1996). In essence, images in a
series are aligned pairwise, in our implementation by simultaneous rota-
tional translational alignment with Radon transforms (Radermacher, 1997).
The pairs of aligned images are averaged, forming a new image series
containing half the number of images. The algorithm continues with further
pairwise alignments until only a single image, the average of all particles, is
obtained. For a heterogeneous dataset this first average will contain a
mixture of all the conformations and will not exhibit high-resolution detail.
Therefore, it is not necessary to calculate the first reference-free average
from the complete dataset; it is sufficient if 1000 to 2000 randomly selected
images are used.

The reference-free average is used to align the complete set of images.
Because of its speed and accuracy, we again use the Radon transform
alignment techniques for these calculations. The reference in this alignment
does not represent a motif common to all images, but the alignment
minimizes the difference to the reference.

The aligned images are separated into groups showing difterent shapes by
applying correspondence analysis (Bretaudiere and Frank, 1986; Frank and
van Heel, 1982; Lebart et al., 1984; van Heel and Frank, 1981). Correspon-
dence analysis is closely related to principle component analysis. The main
difference is in the metric used in the scalar products. Principle component
analysis uses the standard Euclidean metric, whereas correspondence analysis
uses the 72 -metric, which makes it scaling invariant.

In correspondence analysis, a set of images with dimension n X m can be
represented as vectors in an 1 - m -dimensional vector space R""™. Identical
images point to the same point in R"", very different images point to very
different points. Therefore, the set of images forms a “point-cloud” in R"™.
Correspondence analysis determines a new orthogonal base-vector system
for the images in the data cloud, such that the first base vector points along
the largest extension of the cloud (i.e., in the direction of the largest variance
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of the dataset). The next base vector is orthogonal to the first and points in
the direction of the second largest variance, etc. Although the nomenclature
for these new base vectors is not unique, in image processing for electron
microscopy, the new base vectors are called factors. Typically 8 to 12 factors
are sufficient to describe all major variations of electron microscopy datasets.
Proper preparation of the data before applying the multivariate statistical
analysis techniques is important for obtaining the best results. First, a sharp
mask is created, and only the points of each image that fall inside the mask
are used for the pattern recognition analysis. This prevents features that are
present in the image background from influencing the analysis. The mask,
however, must be sufficiently large to include all possible particle variations.
In the first correspondence analysis a circular mask may be sufficient; in later
steps a mask that follows the outline of the sum of all particles may be
advantageous. Images should be low-pass filtered before performing corre-
spondence analysis. A low-pass filter to 30 A is appropriate in most cases,
because these are single images and the signal-to-noise ratio at higher resolu-
tion is significantly below 1. Without a low-pass filter the results of corre-
spondence analysis can easily be dominated by noise.

The reduced space (8 to 12 dimensions) in which the images are
represented can be inspected by displaying 2-D maps, spanned by two
eigenvector. For a complete understanding, all maps, 1 vs. 2, 2 vs. 3, etc
until 11 vs. 12 should be inspected. Correspondence analysis reduces the
dimensionality of the data but does not separate the data into classes.
However, this data reduction serves two purposes: first the relation between
the images can be visually assessed, important especially if the image varia-
tions are not discrete (i.e., do not form clear classes) but rather present a
continuum, second, classification can be applied to a subset of significant
features described by a subset of factors, speeding up the classification and
reducing the influence of noise.

One of the very powerful classification techniques is Diday’s method of
moving centers (Diday, 1971, 1973) applied to the image coordinates in the
reduced data space of correspondence analysis, followed by hierarchical
ascendant classification (HAC). In many tests and comparisons with other
methods, we have found that this technique produces the best image
separation, especially in datasets with continuous variations that lack a
clear class structure (unpublished results). The technique does not require
one to predefine the desired number of classes (for details see Diday [1973]).
The algorithm has three major parameters, the number of seed points for
moving center classification, the number of iterations, and the number of
repeats of the complete algorithm. The parameters for this classification are
chosen such that the moving center algorithm results in less than but close to
100 classes. The most important parameter is the number of iterations. Higher
iteration numbers result in fewer classes, lower iteration numbers in more
classes. The resulting class averages are subsequently combined with HAC.
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The class averages of all moving center classes and the dendogram tree from
the hierarchical classification are inspected. The number of final averages
depends on the structure of this tree (Fig. 1.3). In the first analysis it is good
to only merge the classes at the bottom of the tree, then visually inspect these
averages and decide which of the averages show small enough differences that
they could be merged. After cutting the tree at a higher level, the merging of
these averages is checked. If the more extensive merging combines images
that seem insufficiently similar, the tree again has to be cut lower, and should
be left at this level, even if other averages do not show obvious differences.

Once class averages are available, they can be used as references in a multi
reference alignment. In a multi reference alignment procedure each image of
the dataset is aligned by cross-correlation to multiple references. The image
is assigned to the reference that shows the highest cross-correlation.
To exclude any residual misalignment from being perpetuated through the
rest of the processing the class averages are first aligned to each other.
In addition, they are low-pass and high-pass filtered to reduce the noise
and remove long-range density difterences from the images.

After multi reference alignment, the complete dataset is again analyzed
by correspondence analysis and classification. The same rules apply as in the
first round. This sequence, multi reference alignment, correspondence
analysis, classification is iterated until the classes are stable. The final results
should be closely inspected.

A good impression of the structural variations in the sample is obtained
during all steps: data acquisition, particle picking, alignment, and classifica-
tion. If a characteristic view of the particles has been observed during the
processing, it should form a separate class after classification.

The alignment and classification of the 0° image produces lists that
contain the in-plane rotation angle of each particle and the class membership
of each image. Both are transferred to the set of corresponding tilt images.
The in-plane orientation of the 0° image defines the azimuthal angle in the

2 classes

Fr1r1rri1irrrrrirrrrrii
Single elements

Figure 1.3 Dendogram tree of a typical hierarchical ascendant classification (HAC).
Classes are based on the Euclidean distances between elements or class centers.
The lengths of the vertical lines represent these distances. Illustrated are three different
cutting levels resulting in 5, 3, or 2 final classes.



Visualizing Flexibility by 3-D Electron Microscopy 15

conical tilt series. The fixed tilt angle is known from the fitting done during
particle picking, which should be close to the readout of the microscope. 3-D
reconstructions are calculated for each class separately.

2.5. 3-D reconstruction by Radon inversion

The 3-D Radon inversion algorithm described in Radermacher (1994,
1997) is a highly accurate linear algorithm and is one of the fastest available
for the calculation of 3-D volumes from projections with random orientations
(Lanzavecchia et al., 1999).

Radon transforms provide a number of advantages for image processing
(Deans, 1983; Radon, 1917). The central section theorem applies to Radon
transforms and to Fourier transforms: the 2-D Radon transform of a projec-
tion is a cross-section through the 3-D Radon transform of the object. Radon
transforms are real valued, which eases the computational burden, because
interpolations can be kept simpler than Fourier interpolations. Accurate
interpolation of Fourier transforms requires kernels that cover large areas of
the transform, for example, a moving window Shannon interpolation (Bellon
and Lanzavecchia, 1995). Linear interpolations in Fourier transforms, in
general, lead to substantial interpolation errors. When interpolating the (real
valued) Radon transforms, linear interpolations are normally sufficient and in
many cases even nearest neighbor interpolation suffices. The relation between
Radon and Fourier transforms is simple. A 1-D Fourier transform along the
lines of a multidimensional Radon transform produces a multidimensional
Fourier transform in a polar coordinate system. Thus, whenever the use of
Fourier transforms is advantageous, for example in cross-correlations, it is easy
to switch between the two representations.

2.6. Refinement

The angles of the projections are refined after an initial 3-D reconstruction
is obtained (Radermacher, 1994, 1997). Even when there are virtually no
visible differences in the 0° projections within one class, experiments have
shown that a wobbling of the particles by £15° is not unusual (unpublished
results). Therefore, the orientation of each projection is refined within a
limited angular range. This alignment is achieved by cross-correlation of the
2-D Radon transforms of the projections with the 3-D Radon transform of
the volumes (Radermacher, 1997). The correlations are carried out
by Fourier multiplications. Mathematically, the technique is the same as
correlating the 2-D Fourier transform of the projections with the 3-D
Fourier transforms of the volume, the correlation parameters being the
shifts in x and y in the projection plane and the three Euler angles.
Multiple rounds of translational/rotational alignment are carried out;
after each round, a new volume is calculated. The search range is restricted
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during the refinement process. Typically a starting range of £20° around
the original projection orientation is used with 5° angular search incre-
ments. After each round of refinement, the resolution of the reconstruction
is observed. As the resolution improves, the angular range and angular
increment are reduced. In each step, the 3-D reference Radon transform
is low-pass filtered to a value below the last measured resolution to avoid
overfitting. As the resolution increases, the high-pass filter is also increased
to enable better fitting of finer substructures. This high-pass filter must be
closely monitored. The strongest possible high-pass filter can be estimated
by Crowther’s formula (Crowther ef al., 1970) and depends on the maxi-
mum search range. The lowest resolution feature must be larger than the
range spanned by the movement of a peripheral feature over the complete
search range. An additional indication of correct refinement without over-
fitting is the shape of the Fourier shell correlation curve used for determining
the resolution. This curve must not develop secondary maxima at very high
resolution. There can be minima, however, but these minima should be only
in locations where either there is limited information transfer because of
the microscope transfer function, or, as can happen in rare cases, portions
of the spatial frequencies are simply not present in the structure.

3. APPLICATION OF THE TECHNIQUES TO COMPLEX |
FROM YARROWIA LIPOLYTICA

3.1. Sample preparation for electron microscopy

The reconstruction of Complex I from Y. lipolytica was carried out from
stain-embedded samples (Radermacher ef al., 2006). Data collection from
vitreous ice preparations is currently in progress.

The optimum staining conditions are sample and bufter dependent. For
every new sample we test a large number of different stains to obtain the best
results. A detailed description of these procedures can be found in Ruiz and
Radermacher (2006). Complex I preparations were examined with 1%
uranyl acetate (UA), 2% phosphotungstic acid, pH 7, with NaOH (PTA),
2% ammonium molybdate, pH 7, with NH,; (AM), 2% methyl amine
tungstate (MAT) and Nanovan (NAN) (Nanoprobes, Yaphank, NY), and
NanoW (Nanoprobes, Yaphank, NY). Uranyl acetate was only used for
screening new samples, because it is quite difficult to obtain thick stain
embedding with this stain. The best results were obtained with phospho-
tungstic acid (PTA), air dried fast to achieve deep stain embedding
(Radermacher et al., 2001; Ruiz and Radermacher, 2006; Stoops et al.,
1992). Ammonium molybdate and NanoW also resulted in excellent grid
preparations of Complex 1.
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3.2. Data collection

Data were collected at 100 kV and a nominal magnification of 52,000 X in
an FEI Tecnai T12 microscope equipped with a Lab6 filament set up in
point mode (Ruiz and Radermacher, 2006; Ruiz et al., 2003). Urgder these
conditions images typically show Thon rings visible to at least 6 A.

A random conical data set of 110 tilt pairs, with tilt angles ranging between
55° and 58° was collected and resulted in approximately 15,000 image pairs of
single particles (see Fig. 1.1). Images were digitized with a pixel size of 7 um
with an Intergraph SCAI scanner (Z/1 Imaging Corporation, Huntsville, AL).
The images were converted to optical densities, then binned, and rescaled to a
final pixel size of 3.6 A on the sample scale.

3.3. 2-D and 3-D data analysis

We tested both self-organizing maps and correspondence analysis for
classifying the 0° images of Complex I. Although in other applications
self-organizing maps give good results, correspondence analysis generated
the best separation of variable features for this dataset. We used a data
reduction to 12 factors in correspondence analysis.

We obtained 13 major classes (Fig. 1.4) after classification of the com-
plete Y. lipolytica Complex I dataset. Reconstructions were calculated from
all 13 classes. Reconstructions from classes 2 to 7 resulted in very low
resolution and rather undefined 3-D structures, which was expected,
given the smoothness of the densities and lack of detail of the class averages.
The reconstructions from classes 1 and 8 to 13 gave substantially better
results. Therefore, we divided the dataset into two main subsets: subset 1,
containing the images from classes 2 to 7 (approximately 4050 particles) and
subset 2 containing the images from classes 1 and 8 to 13, corresponding to a
total of 10,885 particles. Subset 2 underwent one additional round of multi

Figure 1.4 Classification of the complete data set of 14,961 particles. Thirteen classes
were obtained. Classes 2 to 7 resulted in only low-resolution reconstructions. Classes 1
and 8 to 13 were used for further processing (from Radermacher ef al. [2006], with
permission).
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reference alignment, correspondence analysis, and classification before fur-
ther 3-D reconstruction. A reconstruction calculated from the complete
subset 2 (Fig. 1.5) showed a resolution of 24 A determined with the Fourier
Shell Correlation criterion and a 0.3 fixed cutoft value. The reconstruction
shows the main characteristic features that were also observed in the recon-
structions calculated after finer classification. Clearly visible are the domains
in the matrix arm, numbered 1 to 5, a central membrane protuberance
(CMP) pointing from the membrane arm toward the mitochondrial matrix,
and a distal membrane protuberance (DMP). It can be speculated that the
two protuberances are in close neighborhood to the hydrophobic subunits
ND4 and ND5, candidates for active proton pumping subunits.

The detailed analysis of the dataset led to a classification into 8 classes
(Fig. 1.6A), with memberships of 507, 1921, 1960, 112, 1674, 2538, 172,
and 2002 particles. 3-D structures were calculated only for classes 2, 3, 5, 6,
and 8, which showed sufficiently high membership (Fig. 1.6B). The
final resolutions of the five reconstructions were 16.5 A, 22 A, 205 A,
18.5 A, and 18.5 A, respectively. It is noteworthy that the finer classification
resulted in 3-D structures with higher resolution, even though the dataset
size for each reconstruction was substantially smaller than for the combined
reconstruction. Although all the major features are visible in all reconstruc-
tions, the finer classification reveals higher resolution variations in both the
central membrane protuberance and in the matrix arm. Significantly, when
Complex I is viewed from the “back” of the matrix arm, the lower

Figure 1.5 3-D reconstruction from combined classes 1 and 8 to 13. A clear domain
structure is visible in the matrix arm. The domains are numbered 1 through 6.
The membrane arm shows a central membrane protuberance (CMP) and a distal
membrane protuberance (DMP). Scale bar 100 A.
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Class 3
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Class 6 Class 8

Figure 1.6 (A) Finer classification of the dataset used in the reconstruction shown
in Fig. 1.4. Eight classes are shown. (B) Five reconstructions from the classes with
the larger number of particles. Scale bar 100A (from Radermacher et al. [2006],
with permission).

resolution structure shows a single solid connection between the matrix and
membrane arms, whereas the higher resolution structure clearly shows two
separate connections visible in Fig. 1.9 upper left panel, one being the
center part of the matrix arm, and the second connection between domain 2
and the matrix arm. This double connection has been observed in many of
our reconstructions.

Our results suggest an active proton pumping mechanism of Complex I
with the central and distal membrane protuberances playing a key role in the
conformational changes occurring during catalysis. Occasionally, in 2-D
averages, we have observed a thin connection reaching from domain five to
CMP and from CMP to DMP. However, up to now we have been unable
to clearly show this connection in 3-D. The potential role of CMP during
catalysis led us to run a further classification using correspondence analysis
with a round mask focused on the area surrounding CMP. We did not apply
HAC but directly reconstructed the molecule from the first 35 classes
obtained by the moving centers algorithm (Fig. 1.7). Strong variations in
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Figure 1.7 Classification of subset 2 into 35 classes, focusing on changes near the
central membrane protuberance (CMB). Scale bar 100A (from Radermacher et al.
[2006], with permission).

CMP are clearly visible. However, when we created a movie (not shown)
from images sorted according to the movements of CMP, we could observe
that the changes in the matrix arm accompanying the changes in CMP
formed an irregular sequence. Although the series of reconstructions show
the inherent flexibility of the enzyme, we believe that this specifically
selected sequence of movements only demonstrates possible conformational
changes of Complex I during a functional cycle. Further extensive studies
are needed to be able to relate specific structural conformations to specific
functional states.
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We have reconstructed a subcomplex of Complex I from Y. lipolytica
lacking the 24- and 51-kDa subunits by use of the same method as for the
holoenzyme (Fig. 1.8) (Clason et al., 2007; Zickermann et al., 2007).
The direct localization of these two subunits in domain 1 allowed us to fit
the X-ray model of the matrix arm from Thermus thermophilus (Sazanov
and Hinchliffe, 2006) into the structure of the holoenzyme (Fig. 1.9).
Without the identification of domain 1 as the location of the 24- and 51-
kDa subunits, there would have been 24 possible orientations for fitting the
X-ray structure into the holoenzyme. The identification of domain 1
reduced this number to only 6. Only 5 of those were feasible and one
additional fit (number 2) was recently excluded on the basis of structural
studies of a bacterial enzyme (unpublished data). Thus, four major orienta-
tions remain. The closest distance between iron sulfur cluster N2, which
represents the electron transfer site to ubiquinone, and the upper surface of
the membrane arm is 40 A (in fit 4). We favor fit 1, which is in agreement
with a previous 2-D immunoelectron microscopic study (Zickermann et al.,
2003). In fit 1 the 49-kDa subunit and the iron sulfur cluster N2 are located
in domain 2 and N2 is at a distance of 60 A from the membrane. These
distances render a direct coupling mechanism for electron transfer and
proton translocation highly unlikely.

Mammalian and some of the yeast Complex Is undergo an active
deactive transition, with presumed major conformational changes
(Gavrikova and Vinogradov, 1999; Grivennikova ef al., 2003; Kotlyar and
Vinogradov, 1990; Maklashina et al., 2003). If fit 1 represents the true
subunit arrangement, then a larger conformational change in the transition

Figure 1.8 Overlay of the subcomplex reconstruction (mesh) and the holoenzyme
(purple transparent surface). In white the maximum difference is shown (as density).
Clearly visible domain 1 is missing in the subcomplex.
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Figure 1.9 Fit of the X-ray model of the hydrophilic subunits from T. thermophilus into
the structure of Y. lipolytica complex 1. Shown are four fits. 1, and 3 to 5. Fit 1 is placed
into the class 2 volume. The other fits are placed into the reconstruction from
the complete subset 2. Note the two separate connections between the matrix and
membrane arm in the top left panel (adapted from Clason et al. [2007], with permission).

from the deactive to the active state of the enzyme could bend domain 2 to
make closer contact with the membrane arm than we observe now, for
example, in the class 2 reconstruction (Fig. 1.6B, and Fig. 1.9 top left).
A strong conformational change could bring the 49-kDa subunit and N2
substantially closer to the membrane arm. Such a bending may allow for an
easier reconciliation of fit 1 with cross-linking studies (Kao ef al., 2004) and
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may bring iron sulfur cluster N2 sufficiently close for a direct coupling
mechanism to be possible. It may well be that Complex I exhibits both a
direct coupling mechanism combined with an additional conformationally
driven proton pump (Friedrich, 2001). Only higher resolution structural
studies and the structural analysis of different conformations of the activated
enzyme will be able to answer these questions.

4. CONCLUSION

Complex I is a highly dynamic enzyme and exhibits a range of
conformations when prepared for electron microscopy. For obtaining cor-
rect structural results, methods must be used that reliably can separate the
different conformations. By use of the random conical reconstruction
technique in conjunction with extensive classification, it was possible to
calculate the 3-D reconstruction of Complex I with a consistent domain
structure. The separation of different conformations has resulted in a gallery
of structures that give the first insights into the conformational spectrum
of Complex I. Fitting of the X-ray model of the hydrophilic subunits in the
3-D structure of Yarrowia Complex I has restricted the possible positions of
the electron transfer site to a distance of more than 35 A away from the
membrane, strongly suggesting a conformationally driven active proton
pumping mechanism for Complex 1.
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changes within cellular compartments but does not have sufficient resolution to
define the ultrastructure of intracellular organelles such as mitochondria. Elec-
tron microscopy and electron tomography provide the highest resolution
currently available to study mitochondrial ultrastructure but cannot follow
processes in living cells. We describe the combination of these two techniques
in which fluorescence confocal microscopy is used to study structural and
physiologic changes in mitochondria within apoptotic Hela cells to define the
apoptotic timeframe. Cells can then be selected at various stages of the apo-
ptotic timeframe for examination at higher resolution by electron microscopy
and electron tomography. This is a form of “virtual” 4-dimensional electron
microscopy that has revealed interesting structural changes in the mitochondria
of Hela cells during apoptosis. The same techniques can be applied, with
modification, to study other dynamic processes within cells in other experimental
contexts.

1. INTRODUCTION

Light microscopy (LM) can be used to visualize live cells in both 2-D
and 3-D and to study changes during various cellular processes. Further-
more, fluorescence light microscopy provides powerful tools to monitor the
movement of particular cellular components labeled with fluorophores and
physiologic changes by fluorescent indicators. However, even the highest
resolution light microscopy modalities do not deliver resolution sufficient to
study mitochondrial fine structure. Transmission electron microscopy
(TEM) and 3-D electron tomography (ET) generate the highest resolution
2-D and 3-D images of mitochondria currently available, providing a bridge
in the meso-resolution range between light microscopy and techniques such
as X-ray and electron crystallography and multidimensional NMR  spec-
troscopy that can yield atomic models of macromolecules (Fig. 2.1). How-
ever, TEM and ET suffer from the fact that they can only image “dead”
specimens and cannot be used to follow dynamic processes in mitochondria
such as those that occur during apoptosis. Combining LM with TEM and
ET provides the best of both worlds if one can use LM to monitor a
dynamic cellular process that can then be halted at defined states by fixation
followed by preparation of the identical cells or organelles for observation of
ultrastructure by TEM and ET. By sampling different stages of a process
based on changes observed by LM, one can add in some form the time
dimension to the three spatial dimensions provided by ET, yielding a form
of virtual 4-D electron microscopy. This is the subject of the next sections
using the example of release of cytochrome ¢ and loss of membrane potential
from mitochondria during apoptosis to illustrate the utility of this approach,
which can be applied, with appropriate modification, to many different
systems. The techniques of LM, TEM, and even ET that we describe are
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Figure 2.1 Resolution domains of common techniques used in structural biology
research. Electron microscopy and tomography fills in the meso-resolution region
between light microscopy and high-resolution techniques such as X-ray and electron
crystallography and NMR spectroscopy.

quite conventional individually, but when combined to examine identical
cells and subcellular organelles, they provide a very powerful multimode
technique to characterize the dynamics of intracellular processes. We will
illustrate the power of this approach by presenting our results on the
structural changes in HeLa cell mitochondria during apoptosis as examples
at each stage of the process.

2. LIGHT MICROSCOPY

2.1. Cell culture

In the following section we describe application of correlated light and
electron microscopy and ET to characterize the ultrastructural changes in
mitochondria during apoptosis in HeLa cells. However, the approach of this
specific example can be applied to other cell culture models of other
processes that can be characterized by LM, usually through the use of
fluorescent labels and/or fluorescent indicators. We simultaneously moni-
tored mitochondria within HeLa cells during apoptosis for cytochrome ¢
release and inner mitochondrial membrane potential (AY,) by use
of confocal fluorescence microscopy of cells permanently transfected
with fluorescent cytochrome ¢ fusion proteins that were also labeled
with TMRE, a membrane potential indicator (Goldstein ef al., 2000, 2005;
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Sun et al., 2007). In some studies we have also used calcein-AM to load
mitochondria with calcein, while quenching cytoplasmic calcein with CoCl,
to monitor the possible occurrence of a mitochondrial permeability transition
(MPT) in which a large high-conductance channel opens in the mitochon-
drial inner membrane (Petronilli ef al., 1999; Sun, 2007). By growing the cells
in petri dishes that contain a glass coverslip with an etched grid (MatTek
Corp. Ashland, MA), we can not only easily find and image by LM identical
cells over an extended period of time, but we can also subsequently fix
and embed the identical cells for examination by TEM and ET (Fig. 2.2).
Using the grid to identify by confocal microscopy a field of cells at defined
stages of apoptosis, we prepare cells for TEM by conventional methods of
chemical fixation and then locate the identical cells during sectioning for
TEM and ET.

In the example described in the following we used HeLa cells perma-
nently transfected with a 13.3-kD cytochrome ¢ fusion protein containing a
short tetracysteine motif (Cyt. --4CYS); however, one could monitor the
movement of many other mitochondrial proteins in cells as long as they
can be labeled for observation by LM. Similarly, the conditions of cell
growth can be modified for other cell types and experimental protocols.

A B C
i . - =% X i o o
9 J J . . % .
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Figure 2.2 Correlated light and electron microscopy of HeLa cells at three stages of the
apoptotic time frame after 16 h of exposure to 100 M etoposide. Scale bars represent 25 um
in the fluorescent micrographs and low magnification TEMs and 500 nm in the high
magnification TEMs. (A) Stage 1, Mitochondria retain cytochrome ¢ as indicated by
punctate FIAsH staining of Cyt. c-4CYS upper left and maintain a membrane potential
indicated by punctate TMRE staining upper right. Lower left, Low magnification TEM
of the same cells; lower right, high magnification TEM of normal mitochondria in one
of the cells. (B) Stage 2, Mitochondria have released cytochrome ¢ as indicated by
diffuse FIAsH staining of Cyt. c-4CYS (upper left) but maintain a membrane potential
indicated by punctate TMRE staining (upper right). Lower left, Low-magnification
TEM of the same cells; lower right, high magnification TEM of a vesicular mitoc-
hondrion in one of the cells. (C) Stage 3, Mitochondria have released cytochrome ¢
and have lost their membrane potential as indicated by diffuse FIAsH staining of Cyt.
c-4CYS (upper left) and loss of TMRE staining (upper right). Lower left, Low-magni-
fication TEM of the same cells; lower right, high magnification TEM of swollen/
vesicular mitochondria in one of the cells.
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The tetracysteine motif binds to the membrane permeable biarsenical fluor-
ophores, FIAsH and ReAsH (Gaietta et al., 2002; Goldstein et al., 2005).
In this example the cells were grown and maintained at 37° in Dulbecco’s
modified Eagles’ medium (DMEM, Gibco) supplemented with 10% FBS,
2 mM r-glutamine, 200 mg/ml penicillin, and 100 mg/ml streptomycin
sulfate in a humidified atmosphere of 5% CO,/95% air. Cells were sub-
cultured 1:10 by incubating them in 0.25% trypsin (Gibco) while confluent
and then resuspended in growth medium. Apoptosis was induced with 100
UM etoposide (Sigma) for 12 to 18 h. Cells can be treated for specific effects.
For example, in some experiments zVAD-fmk (100 uM, Sigma) was added
hours before the apoptotic stimulus to inhibit caspase activity or cyclospor-
ine A was added to inhibit the MPT. FIAsH (250 nM) staining reveals the
distribution of Cyt. 4CYS, while TMRE (50 nM, Sigma) that partitions
into those mitochondria that maintain a membrane potential was added to
monitor the AWY,,, (Sun, 2007; Sun et al., 2007).

2.2. Confocal microscopy

Cell images were acquired by fluorescence confocal light microscopy with a
Leica TCS SP2 inverted confocal microscope that uses monochromators
with adjustable slits rather than filters allowing greater control in the
selection of the wavelengths of light detected. This is advantageous when
fluorophores in multiply labeled samples have overlapping emission spectra
but is not essential, and a microscope that uses filters could also be used.
FlAsH was excited with the 488 nm line from an argon laser attenuated to
35%, and TMRE was excited with a 543 nm line from a helium/neon laser
attenuated to 34%. The detector slits of the confocal microscope were
adjusted to detect FIAsH emission between 497 and 553 nm and TMRE
emission between 555 and 620 nm. Apoptosis was initiated by the addition
of etoposide (100 puM ) that results in DNA fragmentation activating the p53
pathway. Western blot analysis of cytosolic and mitochondrial fractions
indicated that half of cytochrome ¢ had been released after 18 h, and
previous studies have shown that cytochrome ¢ release is asynchronous
among cell populations. Once cytochrome ¢ release begins within a HeLa
cell, all mitochondria release all of their cytochrome ¢ within a period of
minutes (Goldstein et al., 2000, 2005). Thus, when we observed Hela cell
cultures 16 h after addition of etoposide, we found populations of cells at
different stages of the apoptotic pathway, including many whose mitochon-
dria had not yet released cytochrome ¢. Images in Fig. 2.2A were recorded
16 h after addition of etoposide to initiate apoptosis but before release of
cytochrome ¢ as shown by the distribution of Cyt. -4CYS stained with
FIAsH revealed in Fig. 2.2A (top left) that colocalized to mitochondria
maintaining a membrane potential indicated by punctate TMRE staining in
Fig. 2.2A (top right). In another field of cells recorded at a similar time point



34 Perkins et al.

we observed cells whose mitochondria had released cytochrome ¢ as shown
by diffuse FIAsH staining but maintained a membrane potential indicated by
punctate TMRE staining (Fig. 2.2B). Finally, the mitochondria in some
cells had both released cytochrome ¢ and had lost their membrane potential
as indicated by diffuse FIAsH staining and loss of TMRE staining in
Fig. 2.2C.

On the basis of the changes in fluorescence observed in Hela cells
expressing Cyt. ¢-4CYS labeled with FIAsH and TMRE, we identified
three stages during apoptosis initiated by etoposide that define a new
apoptotic time frame: Stage 1, Before release of cytochrome ¢ and before
loss of AWmy; Stage 2, After release of cytochrome ¢, but before loss of AYm;
and Stage 3, After both the release of cytochrome ¢ and loss of A¥Ym.

We proceeded to study the ultrastructure of the mitochondria within the
representative cells in these three stages by TEM and by ET of the identical
cells that were characterized by fluorescence confocal microscopy.

2.3. Sample preparation for electron microscopy

2.3.1. Fixation

We found that the fixation, dehydration, and embedding protocol described
below worked well with HeLa cells. Modifications or other protocols may
be required in the case of other cell types. We generally use Durcupan as our
embedding resin, because in our experience it has proven to provide the
best results in ET of conventionally fixed and embedded samples; however,
other resins may also be used.

After confocal imaging, the cells were fixed immediately by adding
primary fixative at room temperature, followed by 1 h of incubation on
ice. It is important to keep the samples cold at all times after primary
fixation, until the 100% ethanol dehydration step, as described in the
following. The fixative is composed of 2% paraformaldehyde and 2.5%
glutaraldehyde in a 0.1 M sodium cacodylate, pH 7.4, buffer. After washing
three times in an ice-cold 0.1 M sodium cacodylate buffer containing 3 uM
calcium chloride for 3 min, the primary fixed cells were then incubated with
1% osmium tetroxide, 0.8% potassium ferrocyanide, and 3 puM calcium
chloride in 0.1 M sodium cacodylate for 60 min on ice. After washing
with distilled water three times for 3 min, the fixed cells were stained and
stabilized in 2% uranyl acetate for 30 min on ice.

2.3.2. Dehydration, infiltration, and embedding

Cells were dehydrated in an ice-cold ethanol series of 20%, 50%, 70%, and
90% successively, on ice for 3 min each. The cells were then dehydrated at
room temperature three times for 3 min each in 100% ethanol. Next, the
cells were infiltrated in a mixture of 50% ethanol and 50% Durcupan ACM
resin (Fluka) for 60 min with agitation at room temperature, followed by
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100% Durcupan ACM twice for 1 h with agitation, after which the samples
were placed in an oven to polymerize at 60 to 80° for at least 48 h.

2.4. Locating the identical cells

Once the samples were polymerized, the glass coverslip on the MatTek dish
was peeled away from the bottom with a razor blade under the stereomi-
croscope. Careful insertion of the razor blade between the glass coverslip
and the resin block allows air to go in and pop off the coverslip. The etched
grid is reproduced on the sample block facilitating the identification of the
appropriate grid location containing the same cells observed by confocal
microscopy. The cell location is then circled according to the grid map with
an indelible marker under a stereomicroscope, and the selected area is cut
out and glued to a plain block for sectioning. Note that the surface of the
block contains a single cell layer, so care must be taken when the block is
trimmed and then sectioned.

2.4.1. Sectioning

The block surface was trimmed to as small an area of the sample as possible
containing the cells of interest according to the grid map. Load the block
into the holder of the microtome and bring the diamond knife close to the
block. Because the sample thickness is only one cell layer, it is critical to
make sure that the block surface is parallel to the diamond knife before
sectioning. The gap between the sample surface and the knife-edge serves as
a reference during adjustment, and once they are parallel to each other, the
gap between the sample surface and the knife-edge will be identical in width
all the way from left to right. When moving the block up and down, the gap
will remain the same from the upper to lower edges of the surface. Sections
were collected and post stained with 2% uranyl acetate and Sato lead
(Perkins et al., 1997) before examination in an FEI Tecnai 12 TEM.
Sections of different thicknesses may be collected from the same block;
for example. thinner sections (ca. 80 nm) for standard TEM thin section
imaging and thicker sections (200 to 500 nm) for ET.

2.5. Conventional TEM

TEM of thin sections revealed an interesting structural transformation
during apoptosis in this system. Figure 2.2A—C contains low and high
magnification TEM images of the identical cells imaged by confocal micros-
copy at each of the three stages that define the apoptotic time frame. Stage 1
cells whether untreated or treated but observed before changes detected by
confocal microscopy showed only normal mitochondria (Fig. 2.2A, bottom
row). On the other hand, in cells at Stage 2, which follows release of
cytochrome ¢ but precedes loss of AW,,, many mitochondria exhibit a
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markedly different ultrastructural morphology that we termed ““vesicular”
(Fig. 2.2B, bottom), although most mitochondria in Stage 2 cells appear
normal. By Stage 3, cells have released cytochrome ¢, and lost AW, and
normal mitochondria are in the minority. Many mitochondria in Stage
3 cells exhibit the vesicular morphology and/or appear swollen as indicated
by a rounded or distended appearance and lighter staining of the mitochon-
drial matrix (Sun ef al., 2007). Characterization of these morphologic changes
required the third spatial dimension provided by ET described next.

3. ELECTRON MICROSCOPE TOMOGRAPHY

3.1. Introduction

3.1.1. Electron tomography

ET is based on a series of tilted images usually collected from a compara-
tively thick section or from isolated mitochondria (Frey et al., 2006). An ET
reconstruction provides a 3-D density map that can be rotated and viewed
from any angle and computationally “sliced” at voxel-thick intervals
(a voxel or volume element is the 3-D analog of a pixel or picture element).
The volume can be further segmented to model separately features of
interest. These volumes can then be explored with sophisticated interactive
3-D rendering and visualization programs. The continual development of
computational approaches for real-time interactive 3-D data processing and
analyses aims at facilitating the generation of ET volumes by increasing
automation of the processes. However, the volumes still need to be interpreted,
and this requires substantial expert knowledge about mitochondrial structure
and function. We will present a method that has worked well for our 3-D
structural studies of mitochondria in conventionally fixed and embedded
specimens. Other guides and resources can be found in these methods-oriented
articles (Engelhardt, 2007; Frey et al., 2006; Marco ef al., 2004; Marko and
Hsieh, 2007; O’ Toole ef al., 2007). Figure 2.3 presents an outline of data
collection, processing, segmentation, and visualization for ET.

3.2. Equipment and software requirements

3.2.1. Electron microscope

The minimum microscope requirement is a 120-kV TEM with a goniom-
eter specimen holder that can tilt from 0° to £60°. However, the ease of tilt
series collection is governed by automation, and this requires computers
that are now found on all modern TEMs. A eucentric goniometer that is
computer controlled is advantageous because specimen movement and the
focusing adjustment will be small during tilt series collection if the object is
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Figure 2.3 Schematic of the process required to generate a 3-D model by electron
tomography. On the left collection of the tilt series from —60° to +60° at regular
angular intervals is depicted with projection images of the —60°, 0°, and +60° tilts
shown. In the center is a representation of the reconstructed volume containing part of
a mitochondrion. Upper right shows segmentation of one slice of the tomogram by
tracing the outer mitochondrial membrane in dark blue, the inner boundary membrane
in turquoise, and the cristae membranes in yellow. Bottom right shows representations
of two 3-D models based on segmentations of all of the sections of the tomogram. The
model on the left shows the outer membrane in dark blue, the inner boundary
membrane in turquoise, and all of the cristae in yellow. The model on the right is of
the same mitochondrion but showing only four representative cristae in red, yellow,
green, and grey from top to bottom.

made eucentric. With a 120-kV microscope, however, one is limited in
section thickness to approximately 200 nm, depending on the electron
density of the sample, because thicker sections produce more inelastically
and multiply-scattered electrons that add noise to the image. The noise is
seen as blurring of features that can reduce resolution or even render the
image unusable. Even so, research questions can still be addressed if all that is
needed is a portion of the mitochondrial volume (e.g., crista junction or
contact site analyses). More commonly used for ET of mitochondria are
intermediate-voltage TEMs (IVEM) operating at 200 to 400 kV including
energy-filtered TEMs (EFTEM) or high-voltage TEMs (HVEM) operating
at 750 to 3000 kV. With IVEMs a section thickness of 500 nm is commonly
used, and with the 3000 kV HVEM section thicknesses up to 5000 nm have
been used. The increased accelerating voltages of these microscopes reduce
the scattering cross section of the electron beam, permitting greater pene-
tration of the thicker specimens with less inelastic and multiple scattering,
thus improving image quality. The use of an energy filter also improves
image quality by removing the lower energy inelastically scattered electrons
that blur the image by chromatic aberration, because they have longer
wavelengths than elastically scattered electrons and, therefore, have different
focal planes. One must also remember that the path of the electron beam
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through slablike sections increases as the specimen is tilted. Decreased
scattering cross section afforded at higher accelerating voltages becomes
important when the specimen is tilted up to 60° or 70°, where path of the
beam through the section doubles and triples, respectively.

3.2.2. Image recording

The use of a charge-coupled device (CCD) camera provides several advan-
tages over the use of photographic film. (1) Direct digital recording elim-
inates the time spent for film development and subsequent digitization, thus
increasing throughput. (2) Water contamination and vacuum pump-down
in the TEM column are reduced because of the absence of photographic
film. (3) CCD recording simplifies automated image collection. One advan-
tage that photographic film still holds over CCD cameras is for large-area
imaging needs (e.g., imaging long, clustered, or networked mitochondria).
Film has a larger area than even the current high-end CCD cameras with 4k x
4k pixel detectors, such as the Gatan UltraScan' ™ 4000 and the Tietz
TemCam F415. However, new generation CCD cameras have 8k x 8k
pixel detectors, and this approaches the scan size of film that uses high-
resolution film scanners (4000 dpi). Although scanning a tilt series recorded
on film can take 3 to 6 h—longer than actually collecting the tilt series—an
automatic scanning device was developed by Robert Glaeser (U. California,
Berkeley) using a reasonably priced Nikon CoolScan (Typke et al., 2005).

3.2.2. Computer and software
Modern TEMs are equipped by the manufacturer with computers and
software to automatically or semiautomatically acquire tilt series. For older
TEMs, software for automatic tilt series acquisition is available from a
tew sources: TVIPS, www.tvips.com); SerialEM, http: /bio3d.colorado.edu/;
TOM, http: //www.biochem.mpg.de/baumeister/; and Utrecht suite, www.bio.
uu.nl/mcb/3dem/Electron_tomography.html.

With an automated system, a tilt series can be recorded within an hour
or two once the microscope is properly aligned and the specimen selected.

After the tilt series has been collected, extensive image processing is
required. Previously, ET image processing required a large workstation or
even a supercomputer, but modern desktop computers, including clusters of
such machines, are adequate for routine ET image processing. For large
volumes, however, generating a reconstruction in under a day still requires
parallelized code run on clusters or a supercomputer. Several complete
software packages are available to process, display, and analyze ET data.
Currently, the most used is the freeware IMOD software package (http:/
bio3d.colorado.edu/), and there is an active IMOD listserver group
(imod@lists. Colorado. EDU) that diligently troubleshoots installation and
software problems as they arise. Similar software packages have been
developed and made available, including SPIRE (SPIDER) (wwiw.wadsworth.
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org/spider_doc/); SUPRIM (http://ami.scripps.edu /software/suprim/); TOM
(http: //www.biochem.mpg.de/baumeister/tom_e/index.html);  EM3D  (http://
em3d.stanford.edu/), TXBR (http://nemir.ucsd.edu/); EMAN (http: //blake.bcm.
edu/EMANY/); BSOFT (http://Isbr.niams.nih.gov/bsoft/bsoft.html); IMAGIC
(http: /fwunw.imagescience.de/); and XMIPP (http: //xmipp.cnb.csic.es/ ).

Certain of these packages emphasize molecular ET, whereas others
specialize in cellular ET. The packages that we have used the most for
mitochondrial ET are IMOD and TxBR (Lawrence et al., 2006).

3.3. Tomographic data collection

Acquisition of high-quality images of mitochondria is the critical step to
ensure a 3-D reconstruction at nanometer resolutions.

3.3.1. Considerations for tomography of mitochondria

The whole purpose of ET is to reconstruct volumes. It makes sense to aim
for the thickest section that will provide the desired image quality and
resolution. It is attractive to use sections thick enough (200 to 5000 nm)
to contain a significant fraction of the organelle within the section volume.
Threadlike mitochondria such as those found in axons can be as thin as
200 nm, but most mitochondria are thicker than this. Furthermore, even a
thin mitochondrion may not be oriented parallel to and lie within a section.
Yet, as pointed out previously, thicker sections produce more inelastically
and multiply scattered electrons that degrade the image quality and resolu-
tion. It is also important to remember that the length of the beam path
through a section increases twofold to threefold at tilt angles of 60° and 70°,
respectively. Two strategies have been developed to perform ET on larger
mitochondria without compromising resolution. One strategy is the use of
energy-filtering TEMs and the other is to perform serial ET.

3.3.2. Energy-filtering and serial tomography

As the specimen thickness increases, the proportion of inelastically
scattered electrons also increases (Bouwer et al., 2007). Energy filtering
applied to ET is a way to image thicker specimens (>>500 nm) by reducing
or eliminating altogether the blurring from chromatic aberration that results
from inelastic scattering. Energy filters operating in either ““zeroloss” mode
or “most-probable-loss” mode select electrons within a narrow energy
range, minimizing chromatic aberration from electrons of different energy
(wavelength) and yielding images with significantly higher signal-to-noise
ratio (Bouwer et al., 2004, 2007). We have used the 300-kV EFTEM at the
NCMIR to produce high-quality reconstructions of mitochondria in 1000-

nm-thick sections.
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The technique of serial sectioning can be combined with ET to derive a
reconstruction of large volumes. Serial sections are cut through the sample
block with a thickness determined by the desired resolution. Generally, for
120-kV TEMs the section thickness should be no greater than 200 nm, for
400-kV TEMs the section thickness should be no greater than 500 nm, and
for 300-kV EFTEM no greater than 1000 nm. Tilt series are collected from
the sliced mitochondrion found in each section, and ET reconstructions are
computed for each tilt series, a single or double tilt series for each section.
Afterward, the resulting series of volumes are aligned and combined to form
a single, larger volume that contains the entire mitochondrion. The princi-
pal drawback to this approach is the loss of typically 25 to 40 nm of material
at the edge of each section because of sectioning artifacts, which sometimes
makes alignment, segmentation, and modeling across these gaps difficult.
Extensive serial ET was recently used by Noske et al. to reconstruct two
entire insulin-secreting beta cells including all of the mitochondria (Noske
et al., 2007).

3.3.3. Estimation of tomographic resolution

In planning an ET experiment, one must first determine whether sufficient
resolution is possible for a specimen of given thickness, tilt geometry, and
angular range and increment. The desired resolution determines the mag-
nification of the images in the tilt series and the number of images and the
angular interval with which the tilt series is recorded. One must also
understand that the resolution is not isotropic, because the resolution
along the z-axis (the axis perpendicular to the section plane) will be lower
as it is not possible to tilt the specimen to 90° with conventional TEM
holders because of occlusion by the specimen holder or the specimen grid
bars. The resulting “missing wedge” of information, the shape of the
volume above and below the specimen into which it cannot be tilted,
lowers the resolution in z by an elongation factor. The missing wedge can
be reduced in volume to a “missing pyramid” by recording a double-tilt
series, two tilt series around orthogonal tilt axes of the same specimen. At
the NCMIR, a newly designed 360° total tilt ET specimen holder has been
used to reconstruct muscle mitochondria with isotropic resolution. This
holder will support cantilevered samples of either the pyramidal geometry,
ideal for cells and tissue, or epoxy thread geometry, useful for isolated
mitochondria or cells in suspension.

Obtaining an accurate estimate of resolution in ET reconstructions of
mitochondria is difficult because each mitochondrion is unique, so the
concept of statistical reproducibility used in single-particle analysis of mole-
cules to calculate resolution is not applicable. It is reasonable to postulate that
the resolution in ET should be governed by: (1) the thickness of the section,
or more accurately, the thickness of the portions of heavy-metal staining and
other electron-dense material that affects electron scattering, (2) the collection
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schema (e.g., single-tilt, double-tilt, or conical tilt), (3) the angular range and
spacing of projection images in a tilt series, and (4) the signal-to-noise ratio in
each image. Because the Crowther equation (Crowther ef al., 1970), even
modified for slab (section) geometry, often underestimates the resolution in
ET reconstructions of biologic material, other constructs for estimating
sufficient sampling of Fourier space are currently in use (Frank, 2006).
A number of tomographers today use some form of the Fourier shell correla-
tion (FSC) (Frangakis and Hegerl, 2001) and/or spectral signal-to-noise ratio
(SSNR) (Penczek, 2002) to estimate the resolution in an ET reconstruction.
Despite criticism by Penczek and Frank (in (Frank, 2006; pp 307-330), we
have used the Bsoft program to estimate resolution in our reconstructions
because it has been documented and is straightforward to use (Cardone et al.,
2005; Heymann et al., 2008). A typical resolution range for our mitochondrial
reconstructions is 5 to 10 nm.

3.3.4. Choice of pixel size and magnification

On the basis of the Shannon sampling theory, an image must be sampled at a
frequency of at least twice the intended resolution. In practice, however,
sampling at three or four times the desired resolution gives better image
quality, especially when CCD cameras are used, in which case images are
sometimes binned down by 2 by averaging 2 X 2 arrays of adjacent pixels
to improve the signal-to-noise ratio before ET processing. Thus, if the
desired resolution for the image were 5 nm, a pixel size of 1.25 nm or even
finer would be appropriate. When a CCD camera is used, the magnification
must be chosen to match the desired resolution with the spacing of the
elements of the CCD array taking into account whether the data from
adjacent elements will be binned in producing the final images. When film
is used, the choice of magnification is less critical, because current film
scanners can digitize at various resolutions up to approximately 4000 dpi,
depending on the film scanner, and so there is a range of magnifications that
could be adequate.

3.3.5. Size and number of fiducial gold particles

The images of the tilt series must be carefully aligned to a common origin
and spatially adjusted to correct for possible distortions during data collec-
tion to produce a high-quality tomogram (see Section 4.1). For the best
image alignment, we found that it is advisable to use 30 to 80 colloidal gold
particles spread more-or-less uniformly across the image as fiducial markers.
Gold particles should be applied on both sides of the section, because both
IMOD and TxBR perform better if the particles used for alignment are not
all on one side. The number of particles on each side need not be equal, but
there should be at least four particles on a side for good triangulation. We
apply different size gold particles to each side (e.g., 15-nm particles on one
side and 20-nm particles on the other side), so that we can visually gauge
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whether there are enough particles on each side within the imaging area
before collecting a tilt series. To correct for section bending or warping, one
can use the “local” alignment option with IMOD (etomo). However, for
proper correction, the number of fiducial markers needs to be greater—20
or more markers per side depending on the extent of the warping. A greater
number of markers are required for the quadratic option (40 marker
minimum) or the cubic option (60 marker minimum) in TxBR. These
higher-order options provide a more accurate alignment and hence a higher
quality reconstruction (Lawrence ef al., 2006).

Problems arise if the density or size of gold particles is too low or too
high. Generally, larger size gold particles are used for thicker sections
because the increased electron density in the projection image can obscure
smaller particles. If the density of gold particles is low, sections can be made
more hydrophilic by glow-discharging or UV irradiation before applying
the colloidal gold solution. Just as one can have too few gold particles, one
can also have too many gold particles or clusters of particles, which would
cover and interfere with the structures under investigation and create streaks
that “bleed” into the tomogram. Thus, it is advisable to use the smallest size
gold particles that will not be obscured by the electron-dense (stained)
material, remembering that the distance between particle and nearby stained
material changes and can overlap on tilting the specimen. The utility
“ccderaser” in IMOD can be used to remove gold particles, especially
those in clusters, from images before computing the reconstruction and
thus minimize the streaking.

3.3.6. Orientation of mitochondrion

For single-tilt reconstructions, it is advantageous to orient elongated mito-
chondria with their long axis parallel to the tilt axis to enhance outer and
inner boundary membrane visualization. For double-tilt reconstructions,
the orientation of the long axis should be 45° from the tilt axis for each tilt
series. Similarly, when working with mitochondria having a predominance
of lamellar cristae (e.g., brown fat or muscle), the lamellae should be
oriented along the tilt axis.

3.3.7. Pre-irradiating (“cooking”) the area of interest

In ET of conventionally fixed and embedded specimens, “cooking” the
area of interest and the surrounding area before a tilt series is collected is
practiced so that the greatest shrinkage and mass loss occurs before data
collection. We use an automatic cooking sequence that irradiates the
specimen at each tilt angle for a user-defined amount of time, usually 10
to 20 sec. It is important to note that for a double-tilt series, the cooking
should be done for each tilt axis before starting the tilt series. Because the
beam-induced mass loss and warping should be minimized between first and
last images of a tilt series to maximize reconstruction quality, it is important
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to record a tilt series as quickly as feasible, paying attention to beam-induced
specimen movement. Rapid image acquisition is facilitated by automated
collection software. It is helpful to apply a thin film of carbon to both sides
of the section, because the carbon film is conductive, adds stability, and
reduces specimen charging. Once started, a tilt series should be completed
with minimal interruptions because beam dynamics change with time and
the effect is especially noticeable in images if the pause is overnight.

3.3.8. Single-tilt or double-tilt

With the double-tilt series protocol reconstructions are computed sepa-
rately from separate tilt series taken about two orthogonal axes, and then the
two reconstructions are aligned computationally to each other and com-
bined to achieve a single reconstruction. This double-axis approach results
in resolution that is more isotropic and is especially valuable in reconstruct-
ing membranes that are perpendicular to a tilt axis. Because of the advan-
tages in reducing the missing data from a wedge to a pyramid with smaller
volume, the double-tilt series collection schema is now the standard. With
modern ET, there are only a few justifications for recording single-tilt series.
They are: (1) if the specimen is fragile or cannot sustain the roughly double
beam exposure required for double-tilt collection; (2) lack of time, this may
be because the series is recorded on film with its inherently longer proces-
sing time, or because no automated collection is available; or (3) for the
given specimen and research objectives a single-tilt series reconstruction
will achieve the desired result. The last is justified when the membranes are
heavily stained, which is how we commonly prepare mitochondrial sam-
ples, and the segmentation is done manually. Although fainter in specified
orientations because of the missing wedge, the membranes are usually still
visible and hence traceable. When automated segmentation is used, it makes
sense to use double-tilt series to minimize “‘gaps’ in the membrane opacity.
Double-tilt ET, however, is not free from problems. The additional radia-
tion used to collect the second tilt series induces further change (shrinkage
and warping) in the specimen, so that the successive reconstructions are not
from an identical specimen. Taking into account this change, pre- (TxBR)
or post- (IMOD) reconstruction software is used to massage the two
“halves” of the double-tilt data into a merged reconstruction.

3.3.9. Angular increment and tilt range

For ET of slablike sections, there is a limitation in the range of tilts that one
can collect, generally £60° to 70°. This is due to several factors such as the
specimen support grid or rod occluding the image at high tilt, the physical
stops in the microscope that prevent the specimen rod from hitting pole
pieces and apertures, and increased inelastic and multiple scattering, hence
image degradation, resulting from the increased path of the beam at high tilt
angles. Only a few TEMs have 180°-tilt ET specimen holders, and these
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require specimens with cylindrical or pyramidal geometry (Zhang et al.,
1998). Typical angular increments used in collecting tilt series are either 1°
or 2°. A double-tilt series with 1° increment between £70° amounts to 282
images. Even with automation software, this is a lot of beam exposure for
biologic samples. Usually mitochondrial membranes are well delineated for
a double-tilt series with 2° increment between £60°. It should be noted
that the most commonly used reconstruction algorithm, weighted back-
projection, requires a constant angular increment. Other schemas can
sample Fourier space more evenly by use of a smaller increment for high
tilts and a larger one for low tilts, following a formula. With these schemas,
algorithms other than weighted back-projection are used to reconstruct the
volume (e.g., ART or SIRT).

3.3.10. Microscope alignment, eucentricity, and focus

The TEM needs to be aligned well to acquire high-quality images. Smaller
condenser apertures combined with larger spot sizes should be used to
increase the spatial coherence of the electron beam while maintaining
sufficient brightness. Condenser astigmatism should be corrected to mini-
mize the ellipticity of the beam. Objective astigmatism should be corrected
in the normal way and is facilitated with a CCD camera that allows
calculation of the image Fourier transform whose noise spectrum is circu-
larly symmetric when the objective lens astigmatism is corrected.

Before a tilt series is collected, the eucentric height for the object must
be set in which the goniometer of the TEM is adjusted by moving the tilt
axis up or down until it coincides with the plane of the object to allow
eucentric tilting. This should be done at the magnification to be used for
recording the tilt series. The most accurate way to set the eucentric height is
to rotate the grid from £60° and adjust the z-height so that the object at
—60° is translated from the object at 4+60° only along the tilt axis. Com-
puter control of the goniometer provides the greatest accuracy.

In acquiring a tilt series, an image is recorded, the goniometer is tilted by a
defined increment, the object is recentered and refocused, and then another
image is recorded. These steps are repeated until the full tilt range is covered.
Recentering and refocusing are minimal when the eucentricity is accurate.
It is important to recenter before refocusing, because recentering introduces
slight beam-induced movement, and this movement along with residual
stage movement usually dies down in the few seconds it takes to refocus.
In this way, the next image is ready to be recorded immediately after focusing
has been completed. All these steps can be done manually; however, the
more automated these steps are the less operator time is required with less
chance of error. With modern TEM’s and CCD cameras, all of these steps
can be accomplished automatically once the microscope is aligned.
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3.4. Tomographic image processing

Image processing routines are constantly evolving, not only to add func-
tionality but also to make procedures more user-transparent. This renders
ET accessible to the nonexpert and as a result has led to the proliferation of
publications reporting the use of ET, including those from scientists whose
technical expertise is in areas other than electron microscopy and
tomography.

3.4.1. Tilt series alignment

The alignment of the individual images of a tilt series is a critical step in
obtaining high-quality reconstructions. The two most common alignment
techniques are (1) cross-correlation alignment and (2) fiducial mark track-
ing, usually with colloidal gold particles applied to the section surfaces. The
advantages of cross-correlation alignment are that it does not require appli-
cation of gold particles and it is a fast procedure requiring little input from
the user. Our experience, however, has shown that cross-correlation align-
ment is not capable of correcting image rotation or magnification changes
between images of the tilt series to the same precision that fiducial tracking
achieves. However, Engelhardt (Engelhardt, 2007) reports that second-
generation “‘trifocal alignment” and third-generation ‘‘alignment without
correspondence’ methods, which are fully automatic alignment algorithms,
perform well and are ready to replace fiducial tracking. To our knowledge,
these have yet to be applied to mitochondrial ET.

The advantage of fiducial mark tracking is that in addition to alignment,
the fiducial marks provide sufficient information to de-warp (correct image
and specimen distortions) and to make higher order adjustments (e.g.,
quadratic or cubic alignments) in TxBR. Their success is based on tracking
a large number of fiducial marks through the tilt series. Semiautomated
fiducial placement has allowed the use of a relatively large number of
markers (e.g., 40 markers tracked on 120 images amounts to the accurate
placement of 4800 fiducials). We use IMOD to place 30 to 80 markers on
the 0° untilted image. An automatic particle-tracking program is then used
to track each marker through all of the images of the tilt series. The resulting
dataset is then edited manually to correct any errors in the placement of the
fiducials or to fill gaps in the dataset that occur when the tracking “loses” the
particle, which can happen for high-tilts if the particle is obscured by an
electron-dense region or if the area is warped. The positions of the fiducial
markers are then used to refine tilt angles, image shifts and rotations,
magnification changes, and beam and sample distortions. The resultant
transforms are then applied to the tilt series stack of images to produce an
aligned stack.
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3.4.2. Tomographic reconstruction

The next step is to compute the ET reconstruction by use of the image
densities in the aligned tilt series. This step is the most computationally
intensive in the processing stream and can produce reconstruction files that
are very large (>1 gigabyte). Even so, because of an increase in computer
power, reconstructions are usually computed within a few hours. R*-
weighted backprojection is the most popular method owing to its compu-
tational simplicity and predictable outcome. Both IMOD and TxBR use
this method as default. Most alternative methods fall under ‘“‘iterative
techniques” (Frank, 2006) and maximum entropy methods (Engelhardt,
2007). The two most commonly used iterative techniques are the algebraic
reconstruction technique (ART) and the simultaneous iterative reconstruc-
tion technique (SIRT), both of which rely on optimizing the reconstruction
by iterative comparison between projections of the reconstruction and
images of the aligned tilt series. Fourier and more general transform meth-
ods offer advantages of increased speed of reconstruction and corrections for
multiple distortions arising from TEM imaging (Lawrence et al., 2006;
Sandberg ef al., 2003).

3.5. Visualization and measurements of volumes

Visualization from multiple vantage points is essential to resolve and inter-
pret details in the 3-D configuration of mitochondria (Fig. 2.3). The first
step in visualization is simply examining slices in arbitrary directions and
making animations of slice fly-throughs. We use IMOD or Analyze (http://
www.mayo.edu/bir/Software/Analyze/Analyze.html) ~ for this. Another
commonly used commercial visualization package is Amira (http: //www.
tgs.com), which is suitable for several steps in visualization, including the
making of sophisticated movies. An advantage of ET is the capability to
computationally section the reconstruction in slices as thin as 1 voxel in any
orientation. This permits accurate measurements and analyses with the
multipurpose  freeware “Image]”  (http: /rsb.info.nih.gov /nih-image) — or
“homegrown’ analysis software provided by several ET laboratories (e.g.,
Synuarea and Synuvolume [NCMIR]) that make surface area and volume
measurements from segmented reconstructions.

3.5.1. Segmentation

The next step is usually manual segmentation of mitochondrial substructure
(typically membranes) by use of traced contours, followed by surface ren-
dering of the meshed stacked contours (Fig. 2.3). Once the contours of all
the objects of interest are traced, the resulting model can then be viewed in
several ways. The full model may be displayed to show all objects or
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individual objects can be turned on or oft or rendered translucent to explore
the shapes of features and the spatial distribution of a class of objects (e.g.,
crista junctions) and their relation to other objects in the volume. This
functionality has been useful when examining the elaborate membrane
systems of mitochondria, which can change significantly over short dis-
tances. For example, the models in Fig. 2.3 at the lower right are of the same
mitochondrion; the model on the left shows the outer membrane in blue,
the inner boundary membrane in turquoise, and all of the cristae in yellow,
whereas the model on the right displays only four representative cristae in
different colors. Comprehension of cristae shape and crista junction and
contact site size and distribution have been enhanced by assigning color and
transparency level to the different structural components. We use either
IMOD or Xvoxtrace (NCMIR) for segmentation, and this step is rate-
limiting in ET throughput, because usually more than 100 slices are present
in the reconstruction and often more than 30 objects are segmented.
However, because oversampling exceeds the resolution present in the
reconstruction, typically not every slice needs to be traced. For features
that do not change much from slice-to-slice, tracing every other or even
every fourth slice often suffices. Because of the segmentation bottleneck,
researchers are developing autosegmentation tools (Bartesaghi ef al., 2005;
Frank, 2006; Garduno et al., 2008; Jiang et al., 2004; Narasimha et al., 2008;
Nguyen and Ji, 2008). However, to date, manual segmentation has proven
superior to the currently available autosegmentation tools, except perhaps
for the topologically simple mitochondrial outer membrane.

3.6. Movies, tele tomography, and databases
3.6.1. Movies

Movies illustrate the rich quantity of ET information with more scope and
detail than can be presented conveniently in images and are portable across
different software and hardware environments (see http: /www.sci.sdsu.edu/
TFrey/MitoMovie.htm). Effective movies can be composites of separate
movie clips. For example, the first clip may be a fly-through of the slices
of the reconstruction. The fly-through can be done in different (often
perpendicular) directions to highlight changes in features on a length
scale. The second clip could be the surface-rendered view of the fully
segmented reconstruction. The segmented volume is ideal for rotations
and zoom-ins to focus the attention on the features of interest.
Subsequent clips could involve turning on or off objects or making some
partially transparent while rotating and zooming; this 1s a powerful way to
emphasize shapes and spatial relationships. The rotation or zoom-in could
be paused at any stage to display annotation (e.g., text and arrows) to
demonstrate features.
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3.6.2. Tele tomography

Because the higher-voltage TEMs most commonly used for ET are expen-
sive, relatively few are available. To make ET more accessible, tele tomog-
raphy (https: //telescience.ucsd.edu/) was developed for the remote operation
of TEMs and for online image processing. All that is required is a computer
with Internet access. In practice, one sends the sample to the facility
supporting tele tomography. At a preappointed time, someone at that
facility places the sample in the TEM and informs the sender that ET data
collection can now be performed. The sender not only collects a tilt series
but also routes the images to computers at the facility for remote image
processing or alternately those at the sender’s institution. A 400-kV TEM
and a 300-kV EFTEM at the NCMIR, a 3-MV TEM in Osaka, Japan, and a
1.2-MV TEM in Seoul, Korea, are tele tomography capable.

3.6.3. Databases

Because of the explosion of the amount of ET data that are now being
generated, dedicated databases have been established. These databases not
only aid the organization of these data but also provide the capability for
data mining. A database containing mitochondrial ET data deposited is the
cell-centered database (CCDB) (http: //ccdb.ucsd.edu/CCDBWebSite/index.
html). Through the CCDB, researchers can access mitochondrial volume
reconstructions, the original tilt series, the aligned tilt series, the segmented
objects, and measurements. Data mining is made available by means of
keyword searches and enhanced by linkages to other archival databases.

3.7. New developments for electron tomography of
mitochondria in situ

Image enhancement being developed for mitochondrial ET involves
anisotropic nonlinear diffusion and bilateral filtering. These computational
techniques suppress the noise in reconstructions while preserving high-
resolution structural features. We anticipate that these techniques will not
only enhance the visualization of features but also aid autosegmentation of
mitochondria, because the tracking of membranes will be less easily derailed
by the noise. Because of the effort involved with generating ET data,
sampling size is often low. The recent combination of stereology and
electron tomography (Vanhecke et al., 2007) has opened the door for
unbiased and precise quantitative analysis by use of the wealth of informa-
tion in a few reconstructions. The parameters most easily measured with
so-called quantitative ET are volumes, surfaces, lengths, and numbers.

3.8. Application to apoptotic Hela cells

Our earlier work along with that of others using ET established the crista
junction paradigm of mitochondrial structure in which the inner membrane
has a more complicated conformation than that depicted in earlier models
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and popularized in textbooks. The crista junction paradigm describes the
conformation of the inner membrane with two principal components,
the inner boundary membrane closely apposed to the outer membrane
and the crista membrane projecting into the matrix compartment of the
mitochondrion and joined to the inner boundary membrane by tubular
crista junctions of variable length as shown in Fig. 2.3 (lower right) (Perkins
et al., 1997). This is believed to divide the inner membrane into two
functional components with electron transport and energy transduction
concentrated in the crista membrane and communication between the
matrix and the cytosol through the inner boundary membrane at contact
sites with the outer membrane (Frey and Mannella, 2000; Frey and Sun,
2008; Frey et al., 2002). Likewise, the space between the inner and outer
mitochondrial membranes is now thought to comprise two separate com-
partments, the intermembrane space between the outer membrane and the
inner boundary membrane and the intracristal spaces within the cristae, that
only communicate through crista junctions (Scorrano ef al., 2002;
Yamaguchi ef al., 2008; Zick et al., 2008).

The application of ET to the HeLa cells in Stages 1 to 3 of the apoptotic
program determined by correlated LM proved invaluable in understanding
the structural changes that had occurred and led to a topographical model
for fission/fusion of the mitochondrial inner membrane. We were able to
identify three mitochondrial ultrastructure classes: Normal mitochondria
have lamellar cristae connected to the inner boundary membrane by
means of crista junctions; vesicular mitochondria in which the inner mem-
brane has fragmented into many separate vesicular matrix compartments,
and swollen mitochondria containing swollen matrix compartments. Fur-
thermore, we also observed hybrid structures that combined features of two
of these classes: Normal/vesicular and vesicular/swollen. Three-dimensional
models of fully segmented tomograms representing these five classes are
shown in Fig. 2.4. These could be correlated to the stages of the apoptotic
timeframe suggesting that the sequence of changes progressed from exclu-
sively normal mitochondria in Stage 1 cells to a significant number of normal/
vesicular and vesicular mitochondria in Stage 2 cells during and after release of
cytochrome ¢ to many wvesicular/swollen and swollen mitochondria in Stage 3
cells. Significantly, a bare majority of mitochondria in Stage 2 cells main-
tained normal morphology, and even Stage 3 cells contained a significant
number of mitochondria that appeared normal. This suggests that this
structural transformation is not required for release of cytochrome ¢ from
the intracristal spaces. Indeed, this was confirmed when inhibition of
caspases by z-VAD-fmk effectively prevented the structural transformation
but did not prevent release of cytochrome ¢. We speculate that the transfor-
mation to vesicular mitochondria represents the changes in inner mitochon-
drial membrane topology required for mitochondrial fission that in this case
occurs throughout the mitochondrial volume rather than just at the sites of
fission (Frey et al., 2006; Sun et al., 2007). This provides an example of the
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Figure 2.4 Three-dimensional models created from electron tomograms of mitochon-
dria representing each of the structure classes observed in HeLa cells undergoing
apoptosis induced by treatment with etoposide. The outer membrane is represented
in dark blue and the inner boundary membrane, where present, in white. (A) Normal
mitochondria contain only lamellar cristae represented in various colors connected to
the inner boundary membrane by crista junctions. (B) Normal/vesicular mitochondria
exhibit normal lamellar cristae connected to inner boundary membrane by means of
crista junctions in one region (green cristae in the lower region) and separate vesicular
matrix compartments (various colors in the upper region). (C) Vesicular mitochondria
have only separate vesicular matrix compartments represented here in various colors in
the absence of an inner boundary membrane. (D) Vesicular/swollen mitochondria have
separate vesicular matrix compartments, and the large magenta and yellow compart-
ments appear to be swollen. (E) Swollen mitochondria have normal and/or vesicular
components that are swollen often to the point that the outer membrane is ruptured as
seen at the bottom of this mitochondrion.

power of combining fluorescence confocal LM with TEM and ET of
identical cells to characterize the changes in ultrastructure that accompany
a dynamic cellular process.
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Fourier transform vibrational infrared (FTIR) difference spectroscopy provides a
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be induced by perfusion/buffer exchange, hence providing a versatile means of
analyzing IR changes associated with, for example, ligand/substrate binding or
specific catalytic intermediates at high signal-to-noise.

Absolute absorbance IR spectra can provide information on secondary struc-
ture, lipid/protein ratio, extent of isotope exchange, and sample quality and
stability more generally. Such information is useful for quality control of sam-
ples during the acquisition of difference spectra in which specific atomic details
of changes between two states may be probed. Examples of absolute and
difference IR spectra of complex | are presented, and strategies for assignments
of the spectral features are discussed.

1. SPECTROSCOPIC STUDIES OF COMPLEX |

Complex I functions as a proton-motive NADH: ubiquinone oxido-
reductase in the respiratory chains of bacteria, plants, yeasts, and animals.
Bovine complex I consists of at least 46 different subunits with a combined
mass of ~980 kDa (Carroll et al., 2003; Hirst ef al., 2003). Bacterial complex I
(~ 500 kDa) typically consists of 14 subunits that are present throughout the
superfamily and form a minimal catalytic core. Single particle image recon-
struction has revealed that, under physiologically relevant conditions, com-
plex I from all sources has an L-shaped structure, formed from a hydrophobic
membrane arm and a hydrophilic arm (Sazanov and Hinchlifte, 2006).

A recent X-ray crystal structure of a fragment corresponding to the
hydrophilic arm of Thermus thermophilus complex I (Sazanov and Hinchliffe,
2006) has established the positions of the known redox cofactors: a noncova-
lently bound flavin mononucleotide (FMN), two [2Fe-2S] type iron-sulfur
(Fe-S) centers named N1la and N1b, and five [4Fe-4S] type Fe-S centers
named N3, N4, N5, N6a, and N6b. An additional [4Fe-4S] Fe-S center
named N7 is present only in certain bacteria (Nakamaru-Ogiso ef al., 2005).
The structure supports the view that, with the exceptions of N1a and N7, they
form a pathway for transferring electrons from the NADH binding site located
at the end of the hydrophilic arm distal to the membrane to one or more Q-
sites located at the interface of the hydrophilic and membrane arms. The order
of centers N4, N5, and N6a in this pathway is currently under debate (Ohnishi
and Nakamaru-Ogiso, 2008; Yakovlev ef al., 2007). Center N1a is close to
FMN but separate from the main electron transfer pathway. Its position and
very low potential (E,; = —380 mV versus SHE (Ingledew and Ohnishi,
1980)) suggest that its role is additional to that of the main pathway.

The mechanism by which proton transfer across the membrane is
coupled to internal electron transfers remains unknown. Such studies are
hampered by the size and complexity of the enzyme and, in particular,
because of the limited types of spectroscopies that can be used to resolve and
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monitor the behavior of individual Fe-S centers and quinone(s) in such a
large and complex system. To date, EPR has provided the most valuable
spectroscopic tool, because the semiquinone forms of FMN and ubiquinone
and the reduced forms of the Fe-S centers are paramagnetic and, therefore,
amenable to EPR analyses.

A consensus assignment of EPR signals to Fe-S centers N1a, N1b, N2,
N3, and N7 has been reached and, by combining EPR spectroscopy with
redox potentiometry and pH titrations, their midpoint potentials and pH
dependencies have been determined (Ingledew and Ohnishi, 1980;
Nakamaru-Ogiso ef al., 2005, 2008; Ohnishi, 1998; Sled et al., 1994;
Yakovlev et al., 2007; Yano et al., 2003). However, assignments of the
remaining EPR signals to Fe-S centers N4, N5, N6a, and N6b are still
under debate (Ohnishi and Nakamaru-Ogiso, 2008; Yakovlev et al., 2007).
Euro et al. (Euro et al., 2008) have recently reviewed these studies and
extended them by potentiometric titration of EPR and optical signals of
intact Escherichia coli complex I, with the analyses accommodating possible
intrinsic electrostatic interactions between the Fe-S centers. EPR studies
have also revealed three distinct ubisemiquinone species in complex I
during steady-state NADH oxidation in tightly coupled bovine heart sub-
mitochondrial particles whose significance and functions remain unclear
(Magnitsky et al., 2002; Vinogradov ef al., 1995; Yano et al., 2005). SQns
has a fast spin relaxation rate and is only observable in the presence of a
membrane potential. SQn; and SQnyx are both insensitive to membrane
potential and have slow and very slow spin relaxation rates, respectively.
The fast spin relaxation time of SQnyr has been proposed to arise from spin
interaction with a tetranuclear Fe-S center. This was identified as center N2
on the basis of a close correlation between a lineshape alteration of center
N2 and quenching of SQn¢ (Magnitsky et al., 2002), and a center-to-center
distance between N2 and SQnof 12 A was estimated (Yano et al., 2005).

Deconvolution of UV/visible redox difference spectra of complex I is
more difficult because of the broad and indistinct nature of the many
overlapping Fe-S bands in the 300 to 600 nm range and the dominance of
the stronger absorbance of oxidized FMN at 450 nm (Euro ef al., 2008;
Hellwig et al., 2000). Nevertheless, in combination with EPR, it can assist
in resolving individual Fe-S centers during redox titration, as in the case of
its recent application to E. coli complex I (Euro et al., 2008). In an earlier
UV /visible and EPR study of E. coli complex I, Fe-S centers N6a and N6b
were resolved kinetically from the other Fe-S centers and their midpoint
potentials determined (Friedrich et al., 2000).

The sensitivity and stability of modern FTIR spectrometers have made
possible the application of mid-IR vibrational spectroscopy to large protein
complexes, and in recent years this has provided an additional spectroscopic
tool with which to analyze complex I. This technology is briefly reviewed and
its applications to date to complex I are summarized in the following sections.
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2. FTIR DIFFERENCE SPECTROSCOPY
AND ITS APPLICATION TO COMPLEX |

2.1. General principles of IR absorbance and Fourier
transform infrared spectroscopy

IR absorption is caused by the coupling of the electric field vector of
electromagnetic radiation with the dipole moment of a molecular vibration
when the energy of the radiation and the vibrational transition are matched.
It occurs only when the dipole moment of the molecule changes during the
vibration and the absorption probability, and, therefore, the extinction
coefficient, increases with increasing bond polarity. Many textbook
accounts of the physical principles of IR absorption, for example, Giinzler
and Gremlich (2002) and Stuart (2004), and reviews of biological applica-
tions of IR spectroscopy, for example Brittain et al. (1997), Burie et al.
(1993), Goormaghtigh et al. (1999), and Mintele (1993, 1996), are available.

Modern infrared spectrometers generally operate in Fourier transform
(FT) mode in which a broadband IR source is used in conjunction with a
Michelson or other type of interferometer. In the Michelson interferome-
ter, the beam is split and the pathlength of one half varied cyclically with
time before being recombined with the fixed pathlength beam. Construc-
tive and destructive interference produces an interferogram of intensity
versus pathlength difterence. The position of the moving mirror can be
determined very precisely from the regularly spaced interferogram of a
monochromatic laser beam that passes through the same optics. This allows
accurate conversion of the interferogram into a plot of intensity versus
frequency by Fourier transformation. Interferograms are typically recorded
over tens of milliseconds (limited by the transit time of the moving element
that controls the variable pathlength beam), and scans can be averaged
before or after Fourier transformation. Major advantages of the FT method
include the synchronous acquisition of a wide frequency range and the
ability to use intense IR sources, because the intensity of the broadband
beam is not restricted by the small apertures required by dispersive
monochromators.

2.2. Analyses of complex | by FTIR difference spectroscopy

IR absolute absorbance spectra of even the smallest proteins consist of a
large number of bands that make it difficult to deconvolute individual
vibrational modes. Such spectra are nevertheless informative, particularly
for characterization of secondary structural elements (Arrondo et al.,
1993; Goormaghtigh et al., 1990), and for assessments of, for example,
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lipid/protein ratios (Goormaghtigh et al., 1990), extents of isotope
exchange (Rath ef al., 1998), and general quality control. However, by
recording absolute absorbance spectra of the same sample before and after a
localized change, difterence spectra can be obtained that contain a manage-
able number of vibrational band changes that arise only from functional
groups that were changed by the manipulation. If the alteration is reversible,
the sample can be automatically cycled between two (or more) states many
times so that signal averaging can be used to improve the signal-to-noise
ratio of the resultant difference spectra. The technical challenge of this
procedure is to be able to measure infrared absorption properties while
simultaneously manipulating the protein sample in a precise and reversible
manner.

2.3. Transmission FTIR studies

In transmission mode, the sample is typically placed between two windows
made of an IR transmitting material, most commonly calcium fluoride, and
the IR measuring beam is passed through this assembly. The sample thick-
ness defines the pathlength and, for aqueous protein solutions, is limited to
an effective maximum of approximately 15 um because of the strong
absorption of IR by water. Such thin samples require high protein con-
centrations to generate sufficiently large protein signals. In transmission
FTIR studies, E. coli complex I solubilized in 0.15% n-dodecyl-f-D-malto-
side has typically been used at 0.25 mM (Hellwig et al., 2000). Manipulation
of samples in transmission mode can in principle be made by light when
suitable photochemistry is available (Braiman ef al., 1991; Fahmy et al.,
1993; Gerwert et al., 1989; Hienerwadel et al., 1997; Lemon et al., 1993;
Mintele, 1996; Nabedryk et al., 1995; Noguchi and Sugiura, 2002; Rich
and Breton, 2001), by stop-flow mixing (George et al., 1997), or by
electrochemistry (Hellwig ef al., 1996, 1998, 2000, 2002; Moss et al.,
1990; Ritter ef al., 2003). To date, it has only been possible to apply the
electrochemical method in transmission mode to complex I, where it has be
used to measure redox difference spectra of both the intact complex and a
soluble NADH dehydrogenase fragment of E. coli (Flemming et al., 2003;
Friedrich et al., 2000; Hellwig et al., 2000, 2004). This was accomplished
with an ultrathin spectroelectrochemical cell consisting of two CaF,
windows that sandwiched a 6 to 7 ul sample with a 6 to 8 um pathlength
and a 70% transparent 6 um-thick gold grid working electrode in electrical
contact with auxiliary and reference electrodes (Moss ef al., 1990). These
studies and their interpretations are reviewed in detail in Marshall et al.
(2006). Large redox-induced signals in the amide I region were interpreted
initially in terms of extensive conformational reorganization of the poly-
peptide backbone linked to redox changes of both FMN and Fe-S centers
(Hellwig et al., 2000). Bands that appeared at 1710 cm ™! and 1548 cm ™! in
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a —300 to —500 mV potential step were tentatively assigned to »(C = O)
modes of the isoalloxazine ring of FMN on the basis of comparisons with
redox difference spectra of pure FMN and FAD in solution, although their
intensities were smaller than expected (Hellwig et al., 2000).

Redox difference spectra of intact complex I were compared with those
of an NADH dehydrogenase fragment. The double difference spectrum for
a —100 to —300 mV potential step contained bands around 1715 cm™',
which were tentatively assigned to deprotonation of, or perturbations in the
environment of, an aspartic/glutamic acid on reduction of Fe-S center N2
because, at that time, the NADH dehydrogenase fragment was thought to
contain all redox centers except N2. Double difference spectra for a 0 to
—500 mV potential step contained bands around 1500 cm™!, a region
characteristic for protonation state change of tyrosine, and these bands
were assigned to tyrosine 114 and 139 of subunit NuoB by comparisons
of such bands in a range of site directed mutants (Flemming ef al., 2003).

Hellwig et al. also measured oxidized minus reduced difference spectra
for the 150 mV to —450 mV potential step at pH 5.5, 6.5, and 7.5.
At pH 5.5, a peak at 1732 cm ™!, together with troughs at 1585 cm~" and
1408 cm ™!, was tentatively assigned to oxidation-induced protonation of an
aspartic or glutamic acid (Hellwig et al., 2004). In the same spectra, bands at
1264 cm~! and 1610 cm™! were tentatively assigned to redox changes of
bound ubiquinone on the basis of model compound data, and a relation
between extent of ubiquinone binding and protonation state of the carboxyl
groups was suggested.

2.4. ATR-FTIR studies

ATR-FTIR spectroscopy (Goormaghtigh et al., 1999; Heberle and
Zscherp, 1996; Tatulian, 2003) provides an alternate method for IR
analyses of protein changes. In this approach the IR measuring beam is
passed through an internal reflective element (IRE), commonly a diamond
or silicon crystal, with geometry such that the beam is reflected (usually
several times) internally at a surface on which the sample is deposited. On
each internal reflection, an evanescent wave penetrates into the sample to a
distance governed by the ratio of refractive indices of the sample and IRE
and the frequency of the IR radiation; roughly, the wave diminishes to
1/e intensity at a depth of one wavelength. A detailed account of evanes-
cent wave properties may be found in Goormaghtigh ef al. (1999). The
increased sample accessibility in ATR mode allows buffer exchange by
perfusion or dialysis (Rich and Iwaki, 2005), extending IR analyses to
include changes caused by, for example, ligand, inhibitor or substrate
binding, catalytic intermediates or pH, and other changes. Proteins in
soluble form can be studied by use of a flow cell incorporating a dialysis
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membrane or, for hydrophobic proteins such as complex I, an alternate
and particularly versatile method involves deposition of a thin (several
micron) layer of the protein in its active hydrated state onto the hydro-
phobic IRE surface and induction of changes by electrochemistry or by
buffer perfusion (see later).

Because the optical pathlength in ATR measurements is not defined by
the sample thickness and is frequency dependent, the quantitation of bands
from their intensities relative to known extinction coefficients is less
straightforward. Nevertheless, effective pathlength at a specific frequency
can be determined by inclusion of a suitable IR marker of known extinction
coefficient. From this, pathlength at any frequency can be calculated and,
when available, conventional extinction coefficients used to quantitate
concentrations of specific components.

3. PREPARATION OF REHYDRATED LAYERS OF
ComPLEX | FOR ATR-FTIR SPECTROSCOPY

Promotion of protein—protein and protein—IRE hydrophobic inter-
actions during layer deposition is critical if the layer is, after rehydration, to
remain attached to the IRE and have sufficient stability for data acquisition.
This can be accomplished by removing detergent and excess salt from
detergent-solubilized preparations by washing with detergent-free weak
buffer (Rich and Iwaki, 2005). If the protein is solubilized with a detergent
of low critical micelle concentration (CMC) or poor exchange kinetics, it
may be necessary to first exchange it with a more suitable detergent by
prewashing with another detergent of higher CMC/faster unbinding that
can subsequently be removed. Ideal procedures for deposition of thin layers
of hydrophobic proteins onto the IRE that have suitable stability and
reactivity (i.e., respond rapidly to in situ manipulation) vary with different
proteins and preparation methods. However, for complex I prepared both
from Yarrowia lipolytica (supplied by Ulrich Brandt [Ahlers et al., 2000]) and
from Bos taurus (supplied by Judy Hirst [Sharpley et al., 2005]), the following
method was found to be effective.

0.1 mg complex I (5— to 10—ul volume) was diluted with 200 ul of
20 mM potassium phosphate, pH 7.0, in a 2.5-ml ultracentrifuge tube;
1.5 wl 10% (w/v) sodium cholate and 1.5 ul 10% (w/v) octylglucoside
were added, and the sample was gradually diluted to a volume of 2 ml with
20 mM potassium phosphate, pH 7.0, to give a final concentration of
0.0075% (w/v) of each detergent. The sample was then pelleted by centri-
fugation at 390,000 g,, for 30 min at 4°. The pellet, which had a cloudy
appearance, was resuspended in 200 pl of 20 mM potassium phosphate,
pH 7.0, with a glass rod, diluted to 2 ml with the same buffer and
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centrifuged at 300,000 g,, for 20 min at 4°. The resulting pellet was
resuspended as before in 2 ml 1 mM potassium phosphate, pH 7.0, and
centrifuged at 300,000 g,, for 20 min at 4°. After removing as much
supernatant as possible, the final pellet, which had a translucent glasslike
appearance, was resuspended with a glass rod in 10 ul of ultrapure water and
split into 2-ul aliquots, which were either diluted to 8 ul with distilled water
and applied directly to the IRE (3-mm diameter, 3 reflection silicon ATR.
microprism (SensIR Europe)) or stored at —80° for future use. At all stages
after detergent removal, care was taken to work as rapidly as possible,
because the hydrophobic surfaces critical for layer adhesion to the IRE
decrease with time, probably by self-aggregation. Samples are placed uni-
formly over the IRE and dried onto it under a gentle stream of dry nitrogen
or argon over approximately 5 min. Such dried layers can then be rehy-
drated with a suitable buffer while remaining firmly adhered to the prism
surface.

Figure 3.1 shows typical ATR-FTIR absolute absorbance spectra
recorded during the preparation of complex I layers. Such spectra are useful
for optimizing and quality-controlling the resultant protein film. Absorp-
tion spectra of samples before drying are dominated by the water O-H
scissoring and stretching modes at 1638 cm~! and close to 3400 cm™!,
respectively (trace A). As the layer is dried onto the prism, the amplitudes
of these bands decrease and amide I and II bands of protein appear at
1650 cm~' and approximately 1540 cm™!, respectively (trace B). This
spectrum of the dried material will also contain bands arising from residual
buffer or detergent; if present at high levels, these can result in poor layer
stability, which could be easily rectified, for example, by additional wash
steps. The dried layer can be rehydrated with an aqueous drop containing a
desired buffer. This results in a partial diminution of protein bands (best
monitored by the amplitude of the amide II band) and a gain in water
bands caused by protein layer swelling on rehydration (trace C). Typically,
a suitable protein layer will have an amide II band absorbance of approxi-
mately 0.5 when dried, which will diminish to 0.15 to 0.2 on rehydration and
will become sufficiently stable for data acquisition within 1 h. Diminution
of the amide II band beyond this level is indicative of insufficient bonding
between protein and the IRE surface.

The amount of complex I applied to the prism is crucial; ideally, the
rehydrated layer should be marginally thicker than the maximum depth of
penetration of the evanescent wave at the lowest frequency of interest. Any
additional protein will not be detected by the IR beam and will result in
longer required times of equilibration with the surrounding medium,
resulting in the acquisition of less data in a given time period. Conversely,
a layer that is thinner than the depth of penetration will equilibrate rapidly
but will yield smaller IR signals and, if swelling or contraction of the layer
occurs, will result in changes in the absolute IR spectra that can grossly
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Figure 3.1 ATR-FTIR absolute absorbance spectra recorded during the preparation
of rehydrated films of complex I from Y. lipolytica (1.) and B. taurus (IL.). An 8-ul diluted
aliquot was applied to a 3-mm silicon IRE (trace A) and dried under a gentle stream of
dry nitrogen or argon (trace B) before rehydration with 10 ul of 20 mM potassium
phosphate, 200 mM potassium chloride at pH 6.0 (trace C). The amide I (peak at 1650
cm™ ') and amide II (peak close to 1540 cm™ ') protein bands are specified on the figure,
together with the O—H scissoring and stretching modes of water at 1638 cm ™" and close

to 3400 cm ™!, respectively.
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distort the difference spectra. The amplitude of the amide II band in the
absolute spectra obtained during drying/rehydration (as described previ-
ously) provides a useful indication of thickness.

For any protein, it is essential that tests are conducted to confirm the
integrity of the protein in the layer after drying/rehydration—although to
date we have found no indications that any protein that we have studied in
rehydrated layer form difters substantially from its native form. ATR-FTIR
spectra of dried protein layers have shown that, regardless of the drying
time, some structural water remains in the dried layer (see Fig. 3.1, trace b,
3400 cm™! region); this is likely to be a key contributing factor to
the protein retaining its active conformation. In the case of Y. lipolytica
complex I, the NADH-hexaammineruthenium chloride oxidoreductase
activity of protein that had been dried onto the IRE, rehydrated, and
then removed from the IRE with gentle abrasion was only marginally
reduced compared with untreated material. The integrity of the protein
layer is further supported by the similarity of ATR-FTIR redox difference
spectra of Y. lipolytica and B. taurus complex I layers to equivalent spectra of
detergent-solubilized E. coli complex I acquired in soluble form in trans-
mission mode (Hellwig et al., 2000; Marshall ef al., 2006). Comparison of
the amplitudes of signatures indicative of Fe-S redox change in redox
difference spectra induced by electrochemistry and induced by buffer
exchange with NADH as the reductant confirms that the NADH site is
active and 1s consistent with the Fe-S centers retaining their native midpoint
potentials and electron transfer partners (see later and Fig. 3.5).

4, ANALYSIS OF REHYDRATED COMPLEX | LAYERS BY
PERFUSION-INDUCED ATR-FTIR DIFFERENCE
SPECTROSCOPY

The construction of apparatus suitable for the perfusion of varying
bufters over the IRE has been described previously (Iwaki ef al., 2003; Rich
and Iwaki, 2005). Typical perfusion cells used in our laboratory (see
Fig. 3.2, A and C) for anaerobic work are constructed from stainless steel
and provide a chamber of approximately 75 ul internal volume above the
protein layer in which varying buffers can be perfused. An optional 2-mm
diameter glass window in the ceiling of the chamber allows the synchronous
acquisition of UV /visible data by means of a fiberoptic reflection probe that
is interfaced to a dispersive monochromator and photomultiplier detector.
A watertight seal between the cell and the stainless steel surround of the IRE
is made with a gasket formed from two layers of parafilm coated with a thin
layer of vacuum grease. The gasket is assembled and pressed onto the cell,
and the whole unit is clamped from above in a manner that provides
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Figure 3.2 Schematic representation of perfusion and electrochemical ATR-FTIR
cells. The perfusion cell (A) forms a sealed chamber over the rehydrated protein film
and IRE. In/outlets and computer-controlled valves allow buffers to be continuously
and sequentially perfused through the chamber. The electrochemical cell (B) forms a
similar chamber, the ceiling of which is composed of a circular glassy carbon or
platinum mesh working electrode, over the sample and IRE. A porous glass frit
connects the sample chamber to a platinum auxiliary electrode and a Ag/AgCl refer-
ence electrode. Use of appropriate electrochemical mediators allows redox equilibra-
tion between the working electrode and the protein sample, the potential of
the solution being controlled by a potentiostat. Versions incorporating fiberoptic light
guides for simultaneous acquisition of UV/visible spectra are also represented
(C and D); note that the electrochemical version (D) uses a platinum mini-grid working
electrode.

uniform moderate pressure to prevent leaks. An optimally prepared rehy-
drated layer of complex I can be expected to remain stable for 5 to 10 h with
a perfusion buffer flowing over its surface at approximately 1 ml/min. An
electronically controlled two-way valve and peristaltic pump allows switch-
ing of alternating buffers over the rehydrated protein film. Computer
control of buffer delivery and data acquisition allows automated system
control and overnight accumulation of data from many cycles. To avoid
bubbles forming during perfusion it is critical that buffers are degassed.
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Where possible, care should be taken to ensure that the buffers are matched
in pH and ionic strength to avoid introduction of artefacts from expansion/
contraction of the layer or from the buffer itself.

5. ANALYSIS OF REHYDRATED COMPLEX | LAYERS BY
ELECTROCHEMICALLY-INDUCED ATR-FTIR
DIFFERENCE SPECTROSCOPY

A further ATR -compliant device has been developed (see Fig. 3.2,
B and D) for manipulation of the oxidation/reduction state of the
rehydrated layer by conventional three-electrode electrochemistry. The
electrochemical cells are assembled over the IRE surround in the same
manner as the perfusion cells described previously and form a chamber of
approximately 25-ul volume. The chamber ceiling, several hundred
microns above the sample, is formed by a working electrode of glassy carbon
or fine platinum mesh. A buffer containing appropriate mediators allows
equilibration between the protein layer and electrode, and a salt bridge
allows connection to a reservoir containing a platinum auxiliary electrode
and an Ag/AgCl reference electrode. The glassy carbon working electrode
can be used over a particularly broad potential range—at least —500 to
+500 mV at pH 7 in typical media—without electrolysis of water. The
platinum mesh electrode has a more limited range because of its greater
reactivity with water. However, this is offset by its generally faster equili-
bration times, caused in part by its greater surface area and by the ability
to pass a UV/visible measuring beam through the electrode itself,
allowing simultaneous acquisition of UV/visible spectra without creating
a redox-inactive area for probe access.

6. MopeEL COMPOUNDS AND STRATEGIES FOR
INTERPRETATION

Functional regions of specific amino acids or cofactors have a set of
normal vibrational modes, and those that are IR-active produce their
characteristic IR absorption spectra. Some modes are dominated by vibra-
tions at a single bond, for example, the carbonyl group stretch that appears
in the 1700— to 1800—cm™! range. More generally, however, the normal
modes involve coupled movements of several linked atoms so that it is
not possible to assign a vibrational band to just one specific bond. The
ways in which the normal modes change when the functional group is
perturbed result in the IR difference spectra that can provide detailed
structural, mechanistic, and dynamic information at the atomic level.
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Frequencies and extinction coefficients of normal modes can be changed
not just by chemical changes of the bonds concerned but also by minute
changes in environment such as distances to other atoms, steric hindrances,
hydrogen bonding strengths, and local dielectric strength and polarity
changes.

Initial tentative assignments of bands to specific types of residues can often
be made by comparisons of frequencies, bandwidths, and intensities of
protein spectra with model compound spectra. Compendia of vibrational
characteristics of amino acids are available (Barth, 2000; Barth and Zscherp,
2002; Rahmelow ef al., 1998; Rich and Iwaki, 2005; Venyaminov and
Kalnin, 1990; Wolpert and Hellwig, 2006), and diverse data on model
compounds related to prosthetic groups and amino acids can be found
throughout the literature. Figure 3.3 summarizes IR redox difference spectra
of FMN, ubiquinone, and a small [2Fe-2S] ferredoxin isolated from parsley,
all of which are directly relevant to IR analyses of complex I. IR data on
substrate NADH can be found in Iwaki ef al. (2006). The origins of most
principal bands in these spectra are relatively well understood. In the case of
FMN, particularly useful redox-sensitive bands are seen at approximately
1710 em™! (redox-sensitive v[C, = O]) and at 1547 (ring v[C = N] in
oxidized form) and 1407 (v[Ns-H] in reduced form) cm~! (Wille et al.,
2003). In the case of Fe-S centers, the frequencies of the iron-ligand stretches
occur only at low frequencies that are outside the standard mid-IR spectral
window in the “far-IR” range. To date, this range has been little exploited
with biological materials and presents significant technical hurdles, although
some resonance Raman studies of small Fe-S centers at low frequencies have
been reported (Xiao et al., 2006). However, redox changes of Fe-S centers
within proteins cause significant and characteristic perturbations of the sur-
rounding polypeptide, dominated by amide I and II band changes, which are
readily detectable in the mid-IR range (Marshall ef al. [2006] and Fig. 3.3).
The redox spectrum of ubiquinone (Fig. 3.3) is also well understood; for
example, distinctive bands of ubiquinone occur at 1664/1648 (v[C = O],
1610 (ring C = C), and 1288/1262 (methoxy/ring) cm~! and of ubiquinol
ring and OH modes in the 1492 to 1387 and 1112 to 1054 cm ™! ranges. Such
spectra have been used to assign similar bands in redox spectra of complex I
(Figs. 3.4 and 3.5; see Marshall ef al. [2006] for details).

Although assignments can often be made with some confidence from
such model compound comparisons, further confirmation and specification
is generally needed. Analyses of alterations induced by isotopic labeling are
particularly informative. Exchange of H,O for D,O provides a relatively
simple method to replace exchangeable protons with deuterons. Figure 3.3
illustrates the eftects of such H/D exchange on model compound spectra,
and the characteristic shifts can be used to further test assignments of bands
to specific groups within proteins. For large, tightly packed proteins, care
must be taken because the rate of H/D exchange of occluded regions can be
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Figure 3.3 Electrochemically-induced reduced minus oxidized difference spectra of
FMN, parsley [2Fe-2S] ferredoxin and ubiquinone-50 in H,O and D,O media. Redox
difference spectra of a solution of 2 mM FMN in 20 mM potassium phosphate and 200
mM potassium chloride are shown at pH 6.0 (trace A) and pD 6.0 (trace B). Reducing
and oxidizing conditions were —550 mV and 200 mV, respectively, and equilibration
occurred within 6 min (Marshall ef al., 2006). Redox difference spectra of a solution of
2 mM parsley [2Fe-2S] ferredoxin in 50 pM methyl viologen, 100 mM potassium
phosphate, and 100 mM potassium chloride are shown at pH 8.0 (trace C) and pD
8.0 (trace D). Reducing and oxidizing conditions were —500 mV and 200 mV,
respectively, and equilibration occurred within 8 min (Marshall et al., 2006). Redox
difference spectra of a rehydrated layer of ubiquinone-50 in 500 mM anthraquinone-
2,6-disulfonate, 100 mM potassium phosphate, and 100 mM potassium chloride
are shown at pH 8.0 (trace E) and pD 8.0 (trace F) (see Iwaki et al. [2004] for
conditions.)
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Figure 3.4 Electrochemically-induced reduced minus oxidized difference spectra of
rehydrated layers of Y. lipolytica (traces A and B) and B. taurus (trace C) complex I.
Layers were rehydrated with 20 mM potassium phosphate, 200 mM potassium chloride,
1 mM potassium ferricyanide, 100 uM methyl viologen at pH 6.0 (traces A and C) and
pD 6.0 (trace B). Reducing and oxidizing conditions were —425 mV and 425 mV,
respectively; equilibration occurred within 8 min. Traces A, B, and C are the average of
140, 92, and 100 spectra, respectively, each individual spectrum being the average of
1000 interferograms.

extremely slow, in some cases being resistant to exchanges even after several
days of exposure (Goormaghtigh et al., 1999). For complex I we have
routinely incubated the enzyme in D,O media for 24 h at 4° before
preparation of rehydrated layers, a procedure that results in >90% H/D
exchange (Marshall ef al., 2006). Further informative, but costly, techniques
include global labeling with '3C or N, labeling one just specific type of
amino acid or cofactor or, in its most elegant form, labeling of just one
specific amino acid (Sonar ef al., 1994, 1995). Site-directed mutagenesis of
specific residues provides an additional powerful technique that can allow
definitive assignment of IR bands. Information from these methods can be
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Figure 3.5 Perfusion-induced ATR-FTIR redox difference spectra of rehydrated
layers of bovine complex I. Traces A and B are perfusion-induced reduced minus
oxidized difference spectra by use of 5 mM sodium dithionite and 50 uM NADH as
reductants, respectively; for both spectra the oxidant was 50 uM NAD™. Trace A is the
average of three spectra each consisting of 2000 interferograms. Trace B is the average
of data obtained from six separate layers and is equivalent to the average of 110
diftference spectra each consisting of 1000 interferograms. Trace C (reproduced as D)
is an electrochemistry-induced redox difference spectrum recorded at pH 8.0 under
otherwise equivalent conditions of Fig. 3.4. All traces have been scaled by use of the
amplitudes of their associated absolute absorption spectra. Buffer was 50 mM potassium
phosphate, 150 mM potassium chloride at pH 8.0 and perfused at 1 ml/min. For each
trace redox equilibration was complete in less than 10 min.

combined with static X-ray or NMR atomic structural models to extend
structural and mechanistic understanding. Computational methods for
ab initio calculations of normal mode frequencies, amplitudes, and isotope
exchange shifts are also providing complementary information to such
empirical data and can potentially provide a full atomic assignment of the
normal mode spectra. At present these methods are sufficiently accurate
only with relatively small molecules in simple environments, but with the
availability of more powerful supercomputers, it is likely that this approach
will be increasingly applicable to larger biological systems.
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7. EXAMPLE IR DIFFERENCE SPECTRA OF COMPLEX |

Electrochemically-induced redox difterence spectra of all components
of Y. lipolytica complex I at pH and pD 6.0 and of B. faurus complex I at pH
6.0 are shown in Fig. 3.4. Rehydrated protein layers were prepared on the
IRE, and the electrochemical cell was assembled as described previously.
Preliminary reduction/oxidation cycles were run to establish optimal elec-
trode/protein equilibration times, which were approximately 8 min for
both reductive and oxidative directions. Spectra obtained during reductive
cycles were mirror images of spectra data obtained during oxidative cycles,
hence confirming the reversibility of the redox transition and the absence of
irreversible processes. The spectra shown are the average of approximately
50 reductive and (the inverse of) 50 oxidative spectra, each consisting of
1000 interferograms. Minor contributions from redox mediators, phosphate
buffer, and layer swelling have been subtracted interactively. Numerous
assignments of features of these spectra are discussed in Marshall ef al. (2006).
The redox difference spectra are dominated by signals in the 1700 to
1590 em~! and 1570 to 1490 cm™! ranges. On the basis of the effects of
H-D exchange and global >N labeling (data not shown), these signals are
assigned to reorganizations of the protein peptide backbone. Comparison of
their shape and amplitude with those seen in the redox difference spectra of
several small ferredoxins (for example, see traces C and D of Fig. 3.3)
suggests that the reorganizations are local to the Fe-S centers and should
not be interpreted as being indicative of large-scale conformational change
as they have been in the past (Hellwig ef al., 2000). The peak at 1405 cm~!
in the bovine difference spectrum is tentatively assigned to reduced
FMNH, on the basis of comparison with model compounds. We interpret
the lack of a clear equivalent peak in the Y. lipolytica spectra as being caused
by the presence of additional flanking contributions from redox changes of
bound ubiquinone substrate, the concentration of which is greater in the
Y. lipolytica material than the bovine material. This interpretation is strongly
supported by the position and amplitude of ubiquinone signals in difference
spectra arising from redox changes of Fe-S center N2 and ubiquinone that
were separated from the other Y. lipolytica complex I components by
selective redox poising. Possible assignments of additional features to
changes of individual amino acids, including histidine, tyrosine, lysine,
arginine, glutamine, and asparagine, are discussed in Marshall ef al. (2006).

Perfusion-induced redox difference spectra of bovine complex I with
either NADH or sodium dithionite as reductant are shown in Fig. 3.5.
Rehydrated layers of complex I were prepared on the IRE, and the
perfusion cell was assembled as described previously. For each reductive
cycle requiring sodium dithionite, a fresh anaerobic solution was prepared
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to minimize interference from dithionite decomposition products. Such
products cause an interference that can be seen in the 1000 to 1100 cm™!
range in trace A of Fig. 3.5. Reduction with NADH was more straightfor-
ward, allowing acquisition of spectra over many cycles to be automated as
described previously. The perfusion-induced difference spectrum with
sodium dithionite as reductant (trace A) is broadly similar, particularly in
shape and amplitude of amide I and II region, to the electrochemically-
induced difterence spectrum (trace C). Reduction with NADH resulted in
decreased amplitude of signals in the amide I and II region. On the basis of
comparison with redox difference spectra of small ferredoxins (Marshall
et al., 2006), we conclude that 1-3 dithionite-reducible Fe-S centers are not
reduced by perfusion with NADH. This extent is consistent with the
midpoint potentials of the Fe-S centers, supporting the retention of their
native characteristics in the rehydrated layer and also demonstrating that the
NADH substrate site retains its NADH dehydrogenase catalytic activity.
Notably absent from the NADH-induced redox difference spectrum are
signals supporting the existence of a large scale and functionally relevant
conformational changes that have been suggested to occur only when
complex I is reduced by NADH (Mamedova et al., 2004; Pohl ef al.,
2008). However, if such a conformational change involved relative move-
ments of static globular domains around a hinge region, only a small number
of residues would change their IR characteristics, and this could be difticult
to detect by these FTIR methods. Most importantly, these spectra represent
the establishment of a versatile procedure to measure perfusion-induced
difference spectra of complex I. In combination with the electrochemistry
cell described previously, almost any transition can now be probed by
FTIR. Given the strengths of FTIR spectroscopy as a technique for the
detection of protonation state changes, it seems likely that these approaches
will make a valuable contribution, alongside X-ray crystallography, EPR,
UV /visible and transmission mode FTIR spectroscopy, to defining the
mechanism by which electron transfer is linked to proton translocation.
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Abstract

The investigation of the molecular mechanism of the respiratory chain com-
plexes requires determination of the time-dependent evolution of the catalytic
cycle intermediates. The ultra-fast freeze-quench approach makes possible
trapping such intermediates with consequent analysis of their chemical struc-
ture by means of different physical spectroscopic methods (e.g., EPR, optic, and
Md&ssbauer spectroscopies). This chapter presents the description of a setup
that allows stopping the enzymatic reaction in the time range from 100 usec to
tens of msec. The construction and production technology of the mixer head,
ultra-fast freezing device, and accessories required for collecting a sample are
described. Ways of solving a number of problems emerging on freezing of the
reaction mixture and preparing the samples for EPR spectroscopy are proposed.
The kinetics of electron transfer reaction in the first enzyme of the respiratory
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chain, Complex | (NADH: ubiquinone oxidoreductase), is presented as an illus-
tration of the freeze-quench approach. Time-resolved EPR spectra indicating the
redox state of FeS clusters of the wild-type and mutant (R274A in subunit
NuoCD) Complex | from Escherichia coli are shown.

1. INTRODUCTION

1.1. Transient kinetics as the main tool for enzyme
catalytic cycle investigation

The investigation of the mechanism of any complex reaction requires deter-
mination of the time-dependent evolution of the molecular species involved.
The typical turnover rate of the respiratory chain complexes under steady-state
conditions is approximately 100 to 200 enzyme revolutions per second. Each
turnover consists of a number of distinct intermediates, which are formed in a
time range from microseconds to several milliseconds after the reaction initia-
tion. The large number of catalytic intermediates, complicated by a hierarchy
of transition rate constants between them because the transition rates may differ
by several orders of magnitude, makes it practically impossible to study the
molecular mechanism by means of conventional steady-state techniques.
Under steady-state conditions only the slowest intermediate is populated,
leaving all other intermediates completely invisible. The transient kinetics
approach allows one to overcome the stated difficulties; this is why it is one
of the most fruitful ways to investigate the reaction mechanism of enzymes that
are considered as molecular machines. At the same time, such an approach
requires certain conditions that must be fulfilled, such as

1. The initial state of all the enzyme molecules in the sample should be
identical before the reaction initiation.

2. The start of the reaction (addition of substrate, inhibitor removal, etc.)
has to be carried out faster than the fastest transition under the investiga-
tion. This is a real challenge, because the fastest mixing time of a
conventional stopped-flow apparatus is in the range of milliseconds,
which is much slower than most of the intermediate transitions in the
catalytic cycle. During the last few years ultra-fast mixing devices based
on very low volumes of the mixing chambers (~1 nl) have been devel-
oped (Cherepanov and de Vries, 2004, Lin et al., 2003, Tanaka et al.,
2003, Verkhovskaya ef al., 2008).

1.2. Comparison of the different flow techniques

Historically, the earliest rapid kinetic measurements used a continuous-flow
(CF) arrangement combined with absorbance measurements of the reaction
progress at different points downstream. The drawback of this method is
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significant reagent consumption. This has been replaced by the more
commonly used stopped-flow (SF) method because of sample economy
and the possibility to measure the kinetics over a relatively long time period
(up to several minutes). However, the kinetics resolution time accessible to
SF is generally limited to 1 msec or longer, because the measurements are
made only after the flow comes to a complete stop, which is inherently slow
and can result in vibration and pressure artifacts (Roder ef al., 2004). CF
techniques have undergone a renaissance in recent years because of advances
in mixer design and detection methods, which made it possible to push the
time resolution into the microsecond time range (Bilsel ef al., 2005, Shastry
et al., 1998). For the reaction, which could not be investigated by optical
spectroscopy, freeze-quench protocols can be used in combination with
slower analytical techniques such as NMR, EPR, or mass spectrometry
(Johnson, 1995).

In general, the freeze-quench mixing-and-sampling technique can be
viewed as a three-stage process. At the first stage, the reaction is initiated by
rapid mixing of the reaction components. At the second stage, the sample is
transported from the mixer to the freeze-quenching device. And at the third
stage, the sample undergoes fast freezing. Thus, the characteristic reaction
time, T, can be described as

Ty =T + Ty + Tf (41)

where 7, is the mixing time, T, is the sample-transport time, and T, is the
freezing time.

An ideal freeze-quenching instrument should have a t,, + t¢value close
to zero, and in this case a reaction occurs mostly during the second stage.
The sample-transport time T, is determined by the sample flow rate and the
distance between the mixer and freeze-quenching device and could be
varied during the experiment to follow the progress of a reaction. The
conventional freeze-quenching devices have minimal 1,, + 7 (often defined
as the dead time of a setup) approximately 5 msec (Ballou, 1978), which is
not sufficient for studying most enzymatic reactions; therefore, attempts to
achieve better kinetic resolution for this method concentrated on the mixer
design, and improvements were made to the freezing technique.

The mixing time is determined by the sample flow rate, the effective
volume of the mixer and the mixer geometry. Reduction in the mixing
time can be achieved by decreasing the dimensions of the mixing chamber.
However, this advantage is compromised by a concurrent decrease in the
Reynolds number (Re), which characterizes the dynamics of a liquid flow
inside a tube with a circular cross section. The Reynolds number is defined as
Re = pvd/n, where v is the average flow speed, d represents the smallest cross
section in the flow channel, and p and 7 are the density and the viscosity
of the liquid. When the Reynolds number is low, a laminar flow results.
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A Reynolds number greater than 2000 is characteristic of the turbulent flow
required for efficient mixing. To reach this condition and prevent a laminar
flow in the miniaturized mixers an increase in flow speed is typically required.
Shastry et al. (1998) described a device with small mixing volume and high
flow rate. It is based on the design by Regenfuss ef al. (1985) and uses a
principle of coaxial reagents flow combined with ball mixing (Berger, 1978).
In this device they obtained full reagents mixing within 15 usec. The mixer
was built of quartz and consists of several fine inner parts. The complicated
design of this mixer makes it fragile for use with freeze-quenching techniques
and also it cannot easily be replicated.

Lin et al. (2003) described an ultra-fast micro fluidic mixer made of
silicon with the use of photolithographic techniques. Its mixing chamber
has the dimensions of 50 X 100 X 100 um and contains seven vertical pillars
with a diameter of 10 um arranged perpendicularly to the flow direction in a
staggered fashion. With this design, the flow velocity is modulated by the
alternating passages as the mixed fluid travels down the mixing chamber.
The associated changes in the Reynolds number fall within the 200 to 2000
range along the flow direction. Lin ef al. (2003) claim that the mixing time
for the silicon mixer is approximately 20 usec. For the sample freezing they
used a new freeze-quench device, which consisted of two rotating copper
wheels maintained at 77 K. A free-flowing jet exits from the mixer and
instantly freezes on the wheels’ surface. The frozen sample is subsequently
ground into an ultra fine powder. The use of a silicone mixer in combina-
tion with a new freeze-quench device enabled them to reach a time
resolution of 50 usec, although for calibration they used an uncorrected
rate constant (Cherepanov and de Vries, 2004) for azide binding to
metmyoglobin, and real-time resolution is not so high.

Cherepanov and de Vries (2004) reported a freeze-quench instrument
with a dead time of approximately 120 usec. They designed a tangential
micro-mixer, which had a mixing time of up to 20 usec. The mixer is
composed of four channels arranged in an X-form geometry. The opposite
channels have an offset with respect to each other by the half-width of the
channel, so that the liquid streams are premixed in the middle of “X” with a
resulting angular momentum at relatively low Reynolds numbers (Re <
1000). After premixing, the four-stream solution is forced through a narrow
orifice and forms a free jet in a direction perpendicular to the plane of the
channels. The flow through the orifice is accelerated to a high linear
velocity, and the mixing of the reaction components takes place at
Reynolds numbers of approximately 4000. For the freeze-quenching the
sample jet was sprayed into the vial containing cold isopentane at 125 K.

Each of these two instruments has advantages and limitations. The
sample freezing device designed by Lin ef al. (2003) is evidently more
efficient, because the metals have very high thermal conductivity, and the
jet directed at the cold metal surface should freeze very fast. The fast rotation
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of the wheels guarantees that the jet will have contact with an ice-free metal
surface. On the contrary, freezing the jet by spraying it into cold isopentane
should not be so fast, because the thermal conductivity of the isopentane at
room temperature is approximately 4000 times worse than that of copper
(0.11 and 401 W m~! K, respectively).

The four jets tangential mixer designed by Cherepanov and de Vries
(2004) seems to be efficient in a wider flow rate range than that presented by
Lin ef al. (2003). This conclusion is based on the general criteria for the
mixer design (Smith, 1973); in particular, the efficiency of mixing depends
on the ability of the mixer to break up the streams of the two reactants into
elementary blocks of the smallest size.

In our freeze-quench system we used a mixer based on the design by
Cherepanov and de Vries (2004) and combined it with the freeze-quench
device described by Lin ef al. (2003). The mixing chamber has a volume of
1 nl (dimensions of 0.15 mm X 0.15 mm X 0.05 mm), which allows us to
approach the 1,,, time of ~20 usec at the typical flux rate of the experiment
of 3 ml/min. The freezing time tr was minimized by an application of liquid
nitrogen cooled silver—material with the highest possible thermal
conductivity.

2. ULTRA-FAST FREEZE-QUENCH SETUP

The freeze-quench system was built in our laboratory based on the
principles described by Cherepanov and de Vries (2004) and Lin ef al. (2003).
A block diagram of the system is depicted in Fig. 4.1. It has a symmetric flow
design and consists of two LKB 2150 high-performance liquid chromatogra-
phy (HPLC) pumps (2a,b), two mechanically coupled Rheodyne 7125
sample injectors (4a,b) equipped with 100-ul sample loops (5a,b), and a
tangential four-jet mixer (8). To increase pressure stability, pulse suppressors
were included into the flow path (3a,b). A pulse suppressor consists of a
sequentially connected pressure damper (LP-21 LO-Pulse, Scientific System)
and a short HPLC reverse-phase column. The use of a column allowed us to
get an optimal loading for the HPLC pump to improve pressure stability. To
protect the mixer orifice from clogging, filters were inserted into the flow
path (6a,b). The filters consisted of two sequential in-line solvent filters 2 yum
and 0.5 um. All fluid transport lines were equipped with HPLC-grade 1/16”
PEEK tubing (inner diameter 0.01”) and standard high-pressure HPLC
connections. Sample loops were made of PEEK tubes with inner diameter
0.05"”. To decrease sample dilution, the flow path after the sample injectors
was designed to be as short as possible.

The mixing device works in continuous-flow mode. In the purging
mode, the buffer (1, Fig. 4.1), which bypasses the sample loops, comes



80 Nikolai P. Belevich et al.

4a 4b

6b

Control
unit

Figure 4.1 Schematic representation of the freeze-quench setup. 1, The vessel with the
argon saturated carrier solvent; 2a,b, HPLC pumps; 3a,b, pressure pulsation dampers;
4a,b, Rheodyne-type sample injection valves; 5a,b, sample loops; 6a,b, solvent filters; 7,
microcontroller-based timing control system; 8, tangential four-jet mixer; 9, low tem-
perature quenching system; 10, waste container; 11, table with vertically adjustable
position.

through the mixer, and a free-flowing jet is directed at the waste container
(10, Fig. 4.1). Switching mechanically coupled sample injectors triggers the
operational mode. At this moment, the sample loops filled with assay
solutions are inserted into the flow path, and a microcontroller-based timing
system (7, Fig. 4.1) generates the time delay necessary for assay solutions to
reach the mixer head. Then, the mixer head moves into the “work”
position, where the jet of the mixed solutions is directed at the freeze-
quench device (FQD). At this point, the system delivers a volume equal to
the volume of both sample loops and then returns the mixing head back to
the “waste” position. Timing delays depending on tubing length and
solvent flow rate can be adjusted with millisecond precision.

2.1. Mixer design

The tangential four-jet mixer is shown in Fig. 4.2 (see also Cherepanov and
de Vries [2004]). The mixer body is made of a stainless-steel cylinder with a
6-mm outer diameter. Four holes (diameter, 1.5 mm) were drilled along the
cylinder axis. Then stainless-steel tubes with 1/16” outer and 0.005” inner
diameters were pressed into the cylinder to create flow channels. The top
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Figure 4.2 Picture and schematic drawing of the tangential four-jet mixer. 1, Stainless-
steel body of the mixer with stainless steel HPLC tubing pressed in. 2, 50-um-thick
stainless-steel cover with the orifice. A and B are the entry for corresponding reaction
components. 3, Brass holder of the mixer fastened by screws. Y-connectors distributing two
reactants through the four channels arranged in cross geometry are seen in the picture. The
channels etched on the surface are offset with respect to the opposite one for half~width of
the channel.

surface of the cylinder was ground and polished. In addition, the tubes on the
opposite side of the cylinder were caulked by soldering. On the top of the
cylinder, crosslike channels were made by electrochemical etching. The width
of the channel was ~100 pum and the depth ~50 um. On the top edge of the
cylinder four asymmetric guiding grooves were made. These grooves serve as
guides for the exact positioning of the stainless-steel cover on the mixer body.
This cover with an orifice is placed on the top of the mixer body to form a
mixing chamber. The cover was stamped out of a 50-um stainless-steel sheet,
and the mixer body serves as a punch head. After stamping, the cover has a
shape that exactly fits the mixer body surface. On the inner surface of the cover
an imprint of the cross-like channels can be obtained. This imprint lets us locate
an orifice position in the center of the crosslike channels. The orifice hole was
drilled by electrochemical micromachining technology (Schuster et al., 2000).
A number of covers were manufactured with an orifice diameter in the range
20 to 30 um. The mixer body and cover were placed into a brass holder and
fastened by screws (Fig. 4.2).

2.2. Fast freezing

The freeze-quench device (9, Fig. 4.1) was built based on the principles
described by Lin ef al. (2003) and Tanaka ef al. (2003). It consists of a stainless-
steel Dewar, drumunit, and a sample collecting funnel attached to an EPR tube.

The drum unit consists of two wheels and a driving motor (Fig. 4.3).
The wheels are made of pure (99.99%) silver and have a cylindric shape with
a 4-cm diameter. They are arranged in a side-by-side fashion. The driving
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Figure 4.3 Drum unit of the freeze-quench device. 1, Silver cylinders; 2, motor driver;
3, lever for lifting the collecting funnel with the scrapers onto the cylinders’ surface
during collection of the samples; 4, liquid nitrogen refilling tube.

wheel, attached to a motor, drives the slave wheel through frictional contact.
Asaresult, two wheels rotate in opposite directions at the same speed. During
the experiment the drum unit is placed on top of the Dewar filled with liquid
nitrogen in such a way that the bottom halves of both rotating wheels are
immersed in liquid nitrogen to maintain low temperature. For sufficient
cooling down of the wheels, a 10-min rotation is required before the
experiment together with constant refilling of the Dewar with liquid nitro-
gen. For sample cryofixation, the mixed-solution jet is directed at the cold
surface of the rotating cylinder, where it freezes instantly. To improve
freezing efficiency, the mixer head executes a penduliform motion along
the cylinder axis and directs the jet at the ice-free zone of the cylinder. The
rotating cylinders grind the ice into a fine powder as it is carried down
through the cylinder interface. The powder is collected into an EPR tube
through a collecting funnel placed in liquid nitrogen directly below the
cylinders. The top of the rectangular funnel is equipped with two scrapers.
In the operational mode, the scrapers make contact with the cylinder’s surface
and improve the efficiency of the powder collection. An EPR tube (5-mm
diameter) is attached to the funnel by a heat-shrinkable connection.

3. SAMPLE PREPARATION

Reaction species evolution could be monitored by changing the
transportation time T, (Eq. 4.1). This parameter is the function of the
distance between the mixer and the cooled wheel surface of the FQD.
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Therefore, to obtain kinetics of the reaction, a number of samples with
different distances between the mixer and FQD have to be collected. The
fastest time points in the kinetics were collected with a jet speed of ~80
m/sec for a 28-um orifice (flow speed 1.5 ml/min for each HPLC pump)
and the distance varied from 8 to 32 mm. For all other samples the jet speed
was decreased to 26 m/sec (flow speed 0.5 ml/min per HPLC pump). All
reagent solutions and buffers were degassed on a vacuum/gas line before the
experiment. The two sample loops were filled with 100-ul solutions of the
reactants under investigation by a syringe equipped with Millex-HV 0.45-u
m filter. The sample collection procedure consisted of the following. A
rectangle funnel with attached EPR tube was placed inside a Dewar filled
with liquid nitrogen. A dried-out drum unit was placed on top of the
Dewar. The FQD was placed on a vertically adjustable table (11,
Fig. 4.1), and the distance between the mixer head and the drum unit was
set to a desirable value. Then rotation of the wheels was initiated, and they
were allowed to cool down for approximately 10 min. During cooling, the
level of liquid nitrogen in the Dewar was kept constant by continuous refilling.
After cooling, injection of the sample and the cryofixation procedure were
initiated. When the desired volume of the frozen sample was ground into a
powder and the mixer head had returned to the waste position (Fig. 4.1), the
drum unit was removed from the top of the Dewar. The funnel connected to
the EPR tube filled with the powdered, frozen sample and immersed in liquid
nitrogen was slowly lifted to allow evaporation of the liquid nitrogen and to let
the powder settle inside the EPR tube. This procedure has to be performed
with great care to prevent sample blowout caused by nitrogen boiling inside the
EPR tube. A stick made of copper was used to accelerate the evaporation of
liquid nitrogen from the EPR tube. During this procedure, the low end of the
copper stick was manually placed at the nitrogen gas/liquid interface to
intensify nitrogen evaporation. After the powder settled in the EPR tube,
the funnel was removed.

Two possible complications exist with the liquefied gases in the sample.
The first complication arises if all the liquid nitrogen is not completely
removed from the sample powder. The powder, acting as a sponge, absorbs
liquid very well. A small temperature rise during the transfer of the EPR
tube to the cavity of the EPR spectrometer will blow the sample because of
the immediate liquid to gas transition of the nitrogen in the sample. The
second complication comes from oxygen. The boiling temperature of
oxygen (90 K) is higher than that of nitrogen (77 K). Therefore, during
the preparation of the sample, oxygen in the air could condense in liquid
form inside the EPR tube. Oxygen as a biradical has a broad EPR spectrum
that could overlap the studied signals. To avoid these two complications the
sample was subjected to an annealing procedure to remove all traces of
liquid gases. For annealing, the EPR tube was placed in a low-temperature
chamber (Fig. 4.4), where it was incubated for 15 min at 100 K to evaporate
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Figure 4.4 The annealing device consists of a thermal insulated Styrofoam chamber
(1) designed as alid, which is placed on top of the stainless-steel Dewar with liquid nitro-
gen (2). The passive “cold” exchanger made of copper (3) maintains the temperature
inside the annealing chamber at approximately 100 K. An additional heating element (4)
placedinside the annealing chamber coupled with a heat controller lets us use this device
as a low temperature thermostat with a temperature range of 100 to 240 K. A safety
plunger (6) placed inside the EPR tube (5) protects the sample against blowout during
annealing.

any traces of liquid nitrogen and oxygen. After incubation, the sample was
tamped down by a polycarbonate stick cooled with liquid nitrogen to
completely pack it in the EPR tube with a packing factor of 0.5 to 0.6.
The packing factor was calculated as a ratio between the volumes of the sample
in the liquid and frozen powder states. As a final step in the sample preparation
a plug made of cotton wool was inserted into the EPR tube above the sample
powder to ensure that traces of liquefied gases would not destroy the sample.
Then the EPR tube, which was tightly closed with a plastic lid, was transferred
into an EPR spectrometer cavity. This is a very important point. If the EPR
tubes were to remain open, oxygen from the atmosphere would liquefy inside
the tube located in the helium cryostat at temperatures far below 100 K, and
the problems described previously would occur.
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4. CALIBRATION OF THE FREEZE-QUENCH SETUP

The mixing and freezing time of an ideal freeze-quench instrument
can be assumed to be zero, and the sample-aging time can be calculated by
use of the distance between the mixer and freeze-quench device and the jet
speed. However, the following complications should be considered. First,
the speed of the free-flowing jet could slow down because of air resistance
that results in an increase in sample transportation time. The braking effect
of air becomes significant with acceleration of the jet speed. For example, to
minimize air-braking Cherepanov and de Vries (2004) used a low-pressure
chamber. Therefore, all freeze-quench instruments require direct calibra-
tion to obtain a reliable sample-aging time.

To calibrate a freeze-quench system, a well-known chemical reaction is
used as a molecular timer. For example, the binding of azide (N5 ™) with the
metmyoglobin from horse heart often is used for this purpose. (Ballou,
1978, Cherepanov and de Vries, 2004, Lin ef al., 2003). It is important to
note that azide binding is not a simple second-order reaction, because the
rate constant decreases at high azide concentrations (>1 mM). These
peculiar properties of azide binding should be taken into account. A detailed
analysis of this reaction can be found in Cherepanov and de Vries (2004).
We also used the binding of azide to metmyoglobin to calibrate the time
scale of our instrument. The rate constants for this reaction obtained on the
basis of timing by jet length were found to be very close to those calculated
from the known parameters of the reaction. The obtained kinetics of
metmyoglobin ligand binding (Fig. 4.5) allowed estimation of the dead
time, which represents the sum of mixing and freezing times. The zero
time point (100% of the signal) was obtained by mixing metmyoglobin with
the buffer without azide. The experimental points indicating the content of
low- and high-spin heme in the sample were plotted against the time
intervals calculated from the jet speed and the distance between the mixer
head and cold silver surface (Fig. 4.5). The theoretical curve, which fits
these experimental data, represents the reaction with a rate constant of 19
500 M~! s~! (Cherepanov and de Vries, 2004) and a dead time of 57 usec.

5. APPLICATION OF FREEZE-QUENCH APPROACH
FOR THE MONITORING OF COMPLEX | REDUCTION
BY NADH

NADH:ubiquinone oxidoreductase (Complex I) is one of the key
enzymes of the respiratory chain of mitochondria and many bacteria.
Complex I couples electron transfer from NADH to ubiquinone with
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Figure 4.5 Kinetics of the NaNj; binding to the metmyoglobin. Metmyoglobin from
horse heart, 1 mM, was mixed 1:1 with 80 mM sodium azide (pH 5.0). The reaction was
stopped in the time range from 0.09 to 5 msec, and the kinetics of the metmyoglobin
ligand binding was followed by X-band (94 GHz) EPR measurements (10 K, microwave
power 2 mW). The appearance of low-spin heme and decay of high-spin heme spectra
were monitored.

translocation of 2 H*/e™ across the membrane (Galkin et al., 1999,
Wikstrom, 1984). Although the enzyme has been under investigation for
more than 40 years, its molecular mechanism is not yet known. Complex [
consists of water soluble and membrane domains; the former contains FMIN
followed by a chain of 8 to 9 FeS clusters, and no redox centers are found in
the latter. So far, Complex I has not been accessible to time-resolved
methods, because its catalytic reaction (ke ca. 500 sec™!) is too fast to be
captured by conventional techniques. Because multiple FeS clusters of
Complex I have broad overlapped and unresolved spectra with low extinc-
tion coefficient, it was impossible to follow the redox states of particular
clusters in the catalytic cycle of Complex I by means of optical spectroscopy.
EPR spectroscopy reveals the individual signals of FeS clusters (see Ohnishi
[1998] for a review), therefore, we investigated electron transfer in Com-
plex I from Escherichia coli by use of an ultra-fast freeze-quench approach,
which allowed us to follow electron distribution in the chain of FeS clusters
during the catalytic cycle.

Complex I was purified from aerobically grown bacterial cells, as
described in (Sinegina ef al., 2005). Because purified Complex I falls apart
above pH 6.0, measurements at higher pH values require treating the
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enzyme with phospholipids to secure protein stability and activity during
the experiment (Sinegina ef al., 2005). Finally, the 1.1-ml volume sample
containing Complex I at 20 to 24 mg/ml in a buffer consisting of 50 mM
MES-NaOH, pH 6.0, 100 mM NaCl, 0.1% n-dodecyl f-p-maltoside, 7%
sucrose, and 1.7% glycerol (nonactivated Complex I) or 20 mg/ml azolec-
tin, 30 mM MES/NaOH, 70 mM HEPES/KOH, pH 7.5, 70 mM NaCl,
0.19% sodium cholate, 0.1% n-dodecyl f-D-maltoside, 7% sucrose, and
1.7% glycerol (activated Complex I) was degassed and saturated with
argon in a vacuum/gas line and loaded into the sample syringe. The other
syringe was filled with 1.1 ml of a solution containing 200 mM disodium
NADH also saturated with argon. A high NADH concentration was
required to avoid possible diffusion limitations of the substrate binding.
The buffer, which was degassed and saturated with argon, consisted of
50 mM HEPES-Bis tris propane, pH 7.0, 100 mM NaCl, and 0.05% DM.
After mixing and obtaining frozen samples by stopping the reaction within a
desirable time range, X-band (9.4 GHz) EPR measurements were per-
formed with a Bruker EMX EPR spectrometer, equipped with an Oxford
Instruments ESR900 helium flow cryostat with an ITC4 temperature
controller. The field modulation frequency was 100 kHz; the modulation
amplitude was 1.27 mT. The obtained EPR spectra were normalized for
temperature, gain, microwave power, and corrected for baseline.

Mechanical grinding of the frozen protein sample at cryogenic tempera-
tures by silver wheels results in a rise in the artificial radical signal that
appears regardless of the redox state of Complex I and can also be observed
with other proteins (e.g., when Complex I was replaced with albumin)
(Fig. 4.6). It is probable that the signal originates from amino acid radicals
formed during cryogenic braking of protein molecules in the presence of
oxygen. This proposal is supported by the observation that degassing of all
the solutions used for freeze-quench experiments and saturating them with
argon strongly decrease this artificial radical signal. When radicals are
generated in frozen samples and most probably are not well divided spa-
tially, their dismutation occurs on moderate warming of the sample. There-
fore, the other way to diminish artificial signals is annealing the samples by
use of the annealing device described previously. A shift from the liquid
nitrogen temperature to —80 to 90° resulted in a strong decrease in artificial
radical signals (Fig. 4.7). The radicals dismutation was practically accom-
plished at —60°; however, at —40 to 50°, the frozen reaction of Complex I
reduction started to proceed in a time scale of the order of minutes,
indicating that the correct annealing temperature should be optimized for
a particular reaction.

An example of the data obtained by freeze-quench on fast reduction of
Complex I by NADH is shown in Fig. 4.8. Wild-type and mutated
Complex I, R274A, where arginine 274 in NuoCD subunit was substituted
for alanine (Belevich et al., 2007), were used for the experiments. Six spectra
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Figure 4.6 The radical spectrum appearing in a frozen albumin sample after cryogenic
grinding with silver wheels. 45 K, 2 mW, albumin concentration 20 mg/ml. 1, EPR spec-
trum of the albumin frozen on the silver wheel and ground; 2, EPR spectrum of the
albumin frozen in liquid N,.

from the top to the bottom present the redox state of FeS clusters in distinct
samples where the reaction was stopped in the time range from 90 usec to
3 to 8 msec. The last (seventh) spectrum, which is designated by infinite
time, was obtained from one of the previous samples that was first melted
and then immediately frozen again. On melting, Complex I was fully
reduced with NADH. Therefore, the extent of the reduction in the FeS
centers in this sample was taken as 100%. Analysis of the obtained spectra
allowed the determination of the kinetics of the reduction of the particular
centers, which are shown in the bottom row of Fig. 4.8 below the
corresponding experimental spectra. Complex I contains two binuclear
FeS clusters, N1a and N1b; the reduction of both of these was followed at
45 °K, a temperature at which the tetranuclear clusters do not contribute to
the EPR spectra. In Fig. 4.8 only the g, and g, components of Nla (g., =
1.95, 1.92) and N1b (g, = 1.938, 1.930) spectra are presented. Similar
kinetics of [2Fe-2S] clusters reduction was observed in wild-type and
mutated complex [; the N1la cluster was rapidly reduced with a characteris-
tic time close to 100 usec in wild-type and 200 psec in R274, meanwhile
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Figure 4.7 Disappearance of the artificial radical on annealing. The reaction of Com-
plex I reduction was stopped at 160 usec. The EPR spectra (45 K, 2 mW) of the sample
were obtained immediately after the sample preparation at liquid nitrogen temperature
(curvel) and after 20 min incubation at —90° (curve 2). The curve 1-2 showing the differ-
ence between two spectra above indicates the decrease in the artificial radical signal;
meanwhile the redox state of Complex I (troughs at g =1.92 and 1.93) did not change.

N1b in both cases was reduced much more slowly with a characteristic time
slightly over 1 msec. The substitution of basic arginine 274 located in the
NuoCD subunit at a distance of 5 A from the tetranuclear N2 cluster for
neutral alanine results in disappearance of the N2 EPR signal caused by
either loss of this center (Grgic ef al., 2004) or such strong decrease of its
midpoint redox potential that it cannot be reduced by NADH (Belevich
et al., 2007). The signal of N2 (g,,, = 1.895, 1.904, 2.045) is the most
prominent signal from all [4Fe-4S] clusters in E. coli Complex I; it overlaps
these other signals and makes spectra analysis difficult. It is clearly seen from
Fig. 4.8, where EPR spectra taken at 10 K and 10 mW are shown (it is
mainly fast relaxing tetranuclear clusters that contribute EPR spectrum
under these conditions). Again only g, components are presented. The
strong signal of N2 (g = 1.9) in wild-type Complex I appearing with a short
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Figure 4.8 Theresultsof freeze-quench experiments on fast reduction of Complex I with
NADH. Purified nonactivated wild-type and mutated NuoCD R 274A enzymes were used.
The EPR spectrafrom the top to the bottom present the redox state of FeS clusters in distinct
samples where the reaction was stopped at the time interval indicated above the curves. The
spectrum designated by infinite time was obtained from one of the previous samples melted
and immediately frozen again (100% reduction). The EPR spectra at 45 K show the changes
in the redox state of only [2Fe-2S] clusters: Nla (trough at g = 1.92) and N1b (trough at
g =1932). The EPR spectra at 10 K and 10 mW mainly show the redox state of fast-relaxing
[4Fe-4S] clusters: N2 (trough at g =1.896) and N6b (trough at g =1.887). The obtained spectra
allow determination of the individual reduction kinetics, which are shown below the
corresponding set of spectra.
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characteristic time of approximately 100 usec covers the relatively broad
signal of N6b (g = 1.887), the appearance of which could be noticed by
only a slight broadening of the entire band and an insignificant shift in the
trough, which makes determination of the characteristic time for N6b
reduction (2 msec) not fully reliable. In contrast, the spectra of R274
samples lacking an N2 signal clearly show the N6b band, which appears
with a trustworthy characteristic time of 2 msec. Determination of the
sequence of the redox events in FeS clusters of Complex I allows us to
draw important conclusions on the molecular mechanism of this enzyme
(Verkhovskaya et al., 2008).
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Abstract

Ruthenium photooxidation methods are presented to study electron transfer
between the cytochrome bc; complexand cytochrome c and within the cytochrome
bc; complex. Methods are described to prepare a ruthenium cytochrome c deriva-
tive, Ru,-39-Cc, by labeling the single sulfhydryl on yeast H39C;C102T iso-1-Cc
with the reagent Ru(bpz),(4-bromomethyl-4’-methylbipyridine). The ruthenium
complex attached to Cys-39 on the opposite side of Cc from the heme crevice
does not affect the interaction with cyt bc,. Laser excitation of reduced Ru,-39-Cc
results in photooxidation of heme ¢ within 1 usec with a yield of 20%. Flash
photolysis of a 1:1 complex between reduced yeast cytochrome bc; and Ru,-39-
Cc leads to electron transfer from heme ¢, to heme ¢ with a rate constant of
1.4 x 10* s~ 1, Methods are described for the use of the ruthenium dimer, Ru,D, to
photooxidize cyt ¢, in the cytochrome bc; complex within 1 usec with a yield of
20%. Electron transfer from the Rieske iron-sulfur center [2Fe2S] to cyt ¢; was
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detected with a rate constant of 6 x 10* s~ in R. sphaeroides cyt bc, with this
method. This electron transfer step is rate-limited by the rotation of the Rieske
iron-sulfur protein in a conformational gating mechanism. This method provides
critical information on the dynamics of rotation of the iron-sulfur protein (ISP) as it
transfers electrons from QH, in the Q, site to cyt ¢;. These ruthenium photooxida-
tion methods can be used to measure many of the electron transfer reactions in
cytochrome bc; complexes from any source.

1. INTRODUCTION

Cytochrome be; (cyt bep), an integral membrane protein in the energy-
conserving electron transport chains of mitochondria and many prokar-
yotes, contains two b-type hemes (by and byy) in the cyt b subunit, the
Rieske iron-sulfur protein and cyt ¢; (Trumpower and Gennis, 1994). The
complex translocates four protons to the positive side of the membrane per
two electrons transferred from ubiquinol to Cc in a widely accepted
Q-cycle mechanism (Scheme 5.1) (Trumpower, 1990). A bifurcated elec-
tron transfer reaction occurs at the Qg-site, where the first electron is
transferred from ubiquinol to the Rieske iron-sulfur center [2Fe2S] and
then to cyt ¢; and Cc. The second electron is transferred from semiquinone
in the Q, site to cyt by and then to cyt by and ubiquinone in the Q; site.
X-ray crystallographic studies have shown that the conformation of the

hy — Ruv——'A

ks
Q
bH '_"Q = Ql
'1::‘ T QH,
\ D

Scheme 5.1
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Rieske iron-sulfur protein (ISP) depends on the crystal form and the
presence of Q, site inhibitors (Iwata ef al., 1998; Kim et al., 1998; Xia
et al., 1997; Zhang et al., 1998). The ISP is in a conformation with [2Fe2S]
close to cyt ¢, called the c; state, in native chicken or beef P6522 crystals
(Iwata et al., 1998; Zhang et al., 1998). However, the ISP is in a conforma-
tion with [2Fe2S] proximal to the cyt by heme, called the b state, in beef,
chicken, and yeast cyt be; crystals grown in the presence of stigmatellin
(Hunte ef al., 2000; Iwata et al., 1998; Zhang et al., 1998). A rotational
shuttle mechanism has been proposed for the ISP during electron transfer on
the basis of these structural studies (Scheme 5.1). QH, in the Q. site
transfers an electron to the oxidized [2Fe2S] center when the ISP is initially
in the b state. The ISP then rotates by 57° to the ¢ state, and reduced
[2Fe2S] transfers an electron to cyt ¢; (Iwata ef al., 1998; Zhang et al., 1998).
This mobile shuttle mechanism has received support from cross-linking and
mutational studies that immobilize the ISP or alter the conformation of the
neck region (Darrouzet and Daldal, 2002; Xiao et al., 2000).

Detection of the rapid electron transfer reactions in cytochrome b¢; has
been challenging, and a number of different kinetics techniques have been
used. Stopped-flow spectroscopy and rapid-mix/freeze-quench EPR spec-
troscopy have been used to study the kinetics of reduction of cytochrome
be; by QH, (Zhu et al., 2007). Extensive kinetic studies have also been
carried out in chromatophores of photosynthetic bacteria including
Rhodobacter sphaeroides and Rb. capsulatus (Darrouzet and Daldal, 2002;
Hong et al., 1999). Photoexcitation of the photosynthetic reaction center
in these systems leads to oxidation of cyt ¢; and reduction of Q to QHo.

Our laboratory has developed a new ruthenium photooxidation techni-
que to study electron transfer in cytochrome be; with greater time resolution
than previously possible (Millett and Durham, 2002). In one method, a
polypyridyl ruthenium complex [Ru(Il)] is covalently attached to cyto-
chrome ¢ to form Ru-Cc (Engstrom et al., 2003). Photoexcitation of Ru
(II) to the metal-to-ligand charge-transfer state, Ru(II*), a strong oxidant,
leads to rapid oxidation of the ferrous heme group in Cc. Subsequent
electron transfer from cytochrome ¢; to the Ru-Cc heme can be measured
on a time scale as fast as 50 nsec (Scheme 5.1). This new technique has been
used to measure intracomplex electron transfer between cytochrome bey and
Cc for the first time (Engstrom ef al., 2003). In a second method, a new
ruthenium dimer has been developed that binds with high affinity to cyto-
chrome b¢; and can photooxidize cyt ¢; within 1 psec (Sadoski ef al., 2000).
This new technique has been used to measure the rate constant for electron
transfer from the iron-sulfur center to cyt ¢ for the first time and provides
critical information on the dynamics of rotation of the iron-sulfur protein
(ISP) as it transfers electrons from QH, in the Q, site to cyt ¢; (Scheme 5.2).
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Scheme 5.2

2. DESIGN AND SYNTHESIS OF RUTHENIUM-LABELED
PROTEINS

Several different methods have been developed for covalently attach-
ing a polypyridyl ruthenium complex to a protein. One method involving
the attachment of a Ru(bpy),(dicarboxybipyridine) complex to a lysine
amino group by an amide linkage has been used to prepare more than
10 different singly labeled Ru-Cc derivatives (Durham et al., 1989). This
ruthenium complex is useful for photoreduction of the heme in Ru-Cc,
followed by electron transfer from Ru-Cc heme to cyt ¢, which is the
reverse direction of physiologic electron transfer. Another method involves
the formation of a thioether link between a protein cysteine residue and
a ruthenium complex containing a bromomethyl group (Geren ef al., 1995).
The location of the cysteine residue on the protein can be genetically
engineered to address specific questions. All three chelating ligands can be
altered to tune the redox potentials over a wide range, allowing mea-
surement of the reorganization energy and optimization of the rate and
yield of photo-induced electron transfer (Table 5.1). The Ru(bpz),(dmb)
complex can be used to photooxidize the heme in Ru-Cc, allowing the
measurement of electron transfer from cyt ¢; to Ru-Cc in the physiologic
direction.
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Table 5.1 Standard reduction potentials of ruthenium complexes

Complex (IT)/(I11) (IT%) /(111) (n)/(1) (I1%) /(1)
Ru(bpy)s 1.27 —0.87 —1.31 0.83
Ru(bpy)>(dmb) 1.27 —0.83 —1.36 0.79
Ru(bpz),(dmb) 1.76 —0.25 —0.79 1.22
Ru(bpd),(dmb) 1.49 —0.49 —1.00 0.98
7 N_7 N/ N\ _/ \
—N N= —N N=
bpy dmb
7 N N N\ /N
4 \
N=N N=N Q—{J
bpd bpz

2.1. Method for the synthesis of ruthenium-labeled
cytochrome ¢

The new brominated Ru(bpz),(dmb) reagent can be used to covalently
attach a ruthenium complex to a protein containing a single cysteine
sulthydryl group on its surface (Engstrom ef al., 2003). To label yeast Cc,
the single Cys-102 in wild-type yeast iso-1-Cc is first mutated to Thr, and
then His-39 is mutated to Cys to form H39C;C102T yeast iso-1-Cc. The
H39C;C102T yeast iso-1-Cc is first treated with a twofold excess of
dithiothreitol for 15 min under anaerobic conditions to reduce any disulfide
dimers that may have formed; 1.8 mM Ru(bpz),(4-bromomethyl-4'-
methylbipyridine) is then added to the solution containing 530 uM
H39C;C102T yeast iso-1-Cc and 260 pM dithiothreitol in 50 mM sodium
borate, pH 9.0, under anaerobic conditions and allowed to react for 3 h at
37°. Amicon concentrators are used to exchange the reaction mixture into
5 mM sodium phosphate, pH 7.0, and remove excess reagent. The Ru,-39-
Cc derivative is purified by use of a high-resolution Waters 1 X 10 cm Sp
8HR cation exchange column in a Waters 625 HPLC (30). Usually there is
a single major band containing Ru,-39-Cc, a smaller band of unlabeled Cec,
and several small bands of derivatives labeled at lysines. It is important
to determine that the derivative is singly labeled with ruthenium. The
UV/visible spectrum of the Ru,-39-Cc band should be the sum of the
spectra of one equivalent of Ru(bpz),(dmb) and one equivalent of
native yeast is0-1-Cc. The yield of Ru,-39-Cc is typically 70%, provided
that fresh reagent is used under anaerobic conditions. Another important



100 Francis Millett and Bill Durham

step in the characterization of the derivative is to confirm the location of
the ruthenium complex at Cys-39 by tryptic digestion, HPLC separation of
the resulting peptides, and sequencing the ruthenium-labeled peptide
(Engstrom et al., 2003). Finally, steady-state kinetics is used to determine
that yeast Ru,-39-Cc has the same steady-state activity with yeast
cytochrome be; as wild-type yeast Cc. This important characterization
provides evidence that the ruthenium complex has no effect on the interaction
with cyt bey.

3. MEASUREMENT OF INTERPROTEIN ELECTRON
TRANSFER IN A RUTHENIUM-LABELED PROTEIN

Flash photolysis methods are used to measure internal electron transfer
between the ruthenium complex and the heme in a ruthenium-labeled
protein (Engstrom ef al., 2003). The third harmonic of a Nd:YAG laser,
with a pulse width of 20 nsec and wavelength of 356 nm is used for the
excitation pulse, the probe source is a pulsed 75-W xenon arc lamp, and the
photomultiplier detector has a response time of 10 nsec. Photoexcitation of
Ru(ll) in 5 uM reduced yeast Ru,-39-Cc under anaerobic conditions leads to
electron transfer from Fe(II) to Ru(I1*) to form Ru(l) and Fe(IlI) (Fig. 5.1A).
The oxidation of Fe(I) is detected at 550 nm and the reduction of Ru(II*) is
detected at 434 nm, an isobestic for the Cc heme. The back reaction from
Ru(l) to Fe(Ill) is observed with a rate constant of k4 = 7000 £ 1000 s~!
(Fig. 5.1B). The kinetics are fit to Scheme 5.3 with k3 = (1.5 4 0.2) x 10°s7,
k, =7000 £ 1000571, and kq = (3.5 + 0.6) x 10° s=! (Engstrom et al.,
2003). The back electron transfer reaction from Ru(I) to Fe(Ill) is pre-
vented by aerating the solution (Fig. 5.1B), indicating that Ru(I) was
oxidized by oxygen in the solution. [Co(NH3)5Cl]?>* can also be used to
irreversibly oxidize Ru(l), preventing the back reaction under anaerobic
conditions.

The yeast Ru,-39-Cc derivative is optimized to study electron transfer
with the cyt be; complex in the physiologic direction. The ruthenium
complex attached to Cys-39 on the opposite side of Cc from the heme
crevice does not affect the interaction with cyt be;. The distance between
the heme and the ruthenium complex is 12.6 A, and there is an electron
transfer pathway consisting of 13 covalent bonds and one hydrogen bond.
The Ru(bpz)>(dmb) complex has a reduction potential of 1.22 V for the
Ru(I1*)/Ru(l) transition (Table I), providing a driving force AG® of —1.0
V for the Ru(I1*)-Fe(II)—=Ru(I)-Fe(III) reaction. The value of AG®' is thus
nearly the same as the reorganization energy 4 of 0.8 V providing an optimal
electron transfer rate. The rate constant for the forward reaction kj is very
large, k3 = 1.5 x 10° 57!, whereas the back electron transfer reaction from
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Figure 5.1 Photoinduced electron transfer within yeast Ru,-39-Cc. (A) A solution of
reduced 5 M Ru,-39-Cc in 5 mM sodium phosphate, pH 7.0, was photoexcited with a
356 nm Nd:YAG laser flash, and the absorbance at 434 nm and 550 nm was monitored.

(B) The same sample as in A at a longer time scale in the presence and absence of
atmospheric oxygen.

Ru(l) to Fe(Ill) is quite slow, with a rate constant of ky; = 7000 s~!. The
yield of photooxidized heme ¢ is quite large, 20% in a single flash, which is
important for the electron transfer studies with cyt be;.
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4, MEASUREMENT OF ELECTRON TRANSFER BETWEEN
Ru,-39-Cc AND CYTOCHROME bc,

Flash photolysis is used to study electron transfer from cyt ¢; in the
yeast cyt be; complex to Ru,-39-Cc in the forward, physiologil direction
(Engstrom et al., 2003). A Phase R model DL1400 flash lamp-pumped dye
laser emitting a 480 nm light flash of <0.5 psec duration is used as the
excitation source. The reactions are studied in 300-ul samples containing
3 to 6 uM cyt bey, 3-10 uM Ru,-39-Cc, 0.01% lauryl maltoside in 5 mM
sodium phosphate, pH 7.0, and 0 to 800 mM NaCl. Cyt ¢; and Ru,-39-Cc
are reduced with 10 uM sodium ascorbate and 2 uM TMPD. The reaction
is first studied at high ionic strength where there is no stable complex
between Ru,-39-Cc and cyt bey. Flash photolysis of 5.2 uM reduced yeast
cyt by and yeast Ru,-39-Cc in 260 mM ionic strength buffer leads to a
decrease in the 550 nm absorbance, indicating rapid photooxidation of
heme ¢ Fe(Il) by Ru(IT*) in Ru,-39-Cc (Fig. 5.2). This is followed by an
exponential increase in the 550 nm absorbance and decrease in the 557 nm
absorbance with a rate constant of 3900 £ 600 s~!, indicating electron
transfer from cyt ¢ Fe(Il) to heme Fe(Ill) in Ru,-39-Cc (Fig. 5.2).
557 nm is an isobestic point for Cc, allowing observation of the oxidation
of ¢yt ¢. The very small difference between the absorbance spectra of cyt ¢;
and Cc makes detection of the reaction between them difficult. The rate
constant increased linearly with the concentration of cyt bey, indicating a
bimolecular reaction between solution Ru,-39-Cc and solution cyt be; with
a second order rate constant of 8.9 x 108 M~!s~!. Therefore, at the high
ionic strength of 260 mM, there is no tight complex between Ru,-39-Cc
and cyt bey.

To study intracomplex electron transfer, flash photolysis is carried out on
astable 1:1 complex of 5.2 uM yeast Ru,-39-Cc and 5.2 uM yeast cyt bey in
low 5-mM ionic strength buffer. The rate constant for electron transfer from
cyt ¢ to Ru,-39-Cc, 14,000 4+ 3000s~!, is independent of protein
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Figure 5.2 Photoinduced electron transfer between yeast Ru-39-Cc and yeast cyt be;.
A solution containing reduced 5.2 uMyeast Ru,-39-Cc and yeast cyt be;in 5 mM sodium
phosphate, pH 7.0, 250 mM NaCl, and 0.1% lauryl maltoside was photoexcited with a

480-nm laser flash. The 550-nm transient shows Cc photooxidation and reduction,
whereas the 557-nm transient shows cyt ¢; oxidation.
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concentration, indicating intracomplex electron transfer according to the
top line of Scheme 5.4. The rate constant of this fast, intracomplex phase of
electron transfer does not change as the ionic strength is increased to
110 mM (Fig. 5.3). However, the amplitude of the intracomplex phase
decreases to 60%, and a new slow phase appears with an amplitude of 40%
and a rate constant of 2500 s~!. These results indicate that the complex
begins to dissociate at 110 mM ionic strength, and the slow phase is due
to bimolecular reaction between solution Ru,-39-Cc and cyt be.
An equilibrium constant of K4 = 0.85 uM can be calculated from the relative
amplitudes of the intracomplex and bimolecular phases. Because both intra-
complex and bimolecular phases are present at 110 mM ionic strength, the
bimolecular reaction involves formation of a 1:1 complex followed
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Figure 5.3 Ionic strength dependence of photoinduced electron transfer between
yeast Ru,-39-Cc and yeast cyt be;. The reaction was measured under the same conditions
asinFig. 5.3 with 0 to 800 mM NaCl.

by intracomplex electron transfer according to Scheme 5.4 with kg << k.
The observed bimolecular phase rate constant is given by Eq. 5.1:

(kd/kf + B, 4+ Co — ((kd/kf +Eo +Co) - 4E°C°) 1/2)>
(5.1)

where E, is the concentration of cyt be; and C, is the concentration of
Ru,-39-Cc (Engstrom ef al., 2003). The formation and dissociation rate
constants from this equation are k= 2.0 x 10 s~ !and kg = 1.7 x 10?571,
by use of the relation K4 = kg/ke The rate constant k., increases to a
maximum of 5200 s~! as the ionic strength is increased to 200 mM, and
the fast intracomplex phase disappears, indicating complex dissociation
(Fig. 5.3). Assuming rapid equilibrium conditions apply to Scheme 5.4,
the second-order rate constant is given by Eq. 5.2:

and = kfket/(kd + ket) (52)

1
kos:k Eo__
b f( )

The second-order rate constant decreases with increasing ionic strength
above 250 mM, indicating a reaction between oppositely charged proteins
(Fig. 5.3). Because k. remained unchanged from 5 to 100 mM ionic
strength, it is likely that it also remains constant at higher ionic strength.
The decrease in ko, g with increasing ionic strength is, therefore, most likely
due to a decrease in k¢ and an increase in ky. The results indicate that the
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mechanism occurs according to Scheme 5.4 at all ionic strengths. At low
ionic strength electron transfer takes place within a preformed complex
according to the top line of Scheme 5.4, whereas at high ionic strength
uncomplexed Ru,-39-Cc must first bind to cyt be; before intracomplex
electron transfer can take place.

5. MEASUREMENT OF ELECTRON TRANSFER WITHIN
THE CYTOCHROME bc, COMPLEX

To understand the mechanism of bifurcated electron transfer in cyt bey,
it is important to determine the kinetics of each step in the reaction, as well
as structural linkages between the conformation of the Q, site and the
conformation and dynamics of the Rieske iron-sulfur protein (ISP).
We have developed a new ruthenium technique to measure electron
transfer between the ISP and cyt ¢ for the first time (Engstrom et al.,
2002; Sadoski et al., 2000; Xiao et al., 2003). The binuclear ruthenium
complex Ru,D has a charge of 44-, which allows it to bind with high
affinity to the negatively charged binding domain on the surface of cyt ¢; asa
surrogate for Cc (Scheme 5.2). To study electron transfer in the forward
direction, the ruthenium dimer Ru,D is used to rapidly photooxidize cyt ¢;
in a solution containing 5 uM Rsp. cyt be; with cyt ¢ and [2Fe2S] initially
reduced with QH,, and cyt by and cyt by oxidized (Fig. 5.4). The metal-to-
ligand charge-transfer excited state of Ru,D is a strong oxidant, and oxidizes
cyt ¢ within 1 psec as indicated by the decrease in absorbance at 552 nm.
A sacrificial electron acceptor A must be present in the solution to oxidize
Ru'™ and/or Ru! according to the mechanism shown in Scheme 5.3. The
photooxidation of cyt ¢; Fe(Il) may involve either the top or bottom
pathway of Scheme 5.3. The sacrificial electron acceptor [Co(NH3)sClJ>~
rapidly decomposes after reduction, providing an irreversible reaction that
is advantageous. The sacrificial electron acceptor paraquat is used in aerobic
buffer, because photoreduced paraquat is rapidly oxidized by oxygen.
Concentration dependence studies have indicated that Ru,D binds to cyt
bey with a dissociation constant of approximately 10 uM, so Ru,D concen-
trations of 20 uM are adequate for efficient photooxidation of cyt ¢; with a
yield of 20% in a single flash.

After rapid photooxidation by Ru,D, cyt ¢; in Rsp. cyt be is subse-
quently reduced in a biphasic reaction with rate constants of k; = 60,000 s—!
and k, = 2300 s~ as indicated by the increase in absorbance at 552 nm
(Fig. 5.4, top trace). The fast phase ky is assigned to direct electron transfer
from [2Fe2S] to cyt ¢1, because it is inhibited by stigmatellin, which locks the
ISP in the b position near the Q, site (Sadoski et al., 2000). The slow phase
of reduction of cyt ¢; has the same rate constant as the reduction of cyt by
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Figure 5.4 Photoinduced electron transfer within wild-type R. sphaeroides cyt be;.
A sample containing 5 uM cyt be;, 20 uM Ru,D, 5 mM [Co(NH;)sCI]*", in 20 mM
sodium borate, pH 9.0, with 0.01% dodecylmaltoside was treated with 10 uM
Q,CBrH,, 1 mM succinate, and 50 nM SCR to reduce [2Fe2S] and cyt ¢, and reduce
cyt by by approximately 30 % . Excitation of Ru,D with 480-nm laser flash led to photo-
oxidation of cyt ¢ within 1 usec, followed by reduction in a biphasic reaction with rate
constants of 60,000 s~! and 2000 s~ as shown in the 552-nm transient. The 561 to 569
transient shows reduction of cyt by with a rate constant of 2300 s .

observed in the 561 to 569 nm difterence transient (Fig. 5.4, bottom trace).
These results indicate rate-limiting electron transfer from QH, to [2Fe2S]
with rate constant k, followed by rapid electron transfer from [2Fe2S] to cyt
¢, and from the semiquinone to cyt by and cyt bz (Scheme 5.2). Electron
transfer from the semiquinone to cyt by is very fast and has never been
detected, whereas the rate constant for electron transfer from cyt by to cyt byy
is approximately 1 x 10*s~! (Shinkarev ef al., 2001). One of the advantages
of the ruthenium method is that it can be applied to cyt b from any
organism. The rate constants for electron transfer in bovine cyt be; have
been found to be k; = 16,000 s~! and k, = 250 s~ (Sakoski et al., 2000).
An important question about the mechanism of cyt b¢; is whether the fast
phase of electron transfer from [2Fe2S] to cyt ¢; is rate-limited by pure
electron transfer or instead by the rate of rotation of the ISP from the
b position to the ¢; position in a conformational gating process. The best
way to test this is to vary the driving force of the reaction, which depends on
the difference in redox potentials of [2Fe2S] and cyt ¢;. If k; is rate-limited
by true electron transfer from [2Fe2S] to cyt ¢;, then Marcus theory would
predict a large dependence on the driving force of the reaction. As an
example, it was found that the rate constant was not affected by the ISP
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mutations Y156W, S154A, or Y156F/S154A that decrease the redox
potential of [2Fe2S] by 62 mV, 109 mV, and 159 mV, respectively
(Engstrom et al., 2002). This experiment provides evidence that the reaction
is not rate-limited by electron transfer, because Marcus theory predicts that
the increase in the driving force of the reaction for these mutants would
increase the rate constant by up to 15-fold. It, therefore, seems that the rate
constant k; for electron transfer from [2Fe2S] to cyt ¢; is rate limited by the
rotation of the ISP from the b state to the ¢ state (Scheme 5.2).
Ruthenium kinetics studies of the effects of Q. site inhibitors on
electron transfer in cyt be; have revealed a crucial linkage between the
conformations of the Q, site and the ISP (Xaio et al., 2003). The Q, site
inhibitors stigmatellin and famoxadone have many similarities to the natural
ubiquinol substrate and lead to conformational changes in the Q, pocket
that stabilize the ISP in the b state. X-ray crystallographic studies have
shown that both inhibitors displace the cdl helix and the PEWY sequence
in the ef helix outward to expand the Q, pocket (Esser ef al., 2006). These
changes in the Q, pocket are relayed to the surface of cyt b to form a
docking crater that captures the ISP in the b-state conformation. Stigma-
tellin forms a hydrogen bond with the His-161 ligand of the reduced
[2Fe2S]| center, thereby increasing its redox potential by 250 mV and
immobilizing the ISP in the b conformation (Iwata ef al., 1998; Zhang
et al., 1998). Famoxadone binds somewhat deeper in the Q, pocket than
stigmatellin, does not contact the ISP or form a hydrogen bond with
His-161, and only increases the redox potential of [2Fe2S] by 30 mV
(Gao et al., 2002). Famoxadone binding to Rsp. cyt by decreases the rate
of forward electron transfer from [2Fe2S] to cyt ¢ from 60,000 s~! to
4800 s~ (Xiao et al., 2003). This indicates that famoxadone does not
completely lock the ISP in the b state, but instead decreases the rate of
release of the ISP from the b state to the ¢ state to 4800 s~!. The linkage
between the conformation of the Q, site and the conformation and dynam-
ics of the ISP could be a key to how the enzyme promotes bifurcated
electron transfer from QH, to [2Fe2S] and cyt by and minimizes
short-circuit reactions such as delivery of both electrons to the ISP.
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Abstract

The genomes of mammalian mitochondria encode 13 hydrophobic membrane
proteins. All of them are subunits of the respiratory complexes found in the
inner membranes of the organelle. Although the sequences of human and
bovine mitochondrial DNA were described in 1981 and 1982, respectively, and
the encoded proteins were identified at the same time or soon after, because of
their hydrophobic properties, the chemical compositions of some of these
proteins have never been characterized. Therefore, we have developed proce-
dures to extract them with organic solvents from the inner membranes of bovine
mitochondria and from purified respiratory complexes and to fractionate the
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extracts, allowing the precise molecular masses of all 13 proteins to be measured
by electrospray ionization mass spectrometry. It was found that, with one excep-
tion, the proteins retain their translational initiator formyl-methionine residues,
and the only posttranslational modification detected was the removal of the
formyl group or the formyl-methionine from the Cox Il protein. These procedures
can be adapted for analyzing the proteins encoded in mitochondrial DNAs in
other species, for analyzing the subunit compositions of their respiratory com-
plexes, and for establishing accurate and comprehensive proteomes of other
cellular membranes. Because many membrane proteins have few proteolytic
enzyme cleavage sites, identifying them by mass spectrometric sequencing of
proteolytic peptides can be difficult. Therefore, we have studied the tandem mass
spectra of fragment ions from a range of membrane proteins from mitochondria,
including 10 of the 13 proteins encoded in mitochondrial DNA. In contrast to the
highly complex spectra produced in this way by globular proteins, the spectra of
membrane proteins are simple and easy to interpret, and so they provide
sequence tags for the identification of membrane proteins.

1. INTRODUCTION

The respiratory complexes found in the inner membranes of mamma-
lian mitochondria are multi-subunit assemblies of proteins originating from
two sources. Most of the proteins are encoded in nuclear DNA, synthesized
on cytoplasmic ribosomes, and imported into the organelle. Here, together
with the 13 proteins that are encoded in mitochondrial DNA (Anderson
et al., 1981, 1982) and synthesized inside the organelle, they are assembled
into the respiratory complexes. These 13 mitochondrially encoded proteins
(referred to in the following as the mt-proteins) are all hydrophobic (see
Table 6.1), and they are embedded in the inner membrane. Seven of them,
subunits ND1-ND6 and ND4L, contribute approximately 60 transmem-
brane o-helices (TMH; Table 6.1) to the membrane arm of complex
I (NADH: ubiquinone oxidoreductase), an L-shaped complex of 45 pro-
teins in bovine mitochondria (Carroll et al., 2006a). Three of them, subunits
Cox I, Cox II, and Cox III, provide the catalytic core of complex IV
(cytochrome ¢ oxidoreductase), a complex of 13 subunits in mammals
(Tsukihara er al., 1996). Cytochrome b, the only one of the 11 subunits of
complex III (cytochrome cubiquinol oxidoreductase) encoded in mitochon-
drial DNA, is an essential component of the enzyme (Iwata et al., 1998).
Subunits a (ATPase-6) and A6L (ATPase-8), two of the 16 or 18 difterent
proteins of the ATP synthase complex (the precise composition depends on
the method of purification; Chen et al. [2006]) are encoded in the mitochon-
drial genome, and they form part of the F, proton-translocating domain of
the enzyme (Fearnley and Walker, 1986).
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Table 6.1 Properties of bovine mt-proteins

Tryptic peptides®
Mass No. Coverage

Protein” (Da)® pI GRAVY® TMHY Peptides (%)
CIND1 35670.2 7.8 0.798 8 7 34.3
CI ND2 392544 10.0 0.785 10 7 36.0
CI ND3 13054.7 45 0.863 3 1 13.0
CI ND4L 10797.3 53 1.259 2 1 23.5
CI ND4 52099.4 9.4 0.826 13 7 20.9
CI ND5 68286.8 9.2 0.637 18 14 35.5
CI ND6 19077.7 42 1.031 5 1 12.6
CIHI Cyt b 42590.8 7.8 0.680 8 4 16.6
Cox I 57032.5 6.1 0.685 12 4 12.5
Cox II 26021.6 4.8 0.247 2 4 23.3
Cox III 29932.8 6.5 0.413 7 1 5.4
F-ATPase a 24788.0  10.0 0.924 6 2 10.2
F-ATPase A6L  7936.6 9.5 0.083 1 3 45.5

* CI, complex I or NADH: ubiquinone oxidoreductase; CIII, complex III or ubiquinol: cytochrome ¢
oxidoreductase; Cox, cytochrome ¢ oxidase; F-ATPase, ATP synthase.

¥ Calculated from sequences.

“ GRAVY (grand average of hydropathicity) and pl values calculated with ProtParam (http:/www.
expasy.ch/tools/protparam.html).

¢ TMH, the number of transmembrane a-helices in the molecular structures of cytochrome ¢ oxidase
(Tsukihara ef al., 1996) and complex III (Iwata et al., 1998), or predicted with HMMTOP (http:/
www.enzim.hu/hmmtop/) for complex I and ATP synthase.

‘ Tryptic peptides, number of peptides in an in silico digest in the m/z range 800 to 3000, and the
theoretical coverage of the sequence by those peptides.

The compositions of mitochondrial proteomes have been investigated by
a variety of mass spectrometric approaches, and the compositions of isolated
respiratory complexes have been investigated in similar ways. Some experi-
ments have analyzed mitochondrial proteins by first fractionating them by
either 1-D or 2-D polyacrylamide gels, or RP-HPLC, followed by trypsin
digestion of each protein band or spot or chromatographic peak and mass-
mapping and sequence analysis of the tryptic peptides (Carroll ef al., 2003;
Forner et al., 2006; McDonald et al., 2006; Murray et al., 2003; Pagliarini ef al.,
2008; Schilling ef al., 2006; Taylor et al., 2003). Other attempts have used
“shotgun’ analysis of tryptic digests of unfractionated mitochondrial proteins
(Da Cruz et al., 2003; Forner et al., 2006; Gaucher et al., 2004; Mootha et al.,
2003; Pocsfalvi et al., 2006). These approaches depend on the generation of
peptides from the proteins by digestion with trypsin. However, as the
mt-proteins have few tryptic cleavage sites, trypsin digestion produces pre-
dominantly large hydrophobic peptides that are recovered poorly both by
in-gel digestion and chromatographic fractionation. Consequently, only
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a small proportion of the tryptic peptides fall within the effective mass range
(m/z 800 to 3000) for mass spectrometric analysis, and they represent only
5 to 45% of the total sequences of the mt-proteins (Table 6.1). Therefore, the
identification of the mt-protein can become difficult or even unreliable, and
in no proteomic analysis of mitochondria carried out so far were all the mt-
proteins identified (Forner ef al., 2006; Gaucher ef al., 2004; McDonald ef al.,
2005; Mootha et al., 2003; Pagliarini ef al., 2008; Taylor ef al., 2003). Other
practical difficulties associated with some of these approaches (although not
with “shotgun” approaches) are that like many other hydrophobic proteins,
bands of mt-proteins in gels stain poorly with Coomassie blue and related
dyes, and so they may escape detection in 1-D gels and often they become lost
irretrievably in 2-D gel analyses. Similarly, mt-proteins become bound irre-
versibly and are not recovered from standard reverse-phase columns eluted
with aqueous trifluoroacetic acid and acetonitrile. For example, in a recent
analysis of bovine complex I where reverse-phase high-performance liquid
chromatography (RP-HPLC) was used to fractionate the subunits, all of
the mt-protein subunits and two other subunits were not recovered
(Lemma-Gray ef al., 2008).

Because of the low coverage of the sequences of the 13 mt-proteins
achieved by the analysis of tryptic (and other) peptides, it has not been
known whether they are modified posttranslationally, and it remained
possible, for example, that an undefined redox cofactor was covalently
attached to one of the mt-proteins in the membrane arm of complex I
(Friedrich ef al., 2000). Moreover, the identification of the precise locations
of site-specific covalent adducts introduced by chemical modification
(see, for example, Nakamuru-Ogiso ef al. [2003]) and biochemical mod-
ifications (Galkin et al., 2008; Gibson, 2005) has been difficult or even
impossible. To address these methodological gaps, as described in this
chapter, we have developed methods that permit the precise intact molec-
ular masses of the 13 mt-proteins to be measured by electrospray ionization
mass spectrometry (ESI-MS), allowing the presence of any posttranslational
or chemical modifications to be detected (Carroll et al., 2006b, 2007).
We have shown also that partial sequences can be generated by tandem
mass spectrometric analysis of 10 of the 13 mt-proteins providing sequence
tags for their identification (Carroll ef al., 2007). With minor adjustments,
these procedures can be applied to the analysis of orthologs from other
species, including those found in bacteria, and to the analysis of hydropho-
bic membrane proteins in general. The procedures are based on the
extraction of the 13 mt-proteins in organic solvents from the membranes
of mitochondria, from purified respiratory complexes, and on the fraction-
ation and purification of the proteins in similar solvents. These methods
have been developed from earlier procedures involving extraction from
mitochondria of subunits ND2, ND4, cytochrome b, ATPase-6 and A6L in
chloroform-methanol mixtures (Fearnley and Walker, 1986, 1987).
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2. ANALYSIS OF MITOCHONDRIAL MEMBRANES
FOR MT-PROTEINS

2.1. Extraction of proteins from mitochondria

Mitochondria and mitochondrial membranes were prepared from bovine
hearts (Walker ef al., 1995). As described in sections 2.1.1 and 2.1.2, they
were extracted with either chloroform/methanol/1 M HCOONH,, pH 3.7
(66.7:31.3:2.0, by vol; known as CMW), producing the CMW extract, or
with propan-2-ol/acetonitrile/hexafluoro-propan-2-ol/1 M HCOONH,,
pH 3.7/water (70:25:0.56:2.0:2.44, by vol; known as PAHW), producing
the PAHW extract. The parameters influencing the extraction of the
mt-proteins by CMW especially were studied systematically. The ND6
subunit was particularly difficult to extract, and the key factor that led to it
being solubilized efficiently in the solvent was the use of an acidic aqueous
component (M. C. Altman, J. Carroll, I. M. Fearnley and J. E. Walker,
unpublished results).

2.1.1. The CMW extract of mitochondria

Samples of mitochondrial membranes (~ 100 ul; 4.25 mg protein) were
vortexed at intervals for 5 min at 4° in 9 vol of CMW. The phases were
separated by centrifugation (16,000¢, 10 min, room temperature), and
precipitated protein at the interface was discarded. The proteins in the lower
phase (the CMW extract) were precipitated twice at —20° for 30 min with
4 vol of diethyl ether and centrifuged (16,000¢, 10 min, 4°).

The protein content of the CMW extract was investigated extensively by
SDS-PAGE (Fig. 6.1A) coupled with tandem mass spectrometric (MS)
sequencing of tryptic peptides of gel slices of Coomassie-stained bands,
and, in a second experiment of gel slices from the entire gel track. The
presence of ND4L and ND6 was demonstrated by Western blotting. Ether
precipitated samples of the extract were redissolved in formic acid/trifluor-
oethanol/hexafluoro-propan-2-ol/water (60:20:5:15, by vol; 50 ul), centri-
fuged (16,000¢, 5 min, room temperature), and the supernatant was injected
into the flow (100 pl/min) of solvent A consisting of trifluoroacetic acid/
trifluoroethanol/hexafluoro-propan-2-ol/water (0.1:20:5:74.9, by vol),
and fractionated by RP-HPLC at 60° on an mRP column (75 X 2.1 mm
internal diameter [id]; Agilent, Cheadle U. K.). When the ultraviolet (UV)
absorbance at 225 nm of the column eluate had returned to baseline, the
proteins were eluted at 60° with a linear gradient of solvent A with solvent
B (trifluoroacetic acid/trifluoroethanol/hexafluoro-propan-2-ol/propan-
2-ol/water, 0.08:20:1.0:70:8.92, by vol) at a flow rate of 100 ul/min.
Fractions corresponding to peaks in the absorbance trace (not shown)
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Figure 6.1 Protein contents of the organic solvent extracts of bovine heart mitochon-
dria. Portions of the extracts were dried in vacuo in the presence of 0.01 vol of 20% SDS
and 1 mM dithiothreitol (final concentration). They were resolubilized in SDS-PAGE
sample buffer, and the pH values of any samples with residual acidity were adjusted to
neutrality. Samples were analyzed by SDS-PAGE on 12 to 22% gradient gels and
stained with Coomassie Blue R250 (Fearnley et al., 2001). Proteins were identified by
tandem MS sequencing of tryptic digests of the bands. (A) the CMW extract, lanes 1
and M are mitochondrial membranes and molecular weight markers (kDa; shown on
the left), respectively; lanes 2 and 3 contain the CMW extract after one or two ether
precipitations, respectively. On the right are shown the positions of 8 of the
13 mt-proteins that were detected in the extract, plus the adenine nucleotide carrier,
ANT. (B) The PAHW extract. The positions of the 8 mt-proteins in the extract are
shown on the left, and the positions of various nuclear encoded components of
mitochondria on the right. They include components of respiratory complexes I, II,
and III, cytochrome ¢ oxidase and F-ATPase, plus brain protein 44 (BRP44), brain
protein 44-like (BRP44L), diabetes-associated protein in insulin-sensitive tissue
(DAPIT), phospholamban (PLB), and a 6.8-kDa proteolipid (PL). ND4L and ND6
were detected by Western blotting.

were collected manually. Samples were analyzed by SDS-PAGE and mass
spectrometry (not shown).

These experiments demonstrated collectively the presence in the CMW
extract of all of the 13 mt-proteins (together with approximately 70 nuclear
encoded proteins); 9 of the mt-proteins (ND1, ND2, ND4, ND5, cyto-
chrome b, Cox I, Cox III, and subunits a and A6L of the F-ATPase) were
recovered from the RP-HPLC fractionation of the extract under conditions
similar to those described in Section 3.3 (not shown).
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2.1.2. The PAHW extract of mitochondria
Bovine mitochondria (~2.4 mg protein) were washed at 4° with 5 to 10 vol
of buffer containing 2 mM TRIS-HCI, pH 7.4, 250 mM sucrose, and 1 mM
EDTA and collected by centrifugation (16.000¢g, 6 min, 4°). Subsequent
steps were performed at room temperature. The pellet of mitochondria was
vortexed at intervals for 5 min in 9 vol of PAHW. Insoluble material was
removed by centrifugation (16,000¢, 10 min). Eight of the mt-proteins
(F-ATPase subunits a and A6L, and subunits ND1, ND2, ND3, ND4,
ND4L, and ND5 of complex I) were detected in the extract (Fig. 6.1B).
The PAHW extract was fractionated by hydrophilic interaction chro-
matography (HILIC) on a column of polyhydroxyethyl-aspartamide (100
mm X 2.1 mm id; 300 A pore size; 5 um particle size; PolyLC, Columbia,
MD 21045, U. S. A.) protected with a guard column (10 mm X 2.1 id) and
a precolumn filter (Hichrom; catalog number HI-685). The extract (~500
ul) was injected in ~100-ul portions into 100% buffer A consisting
of propan-2-ol/acetonitrile/hexafluoro-propan-2-ol/1 M HCOONH,,
pH 3.7/water (63:22.5:0.5:2.0:12, by vol), pumped at a flow rate of 100
ul/min. When the UV absorbance at 225 nm of the eluate had returned to
baseline, the column was eluted with a linear gradient of decreasing organic
solvent of buffer A with buffer B (propan-2-ol/hexafluoro-propan-2-ol/
1M HCOONH,, pH 3.7/water (30:0.5:2.0:67.5, by vol). Fractions
corresponding to UV absorbance peaks were collected manually and
analyzed as shown in Fig. 6.2.

3. ANALYSIS OF RESPIRATORY COMPLEXES
FOR MT-PROTEINS

3.1. Isolation of respiratory complexes

Mitochondrial membranes were solubilized in a buffer containing 20 mM
TRIS-HCI, pH 7.4, 10% glycerol (v/v) and 1% (w/v) n-dodecyl-f-
p-maltoside (DDM; Anatrace, Maumee, OH). Partially pure samples of
respiratory complexes were obtained by fractionation of the mitochondrial
extract by ion-exchange chromatography (Figs. 6.3 and 6.4; Buchanan and
Walker [1996]; Sazanov et al. [2000]), but only the samples of complex III
and cytochrome ¢ oxidase were used in the experiments described here.
They were precipitated with ammonium sulfate, and the precipitates were
resuspended in buffer consisting of 10 mM TRIS-HCI, pH 7.4, 100 mM
NaCl, and 0.04% DDM. The complexes were dialyzed against the same
buffer and then the protein solutions were stored at —20°.

Complex I was purified from extracts of mitochondrial membranes
by a combination of anion-exchange chromatography and gel filtration
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Figure 6.2 Fractionation of the PAHW extract of bovine heart mitochondrial mem-
branes by HILIC. The elution profile (solid line) was monitored by UV absorbance at
225 nm. The column was eluted at 0.1 ml/min with a decreasing organic solvent
gradient (dotted line). Proteins in fractions were identified by ESI-MS of intact proteins
and tandem MS of tryptic peptides. The positions of various components of mitochon-
drial membranes are shown. For the definition of the abbreviated names see the legend
to Fig. 6.1. TM14C is transmembrane protein 14C.

chromatography (Carroll ef al., 2003; Sazanov et al., 2000). Purified com-
plex I (see Fig. 6.4), recovered in a buffer containing 20 mM TRIS-HCI,
pH 7.4, 50 mM NaCl, 0.04% DDM, and 10% glycerol, was concentrated
to 5 to 7 mg/ml with a Vivaspin-4 membrane (Sartorius, Goettingen,
Germany) with a 100-kDa cutoff. Samples were stored either in liquid
nitrogen or at —20°. The ATP synthase complex (Fig. 6.4) was purified
by affinity chromatography by use of an inhibitor protein (known as I1-60-
GFPHis) consisting of residues 1 to 60 of the bovine F-ATPase inhibitor
protein, IF, with the green fluorescent protein and six histidine residues
attached to its C-terminus (M. J. Runswick, M. G. Montgomery,
J. V. Bason, G. Robinson and J. E. Walker, unpublished work).

3.2. CMW extraction of respiratory complexes

Samples of the respiratory complexes (~50 to 100 ul; 700 to 850 ug) were
extracted with 12 vol of CMW, similar to the procedure described in Section
2.1.1 for the CMW extraction of mitochondria. The twice ether precipi-
tated pellet of the sample of complex [ was dissolved in a minimal volume of
chloroform/methanol/ 1 M HCOONH,, pH 3.7 (66.7:31.3:2.0, by vol)
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Figure 6.3 Fractionation of respiratory complexes from bovine heart mitochondria.
An extract of mitochondrial membranes (~425 mg) in 20 mM TRIS-HCI (pH 7.4),
10% glycerol (v/v), and 1% DDM was applied to an HP column of HiTrap
Q-Sepharose (50 ml) at 4° in buffer A containing 20 mM TRIS-HCI, pH 8.0, 1 mM
EDTA, 1 mM dithiothreitol, 10% glycerol, and 0.1% DDM. The proteins were eluted
with a gradient of buffer B (buffer A plus 1.0 M sodium chloride) as follows: 0 to 23% B
for 3 column vols (60 min); 23 to 25% B for 1.5 column vols (30 min); 25 to 40% B for
2.5 column vols (50 min); and 40 to 100% B for 3 column vols (60 min). The
absorbance of the eluate was monitored at 280 nm. Peaks 1 to 4 correspond to ATP
synthase, and complexes IV, I, and III, respectively.

and diluted in the same solvent to a protein concentration appropriate for
ESI-MS analysis.

3.3. Fractionation of the CMW extracts of respiratory
complexes

Twice ether precipitated samples of the CMW extracts of respiratory com-
plexes were fractionated by RP-HPLC on an mRP column as described in
Section 2.1.1 for the fractionation of CMW extracts of mitochondrial mem-
branes (Fig. 6.5A to D). The CMW extraction of purified (or partially
purified) mitochondrial respiratory complexes provided a route to all of the
mt-proteins. However, although ND1, ND3, ND4L, and ND6 were present
in the CMW extract of complex I, they were not recovered by RP-HPLC.

3.4. HILIC fractionation of the PAHW extract of complex |

Bovine complex I (60 ul; 300 ug) was extracted with 9 vol of PAHW as
described for mitochondrial membranes in Section 2.1.2. The extract
contained subunits ND1, ND2, ND3, ND4, ND4L, and ND5. When it
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Figure 6.4 The subunit compositions of bovine respiratory complexes. The samples
were analyzed by SDS-PAGE (see the legend to Fig. 6.1). Samples 1 to 4 correspond to
the peaks in Fig. 6.3, precipitated with ammonium sulfate and dialyzed into 10 mM
TRIS-HCI, pH 7.4, 100 mM NaCl, and 0.04% DDM. Lanes M contain molecular
weight markers (kDa; shown on the right); lane CI, complex I; lane FA, F-ATPase.

was fractionated by HILIC (see Section 2.1.2; column size 100 mm X 1 mm
id; flow rate 50 ul/min), subunits ND3 and ND4L were recovered in peak
FT1 and ND1, ND2, ND4, and ND5 in peak FT2 (see Fig. 6.6). Both
peaks were retarded slightly by the column, allowing the proteins to be
freed from unretarded contaminating salts and detergents.

4. MASS SPECTROMETRIC ANALYSIS OF MT-PROTEINS

4.1. Protein molecular mass measurements

The CMW extract of complex I and column fractions from both HILIC
and RP-HPLC experiments were analyzed by ESI-MS with a Q-TOF1
(quadrupole time-of-flight) mass spectrometer (Waters-Micromass, Man-
chester, U. K.) equipped with a nanoflow electrospray interface. The mass
spectrometer was tuned and calibrated in positive ion mode over the m/z
range 600 to 2500 with multiply charged ions from horse heart myoglobin
(1 uM) and bovine trypsinogen (1 uM) dissolved in 50% aqueous acetoni-
trile containing 1% formic acid. Samples (1 to 10 ul; protein concentration
of 0.5 to 5 M) were injected by means of a Rheodyne injector valve into a



Mass Spectrometry of Membrane Proteins 121

A B
20 20
1.8 Cytb 1.8
100 100
16 ) L6 Cox 1
14 i lgo 14 80
12 i 1.2 .
F1o e 60 poffSox i CMMeoqf @ =
i Cox Viiq /" |l 2
0 cmx " : 08 ~ E]
0.6 [(Cox VIIc) R <

) N cnnix ¢
0.4 /( (Cox [

100

80

60

% solvent B

40

20

0 20 40 60 0 20 40 60 80
Time (min) Time (min)

Figure 6.5 RP-HPLC of proteins extracted from respiratory complexes from bovine
heart mitochondria. (A to D) Extracts of complexes III and IV, ATP synthase and
complex I, respectively. ___, absorbance of the eluate at 225 nm; ----- , the solvent
gradient. For the identification of proteins, see the legend to Fig. 6.2. In (D) MWFE,
B13, and B9 are nuclear encoded subunits of complex I (Carroll ef al., 2003).

stream of 50% aqueous acetonitrile (flow rate 1 to 2 ul/min) except with the
CMW extract of complex I (see Section 3.2), where the carrier solvent was
chloroform/methanol/1 M HCOONH, pH 3.7 (66.7:31.3:2.0, by vol).
Sometimes, formic acid (final concentration 1 to 5%, by vol) was added to
samples to improve the quality of the spectra. The positive ion spectra were
recorded in single MS mode. They were interpreted with the aid of
MassLynx software (Waters-Micromass, Manchester, U. K.), and in some
instances they were transformed onto a molecular mass scale.

The molecular masses of all 13 mt-proteins were measured by mass
spectrometry (Table 6.2). They demonstrate that, with the exception of
the Cox III subunit of cytochrome oxidase, the proteins have retained their
N-terminal translational initiator formyl-methionine residues and that their
polypeptide chains are unmodified, in confirmation of previous data for the
ATPase-6 and A6L (Fearnley and Walker, 1996) and supported by tandem
MS data for ND1, ND2, ND3, ND6, ATPase-6, and A6L (see Section 4.2).
Most of the Cox III subunit of cytochrome oxidase has lost the N-terminal
formyl-methionine residue, as observed before (Buse and Steftens, 1978;
Musatov et al., 2002), and a smaller amount of the same subunit has lost the
formyl group but retained methionine-1.
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Figure 6.6 Extraction of complex I from bovine heart mitochondria with PAHW and fractionation of the extract by HILIC. (A) PAHW
extract of complex I. (B) HILIC elution profile (solid line) monitored by UV absorbance at 225 nm. The column was eluted with a gradient
of decreasing organic solvent (dotted line). (C) Analysis of peaks FT1 and FT2 in (B). For identification of proteins in (A to C), see the
legends to Figs. 6.1 and 6.2. In (A) and (C), CI-ND4L was detected by Western blotting. For names of subunits of complex I see legend to

Fig. 6.1 and Carroll ef al. (2003).
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Table 6.2 Molecular masses of mt-proteins (They were measured by ESI-MS and
calculated from protein sequences.)

Mass (Da)

Cox III
F-ATPase a
F-ATPase A6L

29802.4 299328 —130.4 - Met-1
24816.8  24788.0  +28.8 None
7964.7 7936.6  +28.1 None

Mass

Protein Source” Observed Calculated difference PTM®
CI ND1 1,2 35699.1 35670.2  +28.9 None
CI ND2 1,2,3 39283.5 392544 +29.1 None
CI ND3 1,2 13082.4 13054.7  +27.7 None
CI ND4L 1,2 10825.4 10797.3  +28.1 None
CI ND4 1,2,3 52130.0  52099.4  +30.6 None
CI ND5 1,2,3 68319.8  68286.8  +33.0 None
CI ND6 2 19106.7 19077.7  +29.0 None
CIHI Cyt b 4 42619.7  42590.8 +28.9 None
Cox I° 5 57061.4  57032.5 +28.9 None
Cox II 5 26049.9  26021.6  +28.3 None
Cox III 5 299335 29932.8 None - a-N-formyl

5

6

6

7
7

s

“ Sources of proteins for mass measurement; 1, HILIC fractionation of PAHW extracts of complex [; 2,
CMW extract of complex I; 3, RP-HPLC fractionation of CMW extract of complex I; 4, RP-HPLC
fractionation of CMW extract of complex III; 5, RP-HPLC fractionation of cytochrome ¢ oxidase; 6,
HILIC fractionation of PAHW extracts of mitochondrial membranes; 7, RP-HPLC of F-ATPase.

» PTM, posttranslational modification; mt-proteins are synthesized with formyl-methionine as the
translational initiator residue. It is retained in all of the mt-proteins except for Cox III.

© Cox I contains a covalent crosslink between the side chains of tyrosine-240 and histidine-244
(Yoshikawa et al., 1998). This modification reduces the calculated mass of the protein by 2 Da. The
intact protein mass measured on this subunit was insufficiently accurate to detect its presence.

The data were taken from Carroll ef al. (2006b, 2007).

The ND6 subunit of complex I was the only protein encoded in the
bovine mitochondrial genome not recovered by either RP-HPLC or
HILIC. Its molecular mass was measured by analysis of the CMW extract
of complex I by ESI-MS along with subunits ND1, ND2, ND3, ND4 and
ND4L (Fig. 6.7).

4.2. Tandem MS of protein ions

Tandem mass spectrometry of protein ions, or “top-down’ sequencing, has
been applied to globular proteins especially (Ginter et al., 2004; Kelleher
etal., 1999; Loo et al., 1990). Partial sequences have been deduced from the
fragment ions arising from collision-induced dissociation (CID) with argon
or by electron capture dissociation (McLafferty et al., 2008). However, the
spectra are complex, and their successful interpretation depends on the use
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Figure 6.7 Analysis of the CMW extract of complex I by ESI-MS. The envelopes of
multiply charged molecular ions of A to F correspond to subunits ND6, ND3, ND4L,
ND2, ND1, and ND4, respectively. In the lower panel, the data have been transformed
onto a molecular mass scale with Transform from MassLynx. The extract also contains
some small subunits of complex I and cytochrome ¢ oxidase that were retarded by the
walls of the capillary tubing between the injection valve and the mass spectrometer and
eluted after the hydrophobic proteins.

of high-resolution instruments, such as ion cyclotron resonance and
Makarov ion trap (Makarov, 2000) mass spectrometers with Fourier trans-
formation to separate the fragment ion isotopes and to determine the
number of associated charges from the isotope spacings. The expense of
this instrumentation has tended to limit access to these techniques.

A number of experiments have indicated that the fragment ion spectra,
produced in instruments with triple quadrupole or time-of-flight analyzers
by CID of small membrane proteins (3 to 8 kDa), are much simpler than
those of globular proteins and that they can be interpreted easily by manual
inspection to generate partial protein sequences (Buzy et al., 1996; Fearnley
and Walker, 1996; Whitelegge, 2005; Whitelegge ef al., 2002). With the
availability of a range of membrane proteins from mitochondria provided by
the fractionation methods described previously, we have carried out a
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systematic study of their tandem mass spectra generated by CID in a
quadrupole-time-of-flight (Q-TOF) instrument (Carroll et al., 2007).

ESI-MS spectra were recorded in positive ion single MS mode to obtain
a series of multiply charged protein ions from which the intact mass was
calculated. From this series, an individual multiply charged ion, usually the
most intense signal, was selected with the quadrupole of the Q-TOF1
instrument. This ion was dissociated by CID with argon at collision voltages
of 30 to 50 V, and the masses of the fragments were determined by TOF
analysis. The resulting spectra were interpreted manually. On the basis of
the interpretation of the spectra, the membrane proteins fell into two
overlapping categories. One category is made of “‘small” membrane proteins
(up to ~12 kDa) with 1 to 4 TMH, where spectra were dominated by
multiply charged series of fragment ions arising from internal regions of the
protein, often with other singly charged series arising from one or both
terminal regions, as observed before (Fearnley and Walker, 1996;
Whitelegge ef al., 2002). The second category consists of membrane proteins
with masses greater than 15 kDa with 4 to 18 TMH, where the spectra usually
consisted of singly charged series arising from the N- and/or C-terminal
regions of the intact protein. Examples of spectra from each class are shown in
Fig. 6.8, and sequence data obtained on 10 of the 13 mt-proteins are
summarized in Table 6.3. These partial sequences provided the means
of identifying some mt-proteins unequivocally, allowing their functions
(i-e., their names) to be associated with their measured molecular masses.
Only the Cox I and Cox III subunits of cytochrome oxidase and the ND4
subunit of complex I gave no interpretable spectra.

5. CONCLUSIONS AND PERSPECTIVES

The methods described previously have at least three uses. First, they
allow the precise masses of the 13 mt-proteins to be measured with suffi-
cient accuracy to allow the presence of posttranslational modifications to
be detected and possibly to allow the nature of the modification to be
deduced. Such measurements are essential for establishing a comprehensive
bovine mitochondrial proteome. Also, the methods have allowed many
hydrophobic proteins in bovine mitochondrial membranes to be character-
ized, some of them for the first time, and for novel proteins to be discovered
(Carroll ef al., 2007). Similar experiments have yet to be carried out on the
products of other mitochondrial genomes and on the protein compositions
of mitochondrial membranes of other species, but the methods described
here can be adapted readily for that purpose. The methods are equally
applicable to other nuclear encoded hydrophobic proteins or to bacterial
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Figure 6.8 Tandem MS analyses of protein ions. (A) A fragment ion spectrum of the
AG6L subunit of the F-ATPase. The sequence LDTSTWLTMIL is defined by the
quintuply charged ions, y52 to y63, in the fragment ion spectra of a protein ion with
m/z 1328.4 and six associated protons. Leucine and isoleucine residues were discrimi-
nated by reference to the known sequences of the proteins. The spectral interpretation
is supported by an overlapping series of singly charged b-ions from the N-terminal
region of the protein (f-MP)QLDTSTWL. Ions denoted b°® correspond to the loss of
water. (B) Fragment ion spectrum of a protein ion with m/z 1786.5 and 22 associated
protons from subunit ND2 of bovine complex I. The N-terminal sequence (f~-MN)
PIIFIIILL is defined by the singly charged ions, b2 to b11.

membrane proteins, where the same considerations apply if accurate and
comprehensive proteomes are to be established.

Second, the methods have utility in verifying the subunit compositions
and state of covalent modification of the subunits of isolated integral mem-
brane multiprotein complexes, as exemplified by the bovine mitochondrial
respiratory complexes. A related application not explored yet is in the study of



Table 6.3 Amino acid sequences determined by tandem MS of protein ions of mt-proteins

Protein TMH
F-ATPase A6L 1
CI ND4L 2
CI ND3 3
CI ND6 5
F-ATPase a 6
Cox 11 2
Cox II

CI ND1 8
CI ND2 10
CII Cyt b 8
CI ND5 18

Residues

66

98
115

175

226

227
69-227
318
347
379
606

Tons
Precursor Fragment (z)
z m/z
6" 1328.4 b2-b10 (1)
y52-y63 ()
6" 1805.3 y2-y8 (1)
8* 1636.5 b2-b9 (1*
y2-y9 (17)
11°* 1738.5 b2-b9 (17)
y2-y7 (17)
137* 1910.0 b2-b11 (1)
y3-yl1 (1)
157F 1737.6 b2-b4 (11)
157 1737.6 b2-b9 (11)
21* 1701.1 b2-b8 (1)
22+ 1786.5 b2-b11 (17)
217 2030.6 b18-b23 (3%)
407 1709.0 y3-y7 (1)

Sequence (residues)

(-MP)QLDTSTWL (1-10)
LDTSTWLTMIL (4-14)
QNLNLL(QC) (91-98)
(F-MN)LMLALLT (1-9)
TQK(GL)EW/(TE) (107-115)
(-MM)LYIVFIL (1-9)
MEITR (NG) (169-175)
(-MN)ENLFTSFIT (1-11)
LLVSLYLH(DNT) (216-226)
YP (3-4)

(PA)IILILIA (69-77)
(-MF)MINILM (1-8)
(-MN)PIIFIILL (1-11)
IDLPA (19-23)

ILEN (600-603)

The data were taken from Carroll et al. (2007).
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in vitro site-specific covalent modification of the membrane components of
such complexes, as, for example, in mapping specific binding sites with
chemical probes. Recently, the analysis of all of the subunits of ATP synthase
complexes isolated from several species have been facilitated by connecting
the output of the RP-HPLC column directly to a mass spectrometer
(M. J. Runswick, I. M. Fearnley J. Carroll and J. E. Walker, unpublished
results). Similar developments can be envisaged, for example, for analyzing
complex I from a variety of species, although improvements to the chro-
matographic fractionation and recovery of subunits will probably be needed
also. Recently, an alternate method for characterizing the subunit composi-
tion of complex I from Yarrowia lipolytica by mass spectrometry has been
outlined by use of laser-induced liquid bead ion desorption mass spectrometry
to measure the mass of the complex and its constituent subunits (Morgner
et al., 2008). Although this method has the obvious advantage of avoiding the
extraction and chromatographic steps of our procedures, at present, the
accuracies of the protein mass measurements are insufficient to allow proteins
and any posttranslational modifications to be identified unambiguously.

Third, the demonstration that the tandem mass spectra of ions of
membrane proteins are readily interpretable opens up a new way for gen-
erating protein sequence tags for use in the identification of membrane
proteins. This method as applied to membrane proteins is in its infancy, but
it is possible that the application of new methods for the dissociation of the
protein ions, such as electron transfer dissociation, may lead to improved
spectra and to more extensive coverage of the protein sequence. The use of
proteolytic enzymes other than trypsin and/or chemical cleavage methods is
an alternate possibility for generating peptides for MS analysis. However,
most of the currently available specific proteases target cleavage sites in
hydrophilic regions of the target protein, and so, as with trypsin, these
approaches will leave much of the membrane protein inaccessible to MS
analysis by standard procedures, and usually specific chemical cleavages of
proteins are accompanied by extensive covalent modification of amino acid
side chains. Thus, obtaining extensive or complete coverage of the sequence
of membrane proteins by MS analysis, as may be required, for example, in
pinpointing the site of any side-chain modifications, remains an unresolved
challenge.
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Abstract

Disturbances in the assembly of mitochondrial complex | (Cl) are a frequent
cause of mitochondrial disorders. Several lines of evidence hint at a semi-
sequential assembly pathway, in which the 45 individual subunits that form
the holoenzyme are pieced together by means of smaller intermediates. To
understand this process, it is necessary to explain the exact order, the rate-
limiting steps, and the dynamics of subunit incorporation. In this chapter, we
describe an approach to regulate the expression levels of an AcGFP;-tagged
subunit (NDUFS3) in mammalian cells by means of a tetracycline-inducible
promoter. This strategy allows the study of the dynamics of Cl assembly inter-
mediates in living cells on native gels. After establishing that the AcGFP, tag
does not interfere with the activity and assembly of the enzyme, we show how
this system can be used to trace the labeled subunit in an induction pulse-chase
experiment or to study its accumulation in specific assembly intermediates
after inhibition of mitochondrial translation.

1. INTRODUCTION

In the last decade, mitochondrial complex I (CI; NADH: ubiquinone
oxidoreductase; EC 1.6.5.3) has emerged as a key player in the pathogenesis
of a large variety of disorders, including neuromyopathies, but also Alzhei-
mer’s disease, Parkinson’s disease, and cancer (Brandon ef al., 2006; Janssen
et al., 2006; Srivastava et al., 2007). CI is the largest enzyme of the oxidative
phosphorylation (OXPHOS) system and consists of a membrane part and a
peripheral arm that is protruding into the matrix. Human CI contains 45
different proteins, encoded by both the nuclear and the mitochondrial
genome, a noncovalently bound FMN-group, and eight iron-sulphur clus-
ters (Carroll ef al., 2006). To get more insight into the role of CI in disease,
it is necessary to understand how the biogenesis of this large enzyme takes
place and how this process is regulated.

The functional “core” of the enzyme comprises 14 evolutionary con-
served subunits that have coevolved and are arranged in three functional
modules (Friedrich and Weiss, 1997): the dehydrogenase module (contain-
ing NDUFV1, NDUFV2, and NDUEFS1), the hydrogenase module (con-
taining NDUFS2, NDUFS3, NDUFS7, NDUESS8, ND1, and ND5), and
the proton translocation module (containing ND2, ND3, ND4, ND4L,
and ND6). The role of the other 31 subunits, called “accessory,” is not
explained yet. Our CI assembly model (Fig. 7.1) proposes that assembly in
part reflects this evolutionary conservation of subunits (for details, see Vogel
et al., 2007¢). Subunits of the hydrogenase module are first assembled into a
subcomplex that is subsequently bound to an independently assembled
membrane module. Then, more subunits are added in various stages of
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Figure 7.1 Assembly model for human complex I. The holoenzyme is assembled in
distinct steps via the formation of smaller modules that are combined at different stages.

the process. The dehydrogenase module that forms the top of the peripheral
arm is thought to be added in a late stage of assembly (Lazarou et al., 2007).
In addition to this mechanism, an “‘exchange” route was proposed, in
which several subunits can be assembled directly into CI by replacing
previously incorporated ones. Such a pathway may serve as a repair mecha-
nism for damaged subunits. It has also become clear that the assembly of CI
is assisted by specific assembly chaperones. Recently, a number of these
chaperones have been identified, and several candidate assembly chaperones
have been proposed. (Dunning ef al., 2007; Ogilvie et al., 2005; Pagliarini
et al., 2008; Saada ef al., 2008; Vogel ef al., 2005, 2007b,d). At this moment
neither their exact molecular function nor where in the CI assembly process
they play a role have been clarified.

In this chapter we present a novel approach that will be of help to address
questions regarding CI assembly, such as the exact composition of assembly
intermediates, their dynamics in time and space, and the role of assembly
chaperones in this process. Our method comprises the inducible expression
of GFP-tagged CI subunits, which allows investigating the dynamic incor-
poration of subunits into CI or CI subassemblies by native electrophoresis in
combination with fluorescent scanning or western blotting. This method
makes it possible to trace the incorporation of a single-labeled protein
(subunit) into CI and CI subassemblies without the use of a radioactive
label, provided that such a tag does not interfere with its biologic function.
As an example of this method, we will explain how we exploited a
tetracycline-inducible cell line, conditionally expressing NDUFS3 fused
to a monomeric GFP (AcGFP,), to study the dynamics of CI assembly.
In this chapter we initially describe some considerations before selecting a
subunit for tagging. Next, we illustrate our cloning strategy for the required
construct, explicate how stable cell lines were obtained, and describe how
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we tested its inducible capacity. Finally, we show how assembly can be
traced on native gels by intervening with the induction of the tagged
subunit and by inhibiting mitochondrial translation.

2. SELECTION OF COMPLEX | SUBUNIT
FOR GFP LABELING

Because subunits are incorporated at different stages in the assembly
process and because they are in different positions in the structure, it is
likely that GFP tagging of some of the subunits will interfere with proper
assembly and/or function of CI. Therefore, it is necessary to select the right
subunits for GFP tagging. Although it should be experimentally tested
whether a subunit is amiable for GFP tagging without interfering with the
assembly, stability, or function of the complex, some criteria can be given that
will improve the chances of success. First, the GFP should be added to the
C-terminus to prevent interference with the N-terminal mitochondrial
presequence and to avoid that the GFP would be cleaved off (together with
this presequence) on import into the mitochondria. Second, the GFP-tagged
C-terminus should be free. It should not be buried inside the complex (see
section 2.1). Third, to trace the different stages of the assembly process, the
tagged subunits should be acquired at an early point in the assembly process.

In our example we planned to label a subunit that is incorporated in an
early stage of assembly (at subcomplex 1; Fig. 7.1), so that tagging would
provide more insight into onset and subsequent assembly steps. Possible
candidates that meet this criterion were NDUFS2, NDUFS3, NDUFS7,
and NDUEFSS8. To have an educated guess that C-terminal GFP-tagged
subunit would not interfere with assembly, it would be useful to study the
mammalian crystal structure of CI. Unfortunately, this has not been eluci-
dated yet, in contrast to the other OXPHOS complexes (Abrahams ef al.,
1994; Twata et al., 1998; Sun et al., 2005; Tsukihara et al., 1996; Xia et al.,
1997). To date, only the crystal structure of the peripheral arm of CI in
Thermus thermophilus is solved (Sazanov and Hinchliffe, 2006). Although this
complex solely contains the orthologs of the human core subunits
NDUFV1, NDUFV2, NDUFS1, NDUEFS2, NDUFS3, NDUFS7, and
NDUESS, it might be fruitful to study whether a GFP molecule fits at the
c-termini of these subunits in this “minimal” form of CI.

2.1. Prediction of steric hindrance by GFP

To analyze whether GFP would hinder incorporation of the four “early”
subunits, we opened the Protein Databank Bank (PDB) files of GFP
(“2htc”) and the T. thermophilus CI structure (“2FUG”) in YASARA.
We marked the first residue of the c-terminus of different CI subunits
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Figure 7.2 Prediction of incorporation of AcGFP;-tagged subunits by use of the crystal
structure of the peripheral arm of Thermus thermophilus complex I. The structure of the
bacterial peripheral arm consists of eight subunits (Sazanov and Hinchliffe,
2006). These subunits are analogous with the human nuclear encoded core subunits.
The first residues of the c-termini in the (A) NDUFS2 and (B) NDUFS3 orthologs
in the T. thermophilus peripheral arm structure are indicated with black balls. The
n-terminus of AcGFP; is marked with grey balls.

with black balls. The n-terminus of GFP was similarly characterized in grey.
Molecular figures were drawn with the POV-Ray module in YASARA
and were optimized for grey scale display in Corel DRAW. Two examples
of the obtained pictures for NDUFS2 and NDUFS3 are shown in Fig. 7.2.
At the c-terminus of NDUES2 (Fig 7.2A) there is hardly space for GFP,
whereas the c-terminus of NDUFS3 (Fig. 7.2B) is relatively free. Brandt
and colleagues showed that this seemed to be the case in the yeast Yarrowia
lipolytica, in which the eYFP-HIS—tagged NDUFS3 homolog could be used
to isolate CI (Kashani-Poor et al., 2001). We also analyzed the NDUFS7
and NDUFSS8 c-termini and concluded that although they are relatively free
in T. thermophilus, they are close to the membrane, which might hinder
their incorporation when fused to GFP (data not shown). For these reasons
we selected NDUEFS3 to trace in assembly. Obviously, this approach may
also be helpful to predict the success of adding a GFP tag to proteins of other
larger protein complexes.

3. CREATION OF INDUCIBLE CELL LINE EXPRESSING
AcGFP{-TAGGED NDUFS3

A first requirement for our approach is the creation of a vector that
allows inducible expression of our GFP-tagged subunit of interest. For our
approach we chose the most widely used tetracycline-inducible system, but,
in principle, every inducible system can be applied (i.e., sensitive to alcohol,
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steroids, metal). The principle of this inducible system is based on constitutive
expression of an inhibitor that blocks transcription by binding to the promoter,
which can be released by doxycycline (a tetracycline derivate), allowing
transcription to start. Numerous fluorescent tags are presently available. How-
ever, some of them, like wild-type GFP from Aequorea victoria, have the
tendency to dimerize, which will lead to nonphysiologic binding interactions.
We, therefore, selected a monomeric form of GFP (AcGFPy; isolated from
A. cerulescens). The creation of such a construct can be obtained by conven-
tional restriction-ligation cloning; however, we chose a more efficient and
flexible strategy, namely the use of cloning through recombination. Hence we
first created a vector containing recombination sites in front of an AcGFP; tag.
This construct allows a one-step insertion of any subunit of which the stop
codon was removed to yield an in-frame subunit-AcGFP fusion protein.
This strategy proved to be very efficient and allows high flexibility in cloning
different subunits or different tags.

3.1. Creation of the AcGFP;-destination vector

For our recombination strategy, first an AcGFP;-destination construct was
created as depicted in Fig. 7.3 (indicated with “A”). This was done as
follows: an AcGFP; fragment was cut out of pAcGFP-N1 (Clontech) by
BamHI and Notl digestion. This AcGFP;-containing fragment was agarose
gel-purified and ligated into pcDNA4/TO/myc-HISA (Invitrogen) that
was linearized with BamHI and Notl, dephosphorylated, and gel purified.
After amplification in DH5a E. coli (Invitrogen) on ampicillin LB-agar
plates, the construct was digested with BamHI and the overhanging ends
were filled in by a Klenow reaction. Subsequently, the Gateway reading
frame cassette B (rfB; Invitrogen) was ligated in the blunt BamHI site and
transformed into DB3.1 E. coli cells (Invitrogen) for amplification in pres-
ence of ampicillin. After confirming the right orientation of rfB, the
construct was cut out by Pmel and the obtained rfB-AcGFP containing
fragment was gel purified. This fragment was ligated into vector pcDNA5/
FRT/TO (Invitrogen) that was linearized with Pmel, dephosphorylated,
and gel purified. Finally, the ligation reaction was transformed in DB3.1
E. coli cells for amplification on ampicillin LB-agar plates.

3.2. Creation of the entry clone containing complex |
subunit NDUFS3

To clone the gene of interest into the destination vector previously
described, first an entry vector containing this gene had to be generated.
This is exemplified by use of the CI subunit NDUFS3. A schematic
representation of the construct is shown in Fig. 7.3 (indicated with B).
We used a two-step PCR protocol to clone the NDUFS3 sequence
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Figure 7.3 Schematic representation of cloning strategy for inducible vector contain-
ing AcGFP;-tagged NDUFS3. The DESTINATION vector (A) contains a Gateway
recombination cassette in frame with the AcGFP; sequence behind a tetracycline-
inducible CMV promoter. In the BP-reaction, the ENTRY vector (B) is constructed
by recombination of a PCR product (containing the NDUFS3 sequence, flanked by
AttB-sites) and pPDONR201. Eventually, the EXPR ESSION vector (C) is constructed
after recombination of the DESTINATION and ENTRY clone by LR-clonase. This
inducible construct contains the NDUFS3 sequence (without stop codon) in frame with
ac-terminal AcGFP;-tag and is ready to be stably transfected inT-Rex293 flp-in cells.

(NM_004551) from a human heart cDNA bank (reverse transcribed from
human heart polyA+ mRNA; Clontech) with in frame 5" and 3’ Gateway
AttB-sites. In the first step we used the following primers containing partial
AttB-sites and 18 to 21 gene-specific nucleotides: forward 5'-AA AAA
GCA GGC TTC GCC ACC atg gcg geg geg geg gta gee-3 and reverse
5-A GAA AGC TGG GTG ctt ggc atc agg ctt ctt-3'. The capitalized
sequences represent the partial AttB1 and AttB2 sequences, respectively.
In the forward primer, we also added a Kozak sequence (italic capitals).
Importantly, in the reverse primer, the gene-specific sequence has to
exclude the stop codon to allow c-terminal tagging by AcGFP; later on.
The PCR1 reaction mix contained ~10 ng human heart cDNA, 10 uM
forward primer, 10 uM reverse primer, 2.5 ul PfuUltra HF buffer (Strata-
gene), 10 uM dNTPs, and 1.25 units PfuUltra HF DNA Polymerase
(Stratagene) in a total volume of 25 ul MQ. A PCR cycler was programmed
as follows: (1) 98° for 2 min; (2) 96° for 20 sec; (3) 54° for 40 sec; (4) 72° for



140 Cindy E. ). Dieteren et al.

1 min and 20 sec (Pfu activity ~600bp/min); (5) repeat steps 2 to 4 35 times;
(6) 72° for 10 min; and (7) 15° for ever.

After verification of the amplification product on an agarose gel, 5 ul of
the PCR1 product was used for a second PCR2 amplification to complete
the AttB-sites. For this, the following AttB-adapter primers were used:
forward 5- G GGG ACA AGT TTG TAC AAA AAA GCA GGC T-3
and reverse 5- GGG GAC CAC TTT GTA CAA GAA AGC TGG
GT-3'. The PCR2 reaction mix contained 5 ul PCR1 product, 10 uM
forward primer, 10 uM reverse primer, 2.5 ul PfuUltra HF bufter (Strata-
gene), 10 uM dNTPs, and 1.25 units PfuUltra HF DNA Polymerase
(Stratagene) in a total volume of 25 ul MQ. A PCR cycler was programmed
as follows: (1) 98° for 1 min; (2) 96° for 20 sec; (3) 45° for 40 sec; (4) 72° for
1 min and 20 sec (Pfu activity ~600 bp/min); (5) repeat steps 2 to 45 times;
(6) 95° for 20 sec; (7) 55° for 40 sec; (8) 72° for 1 min and 20 sec; (9) repeat
steps 6 to 8 20 times; (10) 72° for 10 min; and (11) 15° for ever. The PCR2
product was verified on an agarose gel and purified. Finally, ~50 to 150 ng
of the PCR product was recombined with ~150 ng of pPDONR201 (Invi-
trogen) by use of Gateway BP Clonase II Enzyme Mix (Invitrogen) accord-
ing to the manufacturer’s instructions. After adding Proteinase K to
inactivate the BP Clonase enzyme, 5 ul of the reaction mix was transformed
in DH5a cells that were plated on kanamycin LB-agar plates. The construct
was amplified in the surviving clones, purified, and sequenced to make sure
that there were no mutations in the cloned ORF. Obviously, other proteins
can be cloned in the same manner; however, for the PCR protocol
optimization may be required.

3.3. Creation of expression vector containing
AcGFP,-tagged NDUFS3

To obtain an expression vector that can be transfected into mammalian cells,
~150 ng of the AcGFP,-destination vector (created in 3.1) was recombined
with ~50 to 150 ng of the NDUFS3 entry clone (created in 3.2) with LR
Clonase II enzyme mix (Invitrogen) according to the manufacturer’s
instructions. After adding Proteinase K to inactivate the LR Clonase
enzyme, 5 ul of the reaction mix was transformed in DH5a cells that
were subsequently plated on ampicillin LB-agar plates. In principle, only
the cells containing the NDUFS3-AcGFP; expression construct are able to
survive. Finally, the construct was amplified, purified, checked by restric-
tion analysis, and sequenced. With this cloning method, a linker between
the NDUFS3 and AcGFP; was formed with the sequence CAC CCA GCT
TTC TTG TAC AAA GTG GTT GAT GAT CCA CCG GTC. A
schematic representation of the obtained expression construct is shown in
Fig. 7.3 (indicated with C).
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3.4. Stable transfection of expression vector containing
AcGFP,-tagged NDUFS3

We used Flp-in T-Rex293 cells (derived from human embryonic kidney cells;
Invitrogen) for stable transfection of our inducible NDUFS3-AcGFP; vector.
These cells are designed for targeted integration of our construct in the
genome for optimal expression and have constitutive expression of the
inhibitor that blocks transcription of the tetracycline-inducible promoter.
Cells were cultured in DMEM supplemented with 10% fetal calf serum
(PAA laboratories) (v/v), 1% penicillin/streptomycin (Gibco), 5 ug/ml blas-
ticin (Invitrogen), and 300 pg/ml zeocin (Invitrogen) at 37° and 5% CO,.
Forty-eight hours before transfection, 4.0 x 103 cells were seeded in a 6-well
plates and cultured in 2 ml DMEM in the absence of blasticidin and zeocin. On
the day of transfection, cells were ~70% confluent. For the stable cell line of
one construct, two wells were used. Two Eppendorf tubes were prepared each
containing 0.5 pg of the NDUFS3-AcGFP; expression construct and 4.5 pg
POG44 vector (Invitrogen) in a total volume of 100 ul unmodified DMEM
(POG44 encodes a Flp recombinase that incorporates the expression vector
into the genome by means of Flp Recombination Target (FRT) sites). Impor-
tantly, the minimal amount of DMEM should be 90%. Ten microliters of
Superfect reagent (Qiagen) was added to both tubes and mixed with the DNA
and DMEM by pipetting up and down five times. The transfection mixes were
incubated 5 to 10 min at room temperature. In the meantime, the medium was
aspirated from the 6-well plate, and cells are washed once with 2 ml of pre-
warmed phosphate-buftered saline (PBS). After the formation of transfection
complexes, 600 ul of DMEM, supplemented with fetal calf serum and penicil-
lin/streptomycin was added to the transfection mixes. After pipetting up and
down twice, the complete content of each transfection mix was carefully added
dropwise to two individual wells. After incubating the cells 2 to 3 h at 37° and
5% CQO,, the transfection mix was removed, cells were washed once with 2 ml
pre-warmed PBS and allowed to grow one day in 2 ml DMEM supplemented
with fetal calf serum and penicillin/streptomycin. We also included a mock
transfection as negative control. Obviously, other transfection protocols may
possibly be effective as well.

The next day, 24 h after transfection, the cells from the duplo wells were
trypsinized and pooled in a 10-cm culture dish containing DMEM supple-
mented with fetal calf serum and penicillin/streptomycin. When the cells
had attached to the culture dish, 5 pg/ml blasticidin and 200 pug/ml hygro-
mycin (Calbiochem) were added to the medium. Every 3 days DMEM and
all antibiotics were refreshed. The selective antibiotics were confirmed to
have worked by the dish with mock transfected cells; this was completely
devoid of cells. After ~1.5 weeks of selection clones were ready to be
picked. To do so, after the medium in the culture dish was replaced by
pre-warmed PBS, several clones were selected from the dish by a glass
Pasteur’s pipet and resuspended in individual 25-cm? culture flasks
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containing DMEM supplemented with fetal calf serum and penicillin/
streptomycin. When cells had attached to the bottom, selective antibiotics
(blasticidin and hygromycin B) were included in the culture medium. Cells
were allowed to grow until the required amount of stable cells was obtained.

3.5. Analysis of inducibility of stable cell line expressing
AcGFP,-tagged NDUFS3

To test the sensitivity of the promoter to doxycycline, a dose-response
experiment was performed. Therefore, NDUFS3-AcGFP; cells were trans-
ferred to five 75-cm? culture flasks and cultured in DMEM supplemented
with FCS, penicillin/streptomycin, blasticin, and hygromycin at 37° and 5%
CO, to 70% confluence. On the day of induction, doxycycline was dis-
solved in absolute ethanol to a concentration of 2 mg/ml. This stock was
diluted to achieve different end-concentrations in the culture flasks (i.e., 1 to
50 ng doxycycline per ml of medium). Importantly, the amount of ethanol
should not exceed 0.1% of the end volume of the culture medium. After
adding doxycycline, cells were cultured for another 24 h at 37° and 5%
CO,. After harvesting, cell pellets (containing ~15 X 10° cells) were
washed twice with cold PBS, resuspended in 100 ul PBS and thoroughly
mixed with 100 ul digitonin (4 mg/ml PBS) to isolate mitoplasts (mito-
chondria without outer membrane). After 10 min incubation on ice, 1 ml of
PBS was added to dilute the digitonin, and the suspension was centrifuged at
10,000¢ at 4° for 10 min. The pellet, containing the mitoplasts, was washed
twice with 1 ml of PBS and was subsequently resuspended in 50 ul of PBS
plus 5.5 ul of 20% (w/v) f-lauryl maltoside (DDM) to solubilize the inner
membranes (end percentage DDM 2%). The mix was incubated on ice for
10 min and centrifuged at 10,000¢ for 10 min. The supernatant was transferred
to a new Eppendorf tube and its protein concentration was determined.
Proteins were denatured by 1:1 dilution in SDS-sample buffer (Tricine sample
buffer [Biorad] containing 2% f-mercaptoethanol) and were subsequently
incubated at room temperature for 60 min (without boiling). Finally, 20 ug
of each sample was loaded on 10% TRIS-tricine SDS-PAGE gel. After
electrophoresis, induced protein expression could be analyzed in two ways.
The barrel structure of AcGFP; remains intact after SDS-PAGE, which makes
it possible to study its expression by in-gel fluorescence with an imaging
analyzer FLA5000 (Fuji film) (473 nm excitation laser, FITC filter
>510 nm; Fig. 7.4A). Otherwise, the induced protein can be visualized after
Western blotting by immunodetection with a homemade polyclonal primary
anti-EGFP antibody and secondary peroxidase-conjugated anti-rabbit anti-
body (Fig. 7.4B). The anti-EGFP antibody was directed against the complete
EFGP protein (commercially available [e.g., Novus Biologicals]). Both detec-
tion methods showed a band of the expected molecular weight of AcGFP-
tagged NDUEFS3 (~50 kDa; filled arrowhead). However, on the fluorogram a
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Figure 7.4 Induction test of stable Flp-in T-Rex293 clone, transfected with an inducible
vector containing NDUFS3-AcGFP;. Cells were induced with 0,1, 5,10, and 50 ng of doxy-
cycline per ml medium for 30 min and 24 h later harvested. (A) Mitochondrial lysates
were loaded on an SDS-PAGE gel and analyzed for in-gel fluorescence. Filled arrowhead
indicates intact fusion proteins. Open arrowhead indicates smaller fluorescent products.
(B) Immunodetection of a Western blot of the same gel as shown in (A) against EGFP.
(C) Immunodetection of duplo Western blot shown in (B) against NDUFS3. On the height
of 25 kDa, the endogenous NDUFS3 signal is visualized. (D) Immunodetection against a
subunit of complex II (SDHA) serves as aloading control.

smaller fluorescent product was also visible (open arrowhead), which was
absent after immunodetection with anti-EGFP. Immunodetection with an
anti-NDUFS3 antibody confirmed that the band approximately 50 kDa
indeed contained NDUFS3 (Fig. 7.4C; filled arrowhead). Importantly, also
without adding doxycycline to the medium, a faint band of expression was
visible. This leakage expression is possibly caused by tetracycline in the fetal
calf serum used for cell culture and can be reduced with tetracycline approved
medium (Clontech).

4. TRACING ACGFP;-LABELED NDUFS3 oN BN-PAGE

To study dynamics of CI assembly intermediates, metabolic
pulse labeling is often used. After creating an inducible NDUFS3-AcGFP,
cell line, principally similar fluorescence pulse labeling experiments can
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be performed. This approach brings specific advantages: instead of labeling
all newly synthesized protein by radioactivity, a single subunit can be chased
without the use of radioactivity. In this chapter, we describe two examples
of how the inducible cell line can be combined with Blue Native PAGE
(BN-PAGE), a technique originally developed by Schagger and von Jagow
(1991) to trace the synthesis of subassemblies.

4.1. Native gel analysis of complex | under
leakage and induced condition

Before we started to investigate CI assembly dynamics, we first wanted to
exclude the fact that the AcGFP-tag interferes with the activity and
assembly of the holoenzyme. Therefore, CI expression and activity were
analyzed for noninduced (steady-state) and induced (overexpression) con-
ditions on BN-PAGE gels. NDUFS3-AcGFP; cells were transferred to two
75-cm? culture flasks and cultured in 20 ml DMEM supplemented with
FCS, penicillin/streptomycin, blasticin, and hygromycin at 37° and 5%
CO; to 70% confluence. For induction, doxycycline was dissolved in
absolute ethanol to a concentration of 2 mg/ml; 10 ul of this stock was
added to the culture medium of one flask (to obtain a doxycycline concen-
tration of 1 pg/ml in the medium) and cells were cultured for another 18 h
at 37° and 5% CO,. Subsequently, cells (~15 x 10°) were harvested and
washed twice with cold PBS, resuspended in 100 ul PBS, and thoroughly
mixed with 100 pl digitonin (4 mg/ml PBS) to isolate mitoplasts
(mitochondria without outer membrane). After 10 min incubation on ice,
1 ml of PBS was added to dilute the digitonin, and the suspension was
centrifuged at 10,000¢ at 4° for 10 min. The pellet, containing the mito-
plasts was washed twice with 1 ml of PBS and then resuspended in 100 ul of
ACBT solution (1.5 M aminocaproic acid, 75 mM BIS-TRIS) plus 11 pul
of 20% (w/v) DDM to solubilize the inner membranes (end percentage
DDM is 2%). The mix was incubated on ice for 10 min and centrifuged at
10,000¢ for 30 min. The supernatant, containing the isolated proteins, was
transferred to a new Eppendorf tube and its protein concentration was
determined. Blue Native sample bufter (100 mM BIS-TRIS (pH 7.0),
500 mM aminocaproic acid, 5% Serva blue G 250) was added 1:10 to the
samples of which 80 ug was loaded in triple on a 5 to 15% BN-PAGE
gradient gel (Calvaruso ef al., 2008). Alternatively, precast 4 to 16% gradient
Native-PAGE gels are commercially available (Invitrogen).

After electrophoresis, two lanes were used for protein expression analysis
by either in-gel fluorescence scanning with an imaging analyzer FLA5000
(Fujifilm) (473 nm excitation laser, FITC filter >510 nm; Fig. 7.5A) or
immunodetection with a polyclonal anti-EGFP antibody after Western
blotting (Fig. 7.5B). Both detection methods showed incorporation of
AcGFP-tagged subunit into CI and 6 smaller labeled subomplexes
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Figure 7.5 Incorporation of AcGFP;-tagged NDUFS3 does not disturb Cl activity and
assembly. Mitochondrial enriched fractions of non-induced (—) and 18-h induced (+)
NDUEFS3-AcGFP; cells were loaded on a BN-PAGE gel. Holo-Cl is indicated with filled
arrowheads, subcomplexes with open arrowheads. (A) Fluorescence scan. (B) Immuno-
detection against EGFP. (C) CI in-gel activity (IGA) and immunodetection against
NDUFA9 (a measure of the total amount of CI) and SDHA (loading control).

(indicated with open arrowheads 1 to 6) in addition to monomeric
NDUEFS3-AcGFP; (indicated with open arrow head “m’). This assembly
pattern matches with previously identified endogenous NDUFS3 subcom-
plexes (Ugalde et al., 2004b;Vogel et al., 2007a). Although the two methods
gave similar subassemblies, the ratios between the individual bands differed
for each method. On the fluorogram a smaller fluorescent product was also
visible (closed circle), which was absent after immunodetection with the
antibody against EGFP. This was most probably due to the excess of
Serva Blue G in the front of the gel, which prevented the EGFP-antibody
to bind to its epitopes.

Both detection methods are appropriate for studying assembly inter-
mediates. The anti-EGFP antibody is more sensitive than the fluorscan,
because it can detect the leakage expression in the noninduced cells more
strongly. However, if extrapolation of gel data to live-imaging records is
required, the fluorescence scan is probably more appropriate than the anti-
EGFP immunodetection. Fluorescence in the gel might reflect the fluores-
cence in the cell better than an antibody, which might have different
affinities for NDUFS3-AcGPF1 in different subassemblies. In addition, the
relatively high contribution of the smaller product (closed circle) to the total
amount of fluorescence would be overlooked by use of the EGFP-antibody
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but might have a great influence on the outcome of live-imaging
experiments.

After establishing that tagged NDUFS3 can be assembled into CI, the
activity and stability of the holocomplex was analyzed. Therefore, two
other lanes of the BN-PAGE gel were incubated in 20 ml 2mM TRIS-
HCI (pH 7.4) containing 2 mg NADH and 50 mg nitrotetrazolium blue
(Sigma) for 1 h at room temperature to stain the gel for in-gel activity (IGA;
Fig. 7.5C) of CI. An additional lane-pair was blotted and subjected to
immunodetection with an NDUFA9 antibody (NDUFA9; Fig. 7.5C).
These analyses revealed an unaltered activity and amount of CI after induc-
tion, indicating that the tag did not introduce catalytic or assembly defects of
the holoenzyme. Immunodetection against a subunit of complex II (SDHA;
Fig. 7.5C) served as a loading control.

4.2. Pulse-chase labeling of complex | and its
assembly intermediates

To investigate whether there is a certain order of appearance of NDUFS3
assembly intermediates and whether there are particular bottlenecks in the
assembly process, a pulse-chase—induction experiment was performed.
Therefore, NDUFS3-AcGFP; cells were transferred to eight 75-cm?
culture flasks and cultured in 20 ml DMEM supplemented with FCS,
penicillin/streptomycin, blasticin, and hygromycin at 37° and 5% CO, to
70% confluence. To give an induction pulse, doxycycline was dissolved in
absolute ethanol to a concentration of 1 mg/ml, 1 ul of this stock was added
to the culture medium of one flask (to obtain a doxycycline concentration
of 50 ng/ml in the medium), and cells were placed at 37° and 5% CO,.
After 30 min of induction, the medium was completely aspirated from the
cells and carefully replaced by 20 ml of fresh prewarmed DMEM supple-
mented with FCS, penicillin/streptomycin, blasticin, and hygromycin.
Because HEK293 cells easily detach from the bottom, we decided not to
wash with PBS.

Cells were harvested 0, 2, 4, 6, 8, 10, 15, and 18 h after the induction
pulse and pellets were further processed for BN-PAGE analysis as described
previously (see section 4.1). To detect low expression levels better, we
blotted the gel and probed it with anti-EGFP instead of scanning it for
fluorescence. Results are shown in Fig. 7.6A. Less monomeric fusion
protein (indicated “m”) was accumulating after 18 h of chase than after
continuous induction (see Fig. 7.5B, “plus” condition and Vogel ef al.,
2007a). With this pulse-induction method we mimicked a more physio-
logic condition, because monomeric endogenous NDUFS3 is hardly
present in HEK293 cells under normal conditions (Vogel et al., 2007a).

Quantification of Fig. 7.6A may help the interpretation of the results.
Therefore, we determined the integrated optical density (I0OD) per
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Figure 7.6 Induction pulse-chase experiment of NDUFS3-AcGFP; cells. Cells were
pulse-induced for 30 min and chased for several durations. The time points after the
pulse are indicated above the lanes. (A) Mitochondrial-enriched fractions were loaded
on a BN-PAGE gel and blotted forimmunodetection against EGFP. Holo-Clisindicated
with filled arrowheads, subcomplexes with open arrowheads. (B) Quantitative analysis
of the AcGFP;-labeled subcomplexes shown in (A). IOD values were background
corrected and expressed as percentage of the maximum.

subcomplex for each time point by use of ImagePro Plus 5.1 (Media
Cybernetics) and corrected it for background. The resulting numeric values
were displayed as a percentage of the maximum value per subcomplex
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(Fig. 7.6B). During the first 10-h chase, all (sub)complexes showed an
increase of NDUFS3-AcGFP; incorporation. Surprisingly, the fully assem-
bled holo-CI showed a relatively fast increase at an early stage (between
2 and 4 h). This suggests that either incorporation of newly synthesized
subunits through subassemblies 1 to 6 is relatively fast or that it occurs
through an alternate and more direct exchange route as postulated by
Lazarou et al. (2007). Monomeric NDUFS3-AcGFP; showed the steepest
slope between 4 and 6 h, followed by subcomplex 1 between 6 to 8 h and
subcomplexes 2 to 3 between 8 and10 h. Interestingly, there seemed to be a
correlation between the molecular weight on gel and the time of reaching
the maximum. First monomeric NDUFS3-AcGFP; reached its maximum
(6 h), followed by subassemblies 1 to 3 (10 h), subassemblies 4 to 5 (15 h),
and subassembly 6 and holo-CI (18 h). These data strongly suggest that CI
is, indeed, assembled sequentially by means of steps 1 to 6.

4.3. Accumulation of complex | assembly intermediates
after chloramphenicol treatment

Chloramphenicol (CAP) can specifically inhibit the translation machinery
of the mitochondrion without affecting translation in the cytosol. Because
all mitochondrial DNA—encoded CI subunits (ND subunits) are embedded
in the inner membrane, we reasoned that CAP treatment might reveal
important clues for the role of these subunits in the appearance of the
NDUEFS3 subcomplexes 1 to 6. In absence of ND-subunits, it can be
expected that CI assembly will seize at the point at which incorporation
of these subunits is essential for formation of the next assembly intermediate.
Because induction may well interfere with accumulation, we preferred
steady-state labeling conditions. Therefore, we specifically selected a clone
with very low expression under noninduced conditions (see Fig. 7.5A-B,
“minus” signs).

We seeded NDUFS3-AcGFP; cells in two 75-cm? culture flasks and
cultured them in 20 ml DMEM supplemented with FCS, penicillin/strep-
tomycin, blasticin, and hygromycin at 37° and 5% CO, to 40% confluence.
First, a CAP stock solution was freshly prepared by dissolving 40 mg CAP
(Sigma) in 1 ml absolute EtOH. Subsequently, the medium of one flask was
replaced by 30 ml fresh medium containing 30 ul of the stock solution (to
obtain an end concentration of 40 ug CAP per ml medium). The other flask
was only refreshed with 30 ml medium. After 3 days of incubation at 37°
and 5% CO,, cells were harvested and analyzed on BN-PAGE gel as
described in section 4.1. The results are shown in Fig. 7.7.

CAP incubation induced the specific accumulation of subassemblies
2 and 3 and the disappearance of subcomplexes 4 to 6 and holo-CI
(Fig. 7.7A). This was paralleled by a reduced in-gel NADH-NTB activity
(IGA; Fig. 7.7B) and a decrease in the total amount of CI (NDUFAY;
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Figure 7.7 Subcomplexes 2 and 3 accumulate on mitochondrial translation. NDUFS3-
AcGFP; “leakage” cells were 0 or 3 days treated with CAP (— and + respectively).
(A) Mitochondrial enriched fractions were loaded on a BN-PAGE gel and blotted for
immunodetection against EGFP. Holo-Cl is indicated with filled arrowheads, subcom-
plexes with open arrowheads. (B) CI in-gel activity (IGA) and immunodetection
against NDUFAY (a measure of the total amount of CI) and SDHA (loading control).

Fig. 7.7B). Expression of complex II was unaltered (SDHA; Fig. 7.7B).
These results suggest that CI assembly cannot proceed beyond subcomplex
2 and 3 in the absence of ND-subunits. For a more comprehensive CAP
experiment we refer to our previous study (Vogel et al., 2007a), in which
we similarly accumulated assembly intermediates 2 and 3 by inhibiting
mitochondrial translation and subsequently chased them after CAP removal.
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Abstract

Supramolecular assemblies of native membrane protein complexes were solu-
bilized from biological membranes by very mild detergents and isolated by
native electrophoresis. The complexity of these higher order structures can be
reduced for proteomic investigations by applying less mild native electrophore-
sis variants in the second dimension. Supercomplexes thereby dissociate into
the individual complexes. Clear-native and blue-native electrophoresis variants
are useful alternatives for the second native dimension, but clear-native elec-
trophoresis is advantageous for the identification of fluorescence-labeled pro-
teins and for in-gel activity assays that are hampered by Coomassie dye.
The 2-D native gels comprising two orthogonal native dimensions are useful
to determine the stoichiometry of complexes in supercomplexes. Strips from
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2-D native gels can also be used for 3-D SDS-PAGE to identify loosely bound
accessory subunits of supercomplexes. The subunit composition of super-
complexes and individual complexes is investigated by 4-D gels. The 4-D
protocol starts with isolation of highly pure membrane protein complexes by
2-D native electrophoresis, followed by doubled SDS-PAGE to resolve the
subunits.

1. INTRODUCTION

Mild neutral detergents like dodecylmaltoside (DDM) and Triton
X-100 are often used to solubilize mitochondrial complexes I to V from
the inner mitochondrial membrane. The individual complexes are then
separated according to their masses by use of acrylamide gradient gels for
blue-native electrophoresis (BNE or BN-PAGE; Schigger and von Jagow,
1991; Schigger et al., 1994; Wittig ef al., 2006). Digitonin, which is one of
the mildest detergents, can preserve some labile physiological interactions
between individual complexes. For example, respiratory supercomplexes
[ITI,IV_4 containing monomeric complex I, dimeric complex III, and a
variable copy number of complex IV (0 to 4) can be isolated from mamma-
lian mitochondria (Schigger and Pfeifter, 2000). The molar ratio of com-
plexes within supercomplexes can be determined by use of the apparent
masses of supercomplexes in BNE (Schigger ef al., 1994) and by densito-
metric quantification of the constituent complexes in 2-D BN/BN gels.
Modified BNE with the detergent DDM added to the cathode buffer is
thereby used for the second-dimensional resolution (Schigger and Pfeifter,
2000), because addition of detergent makes BNE less mild and dissociates
supramolecular structures into the constituent complexes.

Noncolored variants of BNE like clear-native electrophoresis (CNE;
Schigger ef al., 1994; Wittig and Schigger, 2005) and high-resolution
clear-native electrophoresis (hrCNE; Wittig et al., 2007a,b) have been
shown to be advantageous for the identification and quantification of
fluorescence-labeled proteins in the native gels and for in-gel catalytic
activity assays. For a review of features and applications of BNE, CNE,
and hrCNE, see Wittig and Schigger (2008). hrCNE seems especially
interesting for 2-D native separations, because it offers high resolution
comparable to BNE and has the potential to release individual complexes
from supercomplexes similar to modified BNE with detergent added to the
cathode buffer.

In this chapter we suggest to use two different native electrophoresis
variants sequentially according to their special advantages for the first or
second dimensional native separations. Solubilization by digitonin and
separation by BNE should be used first to preserve supramolecular
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structures. CNE is even milder; however, it suffers from streaking of many
membrane proteins. Ideally, hrCNE is used next for the second-
dimensional resolution, because less mild conditions are desired to achieve
smooth disintegration of supercomplexes into the constituent complexes
without significant further dissociation. Second-dimensional hrCNE allows
for immediate identification and quantification of fluorescence-labeled
proteins in the 2-D native gel. No background Coomassie stain, as observed
with modified BNE (with DDM), can hamper the visualization of in-gel
activities.

2. MATERIALS AND METHODS

2.1. Materials

Coomassie Blue G-250 (Serva Blue G) abbreviated here as Coomassie dye,
acrylamide, and bisacrylamide (the twice crystallized products) were pur-
chased from Serva. Dodecyl-B-D-maltoside (DDM) was from Glycon
(Luckenwalde, Germany), and digitonin (catalog number 37006, >50%
purity, used without recrystallization) from Fluka. Sodium deoxycholate
(DOC) was obtained from Merck. Fluorescent monoreactive N-hydroxy-
succinimide (NHS) ester dyes (Cy5 and Cy5.5) were purchased from GE
Healthcare. All other chemicals were from Sigma. Bovine heart mitochon-
dria were prepared according to Smith (1967) and finally washed twice with
10 mM sodium phosphate bufter to remove primary amines that would
hamper fluorescence labeling of lysines by use of NHS ester CyDyes.

2.2. Summary of electrophoretic and accessory protocols

Bufters and protocols for BNE and SDS-PAGE originally described by
Schigger and von Jagow (1991) and Schigger et al. (1994) were recently
updated by Wittig ef al. (2006) and Schigger (2006). Protocols for CNE and
hrCNE and for final SDS-PAGE were published by Schigger et al. (1994),
Wittig and Schigger (2005), and Wittig ef al. (2007a,b).

The 2-D BN/BN electrophoretic system comprising BNE for the first
electrophoresis and modified BNE (0.02% DDM added to the cathode
buffer) for second-dimensional resolution has been described by Schigger
and Pfeiffer (2000). Strips from such 2-D native gels were processed by 3-D
SDS-PAGE as described by Schigger and Pfeiffer (2000). Gel pieces from
2-D native gels containing multiprotein complexes can be further resolved
by doubled SDS-PAGE (Rais ef al., 2004). This 4-D system comprises
two orthogonal native electrophoreses followed by two orthogonal
SDS-PAGEs (Meyer et al., 2007).
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Fluorescence labeling that uses NHS ester CyDyes (Wittig ef al., 2007a),
Coomassie staining (Wittig et al., 2007b), silver staining (Rais ef al., 2004),
and in-gel catalytic activity assays (Wittig et al., 2007a,b) have been
described recently. The novel combination of BNE and hrCNE to generate
a 2-D native BN/hrCN system is described in the following.

2.3. Short protocols for nonconventional 2-D
and multidimensional gels

2.3.1. Gel and sample preparation
Acrylamide gradient gels for BNE were cast according to Wittig ef al.
(2006). Here we used 3 to 13% acrylamide gradient gels to cover the
10-kDa to 10-MDa protein mass range. Buffers and stock solutions for
specific electrophoresis variants are summarized in Tables 8.1 and 8.2.
Fluorescence labeling of membrane proteins can be performed with
biological membranes before detergent is added or after solubilization by
detergent. Here we used bovine heart mitochondria that had been labeled
by the monoreactive fluorescent NHS esters dyes Cy5 or Cy5.5. Note,
however, that these cheaper dyes are not suitable for DIGE experiments in

Table 8.1 Buffers and stock solutions for native gels

Solution Composition

Gel bufter 3x (triple 1.5 M 6-aminohexanoic acid, 75 mM
concentrated) imidazole/HCI (pH 7.0)

AB mix (49.5%T, 3%C - 48 g acrylamide and 1.5 g bisacrylamide
acrylamide-bisacrylamide per 100 ml
mixture)

“Solubilization buffer A 50 mM NaCl, 2 mM 6-aminohexanoic

acid, 1 mM EDTA, 50 mM imidazole/
HCI, pH 7.0 (4°).

bSolubilization buffer B 500 mM 6-aminohexanoic acid, 1 mM
EDTA, 50 mM imidazole/HCI, pH 7.0
(at 4°).

5% Coomassie dye stock 5 g Coomassie dye suspended in
100 ml 500 mM 6-aminohexanoic acid

Glycerol/Ponceau S stock 50% glycerol (wt/vol), 0.1% Ponceau S

Anode bufter for BNE, CNE, 25 mM imidazole/HCI, pH 7.0
and hrCNE

“ Solubilization buffer A is commonly used.
b Solubilization buffer B is used when protein aggregation during protein entry into the native gel
(because of high ionic strength) is observed and to dilute samples containing high salt concentration.
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Table 8.2 Cathode buffers for native gels

BNE
— Modified BNE
CNE B B/10 (+DDM) "hr CNE
Tricine (mM) 50 50 50 50 50
Imidazole (mM) 7.5 7.5 7.5 7.5 7.5
Coomassie dye (%) — 0.02 0.002 0.02 —
DOC (%) — — — — 0.05
DDM (%) — — — 0.02 0.02
‘PH ~7.0 ~7.0 ~7.0 ~7.0 ~7.0

“ Do not adjust the pH, which is approximately 7.0, except potentially with Tricine or imidazole.
¥ The cathode buffer for the hr CNE-1 variant, as described by Wittig ef al., (2007a) was used for
this work.

contrast to CyDIGE Fluor dyes Cy2, Cy3, and Cy5. The dye was dissolved
in dimethylformamide (10 ug/ul), and aliquots were stored in liquid nitro-
gen for several weeks before use; 10-ul aliquots were added to 10 mg of
mitochondria in 1 ml 250 mM sucrose, 20 mM sodium phosphate, pH 7.5,
and gently shaken in the dark for 1h at approximately 20°. Labeled
mitochondria were sedimented by centrifugation (10 min, 20,000¢) and
stored at —80°.

Here we solubilized fluorescent-labeled bovine heart mitochondrial
membranes by the mild neutral detergent digitonin to preserve supramo-
lecular structures of mitochondrial respiratory chain complexes with masses
larger than 2 MDa. Supercomplexes of respiratory complexes I, III, and IV
(I{1I1,IV,)) contain monomeric complex I (approximately 1 MDa), dimeric
complex III (approximately 500 kDa), and a varying copy number (n = 0 to 4)
of complex IV (approximately 200 kDa for the monomer). Solubilization of
small aliquots of sedimented membranes for application to 1-cm gel wells is
described in the following: 14 times larger amounts were often handled to load
preparative 14-cm-wide gels.

Aliquots of mitochondrial membrane pellets (400 ug protein) were
suspended with 40 ul solubilization buffer A (Table 8.1) by vortexing;
8 ul 20% digitonin was then added to set a digitonin/protein ratio of 4 g/g
for solubilization. After 5 to 10 min incubation at 20° or on ice, the sample
was centrifuged for 10 min at 100,000¢ to remove undissolved material. After
centrifugation, approximately 50% of the total protein was found in the
supernatant. Glycerol/Ponceau S stock (5 ul) was then added to facilitate
sample application to the gel, and finally 4 ul Coomassie stock was added to
set a Coomassie dye/digitonin ratio of 1:8 g/g. The total supernatant con-
taining approximately 200 pg protein in a 50 pl volume was applied to a
10 mm x 1.5 mm gel well for BNE.
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2.3.2. 2-D BN/SDS-PAGE

2-D BN/SDS-PAGE is a commonly used technique to analyze the subunit
composition of native complexes. It is briefly described here for comparison
with 2-, 3- and 4-D techniques that use two native separations for the initial
purification of native protein complexes.

The native gel for BNE was mounted into the electrophoresis chamber,
and anode bufter (Table 8.1) was added to the lower compartment. Dark
blue cathode bufter B (Table 8.2) was added to the upper compartment
before protein samples were underlayed the cathode buffer. By use of gels
with dimensions 1.5 mm X 14 cm X 14 cm and an electrophoresis appara-
tus without special cooling device we typically set the limits to 500 V and
15 mA per gel. The actual running conditions at the start of electrophoresis
were approximately 200 V and 15 mA. Voltage was gradually raised to 500
V during electrophoresis. When Coomassie dye reached approximately one
third of the total running distance, cathode buffer B was removed by suction
and replaced by cathode buffer B/10 (Table 8.2) containing 1/10th of the
previous dye concentration. Electrophoresis was performed at a tempera-
ture of 4 to 7° and required 2 to 4 h. Gel strips from BNE (Fig. 8.1A) were
then prepared for SDS-PAGE in the second dimension as described
(Schigger, 2006; Wittig et al., 2006). After 2-D SDS-PAGE that removed
Coomassie dye from the proteins, the fluorescence-labeled protein subunits
were visualized with a Typhoon laser scanner (Fig. 8.1B) and then reused
for silver staining (Fig. 8.1C).
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Figure 8.1 2-D BN/SDS-PAGE of mitochondrial complexes. 1, respiratory supercom-
plex LIILIV,. M, D, T, H, monomeric, dimeric, tetrameric, and hexameric ATP synthase.
I, 1L, IIL, IV, respiratory complexes I, III, and IV. (A) Bovine heart mitochondria were
solubilized by digitonin, and the solubilized complexes were separated by BNE in the
first dimension. (B) Detection of Cy5.5-labeled protein subunits after SDS-PAGE in the
second dimension. (C) Gel B was reused for silver staining.
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2.3.3. 2-D BN/hrCN electrophoresis

2-D BN/hrCN electrophoresis is a novel combination of two published
native electrophoresis systems with some similarities and differences com-
pared with 2-D BN/BN electrophoresis (Schigger and Pfeifter, 2000;
Wittig et al., 2006). The initial steps of the 2-D BN/BN and 2-D BN/
hrCN variants are identical:

Gel strips from BNE (0.15 mm X 10 mm; see Fig. 8.2A) were incubated
for seconds in water, and the strips were placed on glass plates at the
common sample gel position. Spacers that ideally are thinner than the BN
gels (1.5 mm) to avoid gliding of the gel strip were mounted. The second
glass plate was put on top, the assembly was fixed with clamps, excess water
was removed from the native gel strip with papers, and after a few minutes
(for a better adherence of the gel strips to the glass plates) the gel was
carefully brought to the upright position.

An acrylamide gradient gel (5 to 16%) was cast below the BN gel strip
with the same buffers and stock solutions as described for casting BN gels
(Wittig et al., 2006; see also Table 8.1) and overlayed with some drops of
water before polymerization. The overlayed water should not reach the gel
strip at that time point. After polymerization, more water was added to
surround the BN gel strip. The strip was then gently pushed down to the
freshly polymerized separating gel with appropriate plastic cards. After
removal of water, the gaps between the BN gel strip and side spacers were
filled with a 4% acrylamide native gel to guarantee homogeneous field
strength during the following hrCNE.

The gel was mounted into a vertical electrophoresis chamber, anode
buffer was added to the lower compartment (Table 8.1, the same as used
for BNE), and the cathode buffer for the hrCNE-1 variant (Table 8.2) was
added that contains mixed micelles from 0.05% sodium deoxycholate (DOC)
and 0.02% dodecylmaltoside (DDM), as described by Wittig ef al. (2007a).
The hrCNE-1 variant is the only variant used for the present work and is,
therefore, abbreviated here as hrCNE for simplicity. Mixing DOC and
DDM seems to alter considerably the critical micelle concentration of
DOC (CMC approximately 1%) that is also the minimum concentration to
keep membrane proteins in solution. Here it was possible to use considerably
lower DOC concentrations (0.05% mixed with 0.02% DDM) to keep
membrane proteins soluble during electrophoresis. This reduced DOC
concentration was harsh enough to dissociate most supramolecular structures
into the constituent complexes but was sufficiently mild to avoid dissociation
and denaturation of the released individual respiratory complexes.

Electrophoresis conditions were then set according to the specific gel
dimensions and the electrophoresis apparatus (the same as used in 2.3.2. for
BNE) to avoid significant warming of the glass plates when the gel is run at
an ambient temperature of 4°. Electrophoresis was stopped before the
Coomassie dye front left the gel.
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Figure 8.2 2-D BN/hrCN separation of oligomeric ATP synthase and monomeric
respiratory complex II. Assignment of respiratory complexes and ATP synthase forms
as in Fig. 8.1. (A) Supercomplex LIILLIV; (marked 1) comigrated with dimeric ATP
synthase (marked D) in the 1-D BN gel. (B) The BN gel strip was then processed by
hrCNE in the second dimension to generate a 2-D system that is native in both dimen-
sions. The second native electrophoresis (hrCNE) is less mild than the first one (BNE)
and dissociated supercomplexes into the individual complexes. Various oligomeric
forms of complex V (M, D, T, H) were converted to the monomeric form by hrCNE.
(C) Gel B was reused for an ATP hydrolysis assay to identify the different ATP synthase
forms, the catalytically active F; subcomplex, and the F; subcomplex associated with a
ring of c-subunits (F;-c). (D) Gel C was reused for Coomassie staining to obtain a survey
of the individual mitochondrial complexes that were released from the larger
supercomplexes by hrCNE in the second dimension. (E) In-gel succinate/NTB
reductase assay to identify complex II.
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2-D BN/hrCN gels, still shielded by the glass plates, were then inspected
for fluorescence-labeled proteins and complexes (Figs. 8.2B and 8.3B).
Complete lanes from 2-D BN/hrCN gels containing, for example, respira-
tory complexes I, III, and IV as the major components released from respira-
tory supercomplexes can be marked on both glass plates (vertically boxed
strip in Fig. 8.3B) and cut out for separation of the protein subunits by 3-D
SDS-PAGE (see Fig. 8.4BC). Similarly, gel pieces containing complexes or
supercomplexes can be excised for dASDS-PAGE (see Fig. 8.4DE).

2.3.4. Processing of 2-D BN/hrCN gels for SDS-PAGE

Gel strips from 2-D BN/hrCN gels were commonly wetted for 10 to 30 min
with 1% SDS for final 3-D SDS-PAGE. Alternately, 1% SDS, 1% mercap-
toethanol can be used for 30 min (at 37° in a sealed Falcon tube) in the rare cases
when breaking of disulfide bonds is important (Wittig et al., 2006). Tricine-
SDS-PAGE (Schigger, 2006) is preferred to Laemmli SDS-PAGE whenever
SDS-PAGE follows a native electrophoretic separation, because broad protein
bands from broad native gel strips are well focussed to sharp protein spots
because of the relatively high ionic strength of the separating gel.

Gel pieces from 2-D BN/hrCN gels containing, for example, highly
purified multiprotein complexes were incubated for 30 min with 1% SDS,
0.05% Coomassie dye before they were used for dSDS-PAGE (Rais ef al.,
2004). Optimal overall resolution for 10- to 100-kDa proteins is achieved
with 10% or 12% acrylamide gels with 6 M urea for 3-D Tricine-SDS-
PAGE, followed by 16% acrylamide gels (without urea) for the next
orthogonal 4-D SDS-PAGE.

3. ANALYSIS OF MITOCHONDRIAL SUPERCOMPLEXES

A straightforward approach to analyze the subunit composition of
complexes (e.g., for mass spectrometric or immunological analyses) is sepa-
ration of native complexes by BNE followed by resolution of the subunits
by SDS-PAGE. This reference system is briefly discussed in section 3.1.
Higher order structures like respiratory chain supercomplexes or oligomeric
ATP synthase, however, are often too complex for this two-step approach.
Alternative protocols to reduce the complexity seem highly welcome (see
sections 3.2. and 3.3).

3.1. 2-D BN/SDS-PAGE

Here, we separated digitonin-solubilized fluorescence-labeled bovine heart
mitochondria by BNE. Fixation and Coomassie staining were required to
detect the bands of separated complexes I, III, IV; and the monomeric (M);
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Figure 8.3 2-D BN/hrCN separation of mitochondrial supercomplexes. Respiratory
complexes and ATP synthase forms were assigned as in Fig. 8.1. (A) Supercomplexes
LIII,IV(_; (marked O to 3) containing monomeric complex I, dimeric complex III, and
zero to three copies of complex IV were resolved by 1-D BNE. (B) Detection of
fluorescence-labeled complexes after 2-D BN/hrCNE separation. Vertical gel strip
(boxed) containing all fragments that were released from supercomplexes by hrCNE
(as used for the final 3-D SDS-PAGE,; see Fig. 84B,C). Labile subunits and potentially
novel accessory proteins of supercomplexes can be expected in the marked gel area
(ellipsoid). Two spots comprising a respiratory supercomplex and monomeric ATP
synthase (boxed gel pieces) were used for dSDS-PAGE (see Fig. 84D,E). (C) A gel compa-
rable to Fig. 8.3B was Coomassie stained. (D) Another similar gel was used for the NADH/
NBT reductase assay to identify respiratory complex I (marked I), a presumed LIV,
supercomplex (marked d) containing complexes I and IV, supercomplexes LIII,IV,_ 3
(marked 0 to 3), and a presumed flavoprotein subcomplex of complex I (marked x). (E) A
native heme stain assay identified horizontally aligned spots of complex IV (arrows) that
were derived from bands a, b, ¢, d, and supercomplexes 0 to 2. The assay identified also
complex IIT and for unknown reasons monomeric complex V as well. Tentative assign-
ments of further complexes: band a, monomeric complex I'V; band b, dimeric complex IV;
band c, supercomplex IILLIV,, and band d, supercomplex LIV;.
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Figure 8.4 Separation of subunits of complexes by 3-D and 4-D SDS-PAGE. 0, L, II1, IV,
andV, residual supercomplex 0, and mitochondrial complexes I, III, IV, and V that were
released from supercomplexes and oligomeric ATP synthase by second dimensional
hrCNE. (A) Coomassie-stained gel strip from the 2-D BN/hrCN gel (boxed vertically
in Fig. 8.3B). (B) Detection of fluorescence-labeled protein subunits after 3-D Tricine-
SDS-PAGE with a 16% acrylamide gel. (C) Gel B was reused for silver staining. Note
the strongly differing fluorescence- and silver-stain intensities of two selected proteins
(< and *). Labile subunits and novel accessory proteins generally are located on
the right half of 3-D gels. (E) Spots containing residual supercomplex and mono-
meric complexV (boxed gel pieces in Fig. 8.3 B) were resolved by dSDS-PAGE (i.e., by
3-D Tricine-SDS-PAGE with 12% acrylamide, 6 M urea gels followed by 4-D
Tricine-SDS-PAGE with 16 % acrylamide gels).

dimeric (D); tetrameric (T); and hexameric (H) forms of complex V, the
mitochondrial Fi{F5 ATP synthase (Fig. 8.1A). Dimeric complex V comi-
grated with supercomplex IIII,IV, (marked 1). Inspecting the native gel
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before fixation (not shown), some blue-stained protein bands might be
detectable but no fluorescent band, because Coomassie dye quenches
approximately 95% of the fluorescence (Wittig et al., 2007a). After Tri-
cine-SDS-PAGE in the second dimension that removed protein-bound
Coomassie dye, some fluorescence-labeled protein subunits were visualized
with a Typhoon laser scanner (Fig. 8.1B). More proteins and characteristic
subunit patterns of complexes were revealed after silver staining (Fig. 8.1C).
For example, subunits of complexes I and III were identified in the column
of subunits of dimeric complex V, suggesting that a respiratory supercom-
plex (marked 1) comigrated with dimeric complex V (D). The relatively
low number of clearly fluorescence-labeled protein subunits can be
explained by selective fluorescence labeling of the readily accessible protein
surfaces. Occluded protein areas seem to remain unlabeled. Major difter-
ences between Fig. 8.1B and Fig. 8.1C can, thus, give first hints on the
topology of proteins in multiprotein complexes.

3.2. 2-D BN/hrCN electrophoresis

BNE has been combined previously with modified BNE (with DDM added
to the cathode buffer) to build a 2-D BN/BN system. This 2-D native
system has been used to investigate the constituents of supercomplexes and
to determine the ratio of these components in the supercomplexes
(Schigger and Pfeifter, 2000, 2001). Here, we combined BNE with
hrCNE to build a 2-D BN/hrCN system offering advantages for fluorescent
and functional analyses (e.g., to analyze oligomeric complex V, complex II
(Fig. 8.2), and the respiratory supercomplexes [Fig. 8.3]). The 2-D BN/
hrCN system seems especially advantageous for catalytic activity assays,
because no Coomassie dye can interfere with the color of the activity
stain, and no Coomassie dye can bind to substrates like cytochrome ¢ in
catalytic activity assays (e.g., of cytochrome ¢ oxidase [complex IV]).

BNE was performed under the same conditions as used for Fig. 8.1A,
and comparable resolution and band patterns were obtained (Fig. 8.2A).
The strongest band in the high mass region contained respiratory super-
complex LiITI,IV; (marked 1) overlayed with some comigrating dimeric
complex V.

After 2-D BN/hrCNE, the gel was inspected for fluorescence-labeled
proteins by a Typhoon laser scanner (Fig. 8.2B). The most prominent spots
could be assigned to the monomeric (M) and oligomeric forms (D, T, H) of
complex V. Faint spots could be attributed to individual complexes I and
III. This 2-D gel was then reused to measure the ATP hydrolysis activity of
complex V by the intensity of the white lead phosphate precipitates that
appeared on release of phosphate from ATP during the catalytic cycle
(Fig. 8.2C). In addition to the oligomeric forms of ATP synthase that
were already identified by their fluorescent labels (Fig. 8.2B), two further
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protein complexes with ATP hydrolysis activity were detected below
monomeric complex V (M). This position in the 2-D gel indicated that
both additional complexes were smaller than monomeric complex V and
that they dissociated from monomeric complex V during 2-D hrCNE.
Most likely these spots represent Fy and Fi-c¢ subcomplexes that had been
identified as stable subcomplexes in a different context with human mito-
chondrial biosynthesis disorders (Carrozzo ef al., 2006). After documenta-
tion of the 2-D gels, the white lead phosphate precipitates were dissolved by
10% acetic acid, and the same gel was reused for Coomassie staining
(Fig. 8.2D). All complexes that had not been part of supramolecular struc-
tures during 1-D BNE (i.e., the individual complexes I, II, III, IV, and M)
were found on a diagonal of spots in the 2-D gel. These bands of individual
complexes, especially those with high mass like complexes I and V, appear
as fairly broad bands, because the complexes were almost immobilized in
the first-dimension BNE when they approached their mass-specific pore-
size limits in the acrylamide gradient gel. Therefore, they were not easily
transferred to the following hrCN gel. Individual complexes that are
released from supramolecular structures, however, are significantly smaller
than the original assemblies. Therefore, they gain higher electrophoretic
mobility on dissociation from the supercomplexes and appear as much
sharper spots in the 2-D BN/hrCN gel. For example, all oligomeric
forms of complex V (D, T, and H, assigned on top of Fig. 8.2D) gave rise
to comparably sharp spots after dissociation into the monomeric form
(assigned M on the left side of Fig. 8.2D). Similarly, supercomplex
LTIV, (marked 1) dissociated into sharp spots of the individual complexes
(assigned I, III, and IV on the left side of Fig. 8.2D).

Complex II was identified by the succinate/NTB reductase activity
assay. Its position on the initial BN gel indicated that complex II was clearly
smaller than complex IV (200 kDa) and presumably was present in a
monomeric state (calculated mass 130 kDa). Mass calibration (not shown)
can be obtained from the migration distance of complexes assigned in
Fig. 8.2AD and the masses given in Wittig et al. (2006).

The analysis of respiratory supercomplexes started with BNE similar to
Fig. 8.2A, except that Cy5-labeled (instead of Cy5.5-labeled) mitochondria
were used. Unintended minor experimental variations led to improved reso-
lution in the high mass range in this experiment so that additional minor bands
of further supercomplexes I1I11,IV(_3 (marked O t 3 in Fig. 8.3A) close to
dimeric complex V could be detected and assigned. After 2-D BN/hrCNE, a
laser scanner was used to inspect the 2-D gel for fluorescence-labeled proteins
(Fig. 8.3B). Both major supercomplexes (marked 1 and O in Fig. 8.3A) dis-
sociated partially, as visualized by the characteristic pairs of spots of complexes I
and IIT within the boxed vertical strip (marked I and III on the left side of
Fig. 8.3B). A similar protein pattern was also observed after Coomassie staining
(Fig. 8.3C). The Coomassie-stained gel revealed that some protein subunits
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dissociated from the complexes and migrated close to the dark blue electro-
phoretic front (ragged blue bottom area). The area above (ellipsoid) is expected
to contain detergent-labile proteins or potentially novel accessory proteins of
supercomplexes. A mass spectrometric survey of the dissociated proteins and
complexes can be obtained with gel strips from unfixed fluorescence-labeled
gels (vertically boxed area in Fig. 8.3B) and separation of the proteins by 3-D
SDS-PAGE (see Fig. 8.4BC).

The in-gel NADH/NTB reductase assay (Fig. 8.3D) identified complex I
(marked 1), a number of respiratory supercomplexes (marked O to 3), a
supercomplex containing complexes I and IV but no complex III (marked
d), and a much smaller compound (marked x) that presumably represented
the flavoprotein part of complex I with a mass approximately 200 kDa. The
preceding assignment was also deduced from comparison with the in-gel
heme stain according to Zerbetto ef al. (1997) that identified complexes IV
and III with comparable signal intensities (Fig. 8.3E), and for unknown
reasons also marked complex V (M), which does not possess a heme group
of its own. Complexes and supercomplexes resolved by 1-D BNE could be
aligned with the columns of dissociated complexes (marked by arrows). Band
a with lowest mass in BNE was assigned to monomeric complex IV. The
complex remained essentially unchanged after 2-D BN/hrCNE. Complex b
migrating close to complex III (480 kDa) in the BN gel most likely was
dimeric complex IV (2 x 200 kDa). It was dissociated into the monomers by
hrCNE in the second dimension. Complex ¢ comigrating with complex I
(1 MDa) was dissociated into the individual complexes III and IV and
presumably represented a III,IV, supercomplex (calculated mass 980 kDa).
Band d was interpreted as a {1V -supercomplex, because released complexes
[ and IV were identified but no released complex III (Fig. 8.3DE). Complex
0 was interpreted as the core supercomplex [ 111, not containing complex IV,
because hrCNE did not release any complex IV (i.e., the corresponding
arrow pointed to a gap in the horizontally aligned spots of complex IV).
Band 1 (supercomplex I11I1,IV;) was dissociated by hrCNE into complex I
(Fig. 8.3D), complex IV (Fig. 8.3E), and complex III (optimally detected in
Fig. 8.3BC).

3.3. Final 3-D SDS-PAGE or dSDS-PAGE

Fluorescence-labeled spots of complexes in the 2-D native gels were iden-
tified with a laser scanner, and the positions were marked on both covering
glass plates. After removal of one glass plate, 1-cm-wide gel strips (e.g.,
containing all proteins and complexes that were released from supercom-
plexes [marked 1 and 0; boxed vertically in Fig. 8.3B]) were excised for 3-D
SDS-PAGE. A typical Coomassie-stained gel strip from the 2-D BN/hrCN
gel is shown in Fig. 8.4A. After resolution by 3-D SDS-PAGE, fluorescence-
labeled subunits of supercomplex 0, of complexes I, V, III, and IV, and



Two-Dimensional Native Electrophoresis 167

dissociated individual proteins (located on the right half of the 3-D gel) were
detected by their fluorescence (Fig. 8.4B) or after silver staining (Fig. 8.4C).
Conditions and detergents used for fluorescence labeling seemed critical. We
observed highly specific labeling under the conditions used here. For exam-
ple, a 30-kDa protein (marked by arrowhead) showed intense fluorescence
labeling but was hardly identified in silver stain. Another protein (marked *)
was detected only in silver stain. The dissociated individual proteins mostly
are detergent-labile subunits of the supercomplexes and constituent com-
plexes but also comprise novel proteins associated with supercomplexes that
previously escaped detection. Supercomplex—associated proteins can be
identified by mass spectrometric analyses, because these proteins are well
separated from most of the protein subunits comprised in the residual
individual complexes (Schigger ef al., manuscript in preparation).
Thorough protein analysis of multiprotein complexes requires highly pure
complexes that can be isolated by the 2-D BN/hrCN system and processed
by final dSDS-PAGE for mass spectrometric identification of the protein
subunits. Gel pieces containing residual supercomplex or monomeric ATP
synthase (boxed in Fig. 8.3B) were excised here and resolved by dSDS-PAGE
as exemplified with Fig. 8.4DE. A similar 4-D electrophoretic approach that
uses the 2-D BN/BN system for the isolation of highly pure native ATP
synthase has been described recently for the identification of two novel
accessory proteins of mammalian ATP synthase (Meyer ef al., 2007).
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Abstract

Complex | deficiency is probably the most common enzyme defect among the
group of OXPHOS disorders. To evaluate a deficiency of complex | activity,
biochemical measurements based on estimation of the mitochondrial
rotenone-sensitive NADH: ubiquinone oxidoreductase activity are an important
tool. Skeletal muscle is the most widely used tissue to examine complex |
deficiency. However, obtaining a muscle biopsy requires an invasive surgical
operation. It is much easier to obtain blood lymphocytes or skin fibroblasts,
and, moreover, these cells can be expanded in number by standard techniques
for extensive research on complex I. On the other hand, each of these cell types
has disadvantages that hinder its measurement, such as the apparent low
enzyme activity of lymphocytes and the highly contaminating nonmitochondrial
NADH-quinone oxidoreductase activity of fibroblasts. This chapter describes
a method to assay complex | activity reliably in a minute amount of either
cell type.
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1. INTRODUCTION

The oxidative phosphorylation (OXPHOS) system is located in the
inner mitochondrial membrane and is composed of five individual func-
tional enzyme complexes. Complexes I, III, and IV are arranged as super-
complexes (Schagger and Pfeifter, 2000) containing two additional electron
carriers, coenzyme Qqq (ubiquinone), and cytochrome c.

The NADH: ubiquinone oxidoreductase, or complex I, with a total
molecular mass of about 900 kDa, is the largest of these five enzyme
complexes and is composed of seven subunits encoded by mitochondrial
DNA (mtDNA) and 38 nuclear-encoded subunits (Carroll et al., 2006).
Although all of its subunits have been identified, how complex I assembles,
which proteins aid this process (Lazarou ef al., 2008), and how complex I
assembles further into higher ordered respirasomes with complex IIT and IV
(Schafer et al., 2006) is only partly understood. Its L-shape configuration
contains a water-soluble peripheral arm protruding into the mitochondrial
matrix and a water-insoluble hydrophobic arm embedded in the inner
mitochondrial membrane (Brandt, 2006; Carroll et al., 2003). The periph-
eral arm contains the FMN cofactor and several iron-sulfur clusters that
provide a bifurcated electron transfer pathway (Verkhovskaya ef al., 2008)
from NADH to ubiquinone, facilitating a state that might be required for
conformational change of the membrane arm of the complex to translocate
protons from the mitochondrial matrix to the intermembrane space.
The subsequent proton motive force will drive the synthesis of ATP by
complex V (Brandt, 2006; Ohnishi and Salerno, 2005).

Isolated complex I deficiency is probably the most common enzymatic
defect of the oxidative phosphorylation disorders (Loeften et al., 2000).
Clinical presentation of complex I deficiency starts mostly at birth or early
childhood and includes a great variety of clinical presentations, ranging from
lethal neonatal disease to adult-onset neurodegenerative disorders that
complicate the diagnostic process in individual patients. Mutations or dele-
tions in mitochondrial and nuclear genes appear to account for approxi-
mately 50% of the cases of complex I deficiency (Thorburn et al., 2004). At
present, it is becoming clear that mutations in assembly factor genes lead to
impaired assembly and subsequent dysfunction of complex I as well
(Dunning et al., 2007; Ogilvie et al., 2005; Pagliarini et al., 2008; Saada
et al., 2008).

Sskeletal muscle is the tissue most widely used for respiratory chain
enzyme studies. Unfortunately, a biopsy that is large enough for extensive
research requires a surgical operation. It would be more convenient to use
tissue that can be obtained in a minimally invasive manner and expanded
in vitro, such as blood cells or skin fibroblasts. However, determination of
complex I in fibroblasts is difficult because of the high activity of
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contaminating rotenone-insensitive NADH dehydrogenases (Chretien
et al., 1994), and in blood cells the apparent low enzyme activity hampers
its proper assay.

This chapter describes a method to measure complex I activity spectro-
photometrically in blood lymphocytes and in cultured skin fibroblasts in a
limited amount of sample with minimal interference of contaminating
rotenone-insensitive NADH dehydrogenases, providing a reliable tool in
diagnosing respiratory chain disorders and in studying the relationship
between the structure of complex I and its enzyme activity.

2. CoOMPLEX | ACTIVITY MEASUREMENT

2.1. Background

Mitochondrial NADH oxidation may proceed by means of two pathways.
In one, NADH is oxidized by means of a rotenone-sensitive route by the
NADH: ubiquinone oxidoreductase, which is located at the inner side of
the mitochondrial inner membrane. In the other, NADH is oxidized in a
rotenone-insensitive manner by NADH: cytochrome b5 oxidoreductase
(EC 1.6.2.2), which is located in the mitochondrial outer membrane
(Sottocasa et al., 1967). The most characteristic enzyme activity of
complex I is its rotenone-sensitive NADH: ubiquinone reductase (EC
1.6.99.3). Hence biochemical measurement of complex I is based on esti-
mation of that specific rotenone-sensitive enzyme activity (Fischer et al.,
1986). The NADH binding site of the enzyme is located in the peripheral
arm of the complex; the ubiquinone-binding site resides in its hydrophobic
membrane arm (Brandt, 2006; Carroll ef al., 2003; Degli Esposti and Ghelli,
1994; Friedrich et al., 1993; Walker, 1992). The complex I inhibitor
rotenone binds to that latter site and its inhibitory effect on the enzyme
reaction is generally accepted as a standard for the integrity of complex I.
For the initial steady-state analysis of complex I, artificial electron accep-
tors such as ferricyanide (Galante and Hatefi, 1978) and 2,6-dichloroindo-
phenol (Doojjewaard and Slater, 1976; Galante and Hatefi, 1978; Janssen
et al., 2007; Jewess and Devonshire, 1999; Majander ef al., 1991; Saada et al.,
2004) have been used. However, because these artificial electron acceptors
react with the NADH binding site of those enzymes only, the assay is not
rotenone sensitive, and, therefore, discrimination between complex I and
other NADH dehydrogenases is not possible. Consequently, the use of
such electron acceptors in the assay of complex I will not reveal any defects
further down the electron pathway leading to the ubiquinone binding site in
the enzyme complex (Ragan ef al., 1987; Verkhovskaya et al., 2008). Only by
addition of extra ubiquinone will such an assay acquire some rotenone sensi-
tivity, but because fibroblasts contain high activities of rotenone-insensitive
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NADH oxidases, complex I is still difficult to detect (De Wit ef al., 2008;
Janssen et al., 2007). A similar reasoning holds for the recently developed
Dipstick Assay (Mitosciences, Eugene, Oregon). In this assay complex I is
immunoprecipitated on a dipstick and its activity measured in gel as NADH
dehydrogenase activity, which is, of course, not rotenone sensitive. Although
this method is easy to carry out and could be of value in obtaining preliminary
indication for a deficiency of complex I, to obtain abnormal values, a more
specific biochemical measurement should be performed, which is focused on
the function of the entire enzyme. To study the biochemical function of
complex I, an assay that uses ubiquinone as electron acceptor would be ideal.
However, a water-soluble ubiquinone analog would be a more appropriate
electron acceptor.

It is important to note that the accumulation of rotenone at its binding
site in complex I is not instantaneous (Burgos and Redfearn, 1965; De Vries
etal., 1996; De Wit et al., 2007). Therefore, the rotenone-insensitive NADH
oxidoreductase should be determined separately from the total NADH oxi-
dase activities to discriminate complex I activity from the total NADH
oxidase activities. Because this discrimination requires a substantial amount
of material using standard methods, a reliable, miniaturized method is
needed.

2.2. Materials
2.2.1. Buffers

Phosphate-buffered saline (PBS-EDTA): 140 mM NaCl, 1.5 mM KH,PO,,
8.1 mM Na,HPO,, 2.7 mM KCl, 2 mM EDTA, pH 7.4, store at 4 °C

Ammonium chloride solution (NH,4CI): 155 mM NH,CI, 10 mM NaHCOs,
0.1 mMEDTA, pH 7.4, store at 4 °C

SHE: 250 mM sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.4, store
at =20 °C

2.2.2. Other solutions

Lymphoprep ™ (Axis-Shield PoC)

Complete protease inhibitors cocktail tablets (Roche Diagnostics)

4-(2-aminoethyl)-benzene sulfonyl-fluoride hydrochloride (AEBSF):
100 mM, store at —20 °C (Pefabloc SC, Roche Diagnostics)

Diisopropyl fluorophosphate (DFP): 0.2 M in dry isopropanol, store at
—80 °C (Fluka Chemica)

SHE-PIM: SHE supplemented with two Complete tablets per 50 ml, 1 mM
AEBSF and 2 mM DFP

DMEM (BioWhitaker)

Uridine (Sigma)
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Digitonin, high purity (Calbiochem): 10 mg/ml heat for 5 min at 95 °C
then cool down to room temperature, store at —20 °C

1 M K,HPO,, pH 7.4, store at 4 °C

2 M MgCl,, store at 4 °C

5% fatty acid—free bovine serum albumin (BSA-FFA), store at —20 °C
(Sigma)

5.7 mM NADH, make fresh daily

0.2 M KCN, make fresh daily

7.3 mM antimycin in dimethyl sulfoxide (DMSO), store at —20 °C (Sigma)

2.8 mM coenzyme Q; (CoQy) in ethanol, store at —20 °C (Sigma)

0.36 mM rotenone in DMSQO, store at —20 °C (Sigma)

2.3. Equipment

Cary 300 Bio Spectrophotometer (Varian Inc., Middelburg, The Netherlands)

Cary WinUYV software package, version 3.00 (Varian)

Sub-microcell quartz cuvettes, 80 pl, 4 mm X 10 mm (Hellma GmbH,
Rijswijk, The Netherlands)

2.4. Methods

2.4.1. lIsolation of blood lymphocytes
Lymphocytes are isolated from blood anticoagulated with 0.18% EDTA.
Dilute the EDTA-blood by addition of an equal volume of PBS-EDTA at
room temperature (RT). Layer two volumes of diluted blood carefully over
one volume of Lymphoprep ' in a centrifuge tube and centrifuge at 800g
for 20 min at RT in a swing-out rotor. The mononuclear cells form a
distinct band at the sample/medium interface. First, remove the upper layer,
and then collect the cells from the interface. Dilute the cell fraction with
ice-cold PBS-EDTA to reduce the density of the suspension and pellet the
cells by centrifugation for 15 min at 140¢ and 4 °C. Next, lyse the erythro-
cytes with ice-cold NH,CI. Pellet the remaining mononuclear leukocytes
by centrifugation for 15 min at 140¢ and 4 °C, wash once with ice-cold
PBS-EDTA and resuspend the cells in ice-cold SHE-PIM. Count the
number of lymphocytes and rapidly freeze 50-ul aliquots at a concentration
of 100 x 10° cells per ml SHE-PIM in liquid nitrogen and store at —80 °C.
Remarks: the addition of diisofluorophosphate to the buffer is important
to effectively inhibit the active serine proteases that may come from any
contaminating blood neutrophils (Maianski et al., 2004). By reducing the
centrifugal force from the usual 250¢ to 140¢ by use of this isolation method,
the lymphocyte to platelet ratio increases from 9:15 to 9:1.
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2.4.2. Preparation of a mitochondria-enriched fraction
from fibroblasts

Human skin fibroblasts are cultured in DMEM supplemented with 10%
(vol/vol) fetal calf serum (FCS), 100 units/ml penicillin, 100 pg/ml strep-
tomycin, and 0.2 mM uridine (fibroblasts suffering from a respiratory defect
depend on uridine for their growth). Harvest approximately 7 x 10° cells,
equivalent to about 2 mg protein, from a 175-cm? culture flask by trypsi-
nization, wash with PBS at RT, resuspend in ice-cold SHE, rapidly freeze
in liquid nitrogen, and keep at —80 °C until use.

The mitochondrial fraction is isolated according to Tiranti et al. (1995)
with some small modifications. Thaw the cell suspension and dilute 1:1 with
ice-cold 0.2 mg/ml digitonin in SHE. Incubate on ice for 10 min and
centrifuge at 750¢ for 10 min at 4 °C. Save the supernatant and resuspend
the pellet in the same volume of ice-cold SHE supplemented with 0.1 mg/
ml digitonin. Incubate on ice for another 10 min, and centrifuge again at
750¢ for 10 min at 4 °C. Combine the supernatants and centrifuge at 8000¢
for 10 min at 4 °C. Resuspend the pellet in ice-cold 10 mM KP1 bufter, pH
7.4, determine the protein concentration, and freeze in liquid nitrogen. If
the mitochondrial fraction is not used immediately, store it at —80 °C.

Protein concentration can be determined by the Bio-Rad Protein assay,
which only requires 1 to 20 ug protein.

2.4.3. Spectrophotometric assay

The complex I activity is determined by measuring the oxidation of NADH
to NAD™ at 340 nm with 380 nm as the reference wavelength at 37° in an
assay mixture of 20 mM K,HPO,, pH 7.4, 4 mM MgCl,, 0.2% BSA,
200 uM NADH, 1.7 mM KCN, 3 uM antimycin, and 100 uM CoQ);.
The difference in activity with and without rotenone at a fully saturating
level of 5 uM (Majander ef al., 1996; Nakashima et al., 2002) is calculated
to differentiate complex I activity from that of the rotenone-insensitive
NADH: ubiquinone oxidoreductase (RINQ).

Thaw the frozen lymphocytes; prepare two cell concentrations by dilution
with ice-cold SHE-PIM bufter. After two additional cycles of freeze thawing,
the permeabilized cells can be used directly in the complex I activity assay.

Dilute the mitochondria-enriched fraction from fibroblasts to 0.2 to
0.6 mg/ml protein with ice-cold 10 mM KPi-bufter, pH 7.4, and freeze—
thaw by two additional cycles directly before determination of complex I. Use
at least two protein concentrations to determine complex I enzyme activity.

The assay mixture contains 25 mM K,HPO,, pH 7.4, 5 mM MgCl,,
0.25% BSA, 3.7 uM antimycin, and 2 mM KCN.

1. Transfer 120 pl of the assay mixture to a test cuvette and a blanc cuvette.
2. Add 2 ul DMSO plus 5 pl of 5.7 mM NADH to the test cuvette and 2 ul
of 0.36 mM rotenone plus 5 ul of 5.7 mM NADH to the blanc cuvette.
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3. Add 10 ul of the lymphocytes suspension or of the mitochondria-
enriched fibroblasts fraction to each cuvette. Mix with a plastic rod and
incubate for 1 min at 37 °C.

4. Start the reaction by adding 5 ul of 2.8 mM CoQ;. Measure the decrease
in absorbance for 1.5 min at 340 nm with 380 nm as the reference
wavelength.

5. By use of the velocity of the reaction (A absorbance/min) and the molar
extinction coefficient of NADH (4.8 mM~! cm™'; at 340 nm with refer-
ence wavelength 380 nm (Sherwood and Hirst, 2006), calculate the com-
plex I activity by subtraction of the reaction rates in the presence (RINQ
activity only) and absence of rotenone (RINQ and complex I activity).

Important: Clean the cuvettes thoroughly with ethanol after each mea-
surement, because rotenone binds to the quartz surface.

3. CHARACTERISTICS OF THE COMPLEX | ASSAY

The duration of the first-order kinetics decreases in a few minutes
even at low protein concentrations for both the blood lymphocytes
(Fig. 9.1) and the mitochondrial fraction of the fibroblasts (Fig. 9.2).

Blood lymphocytes

-0.000

—0.025 1

-0.050 A

-0.075 1

A Absorbnce (340-380 nm)

*O. 1 00 qTrrrrrrrrrprrrrprrrrprr e e

0 1 2 3 4 5 6 7

Time (min)

Figure 9.1 Course of the complex I activity reflected by the decrease in absorbance at
340 nm with 380 nm as the reference wavelength caused by the oxidation of NADH by
0.118 (- O -) and 0.234 (- ® -) mg cell protein of blood lymphocytes/ml reaction mixture.
The reaction mixture consisted of 20 mM KH,PO,, pH 74,4 mM MgCl,,0.2% fatty acid
free BSA, 1.7 mM KCN, 3 uM antimycin, 200 uM NADH, and 100 uM CoQ1, with or
without 5 uMrotenone. Complex I activity was calculated by subtraction of the reaction
rates in the presence (RINQ activity only) and absence of rotenone (RINQ and
complex I activity). The duration of the first-order kinetics decreased in a few minutes.
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Fibroblast mitochondria

A Absorbance (340-380 nm)

Time (min)

Figure 9.2 Course of the complex I activity reflected by the decrease in absorbance at
340 nm with 380 nm as the reference wavelength caused by the oxidation of NADH by
0.018 (- O -) and 0.035 mg (- ® -) fibroblast mitochondrial protein/ml reaction mixture.
The reaction mixture and the calculation of complex I activity was as described in the
legend of Fig. 9.1. Again, the duration of the first-order kinetics decreased in a few
minutes.

Therefore, it is impossible to determine complex I by adding rotenone to the
same cuvette several minutes after the start of the reaction to save material.
However, by use of sub-microcell cuvettes only minute amounts of material
are required, for example, for the determination of the complex I activity in
two cell protein concentrations of lymphocytes only 1 to 2 ml of anti-
coagulated blood is needed. The relationship between protein concentration
and complex [ activity of the lymphocytes is linear up to at least 0.234 mg/ml
reaction mixture (y = — 0.439 + 13.7x; R = 0.797, P < 0.0001; where
y represents the initial rate expressed as nmol NADH min~! ml~', and x, the
cell protein concentration in mg/ml reaction mixture).

The amount of fibroblasts needed to determine the complex I activity in
two mitochondrial protein concentrations by this assay is 250,000 to
750,000 cells. The activity is linearly related to the mitochondrial protein
concentration up to at least 0.060 mg/ml reaction mixture (y = 0.554 +
76.9x; R2=0.978, P < 0.0001; where y represents the initial rate expressed
as nmol NADH min~! ml~!, and x the protein concentration of the
mitochondrial fraction in mg/ml reaction mixture).

With both cell types, the intraassay imprecision (CV) has been deter-
mined at three protein concentrations in triplicate on the same day and
varied between 8 and 15% (mean: 11.3%). The interassay imprecision was
between 5 and 27% (mean: 15.9%) and was determined at three protein
concentrations on three different days (Table 9.1). The normal donor



Table 9.1 Assay imprecisions for complex | in PBMC’s and mitochondrial fractions of cultured fibroblasts

PBMC* Complex I (U/mg protein)

Intraassay imprecision® Experiment 1 Experiment 2 Experiment 3 Mean SD CV %
4 times diluted 11.19 14.75 11.73 12.56 1.92 15

3 times diluted 11.73 12.39 9.73 11.28 1.39 12

2 times diluted 9.86 12.26 12.79 11.64 1.56 13
Interassay imprecision Day 1 Day 2 Day 3

4 times diluted 14.15 8.05 12.56 11.59 3.16 27

3 times diluted 11.42 13.46 11.28 12.05 1.22 10

2 times diluted 11.87 12.82 11.64 12.11 0.63 5
Fibroblast mitochondria“ Complex I (U/mg protein)

Intraassay imprecision® Experiment 1 Experiment 2 Experiment 3 Mean SD CV %
4 times diluted 0.049 0.058 0.048 0.052 0.006 11

3 times diluted 0.053 0.062 0.053 0.056 0.005 9

2 times diluted 0.040 0.038 0.044 0.041 0.003 8
Interassay imprecision® Day 1 Day 2 Day 3

4 times diluted 0.048 0.052 0.043 0.048 0.004 9

3 times diluted 0.053 0.077 0.050 0.060 0.015 25

2 times diluted 0.039 0.057 0.049 0.048 0.009 19

(continued)




Table 9.1  (continued)

Fibroblast mitochondria’ ComplexI (U/mg protein)
Imprecision due to Isolation 1 Isolation 2 Isolation 3 Mean SD CV %
isolation procedure
and interassay
variation”
0.052 0.059 0.075 0.062 0.012 19

* The protein concentration of the undiluted blood cells (100 x 106 cells/ml) was 6.66 mg/ml.

» Determined on the same day.

¢ Determined by thawing a portion of one batch of isolated blood cells each day.

¢ The protein concentration of the undiluted fibroblasts mitochondrial fraction was 0.995 mg/ml.

¢ Determined by thawing a portion of one batch of mitochondrial protein each day.

/ The mitochondrial fractions were isolated on three different days from one batch of cultured skin fibroblasts, and complex I activity was measured on the day of

isolation.
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variation in the determination of complex I of blood lymphocytes
amounted to 41.1% (De Wit ef al., 2007), which was there mistakenly held
for the interassay imprecision.

To determine the effect of the isolation procedure of the mitochondrial
fraction of fibroblasts on the complex I assay, mitochondrial fractions were
isolated on three different days from the same batch of cultured fibroblasts.
Complex I activities were measured in three cell concentrations on the day
of isolation. The imprecision of 19% in the measured complex activities lay
in the range of the interassay imprecision (Table 9.1).
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Abstract

The protein complexes of the respiratory chain interact by forming large protein
particles called respiratory supercomplexes or “respirasomes”. Biochemical
characterization of these particles proved to be difficult because of their insta-
bility. Here we describe a strategy to isolate and characterize the cytochrome ¢
reductase/cytochrome c oxidase supercomplex of yeast, also termed the IIl +
IV supercomplex, which is based on lactate cultivation of yeast, gentle isolation
of mitochondria, membrane solubilization by digitonin, sucrose gradient ultra-
centrifugation, and native gel electrophoresis. The procedure yields pure forms
of two varieties of the Il 4+ IV supercomplex composed of dimeric complex Il
and one or two copies of monomeric complex IV. Supercomplex preparations
can be used for physiological or structural investigations.
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1. INTRODUCTION

The cytochrome ¢ reductase and cytochrome ¢ oxidase complexes can
be separately purified from mitochondrial fractions of many organisms. This
led to the view that the two complexes should be considered as independent
structures (reviewed in Hackenbrock et al., 1986). However, early investi-
gations already indicated the occurrence of ordered supramolecular struc-
tures that consist of defined interactions of respiratory proteins complexes
(Hatefi ef al., 1962). These findings were considerably supported by recent
investigations on the basis of gentle biochemical preparations, native gel
electrophoresis procedures, and electron microscopy (EM) (reviewed in
Boekema and Braun, 2007). As a result, several so-called respiratory super-
complexes could be defined. One of the best-described respiratory
supercomplexes is the cytochrome ¢ reductase/cytochrome ¢ oxidase super-
complex, which also is termed the III 4 IV supercomplex. It initially was
described for the bacteria Paracoccus denitrificans, PS3, and Sulfolobus sp.
(Berry and Trumpower, 1985; Iwasaki et al., 1985; Sone et al., 1987). In
yeast mitochondria, its existence first was described physiologically by
inhibitor titrations (Boumans ef al., 1998) and later by biochemical proce-
dures (Cruciat et al., 2000; Schigger and Pfeiffer, 2000). Its stability was
found to depend on the cardiolipin concentration of the inner mitochon-
drial membrane (Pfeiffer ef al., 2003; Zhang et al., 2002; 2005). Recently, a
pseudo-atomic structure was presented for the III + IV supercomplex of
yeast by comparison of medium-resolution 2-D maps from EM and the
crystal structures of the two individual respiratory complexes, which are
available for higher eukaryotes (Heinemeyer ef al., 2007; Nelson and Cox,
2008). According to the proposed structure, the cytochrome ¢ binding
pockets of cytochrome ¢ reductase and cytochrome ¢ oxidase are in close
proximity, allowing cytochrome ¢ to efficiently transfer electrons from one
complex to the other by a simple ping-pong mechanism. Here we describe
procedures to gently purify the III + IV supercomplex of yeast for its
physiological and structural characterization.

2. IsoLATION OF THE Il - IV SUPERCOMPLEX

2.1. Cultivation of yeast cells in lactate medium

Biosynthesis and assembly of respiratory complexes in yeast depends on
growth conditions during cultivation (Heinemeyer et al., 2007; Schigger
and Pfeifter, 2000). Lactate media lead to induced biosynthesis of complex
IV and also induce formation of the III + IV supercomplex. For preparing
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the III + IV supercomplex, yeast cells are cultivated in 2.5 L lactate
medium (five 2-L Erlenmeyer vessels with 500 ml medium each composed
of 0.3 % [w/v] yeast extract, 5 mM glucose, 7 mM KH,PO,, 20 mM
NH,CI, 4 mM CaCl,, 9 mM NaCl, 3 mM MgCl, 2.2 % [v/v] lactate,
0.2 M NaOH, pH 5.5) for 24 h at 30° and 120 rpm. Cells are harvested at an
optical density (OD) of 1.2 to 1.3 and directly used for the preparation of
mitochondria.

2.2. lIsolation of mitochondria

Yeast mitochondria are prepared according to standard procedures. Pre-
parations should be carried out as fast and gentle as possible. A very suitable
protocol is outlined in Meisinger ef al. (2006). For this procedure, the yeast
cell wall is digested by zymolyase, cells are disrupted mechanically, and
finally organelles are purified by differential centrifugations and a sucrose
gradient ultracentrifugation. Purified mitochondria are resuspended in SEM
buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS-KOH, pH 7.2) ata
protein concentration of 20 mg/ml and can be stored at —80°. For repro-
ducibility of experiments, it is recommended to store stock solutions of
mitochondria at one specific concentration.

2.3. Solubilization of the mitochondrial membranes

The solubilization step is most crucial for supercomplex characterization.
Digitonin (1-8 g detergent/g protein) nicely allows stabilization of the IIT +
IV supercomplex from yeast (Cruciat et al., 2000; Heinemeyer ef al., 2007,
Schigger and Pfeiffer, 2000). Routinely, 1 ml resuspended organelles
(corresponding to 20 mg mitochondrial protein) are sedimented by centri-
fugation for 10 min at 14,000¢. The pellet is directly resolved in 1 ml
solubilization buffer (5% [w/v] digitonin, 30 mM HEPES, 150 mM potas-
sium acetate, pH 7.4) and incubated for 20 min on ice. Insoluble material is
removed by centrifugation for 10 min at 18,000g.

2.4. Separation of mitochondrial protein complexes by
sucrose gradient ultracentrifugation

The solubilized mitochondrial protein complexes are directly transferred
onto a linear sucrose gradient (volume: 12 ml; 0.3 to 1.5 M sucrose in 15
mM TRIS base, pH 7.0, 20 mM KCI, 0.2% digitonin) and centrifuged for
20 h at 150,000¢ and 4°. Afterwards, the gradient is fractionated into
twenty-six 0.5-ml fractions from bottom to top, which most easily is
achieved by use of a peristaltic pump linked to a needle, which gently is
transferred into the tube.
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2.5. Blue-native PAGE

Small aliquots of the sucrose gradient fractions (~50 ul) can be used for
analysis of the protein complex composition of the fractions by blue-native
PAGE (Wittig ef al., 2006). Because 5% digitonin specifically destabilizes
the dimeric ATP synthase supercomplex from yeast, the two largest bands
visible on the gels represent III 4 IV supercomplexes (Fig. 10.1). As
revealed by densitometric measurements, the largest band represents a
supercomplex composed of dimeric complex III and two copies of mono-
meric complex IV, the second largest band a supercomplex of dimeric
complex III and one copy of complex IV (Heinemeyer et al., 2007;
Schigger and Pfeiffer, 2000). Overall purity of the two supercomplexes is
>90% 1n fraction 4 and >80% in fraction 5 of the gradient (Fig. 10.1)
as estimated by silver staining of blue-native gels (not shown). These
fractions can be directly taken for physiological measurements or structural
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Figure 10.1 Purification of III + IV supercomplexes from yeast mitochondria. Mito-
chondrial membranes are solubilized by digitonin, and protein complexes are separated
by sucrose gradient ultracentrifugation (horizontal separation dimension). Aliquots of
13 fractions of the gradient are subsequently separated by 1-D blue-native PAGE (verti-
cal separation dimension). Identities of the four largest protein complexes are given to
the left of the gel: III, + IV, and III, + IV, supercomplexes composed of dimeric com-
plex III and one or two copies of monomeric complex IV;V, ATP synthase complex; III,,
dimeric complex III.
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analysis with EM (see below). Activity of the purified supercomplexes also
can be directly monitored by in-gel activity assays for complex IV and
complex III (Wittig et al., 2007; Zerbetto et al., 1997). For an even higher
purification of the yeast III + IV supercomplexes, which might be necessary
for cryo-EM or x-ray crystallography, the bands representing these super-
complexes can be directly electroeluted from a 1-D Blue-native gel accord-
ing to standard procedures (Wittig ef al., 2006).

3. CHARACTERIZATION OF THE IIl IV
SUPERCOMPLEX BY EM

Purified supercomplex fractions can be used for structural analysis with
negative stain single particle EM (Heinemeyer et al., 2007). EM can record
the signal of single molecules, and EM images can typically contain the
projection maps of dozens to hundreds of proteins or other macromole-
cules. These images, however, are very noisy, and to retrieve the signal of
molecules thousands of single particle projections need to be summed.
Because molecules may have freedom to attach to the support film of the
EM specimens, extensive image processing is necessary. Single particle
image analysis is a well-developed method to analyze EM projections. In
short, projections are compared by statistical methods and subsequently
sorted into homogeneous groups (“‘classes’), which represent specific angu-
lar projections of studied proteins. Before they can be summed into final
2-D maps, the projections also need to be aligned, which means that
rotational and translational shifts are calculated and imposed to bring them
in optimal equivalent positions. The 2-D maps disclose many features of the
studied macromolecules. In favorable cases, where the sample is homoge-
neous and randomly oriented molecules can be recorded, projections can
become merged into 3-D structures. Recent reviews give an overview of
the methods of single particle EM (Frank, 2002; van Heel ef al., 2000).

On single particle analysis, the obtained 2-D maps of the yeast 11,1V,
supercomplex show that it has a symmetric shape with dimeric complex III
in the center and two laterally attached complex IV monomers at opposite
positions (Fig. 10.2).

4. PERSPECTIVES

With lactate medium for yeast cultivation, a gentle method for the
preparation of yeast mitochondria, membrane solubilization by digitonin
and sucrose gradient ultracentrifugation, supercomplexes composed of
cytochrome ¢ reductase and cytochrome ¢ oxidase can be efficiently
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Figure 10.2 Structure of the II[,IV, supercomplex from yeast as obtained by single
particle electron microscopy. Upper part, 2-D map of 832 aligned projections in a
position vertical to the membrane plane. Lower part, pseudo-atomic structure of the
III, 4 IV, supercomplex derived by fitting the crystal structures for the III, complex (in
red) of yeast (Lange and Hunte, 2002) and complex IV (in green) of beef
(Tsukihara et al.,1996) into the projection map. Modified from Heinemeyer et al. (2007).

purified. Blue-native PAGE is a helpful tool to monitor the purification
steps. Furthermore, blue-native PAGE can be used as the starting point for
another purification step, which is based on electroelution and which leads
to highly pure supercomplexes suitable for x-ray crystallography. However,
despite considerable success in supercomplex purification, procedures still
have to be further developed to characterize even larger protein structures,
which are assumed to occur under in vivo conditions. Laboratory strains of
Saccharomyces cerevisiae lack the NADH dehydrogenase complex (complex I),
which in other organisms additionally is associated to complexes III and IV.
Further protein complexes of the inner mitochondrial membrane possibly
associated with III 4 IV supercomplexes are the ADP/ATP translocase or the
preprotein translocase of the inner mitochondrial membrane, the so-called
TIM complex (Dienhart and Stuart, 2008; Saddar et al., 2008). Development
of novel procedures might allow unraveling the megacomplex organization of
the inner mitochondrial membrane.
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Abstract

The enzymes involved in mitochondrial oxidative phosphorylation (OXPHOS) are
coassembled into higher ordered supercomplexes within the mitochondrial inner
membrane. The cytochrome bc;-cytochrome ¢ oxidase (COX) supercomplex is
formed by the coassociation of the two electron transport chain complexes, the
cytochrome bc; (cytochrome c reductase) and the COX complex. Recent evidence
indicates that a diversity in the populations of the cytochrome bc;-COX super-
complexes exists within the mitochondria, because different subpopulations of
this supercomplex have been shown to further interact with distinct partner
complexes (e.g., the TIM23 machinery and also the Shy1/Cox14 proteins). By
use of native gel electrophoresis and affinity purification approaches, the abun-
dant ADP/ATP carrier protein (AAC) isoform in the yeast Saccharomyces cerevi-
siae, the Aac2 isoform, has recently been found to also exist in physical
association with the cytochrome bc;-COX supercomplex and its associated
TIM23 machinery. The AAC proteins play a central role in cellular metabolism,
because they facilitate the exchange of ADP and ATP across the mitochondrial
inner membrane. The method used to analyze the cytochrome bc;-COX-AAC
supercomplex and to affinity purify the Aac2 isoform and its associating proteins
from S. cerevisiae mitochondria will be outlined in this chapter.

1. INTRODUCTION

Mitochondria are essential organelles in eukaryotic cells that house the
enzymatic machinery, the oxidative phosphorylation (OXPHOS) system,
responsible for the aerobic production of adenosine triphosphate (ATP)—
the energy currency of the cell. Production of ATP within the mitochon-
dria is a multistep process that requires intimate coordination of the electron
transport chain component of the OXPHOS system and their H pumping
activities, with the ATP synthesizing enzyme (the F{F,-ATP synthase
complex) and its HT-transporting activity (Saraste, 1999). In addition,
metabolite carrier proteins, the ADP/ATP carriers (AAC), and the phos-
phate (Pi) carrier form integral parts of the OXPHOS system, because they
ensure both the replenishing of the mitochondrial matrix ADP and Pi levels
and the export of the newly synthesized ATP across the inner membrane.
ATP exported by the AAC proteins gains access to the cell’s cytosol and
becomes distributed to other locations within the cell that require the ATP
to fuel their metabolic processes.

1.1. The OXPHOS complexes

The electron transport chain component of the OXPHOS machinery is
composed of four multisubunit complexes embedded within the lipid
bilayer of the inner mitochondrial membrane.
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These complexes are termed the NADH: ubiquinone oxidoreductase
(complex 1), the succinate dehydrogenase (complex II), the ubiquinol
cytochrome ¢ reductase (also known as and referred to here as the cyto-
chrome b¢; complex, complex III), and the cytochrome ¢ oxidase (complex
IV). Electrons generated from NADH and FADH, are passed through
complexes I to IV and ultimately become transferred to oxygen. The
passage of electron through complexes I to IV is coupled to the pumping
of H* from the matrix across the inner membrane to the intermembrane
space by complexes I, III, and IV (Saraste, 1999). Electron transfer between
complexes I to IV involves ubiquinone, a mobile electron carrier located
within the inner membrane, and cytochrome ¢, a small nonmembrane
anchored protein located on the intermembrane space-side of the inner
membrane. The proton gradient established through the activity of the
OXPHOS complexes energetically supports the synthesis of ATP by
the F{F,~ATP synthase (also known as complex V of OXPHOS system)
in the matrix and events such as metabolite and protein transport across the
inner membrane.

For animal cells most ATP generated is through this process of
OXPHOS or aerobic respiration in their mitochondria. Over the past
years defects in the process of OXPHOS have been implicated in a variety
of metabolic and degenerative diseases (Smeitink ef al., 2006 and references
therein). A common feature of these disorders stems from a reduced
capacity to generate energy, and hence muscle, brain, and cardiac tissues
can be seriously affected because of their high-energy demands. In many
cases, the molecular basis of the defect in these diseases remains unknown.
Before the complexities of these defects and diseases can be fully explained,
a complete understanding of the OXPHOS complexes at the level of their
subunit composition, their assembly, and their molecular organization into
the mitochondrial inner membrane structures is essential.

1.2. Supercomplex organization state of the OXPHOS system

The OXPHOS complexes I to V are large multisubunit enzymes formed by
the coassembly of nuclearly- and mitochondrially-encoded proteins. These
enzymes are embedded in the lipid bilayer of the inner mitochondrial
membrane and are largely composed of integral membrane proteins.
The OXPHOS complexes can be purified in their enzymaticallyactive
forms after their detergent extraction from the mitochondria, a feature
that has enabled their individual characterization. Extensive research into
the subunit composition, enzymology, regulation, and, in many cases, the
structure of these detergent-purified complexes has been documented over
many years in the literature. Despite these significant advances in our
understanding of the workings of the individually isolated OXPHOS com-
plexes, how these complexes are organized within the mitochondrial inner
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membrane remains the subject of some debate and novel research direc-
tions. Increasing evidence exists that the mitochondrial OXPHOS com-
plexes are not randomly organized as individual complexes in the
membrane, but rather exist as “‘supercomplexes’” formed by physical associ-
ation of one OXPHOS enzyme with another (Boekema and Braun, 2007;
Genova et al., 2008; Lenaz and Genova, 2007; Stuart, 2008).

The detergent solubilization procedures traditionally used to purify these
individual enzymes for their further analysis often disturbed the physical
associations that existed between the individual OXPHOS complexes in the
membrane. Hence these detergent extraction approaches frequently
resulted in the purification of the OXPHOS enzymes as individual entities
rather than in their supercomplex assembly state they had existed in within
the environment of the mitochondrial inner membrane. The recent use of
milder detergents (e.g., digitonin) for the mitochondrial solubilization step,
and in particular the use of native electrophoretic techniques to analyze the
assembly states of the detergent-solubilized complexes (Schigger and von
Jagow, 1991), has revolutionized our technical ability to isolate and study
the supercomplex assemblies of the OXPHOS complexes. By use of these
types of approaches, the organization of the mitochondrial OXPHOS
complexes into supercomplexes has now been described for many organ-
isms, including representatives from fungi, plants, and mammals (reviewed
in Boekema and Braun, 2007; Devenish et al., 2008; Schigger, 2002; Vonck
and Schifer, 2008). The predominant supercomplexes described to
date involve complexes I-III-IV and the dimeric/oligomeric forms of the
ATP synthase.

Formation of the OXPHOS supercomplexes has been proposed to
concentrate these enzymes into localized areas within the mitochondrial
inner membrane (i.e., to form “OXPHOS platforms” also termed “‘respira-
somes”’) (Schigger, 2002). Two supercomplex assemblies in yeast mito-
chondria, the dimeric ATP synthase and the cytochrome be; cytochrome ¢
oxidase (COX) supercomplex have been previously described (Stuart, 2008
and references therein). In addition, it has recently been established that a
subpopulation of the cytochrome be; COX complex has the capacity to
interact with the TIM23 machinery and also to associate with the Shy1 and
Cox14 proteins (Mick et al., 2007; Saddar et al., 2008; van der Laan et al.,
2006; Wiedemann et al., 2007). The TIM23 machinery forms a voltage-
sensitive channel in the mitochondrial inner membrane that facilitates the
import of nuclearly encoded proteins into the mitochondria (Kutik ef al.,
2007). The Shyl and Cox14 proteins are assembly factors specific for the
COX biogenesis pathway (Glerum et al., 1995; Mashevich et al., 1997).
Finally, as will be outlined in more detail later, the AAC proteins also may
exist in “‘respirasomes,” because their physical association with the cyto-
chrome be; COX supercomplex has recently been reported (Claypool ef al.,
2008; Dienhart and Stuart, 2008).
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1.3. The AAC protein isoforms

The ADP/ATP carrier (AAC) proteins are integral membrane proteins,
which facilitate the equimolar exchange of ATP for ADP across the inner
membrane (Pebey-Peyroula et al., 2003). Previous research has shown that it is
common for organisms to contain more than one isoform of AAC within their
mitochondria. The expression profile of the genes encoding the different AAC
isoforms can vary depending on growth conditions (e.g., for fungal organisms)
or in a tissue-specific manner (e.g., for multicellular organisms). For example,
in the yeast S. cerevisiae, the model organism of this study, there are three AAC
isoforms, encoded by the AAC1, AAC2, and AAC3 genes, respectively
(Drgon et al., 1992). In aerobically grown cells, the Aac2 protein is the most
abundant AAC isoform, and the Aac1 represents a minor isoform. The AAC3
gene is predominantly expressed under anaerobic growth conditions. The Sall
protein represents a further member of the mitochondrial AAC family, which
also catalyzes ADP/ATP exchange across the mitochondrial inner membrane,
but it differs from other AAC family members in that it contains an extended
N-terminal hydrophilic region of unknown function and proposed to be
involved in Ca™* binding (Chen, 2004). Although all three AAC isoforms
and the Sall protein display the capacity to transport ADP in exchange for
ATP, the physiological significance of having multiple isoforms of this metab-
olite carrier within an organism is not completely understood. In addition to
their overlapping role in facilitating mitochondrial ADP/ATP exchange,
current findings suggest that the AAC proteins may have acquired additional
roles within the mitochondria, and the three AAC isoforms and the Sall
protein may not be functionally equivalent in this respect. For example,
deletion of the AAC2 and AAC3 genes in combination (but not the deletion
of both AAC2 and AAC1 genes) results in a synthetic lethal phenotype under
anaerobic conditions. Furthermore, deletion of the SAL1 gene together with
the AAC2 gene (but not a SAL1 deletion in combination with the AAC1 or
AAC3 genes) causes a synthetic lethal phenotype under aerobic conditions.
Thus in addition to their role in ADP/ATP exchange, some of these AAC
family members perform additional overlapping function(s) that are required
for cell viability (Chen, 2004; Drgon et al., 1992). It is currently unclear,
however, what essential role(s) these AAC family members may have and if
the AAC proteins exert this vital function alone or in a manner that involves
other proteins/enzymes within the mitochondrial inner membrane.

1.4. The supercomplex organization of yeast AAC
proteins—the presence of AAC-cytochrome bc,-
COX-TIM23 supercomplex

The oligomeric state of the AAC proteins within the mitochondrial mem-
brane has been a topic of interest in the OXPHOS literature for many years.
Evidence to support that the AAC proteins exist and function as monomers
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or as dimers has been actively debated. Recent crystallographic and func-
tional studies have favored that the operational unit of the AAC protein
may, indeed, be the monomeric form of the protein (Bamber ef al., 2007a,b;
Nury et al., 2005; Pebay-Peyroula et al., 2003). The ability to purify a
functional ADP/ATP transporter as a monomeric protein, however, does
not exclude the possibility that in the intact mitochondrial membrane
system the AAC proteins could exist in physical association with other
proteins and the detergent used for their solubilization may have dissociated
such interactions. As outlined previously, the AAC family members, in
addition to facilitating the exchange of ADP and ATP across the inner
membrane, exert additional overlapping roles that are essential to cell
viability. This observation suggests that the AAC proteins may cooperate
with other proteins to fulfill this essential role in the cell. To further
understand the additional function(s) of the AAC proteins, we have initiated
an analysis of the molecular environment of the AAC proteins within the
mitochondria, with the goal of identifying proteins that may physically and
functionally interact with the AAC metabolite carriers. It had not been
addressed until now whether the yeast AAC proteins may also form higher
ordered assemblies or “‘supercomplexes’ with other mitochondrial proteins
or with the OXPHOS complexes. One report has indicated that some AAC
protein may be associated with a population of the ATP synthase in bovine
mitochondria (Ko ef al., 2003).

Analysis of the protein composition of the cytochrome be;-COX super-
complex, solubilized from mitochondria with low digitonin concentrations,
provided the initial observation that the yeast AAC proteins could be found in
association with this OXPHOS supercomplex. The cytochrome be-COX
supercomplex was initially resolved on a first-dimension blue-native poly-
acrylamide gel electrophoresis (BN-PAGE) and then individual polypeptides
constituting this supercomplex were resolved in a second-dimensional separa-
tion on an SDS-PAGE. A novel and abundant polypeptide of approximately
30 kDa was observed to comigrate with the subunits of the cytochrome b¢;-
COX supercomplex. The use of increased digitonin levels (see later) during
the lysis step resulted in the loss of this 30-kDa protein from the cytochrome
be;-COX supercomplex, suggesting its association with the OXPHOS super-
complex was sensitive to detergent levels. The identity of the 30-kDa
comigrating protein was revealed as AAC by use of a specific antibody against
this protein family (Dienhart and Stuart, 2008).

The association of Aac2 with the cytochrome b¢-COX and TIM23
complexes was independently verified by use of a His-tagged Aac2 deriva-
tive and Ni-NTA affinity purification approaches (Dienhart and Stuart,
2008). Ni-NTA purified 1g;,Aac2 complexes were demonstrated to contain
at least one other AAC protein (most likely another Aac2) and subunits of
the cytochrome b¢; (e.g., Corel, Core 2), COX (e.g., Cox2, Cox5), and
TIM23 complexes (e.g., Tim17, Tim23). The association between the
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AAC proteins and the cytochrome be;-COX complex was observed to be
highly sensitive to detergent concentration and was maintained by use of
low concentrations of the mild detergent digitonin, which may explain why
the association of AAC proteins with the cytochrome b¢-COX super-
complexes had not been described before (Dienhart and Stuart, 2008).
It is currently unknown whether the Aacl, Aac3, or Sall proteins, like
the Aac2 isoform, display the capacity to physically associate with the
cytochrome be;-COX and TIM23 complexes.

The functional relevance of an AAC-cytochrome b¢-COX-TIM23
association is currently under investigation. One possibility is that this
association supports the ADP/ATP transport function of the AAC proteins.
The import of ADP>~ in exchange for ATP*~ is not charge compensated
and thus is supported energetically through the membrane potential gener-
ated by the activity of the OXPHOS complexes. Approximately 30% of the
energy generated by the respiratory chain complexes has been estimated to
be required to support the exchange of ADP for ATP (Duszynski et al.,
1981). The cytochrome b¢; and COX complexes both play an active role in
establishing the mitochondrial membrane potential through their
H*-pumping activities, and thus their physical association with AAC may
reflect a direct involvement in supporting the energetic demands of the
ADP/ATP exchange process. On the other hand, it is also possible that
the coassembly of Aac2 may be favorable for the assembly and/or activity of
the cytochrome be;-COX complex. In the absence of Aac2, a decrease in the
levels of the COX complex and enzyme activity is detected (Dienhart and
Stuart, 2008; Fontanesi ef al., 2004). In addition, an alteration in the assembly
state of the cytochrome be;-COX supercomplex was observed in the absence
of the Aac2 isoform. In wild-type mitochondria, the cytochrome b¢;-COX
supercomplex is almost exclusively present in the III,-IV, or larger forms
(1.e., with a stoichiometry of two cytochrome be; complexes [complex I1I] in
association with two COX complexes [complex IV] [Schigger and Pfeiffer,
2000]). Only a minor population is observed to be present with a stoichiom-
etry of III,-IV. In the absence of Aac2, a significant change in the ratio of
[I,-1V to III,-IV, complexes and also the presence of some free cytochrome
bey (i-e., non-COX complex associated) subforms was observed (Dienhart
and Stuart, 2008). The decreased levels of the COX enzyme complex
observed in the Aaac2 mitochondria may be limiting to ensure the normal
[II,-1V, assembly state of the cytochrome be-COX supercomplex.
Enhanced proteolytic turnover of the COX complex in the absence of
Aac2 or a perturbation in the assembly of the COX complex may underlie
the observed reduction in the COX complex in the Aaac2 mitochondria. Itis
also conceivable that Aac2 may directly support the initial assembly of the
COX complex through affecting the assembly state and possibly the function
of COX assembly factors, Shyl and Cox14, which have been shown to
associate with the cytochrome be;-COX supercomplex (Mick ef al., 2007).
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In this chapter, the techniques used in our laboratory to identify
and study the association of yeast Aac2 protein with the cytochrome be;-
COX-TIM23 supercomplex will be described.

2. CHOICE OF THE DETERGENT—DIGITONIN

2.1. Comments on the choice and concentration of digitonin
used in the mitochondrial solubilization step

The association of the yeast AAC with the cytochrome be-COX-TIM23
supercomplex is observed after extraction of AAC from the mitochondrial
membranes by use of low levels of the mild detergent, digitonin (see later).
The concentration of digitonin used for the mitochondrial membrane
solubilization step was observed to be critical to maintain the association
of AAC with the cytochrome be;-COX-TIM23 supercomplex, because
increasing the concentration of this mild detergent (i.e., from 0.5 to 1.5% or
higher under the lysis conditions described later) during the lysis step
was observed with BN-PAGE analysis to result in the release of an
AAC-containing subcomplex from the cytochrome b¢;-COX subcomplex
core. The digitonin used for this OXPHOS supercomplex analysis is of high
quality and routinely recrystallized in ethanol before use.

2.2. Recrystallization of digitonin

Digitonin (5 g, Calbiochem) is placed in an Erylenmeyer flask and approxi-
mately 100 ml of ethanol p.a. is added under constant stirring conditions.
The mixture is gently heated with a magnetic stirring heating block until the
digitonin is fully dissolved. The solution is then divided between two 50-ml
conical tubes and allowed to cool initially to room temperature before being
placed at —20° overnight. The recrystallized digitonin is recovered through
centrifugation (3000g at 4°, for 15 min), and the supernatant is decanted and
discarded. The digitonin is then dried with a desiccator and then stored in
sealed tubes in an airtight container. A digitonin stock solution (usually 10
or 20% [w/v]) is prepared just before use by dissolving a freshly weighed
aliquot of digitonin in an appropriate volume of lysis bufter (see later).
This digitonin stock solution is either used directly in the mitochondrial
lysis step or can be used to prepare further dilutions of digitonin, as
necessary. The digitonin stock solutions are routinely prepared fresh but
may be stored for a limited period (order of weeks) at —20°. Frozen aliquots
of digitonin solution are thawed once before use and then are discarded
afterwards (i.e., are not subjected to cycles of refreezing).
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Figure 11.1 Efficiency of solubilization of AAC, the cytochrome bc;-COX supercom-
plex and TIM23 complexes. Wild-type mitochondria were treated with digitonin at
concentrations indicated, and nonnsolubilized material (P) was pelleted by centrifugation
(30,000g, 30 min), and the solubilized proteins (S) were subjected to TCA precipitation.
Protein samples were analyzed by SDS-PAGE, Western blotting, and immune decoration.
The solubility profiles of AAC, Cox2, Tim23, and Tim17 were analyzed.

2.3. Choice of the concentration of digitonin for the
mitochondrial lysis step

Lysis of mitochondria with low digitonin concentrations (0.5%), under the
conditions described later results in the solubilization of approximately 60 to
70% of the total AAC protein and nearly all of the cytochrome b¢- and
COX complexes. Similar solubilization efficiencies are obtained at 1.5%
digitonin (Fig. 11.1). Comigration of the AAC proteins with the cyto-
chrome be;-COX supercomplex on BN-PAGE, however, is largely seen at
the lower (0.5%) digitonin lysis conditions. When solubilization is per-
formed at the higher concentrations (e.g., 1.5% digitonin), the association
of the AAC protein with the OXPHOS supercomplex is largely disrupted,
and the AAC proteins are observed to comigrate in a smaller complexes in
the molecular mass range of 100 to 200 kDa, with a minor form in the
400-kDa range (Dienhart and Stuart, 2008).

3. MITOCHONDRIAL SOLUBILIZATION AND
BN-PAGE/SDS-PAGE ANALYSIS

3.1. Isolation and Storage of Mitochondria

Mitochondria are routinely isolated from yeast (S. cerevisiae) culture grown
to an ODs7g,,, of 1 to 2.0 in YP-media supplemented with 0.5% lactate and
2% galactose. Isolation of mitochondria is performed by use of previously
published procedures (Herrmann ef al., 1994). The freshly isolated mito-
chondria are resuspended at a protein concentration of 10 mg protein/ml in
SEM buffer (250 mM sucrose, 2 mM EDTA, 10 mM MOPS-KOH,
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pH 7.2), aliquoted into 25-ul aliquots and snap-frozen in liquid nitrogen.
Frozen mitochondria are stored at —80° and are thawed briefly before use
and are not subjected to refreezing.

3.2. Digitonin lysis step

To perform the BN-PAGE/SDS-PAGE analysis of the AAC and cyto-
chrome be-COX supercomplexes, the OXPHOS complexes need initially
to be detergent solubilized from the mitochondrial membranes. Mitochon-
dria (20 pl, i.e., equivalent to 200 ug protein) are gently mixed together with
200 pl of cold SEM bufter and subjected to centrifugation at 10,000¢ for 10
min at 4°. The supernatant is removed with a P200 pipette, and the resulting
mitochondrial pellet is gently resuspended through pipetting in 38 ul of ice-
cold lysis buffer (50 mM potassium acetate, 50 mM HEPES-KOH, pH 7.4,
11.4% glycerol and 1 mM PMSF) and then supplemented with 2 ul of freshly
prepared 10% (w/v) digitonin (i.e., end concentration = 0.5% digitonin).
The mixture is thoroughly mixed by gently pipetting up and down with a
P200 pipette for a total of 12 times. The sample is left on ice for 30 min and
then subjected to the pipetting ritual once again before performing a clarify-
ing spin of 30,000¢ for 30 min at 4°. The supernatant is removed from the
resulting pellet and transferred to a new tube. The sample is supplemented
with 4 ul of BN-PAGE dye buffer (5% Coomassie Blue [Serva blue G], in
500 mM aminocaproic acid) and immediately loaded on the BN-PAGE gel
(3.5 to 10% gradient gel) (Schigger and von Jagow, 1991).

Duplicate samples of the same mitochondrial type are usually subjected
to digitonin extraction and BN-PAGE analysis in parallel, where one
sample will be used for the second-dimension SDS-PAGE separation step
(see later) and the other sample together with the protein standards will be
subjected to Western blotting after the BN-PAGE step. (To Western blot
BN-PAGE gels, the gel should be soaked in SDS-containing Western
blotting buffer for 30 min at room temperature before assembling the
Western blot. Standard Western blot procedures are then used.)

3.3. BN-PAGE protein standard preparation

Protein standards are prepared in the digitonin-containing lysis buffer and
run alongside the mitochondrial extract sample to standardize the separation
profile of the BN-PAGE gel. Commonly used standards are thyroglobulin
(667 kDa), apoferritin (443 kDa), f-amylase (200 kDa), alcohol dehydro-
genase (150 kDa), and bovine serum albumin (BSA, 60 kDa). These
standard proteins can be purchased together in one kit from Sigma-Aldrich.
The protein standards are prepared in lysis bufter as 10 mg/ml stock solu-
tions (these can be frozen in aliquots at —20°). To prepare the samples for
BN-PAGE electrophoresis, 4 ul of protein standard is supplemented with
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34 ul of lysis bufter, 2 ul of 10% digitonin and 4 ul of the BN-PAGE sample
buffer. The protein standard samples should be prepared just before loading
on the BN-PAGE gel.

3.4. Electrophoresis of BN-PAGE and SDS-PAGE gels

The BN-PAGE gels are initially run at 4° for 1 h at 100V followed by 30 to
45 min at 500 V, with the anode bufter (50 mM BISTRIS, pH 7.0) and a
cathode bufter supplemented with Coomassie blue (50 mM Tricine, 15 mM
BISTRIS, 0.02% Coomassie Blue [Serva blue G|, pH 7.0) (Schigger and
von Jagow, 1991). After this, the blue cathode bufter is discarded, the
cathode buffer chamber washed briefly with water and replaced with clear
cathode buffer (same cathode solution as before but Coomassie blue is
omitted), and electrophoresis is continued at 500 V for approximately 2 to
2.5 h. After the first-dimension BN-PAGE separation, the gel strip contain-
ing the resolved protein complexes to be subjected to the second-dimension
electrophoresis step is excised from the gel and allowed to soak in SDS-gel
electrophoresis buffer for 30 min at room temperature. The strip is then
carefully inserted between glass plates and on top of a preparative SDS-
PAGE gel and sealed with a molten agarose solution (0.7% [w/v] low
melting point agarose, 0.5% [w/v] SDS, and 15 mM B-mercaptoethanol).
Molecular weight markers and an aliquot of SDS-solubilized mitochondrial
proteins are loaded on the same gel in parallel lanes. Electrophoresis in the
second dimension is then performed with standard SDS-PAGE electropho-
resis conditions and is followed by Western blotting of the resulting gel onto
nitrocellulose (Laemmli, 1970; Towbin et al., 1979).

It is not uncommon to analyze the assembly states or protein subunit
profiles of the AAC-cytochrome b¢-TIM23 supercomplex in the mito-
chondria isolated from different yeast mutant strains. When this is the case,
mitochondria isolated from the mutant and isogenic wild-type control are
digitonin extracted in parallel and run side by side on the same BN-PAGE
gel. The resulting parallel gel strips are both excised from the BN-PAGE
and applied to two separate SDS-PAGE gels.

3.5. Analysis after the SDS-PAGE and Western blotting steps

After the SDS-PAGE and Western blotting steps, the resulting nitrocellu-
lose membrane is washed in water and, before immune decoration with
antibodies of interest, should be stained with Ponceau S to reveal the
migration profiles of the resolved mitochondrial protein complexes and
the applied molecular weight markers. To do so the blot is washed initially
in water and then soaked in a Ponceau S solution (0.2% Ponceau S, 3%
TCA) for 1 to 2 min and washed briefly in water again to remove excess
stain. A digital scan of the Ponceau S—stained Western blot should be
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prepared for documentation purposes before removing the stain (with
thorough washing with water) and preparing the blot for immune decora-
tion. This scanned image of the Ponceau S—stained blot can also be printed
out onto transparency (or overhead) sheets, so that the protein migration
pattern from the gel of one sample can be superimposed on and thereby
compared with that of another that had been run in parallel (i.e., if the
assembly states of the OXPHOS-containing supercomplexes are to be
compared between wild-type and mutant mitochondrial samples analyzed
in parallel on the same BN-PAGE gel).

The assembly states of the AAC, TIM23 complex, the cytochrome bey-,
and COX complexes can be determined through immune decoration of the
Western blot resulting from the second dimension SDS-PAGE analysis with
available subunit specific antibodies (e.g., a-AAC, a-Tim17, or a-Tim23
for the TIM23 complex, a-Corel or a-Core2 for the cytochrome b¢
complex, and o-Cox2 or a-Cox5 for the COX complex. Coassembly of
AAC proteins with the cytochrome be;-COX-TIM23 supercomplex can be
indicated by the comigration of subunits of these complexes with the AAC
proteins after the BN-PAGE resolution (Fig. 11.2).

Although the second-dimension SDS-PAGE step adds an extra step to
the overall analysis, it confers the advantage that the assembly state of a series
if individual proteins can be analyzed in parallel from one mitochondrial
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Figure 11.2 Assembly of the AAC protein and its comigration with the cytochrome
be;-COX complex with the TIM23 machinery. Mitochondria isolated from wild-type
yeast were solubilized in digitonin (0.5 %), clarified by centrifugation, and directly
analyzed by BN-PAGE. After the separation of the solubilized complexes by
BN-PAGE, proteins were further resolved by a second-dimension SDS-PAGE step.
After Western blotting, immune decoration with specific antisera against Corel, Cox2,
AAC, and Tim23 was performed as indicated. The position of the cytochrome bc;-
COX complex comigrating with the AAC and TIM23 complexes is indicated by
III-IV-AAC-TIM23. Western blotting with Atp4 antisera (not shown) revealed the
positions of the monomeric (approximately 550 kDa) and dimeric F;F,-ATP synthase
complexes, indicated here as Vo, and Vg, respectively. The positions of molecular
weight markers are indicated below.
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sample through multiple immune decorations, given that the molecular
masses of these proteins differs such that they can be resolved from each
other in the SDS-PAGE step. One the other hand, if the goal of the
experiment is to analyze the mass of the cytochrome b¢;-COX supercom-
plex and in particular to analyze the stoichiometry of the III,-1V, and III,-
IV forms or to ascertain the presence of be;-COX complexes greater in mass
than the II1,-IV,_, forms, then the first-dimension BN-PAGE resolution is
usually sufficient and often preferable for resolution reasons. For this reason,
as state previously, it is common practice to analyze duplicate samples from
one mitochondrial type on the BN-PAGE gel, one of which can subse-
quently be subjected to the SDS-PAGE analysis to analyze the subunit
composition of the supercomplexes and the partner sample can be directly
Western blotted after the BN-PAGE analysis for direct immune decoration
with cytochrome be;-COX subunit specific antisera.

4. EXPRESSION AND AFFINITY PURIFICATION OF
A His-TAGGED AAC2 PROTEIN (;sAAC2)

Comigration of two protein populations on a BN-PAGE gel is
consistent with their coassembly into a common complex; however, it is
not definitive proof of their physical association. To demonstrate that the
similar migration profiles of AAC and the cytochrome b¢;-COX super-
complex reflected their coassociation into a joint supercomplex, an affinity
purification approach can be used. For this analysis we have chosen to create
a Histidine-tagged Aac2 derivative and to use Ni-NTA chromatography
for the affinity purification step. The Aac2 isoform can be tagged at its
N-terminus with a histidine tag, a stretch of 12 histidine residues (a His-tag).
The resulting His-tagged Aac2 (i5;,Aac2) and coassociating proteins can be
affinity purified with Ni-NTA-agarose beads after their solubilization from
the mitochondrial membranes with digitonin.

4.1. Cloning and expression of y;sAac2

To express the His-tagged Aac2 derivative in yeast, a polymerase chain
reaction (PCR)-based approach was taken to generate an AAC2 open
reading frame (ORF) containing an extension at the 5’ end to include 12
additional codons encoding His, following the start ATG codon (Dienhart
and Stuart, 2008). The 5'-forward primer used for the PCR reaction
contained these additional His-encoding codons followed at the 3’ end
with a sequence that corresponded to codons 2 to 7 of the AAC2 ORF.
The PCR-generated DNA fragment (purified yeast genomic DNA is used
as template for PCR reaction) encoding the y;,Aac2 protein was cloned as
an Xbal/Pstl fragment into a Yip351-LEU2-based vector and downstream
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from the galactose-inducible GAL10 promoter. The forward and reverse
primers used for the PCR reaction were designed to contain Xbal and Pstl
restriction sites at their 5" and 3'-termini, respectively. The resulting recom-
binant plasmid was linearized with BstEII and integrated into len2 locus of the
yeast genome of the wild-type and Aaac2 strains to result in the expression of
misAac2 in addition to the endogenous Aac2 protein, or the sole source
of Aac2, respectively. Leucine-positive transformants (i.e., LEU2%) are
selected, and mitochondria were isolated from cultures grown in the presence
of galactose. The expression of the y;;Aac2 protein in mitochondria isolated
from the transformants, with both His-specific and AAC-specific antisera.
The addition of the N-terminal His-tag adds 1 to 2 kDa to the size of the
Aac2 protein and, therefore, it can be easily distinguished from the authentic
Aac2 protein (Fig. 11.3). Expression of the piAac2 protein is achieved
through supplementation of the growth media with galactose, together
with the omission of glucose. Cells expressing i Aac2 can, therefore, be
propagated in glycerol (3%)-containing media (a nonfermentable carbon
source) in the presence of 0.1% galactose or in media where galactose (2%)
(a fermentable carbon source) is the sole carbon source. The functionality of
the 1y;,Aac2 derivative was confirmed through its ability to complement the
respiratory-deficient phenotype of the Aaac2 null mutant when induced
though the addition of 0.1% galactose to the glycerol-containing media
(Dienhart and Stuart, 2008). The control Aaac2 strain (i.e., not expressing
the g, Aac2 derivative) does not grow under these conditions.

S W‘a o e
= P C’?'X W x \»sb C’ZX we
SR N i A

— v | Corel

— e —— e e [ Core2
—— - s s - COX 5
e — | . g | T 23

- | — _Aac2
Total Ni-NTA purified

Figure 11.3 Affinity purification of the cytochrome bc;-COX-TIM23 complex with
the gy;,Aac2 protein. Mitochondria (wild type and Aaac2 null) harboring the His-tagged
Aac2 protein (WT+pAac2 and Aaac2+y,Aac2, respectively), or control wild-type
mitochondria (WT), were solubilized with digitonin (0.5 %) and subjected to Ni-NTA
chromatography. An aliquot of the total material applied to the Ni-NTA beads
(“Total”, corresponds to 5% of input) and the Ni-NTA beads purified material and
were analyzed by SDS-PAGE, Western blotting. The resulting blots were immune
decorated with antisera specific for the cytochrome bc; (Corel, Core2), COX (Cox5),
AAC, and the TIM23 (Tim23) complexes, as indicated.
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4.2. Affinity purification of His-tagged Aac2 and
coassociating proteins

A freshly thawed aliquot of isolated mitochondria (200 ug protein) harbor-
ing the y;Aac2 derivative is mixed in SEM bufter and pelleted as described
previously for BN-PAGE lysis. The resulting pellet was resuspended in 77
ul of the lysis buffer used previously for the BN-PAGE lysis and supple-
mented with 3 ul of digitonin (10%, w/v) (i.e., end concentration of
digitonin 1s 0.375%). Solubilization was performed on ice before subjecting
the sample to a clarifying spin of 30,000¢ for 30 min at 4°. After the
clarifying spin, the sample (70 ul) is supplemented with additional lysis
buffer (150 ul), digitonin (to final concentration 0.3%), imidazole, and
bovine serum albumin (BSA) to final concentrations of 20 mM and 3 mg/
ml, respectively. The imidazole and BSA are added to the binding reaction
to reduce the level of nonspecific binding (as judged by binding of non-His-
tagged AAC [i.e., authentic AAC to the Ni-NTA agarose beads|). The
sample is applied to Ni-NTA beads (which had been preequilibrated in the
lysis buffer) and incubated with constant turning at 4° for 1.5 h. The beads
are washed twice with lysis buffer containing 20 mM imidazole and 0.2%
digitonin and once with lysis buffer plus imidazole but without digitonin.
The bound proteins can be eluted with SDS-sample buffer and analyzed by
SDS-PAGE. Western blotting with subunit-specific antisera can be per-
formed to assay for the recovery of the cytochrome bc;-COX and TIM23
complexes with the affinity-purified y;;Aac2 protein (Fig. 11.3).

By use of this approach, it could be demonstrated that the Aac2 protein
exists in physical association with the cytochrome be;-COX-TIM23 super-
complex (Dienhart and Stuart, 2008). Subunits of the cytochrome be
(e.g., Corel, Core2), the COX complex (e.g., Cox5), and the TIM23 com-
plex (Tim23) can be recovered on the Ni-NTA beads along with the y;Aac2
protein (Fig. 11.3). It is important to analyze control mitochondria in parallel
to test for the specificity of the Ni-NTA binding step. Wild-type mitochondria
(i-e., containing the authentic [non-His-tagged] Aac2 protein) are lysed in
parallel and subjected to the Ni-NTA purification step. The recovery of the
AAC proteins and the cytochrome be-COX-TIM23 subunits should be
specific for the presence of the His-tagged Aac2 protein (Fig. 11.3).

When the i5;,Aac2 purification is performed from wild-type mitochon-
dria harboring the His-tagged Aac2 derivative in addition to the authentic
Aac2 protein, recovery of both p;Aac2 and the non-His-tagged AAC
protein on the Ni-NTA beads is achieved, in addition to the previously
described components of the cytochrome b¢;-COX-TIM23 supercomplex
(Fig. 11.3). It may, therefore, be concluded that the j;;Aac2 protein exists in
a complex that contains more than one subunit of AAC. We consider it
most likely that the AAC protein copurified with the i Aac2 includes
another Aac2 protein, because the same level of authentic AAC protein
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was not recovered with the HisAac2 protein from the Aaac2 null mutant
mitochondria (i.e., mitochondria containing Aacl, Aac3, but not Aac2
isoforms) (Fig. 11.3).

4.3. Comments on the use of the His-tagged Aac2 derivative

The presence of the His-tag at the N-terminus of Aac2 seems to partially
compromise the stability of the Aac2 derivative, because the levels of
msAac2 are routinely observed to be substoichiometric to the authentic
Aac2 protein, despite that the expression of the 13;,AAC2 gene is under the
control of the strong GAL10 promoter (Dienhart and Stuart, 2008).
It should also be noted that during the course of our studies we observed
that the addition of the His-tag to the N-terminus of Aac2 increased the
stability of the association of Aac2 with the cytochrome be;-COX super-
complex. When solubilized with digitonin levels high enough (e.g., 1.5%)
to release most of the authentic AAC proteins from this OXPHOS super-
complex, the BN-PAGE analysis indicated that the pAac2 protein
remained in tight association with the supercomplex. Thus, it is possible
that the His-tag present at the N-terminus of Aac2 increased its affinity for
specific components of either the cytochrome be; or COX complexes
(Dienhart and Stuart, 2008). We are currently further investigating this.
Finally, the placement of the His-tag at the N-terminus (rather than the
C-terminus) of Aac2 was found to be critical. We observed that cloning of a
C-terminal Aac2 derivative into the Yip-based vector was problematic and
expression of a functional C terminally tagged Aac2 derivative was not
achieved. It is currently unclear what the underlying reason for this was,
but it may reflect that expression of a C-terminally His-tagged derivative of
Aac2 could have been toxic to the cell.
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virtually every known organism. Both the synthesis of Fe/S clusters and their
delivery to apoproteins depend on the concerted function of specialized, often
dedicated, proteins located in the mitochondria and cytosol of eukaryotes.
Impaired function of the mitochondria-located Fe/S cluster (ISC) assembly
machinery affects all cellular Fe/S proteins, including enzymes of the respira-
tory chain, NADH: ubiquinone oxidoreductase (complex I; eight Fe/S clusters),
succinate: ubiquinone oxidoreductase (complex Il; three Fe/S clusters), and
cytochrome bc; complex (complex Ill; one Fe/S cluster). Here, we describe
strategies and techniques both to deprive respiratory chain proteins of their
Fe/S cofactors and to study changes in activity and composition of these
proteins. As examples, we present the results of the depletion of two types of
Fe/S biogenesis proteins, huNfs1 and hulnd1, in a human tissue culture model.
The ISC assembly component huNfs1 is required for biogenesis of all cellular
Fe/S proteins, its loss exerting pleiotropic effects, whereas hulnd1 is specific
for Fe/S cluster maturation of complex I. Disorders in Fe/S cluster assembly are
candidate causes for defects in respiratory complex assembly of unknown
etiology.

1. INTRODUCTION

The respiratory chain of mammalian mitochondria is a multienzyme
system comprising more than 80 polypeptide chains, assembled into five
individual complexes at the mitochondrial inner membrane (Scheffler,
2007). Together with two electron carriers, coenzyme Q and cytochrome ¢,
complexes I to IV constitute an electron transport chain, transferring electrons
from NADH and FADH, to molecular oxygen. This electron flow results in a
concomitant translocation of protons across the inner membrane into the
intermembrane space, thereby establishing a proton motive force that finally
drives complex V to generate ATP.

Electron transfer within the electron transport chain is conducted by
low-molecular mass, serially arranged redox components, including flavins,
Fe/S clusters, quinones, heme species, and copper centers. Consequently,
the formation of each of the multi subunit respiratory complexes not only
requires the concerted action of numerous protein assembly factors
(Coenen et al., 2001) but also depends on the functionality of many systems
involved in cofactor biosynthesis and insertion. The most abundant redox
centers within the electron transport chain are Fe/S clusters located in
respiratory complexes I, I, and III. So far, three different biogenesis systems
required for the de novo synthesis of Fe/S clusters and their incorporation
into apoproteins have been identified in nongreen eukaryotes: the iron-
sulfur cluster (ISC) assembly and the ISC export machineries located within
mitochondria, and the cytosolic Fe/S protein assembly (CIA) apparatus
[for a recent comprehensive review see Lill and Miihlenhoff (2008)].
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Among these systems, the mitochondrial ISC assembly machinery holds a
central role in that it is required for the biogenesis of all cellular Fe/S
proteins. One of the key events catalyzed by this machinery is the abstrac-
tion of sulfur from cysteine by a heteromultimeric complex consisting of
the pyridoxal 5’ -phosphate (PLP)—dependent cysteine desulfurase Nfs1 and
the eukaryote-specific component Isd11 (Adam et al., 2006; Lill and
Miihlenhoft, 2008; Wiedemann ef al., 2006). During catalysis, the cysteine
substrate is transiently bound to the PLP cofactor of Nfs1, and the substrate
cysteine sulfur is then attacked by an active-site cysteinyl residue to produce
a “persulfidic sulfur” (Zheng et al., 1993, 1994). The activated sulfur is
subsequently available for the formation of a transient Fe/S cluster on the
scaffold protein Isul. This step involves the assistance of frataxin as an iron
donor and of the electron transfer chain NADH—ferredoxin reductase—
ferredoxin possibly required for reduction of the sulfur to sulfide (Lill and
Miihlenhoft, 2008). Finally, the Isul-bound Fe/S cluster is delivered to
recipient apoproteins, a process aided by a dedicated Hsp70 chaperone
system and the monothiol glutaredoxin Grx5 (Craig ef al., 2006; Herrero
and de la Torre-Ruiz, 2007).

Fe/S protein assembly within mitochondria is connected to the respec-
tive extramitochondrial process by the ISC export machinery. The central
component of this latter system is an ABC transporter of the mitochondrial
inner membrane, termed Atm1 in yeast and ABCB7 in mammals, which
appears to export a still unknown compound to the cytosol, where it is used
by the CIA components for maturation of extramitochondrial Fe/S proteins
(Cavadini et al., 2007; Kispal ef al., 1997; Pondarré et al., 2006). According
to a current model, the cytosolic P-loop NTPases Nbp35 and Cfd1 (in
mammals also known as Nubp1 and Nubp2, respectively) form a hetero-
tetrameric complex and serve as a scaffold to assemble a transient Fe/S
cluster (Lill and Mihlenhoff, 2008; Netz et al., 2007; Stehling et al.,
2008). The labile metallocluster is then transferred to target apoproteins, a
process that has been shown in yeast to require the function of the iron-only
hydrogenase-like protein Narl (in mammals known as IOP1) and the
WD40 repeat protein Cial (termed Ciaol in mammals) (Lill and
Miihlenhoft, 2008; Song and Lee, 2008).

Because key components of the mitochondrial ISC assembly machinery
participate in the maturation of respiratory complexes I, II, and III by means
of formation of their respective Fe/S clusters (Biederbick ef al., 2006; Fosset
et al., 2006; Lill and Miihlenhoft, 2008; Puccio et al., 2001; Rotig et al.,
1997; Song and Lee, 2008; Stehling et al., 2004), these components can be
referred to as general assembly factors for these enzymes. In addition, a
specific assembly component termed Ind1 (iron-sulfur protein required for
NADH-dehydrogenase) has been identified that assists in the formation
of respiratory complex I (NADH: ubiquinone oxidoreductase, NADH
reductase), the largest enzyme of the mammalian respiratory chain
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(Bych et al., 2008; Sheftel et al., manuscript in preparation). Complex I
consists of 45 subunits arranged in an L-shaped manner with one arm
embedded into the inner membrane and the other one protruding into
the mitochondrial matrix (Brandt, 2006; Vogel et al., 2007). The latter arm
harbors a noncovalently bound FMN cofactor involved in NADH oxida-
tion and eight Fe/S clusters (Hinchliffe and Sazanov, 2005). Seven of them
form an “‘electrical wire” to bridge the distance between the catalytically
active FMN center to the ubiquinone reduction site (Brandt, 2006). Until
now, only a few assembly factors primarily required for the maturation of
complex I have been identified. Three of them, NDUFAF1, B17.2L, and
Ecsit, are aiding the assembly of complex I subcomplexes (Vogel ef al.,
2007). The fourth, the aforementioned Ind1, was recently identified in both
the yeast Yarrowia lipolytica and in human cells as a mitochondrial homolog
of the cytosolic CIA components Nbp35 and Ctdl that facilitates the
assembly of Fe/S clusters and subunits of complex [ (Bych et al., 2008;
Sheftel ef al., manuscript in preparation).

In this chapter, we describe approaches to analyze the role of human Nfs1
(huNfs1) as a general ISC assembly component and of human Ind1 (hulnd1)
as a specific assembly factor for respiratory complex I. As basic strategies, we
first deplete the assembly proteins of interest by RINAi technology in tissue
culture cells and then analyze the loss-of-function phenotypes by Fe/S
enzyme activity measurements, 1-D and 2-D gel electrophoresis, and the
incorporation of >°Fe into Fe/S proteins. The experimental techniques
described in the following are generally applicable to study the function of
Fe/S protein assembly factors, and, in particular, may be useful in future
analyses of Fe/S cluster assembly into respiratory complexes.

2. DEPLETION OF FE/S CLUSTER ASSEMBLY
ComMPONENTS BY RNA INTERFERENCE

2.1. Vector-based RNAI

RNA interference (RINAI) is a mechanism by which small interfering RINAs
(siRNAs) drive an endogenous machinery to degrade distinct RNA target
molecules (Wu and Belasco, 2008). Although duplex siRNAs can be directly
administered to cell culture cells, we have good experience with the vector-
based endogenous production of siRINAs for inducing the degradation of a
specific mRINA (Sandy ef al., 2005). Usually, we use the pPSUPER vector
developed by Brummelkamp et al. (2002) or one of its commercially avail-
able derivates (OligoEngine, Seattle, WA, USA). The vector contains a
polymerase-IIT HI-RNA gene promoter that drives the expression of so-
called short hairpin RNAs (shRINA) that are intracellularly processed to
siRINA duplices of 19 nucleotides in length.
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2.2. siRNA design

Because only guidelines but no unequivocal rules for the selection of
appropriate siRNA sequences exist (Birmingham ef al., 2007), we usually
test three different mRINA target sites and choose the ones with the
strongest effect on the intended protein. Tools for the design of siRINAs
are available at numerous websites (a repertory is provided by Pei and
Tuschl, 2006). Alternately, the choice of useful siIRINAs may be facilitated
by testing commercially available sets of siRNAs that are selected by
computational methods performed by the manufacturers. In the case of
huNfs1 and hulnd1, we finally opted for the 19mer gene-specific targeting
sequences GCACCATTATCCCGGCTGT (positions 1041 to 1059 of the
hulNfs1 coding region) (Biederbick et al., 2006) and GCAGAAACCGA-
TAGAAGGT (positions 177 to 195 of the hulnd1 coding region) (Sheftel
et al., manuscript in preparation). On the basis of these sequences, 64mer
oligonucleotides were synthesized (Fig. 12.1A) consisting of a BgllI restric-
tion site-compatible nucleotide quadruplet, a cytosine triplet, the mRINA
target sequence, a nonameric spacer encoding the shRINA hairpin
(TTCAAGAGA), the mRNA target sequence in its antisense orientation,
a thymidine quintuplet to terminate shRINA expression, and a terminal
GGAAA sequence (Brummelkamp et al., 2002). Corresponding comple-
mentary oligonucleotides are designed to carry a HindlII-compatible nucle-
otide quadruplet at their 5’ end but to lack the BgllI-compatible sequence at
the 3’ end. After annealing and phosphorylation, the resulting oligomeric
DNA duplexes are cloned into the pPSUPER vector by means of its Bgll1/
HindlIl restriction sites according to standard procedures, yielding the
RNAI vectors huNFS1-R3 and silIND1, respectively.

2.3. Electroporation-based transfections

Because HeLa cells (human cervix carcinoma) are easy to handle and
transfect, we routinely use this model system to study the maturation of
respiratory chain complexes (Biederbick ef al., 2006; Sheftel et al., manu-
script in preparation; Stehling ef al., 2004). To introduce plasmids and/or
siRNNA duplexes, cells are transfected by electroporation. After harvesting
by trypsinization and washing in transfection buffer (21 mM HEPES,
137 mM NaCl, 5 mM KCl, 0.7 mM Na,HPO,, and 6 mM dextrose, pH
7.2) (Chu et al., 1987), typically approximately 4 x 10° cells are resuspended
in 525 pl transfection buffer and supplemented with 25 ug of the required
plasmids or with 15 ug of the respective siRINA duplexes. The deployment
of up to twice as many cells is possible but may affect transfection effi-
ciency. Cells are transferred into a 4-mm-gap electroporation cuvette and
immediately transfected to prevent sedimentation within the cuvette. Elec-
troporation is carried out at room temperature with an EASY]Ject+ device
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A huNfs1
huNfs1 targeting sequence  Termi-
Bg/ll targeting sequence Spacer (inverse repeat) nator

5" - gatc CCC GCACCATTATCCCGGCTGT TTCAAGAGA ACAGCCGGGATAATGGTGC TTTTT GGAAA - 3’
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Figure 12.1 RNAi-mediated depletion of huNfsl and hulndl. (A) Sequences of a
64mer oligonucleotide hairpin insert (top) and of its complementary strand (bottom)
encoding a shRINA species that is directed against huNFSI mRNA. (B) HeLa cells were
transfected twice by electroporation in 3-day intervals with either the empty pSUPER
vector or the pSUPER-derived vector huNFS1-R 3 containing the 64mer oligonucleo-
tide hairpin insert of part (A). Cell lysates obtained 3 days after each round of transfec-
tion were immunoblotted and stained for huNfsl. (C) HeLa cells were transfected
by electroporation with a vector encoding a hulnd1-EGFP fusion protein either in com-
bination with the empty pSUPER vector or with the huIndl mR NA-directed siRNA
vector, designated siIND1 (20 pg and 15 ug, respectively). Three days later, EGFP-fluo-
rescence was determined by flow cytometry (fluorescence channel 1, FL1) and served as
a measure for the efficiency of siIND1 to deplete the mRNA of the tagged hulnd1 ver-
sion. The insert shows the physical parameters of hulnd1-EGFP—expressing cells and the
region used for gating. FSC, Forward scatter; SSC, side scatter.
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with settings of 250 V and 1500 uF, resulting in a pulse time of approxi-
mately 30 msec. Considerably longer pulse times should be avoided,
because they will lead to massive cell damage, whereas shorter pulses will
decrease the transfection efficiency. Immediately after electroporation
(essentially within 30 sec, according to the manufacturer’s recommenda-
tions), cells are transferred to culture medium supplemented with 20%
conditioned HelLa medium (HeLa tissue culture supernatant) and grown
on an area of 75 cm?. The addition of conditioned medium is strongly
suggested, because it substantially improves recovery and yield of transfected
cells (unpublished observations).

Transfection of the huNFS1-R3 or siIND1 RNAI vector will decrease
the target protein levels nearly to the detection limit as early as 3 to 4 days
after electroporation (Biederbick ef al., 2006; Sheftel et al., manuscript in
preparation). Only beginning at this point, can the maturation of Fe/S
subunits of respiratory complexes be assumed to be affected. Hence, the
occurrence of conspicuous cellular phenotypes requires at least another 3 or
4 days. However, because of the transient character of the transfection,
vector-mediated RINAI effects will disappear over time (Stehling er al.,
2004). To prolong the time period of huNfs1 or hulndl depletion, HeLa
cells have to be retransfected, under conditions identical to the first electro-
poration. Principally, these retranstections can be carried out every third to
fourth day as long as it is necessary. Time intervals shorter than 3 or longer
than 4 days are not recommended. On the one hand, cells require time
to recover from the electroporation procedure, and on the other hand,
hulNfs1 and hulndl protein levels will start to recuperate (unpublished
observations).

2.4. Assessing the efficiency of the RNAI treatment

Electroporation is an effective but invasive method to transfect cells
(Meldrum et al., 1999; Stehling et al., 2004). One may expect the loss of
one fourth to up to one half of the deployed cells. Transfection efficiency
can be assessed by inclusion of 5 to 10 ug of an EGFP-encoding reporter
vector in the electroporation mixture. Analysis of cell-associated fluores-
cence 3 to 4 days after the first transfection by flow cytometry usually results
in more than 80% GFP-positive cells. Retranstection may increase the
proportion of transfected cells to more than 90%, leading to the rapid
development of a nearly homogeneous cell population without any need
for selection or lineage generation. Consequently, changes in composition
and activity of the respiratory chain can be monitored rather early after the
depletion of assembly factors, as documented for huNfsl or hulndl
(Biederbick ef al., 2006; Sheftel et al., manuscript in preparation).
Successful and thorough depletion of target proteins is a prerequisite for
analysis of RNAi-mediated loss-of-function phenotypes. Although the
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determination of mRNA levels (e.g., by Northern blotting or quantitative
PCR) encoding the intended target proteins is a useful indicator for the
action of siRINAs, we prefer to directly assess the protein levels of the
investigated assembly factors (Biederbick ef al., 2006; Sheftel ef al., manu-
script in preparation). First, only the depletion of the proteins under study
most reliably reflects the phenotypical consequences. Second, stability and
turnover of the intended proteins are both independent of the RINAi
efficiency. For example, huNfs1 and hulnd1 levels are analyzed by reducing
SDS-PAGE followed by immunoblotting and compared with the amounts
of endogenous actin or tubulin. Although after the first round of transfec-
tion the levels of RINAI target proteins are usually still above the detection
limit, they frequently drop below after retransfection (Fig. 12.1B). When no
specific antibodies are available, the efficiency of siRINAs to deplete the
intended proteins may be assessed by vector-based coexpression of an
epitope-tagged version of the respective target protein. Depending on the
expression levels, translation of the fusion proteins may not be completely
abrogated by RINAI1 but will be lowest in case of the most efficient siRINA
species (Fig. 12.1C).

2.5. Assessing the specificity of the RNAI treatment

Although siRINAs are designed to be directed solely to one distinct target,
usually an mRNA, they may nonspecifically affect unintended targets, so-
called off-targets, in an unpredictable manner (Birmingham et al., 20006;
Cullen, 2006; Jackson et al., 2006b). Consequently, a strong cellular phe-
notype caused by an allegedly efficient siRINA is not necessarily a specific
one related to the depletion of the intended target as found for an siRINA
directed against the mRINA of the cytosolic hulnd1l homolog huNbp35
(Stehling et al., 2008). Because intrusion into the respiratory chain by RNAi1
will affect multiple cellular pathways, global gene expression studies are
neither suitable nor feasible to discriminate between specific and nonspecific
RNAI effects. Instead, two different strategies have been developed to
minimize the risk of off-target effects (Chatterjee-Kishore and Miller,
2005; Cullen, 2006). One strategy suggests the application of a pool of
multiple, often chemically modified, siRINA duplexes (Jackson et al., 2006a)
to minimize the contribution of one individual siRINA species to the allover
RNAi-induced cellular phenotype. However, because the siRNA duplexes
are frequently not individually tested, the specificity of the total pool can
be estimated only by statistical considerations but evades unequivocal prac-
tical evaluation. Consequently, this strategy is only recommendable when
the following second approach is difficult to apply.

Our preferred strategy is to verify the specificity of individual siRINA
duplexes by complementation of the RNAi-mediated cellular phenotypes
on the basis of the expression of RINAi-resistant versions of target proteins.
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For instance, the consequences of huNFS1-R3-mediated hulNfs1 defi-
ciency can be specifically remedied by coexpression of murine Nfsl
(muNfs1) (Biederbick et al., 2006). Both the mRINA and protein sequences
of muNIfs1 are nearly identical to huNfsl. However, at the siRINA target
site, muNFS1 mRNA differs in four nucleotide residues from the huNFS1
mRNA (Fig. 12.2A). These four mismatches are sufficient to prevent
muNFST mRNA from RNAi-mediated degradation and to allow the
heterologous, vector-based expression of mulNfsl. Because cellular pro-
teins, especially assembly factors, are part of a coordinated proteinaceous
network, expression levels have to be empirically optimized to achieve best
complementation. Usually, we titrate the amount of the complementing
vector to modify cellular expression levels. As a rule, we apply 2.5, 7.5, and
22.5 ug of the complementing vector to the transfection mixture and
choose the amount of DNA that complements best. On the basis of these
results, a second round of titration with closer increments might sometimes
be useful to further narrow down the optimal amount of DNA.

In an alternate approach, the RNAi-mediated hulndl deficiency was
complemented by vector-based expression of a mutated hulndl version
(smIND1) whose mRNA contained seven silent mutations within the
siIND1 target site (Sheftel ef al., manuscript in preparation) (Fig. 12.2B).
As few as four point mutations may suffice to confer resistance against
RNAI as found for muNFST mRNA. Although mismatches are able to
prevent siRINA-mediated cleavage of mRNA, they may instead lead to
translational stalling (Doench ef al., 2003; Saxena et al., 2003; Zeng et al.,
2003). Thus, the more silent mutations are introduced into the siRNA
target site, the less likely RNAi-mediated gene silencing becomes. A
versatile PCR-based method to introduce a whole array of closeby

A

muNFS1 : GGGACCCGAA GC}-\E‘CAET}-\E CCEGGCTGTA TCAACCTCTC

huNFSs1 : GGGACCCTAA GCACCATTAT CCCGGCTGTA TCAACCTCTC

huNFS1-R3 : -———------ GCACCATTAT CCCGGCTGT- -------——=
1041 1059

B

SMIND1 : GACTTCCAAA ACARAAGCCA ATTGAGGGAG TTAAACAAGT

hulINDl : GACTTCCAAA GCAGAAACCG ATAGAAGGTG TTAAACAAGT

siIND1 R et GCAGAAACCG ATAGAAGGT- —---—--—-=
177 195

Figure 12.2 Complementation of RNAi-mediated huNfsl and hulndl depletion.
(A) Partial nucleotide sequence alignment of muNFS1, huNFS1, and the hulNFS1-
directed siRNA sequence that is part of RNAi vector huNFS1-R3 (cf. Fig. 12.1A and
12.1B). Mismatches in muNFS1 are underlined in bold. (B) Partial nucleotide sequence
alignment of silently mutated huIND1 (smIND1), huIND1, and of the huIND1-directed
siIND1. Mismatches in smIND1are underlined in bold. The numbers indicate the nucle-
otide positions of the mR NA sequence starting at the AUG start codon.
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mutations at the same time into a vector has been developed by Zheng ef al.
(2004). Once the mutations have been established, optimal complementa-
tion has to be determined by appropriate titration of smIND1 expression
levels (see earlier).

3. ANALYSIS OF RESPIRATORY COMPLEX ASSEMBLY

Depletion of hulNfs1 or hulnd1 has profound effects on mitochondrial
electron transport complexes (Biederbick ef al., 2006; Fosset ef al., 2006;
Sheftel et al., manuscript in preparation). A multitude of assays has been
established to analyze the activity of the respiratory chain as a whole or of'its
individual complexes. In the following sections we will mainly focus on
assays that we have adapted to directly assess the presence of iron-containing
cofactors including Fe/S clusters in individual respiratory chain complexes
or to determine changes in the function of respiratory complexes at high
performance with a microtiter plate reader device.

3.1. Assessing the incorporation of iron-containing cofactors
into respiratory complexes

Proper maturation of respiratory complexes I to IV includes the appropriate
incorporation of the various cofactors. The presence of iron, in the form of
heme or Fe/S cluster cofactors, within the individual respiratory complexes
can be directly assessed on incorporation of radioactive iron (*°Fe) followed
by blue-native polyacrylamide gel electrophoresis (BN-PAGE) (Schigger,
2003) and autoradiography. Because of their high Fe/S cluster content,
respiratory complexes I and II will be radiolabeled at high specificity. Cells
lacking a general ISC assembly factor like Nfs1 will contain less radioactive
iron in both enzymes, whereas cells lacking the specific assembly factor Ind1
will incorporate less >>Fe only in respiratory complex I.

The principal route by which mammalian cells take up iron is by receptor-
mediated endocytosis of transferrin (Tf), a soluble protein containing two
binding sites for ferric iron (Richardson and Ponka, 1997). To provide HelLa
cells the radioactive isotope >>Fe in a physiologic manner it has to be coupled
to transferrin basically as described by Ponka and Schulman (1985).

3.1.1. Preparation and application of >>Fe-loaded transferrin

Dilute >>FeCl; (approximately 250 nmol >Fe*, equivalent to an activity of
1 mCi)in 1 ml of 0.1 NHCl and add a 50% (w/v) sodium citrate solution in
a 100-fold molar excess. The color of the mixture will turn from clear to
pale yellow. After an incubation of at least 3 h at room temperature add to
approximately 60 uM apotransferrin dissolved in 0.6 M sodium hydrogen
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carbonate (bicarbonate, NaHCOQO3) to a final volume of 2 ml. The color of
the mixture will now turn from yellow to salmon. The final molar ratio of
transferrin to >>Fe3* should be 1:2. Ensure that carbonate is in high excess to
hydrogen chloride, because transferrin loading requires bicarbonate anions
(Richardson and Ponka, 1997). Incubate at room temperature overnight.
>5Fe-loaded transferrin is separated from nonbound iron by desalting with
Hanks balanced salt solution (HBSS) on a PD-10 gel filtration column. The
elution process can be nicely followed because of the light brownish color
of iron-loaded transferrin. Dilute the eluate as desired, add 1% BSA, sterile
filter and store at 4° until use.

For loading with Fe, cells are seeded at low densities in complete
growth medium [e. g., after electroporation (see earlier)] and cultured for
3 or 4 days in the presence of 1 uM >>Fe-Tf. Because transferrin receptor
(TfR) expression, and consequently iron uptake, is cell density-dependent
(Ponka and Lok, 1999; Stehling ef al., 2008), the comparison of different
samples requires identical growth conditions. The higher the degree of
confluence, the lower is the relevance of density for TfR expression.
Harvesting of cells by trypsinization removes surface-bound transferrin
and allows the determination of total cellular 5°Fe uptake by scintillation
counting as described for yeast model systems (Stehling ef al., 2007).

3.1.2. Preparation of membranes containing respiratory
chain complexes

Membrane preparations of >>Fe-loaded HeLa cells are used to visualize the
incorporation of radioactive iron into respiratory chain complexes by
BN-PAGE (Schigger, 2003). To prepare membrane samples, suspend
pelleted HeLa cells at an amount of 10 mg wet weight per 100 ul in BN
Mitobutfter (250 mM sucrose in 20 mM sodium phosphate, pH 7.0) and
homogenize cells with a tight-fitting, motorized glass/ Teflon homogenizer
by 40 passes at a rotation of 2,000 rpm. Cell opening may be monitored by
trypan blue exclusion. Rinse the pestle with up to 1 ml BN Mitobuffer and
determine the total sample volume. Transfer the lysate in aliquots
corresponding to 20 mg HeLa cell wet weight into 1.50-ml microfuge
tubes and centrifuge at 13,000¢ for 10 min at 4°. After discarding the
supernatant, pellets may be used immediately or quick-frozen in liquid
nitrogen and stored at —80° until use.

For loading on a BN gel solubilize membrane preparations by suspending
each aliquot in 35 ul of BN gel solubilization bufter (50 mM NaCl, 50 mM
imidazole, 2 mM aminocaproic acid, 1 mM EDTA, pH 7.0). Suspending may
require mechanical dispersion (e.g., by a spatula). Add 10 ul of a 20% (w/v)
digitonin solution (dissolved in water at 95°) and mix immediately by vortex-
ing or pipetting. Clear suspension by centrituging at 100,000¢ for 15 min at 4°.
Determine protein content of the clear supernatant to ensure equal loading of
the gel, add 10 ul of a 5% (w/v) Coomassie blue G250 solution (weighed in
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500 mM aminocaproic acid), vortex immediately, and finally add 5% (w/v)
glycerol. Samples with equal protein content (~300 ug) are loaded on a BN
gel and electrophoresed. Inclusion of a respiratory complex-rich reference
sample into the same gel allows monitoring of separation and migration of
mammalian respiratory complexes (Fig. 12.3A) to verify the positions of the
respective HeLa cell complexes. The reference sample may be prepared from
bovine heart mitochondria (Schigger, 2003) and solubilized in digitonin/
Coomassie as described previously for the HeLa cell lysates.

3.1.3. Blue-native PAGE and autoradiography

Cast a 1.5-mm-thick BN gradient gel from 4 to 13% with a gradient mixer
and a peristaltic pump. The 4% BN gel mix (final volume approximately
35 ml) consists of 2.8 ml of a 49.5% acrylamide/3% bis-acrylamide solution
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Figure 12.3 Effects of huNfsl or hulndl depletion on respiratory complexes.
(A) Bovine heart mitochondria (BHM), solubilized in digitonin, resolved by BN-
PAGE, and stained with Coomassie blue G250. Note that supercomplexes containing
complex I, complex III dimer (IIl,), and varying amounts of complex IV are present
when digitonin is used. (B, C) HeLa cells were labeled with ®Fe-transferrin, fractio-
nated, and mitochondrial membrane—containing samples were prepared. On
BN-PAGE, respiratory complex I is only detectable as part of a supercomplex and its
iron content decreases on application of the RINAi vectors huNfs1-R3 (B) and siIND1
(C). Complex II associated iron is only barely detectable in the huNfsl-deficient cells
(B). The most prominent band is that of ferritin [Ft], which partially fractionates into
the crude mitochondrial preparation. (D) In-gel complex I activity assay. Complex I
activity decreases on huNfsl or hulndl depletion by RNAi. Again, complex I is only
apparent as part of a supercomplex. A nonspecific band (NS) is apparent in the lower
part of the gel.
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(AA solution), 11.7 ml of a 3x BN gel buffer (75 mM imidazole in 1.5 M
aminocaproic acid), 20.5 ml water, 175 ul of a2 10% (w/v) ammoniumper-
oxodisulfate solution (APS), and 30 ul N,N,N’,N’-tetramethylethan-1,2-
diamine (TEMED). The 13% BN gel mix (final volume approximately
35 ml) is made up by 9.2 ml AA solution, 11.7 ml 3x BN gel buffer, 5.6 ml
glycerol, 8.5 ml water, 119 ul APS, and 11.9 ul TEMED. With the aid of a
long needle inserted to the bottom of the cast, we pour our gels from the
bottom up, the lower percentage acrylamide solution entering the cast first.
Adding 1 ml of water to the cast, before pouring the gel, forms a level top
edge to the separating gel. Adjust the flow rate to an intermediate speed
(4 ml/min) to allow for good gradient formation and to avoid premature
polymerization. An ambient temperature of 4° will facilitate casting. Poly-
merization is promoted by carefully transferring poured gels to room
temperature. When the separating gel has congealed, add a stacking gel
(final volume approximately 29 ml) consisting of 1.75 ml AA solution,
8.3 ml 3x BN gel buffer, 18.45 ml water, 200 ul APS, and 20 ul
TEMED. Gel run is initially performed with Deep Blue Cathode Buffer
(50 mM Tricine, 7.5 mM imidazole, 0.02% Coomassie G250, pH 7.0) in
the top reservoir and 25 mM imidazole as anode buffer (bottom reservoir) at
100 V and 20 mA in the cold for 15 to 25 min to allow the protein to run
into the gel. The voltage is then turned up to 500 V. Once the leading edge
of the samples has migrated one-third the length of the gel, the Deep Blue
Cathode Buffer is exchanged by B/10 Cathode Bufter (50 mM Tricine, 7.5
mM imidazole, 0.002% Coomassie G250, pH 7.0) to diminish the amount
of Coomassie within the gel. After the run is completed, bovine heart
mitochondrial complexes I to V of the reference sample are visible without
further staining (Fig. 12.3A); however’ Coomassie staining may be neces-
sary to visualize all of the respiratory complexes. This can be achieved by
shaking the respective gel strip for 1 to 2 h in 0.025% Coomassie blue G250
dissolved in 10% acetic acid and then washing the gel in 10% acetic acid for a
few hours. The remaining gel containing the HeLa cell samples is dried
either by use of a gel dryer or gel drying film. Iron-containing complexes
are visualized by exposure to a phosphor storage screen and phosphorima-
ging (Fig. 12.3B,C), or by autoradiography. In the latter case, appropriate
signal enhancing systems and a longer exposure time are required.

3.2. Assessing the subunit composition of respiratory
complexes by two-dimensional BN-PAGE

Maturation of respiratory complexes occurs in multiple steps by which
individual subunits or preformed subcomplexes are successively assembled
to build the functional enzyme (Coenen ef al., 2001; Fernandez-Vizarra
et al., 2007; Pickova et al., 2005; Vogel et al., 2007). In the absence of
general assembly factors like Nfs1 or specific assembly factors like Ind1,
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Fe/S subunits are lacking their cofactors and frequently become unstable.
As a consequence, assembly of the respective complexes is impaired, and
protein levels of individual subunits may decrease by proteolysis (Bych et al.,
2008; Gerbeth ef al., manuscript in preparation; Sheftel ef al., manuscript in
preparation). Subunit composition of respiratory complexes or preassem-
bled subcomplexes can be assessed by 2-D BN-PAGE (Schigger, 2003).
Respiratory complexes are first separated by BN-PAGE, and then individ-
ual complexes and subcomplexes are deconstructed into their individual
subunits by SDS-PAGE in a second dimension.

To run the second dimension, soak 1.5-mm-thick BN gel strips contain-
ing mitochondrial membrane preparations resolved by BN-PAGE (see
section 3.1.) for 15 to 30 min in 1% (w/v) sodium dodecylsulfate (SDS) at
room temperature. Take care that the strips are completely covered. Place
each strip horizontally on a gel plate containing the “ears” and squeeze it by
assembly of the second plate with 0.7- to 1.0-mm spacers. Prepare a 10% 2D
SDS-gel solution consisting of 13.3 ml 2-D SDS-gel bufter (0.3% w/v SDS
in 3 M TRIS-HCI, pH 8.45), 8.13 ml AA solution (see section 3.1.3), 4 ml
glycerol, 14.4 ml water, 200 ul APS, and 10 ul TEMED. Pour the 2-D
SDS-gel solution nearly up to the gel strip and overlay with water. After
polymerization, push down the gel strip to improve contact to the SDS-gel,
remove the remaining water, and pour a 10% BN gel solution (1.04 ml AA
solution, 1.67 ml 3x BN gel buffer, 2.26 ml water, 28 ul APS, 2.8 ul
TEMED; c. f. section 3.1.3.) along sides but not on top of the gel strip. Run
the gel at room temperature for 4 to 5 h at 200 V (or 50 V overnight, not
exceeding 50 mA in each case) with 0.1 M TRIS, 0.1 M Tricine, and 0.1%
w/v SDS as 2-D cathode buffer and 0.2 M TRIS-HCI (pH 8.9) as anode
bufter. Resolved proteins can be detected within the gel by conventional
silver staining (Sheftel ef al., manuscript in preparation). Alternately, indi-
vidual proteins may be identified by immunoblotting subsequent to the
gel run.

4. ANALYSIS OF RESPIRATORY COMPLEX FUNCTION

4.1. Determination of lactate formation

Respiratory chain deficiencies are often associated with excess lactate for-
mation. NADH generated by glycolysis and the citric acid cycle cannot be
oxidized by complex I, either because of a direct dysfunction of this enzyme
(Triepels ef al., 2001) or because of an impaired electron drain caused by
dysfunctions downstream of the electron transport chain (Munnich and
Rustin, 2001). Instead, NADH is used by lactate dehydrogenase to convert
pyruvate to lactate. Increased lactate levels in the culture medium of HelLa
cells are thus an indication for impaired respiratory complex activity on
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hulNfs1 and hulndl1 deficiency. We use multiwell plates to facilitate the
biochemical determination of lactate levels in the respective tissue culture
supernatants. The assay is based on the reduction of NAD™ because of the
action of lactate dehydrogenase that converts lactate to pyruvate (Gawehn,
1988). To shift the equilibrium of the reaction toward the conversion of
lactate, D-glutamate-pyruvate transaminase and D-glutamate are added to
transfer the amino group to pyruvate yielding D-alanine and 2-oxoglutarate.

To determine lactate concentrations, dilute conditioned tissue culture
supernatants 10-fold in water. Prepare aqueous lactate reference solutions
containing 0.1 to 1.5 mM lactate and 10% nonconditioned culture medium.
If the tissue culture cells produce large amounts of lactate, dilutions of the
media have to be increased respectively. Load 11.2 ul of each sample as well
as a solvent only blank of 10-fold diluted nonconditioned culture medium
into wells of a 96-well UV/Vis plate. Immediately before use, make up the
reaction buffer (pH 10.0) containing 250 mM glycylglycine, 500 mM
glutamate, 4.8 mM NAD™, and 40 U/ml D-glutamate-pyruvate transami-
nase (GPT). Pipette 238 ul of this reaction buffer to each sample and begin
measuring absorption at 4 = 340 nm. Allow the reaction to proceed for
approximately 5 min until the signal has stabilized. Add 3 ul r-lactate
dehydrogenase solution (LDH, 16.5 U) to each well and resume data
acquisition for approximately 40 min. When other sample sizes are used,
volumes of buffers and reagents have to be adjusted accordingly. The
increase in the optical density at 4 = 340 nm is calculated by subtracting
the absorbance before the addition of LDH from the absorbance plateau
reached at the end of the assay. The absolute amount of lactate in each tissue
culture sample can be deduced from the absorbance changes occurring in
the lactate reference samples.

4.2. Determination of complex | activity by in-gel
activity staining

Although increased lactate formation is a general indication for impaired
respiratory chain activity upon hulNfs1 and hulndl depletion, the direct
determination of the activities of individual respiratory complexes is
providing more quantitative information about the functional deficits. We
frequently apply 1-dimensional BN-PAGE to individually determine the
activity of complex I (Zerbetto et al., 1997). The assay is based on the
NADH-dependent reduction of p-nitrotetrazolium blue chloride (NBT),
which is leading to a discoloration and in-gel precipitation of the dye.

For activity staining, apply an adequate volume of 3 mM p-nitrotetra-
zolium blue chloride dissolved in 5 mM TRIS/HCI (pH 7.4) to sufficiently
cover the gel. Next, add NADH to a final concentration of 120 uM and
immediately immerse the gel in the reaction solution. Gently shake at room
temperature for 1 to 30 min, monitoring the gel for the formation of violet
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bands near the top of the gel (Fig. 12.3D; complex I monomer is approxi-
mately 1 MDa, whereas supercomplexes can be approximately twice this
size). When an appropriate time has been reached, decant the liquid and fix
the gel by adding 10% (v/v) acetic acid in 50% (v/v) methanol and shaking
for 1 to 2 h. If necessary, exchange the fixing solution as desired to remove
the residual blue dye from the gel, and then place the gel in water. Scan the
gel for quantification before drying.

4.3. Determination of complex | activity by
spectrophotometry

Despite that enzymatic in-gel activity can be densitometrically evaluated,
spectrophotometry allows a more quantitative determination of complex [
activity. Examining the oxidation of deaminodiphosphopyridine nucleotide
(dNADH), a NADH derivative, provides a direct evaluation of the enzy-
matic activity of this respiratory complex (Grgic ef al., 2004). In reference
samples, nonspecific AINADH oxidation can be monitored by inhibition of
complex I by adding 2-decyl-4-quinazolinyl amine (DQA).

Prepare complex I reaction buffer (1.5 ml is required per sample) by
adding 2 mM KCN, 60 uM decylubiquinone (DBQ), and 100 uM dNADH
to an appropriate volume of complex I stock buffer consisting of 20 mM
sodium MOPS (pH 7.4), 50 mM NaCl, and 2.5 mg/ml BSA, and gently
invert several times to mix. After adding the DBQ to the reaction solution,
it becomes sensitive to air and must not be vigorously shaken. We find that
measurements are more stable when the reaction buffer is allowed to rest at
room temperature for approximately 20 min subsequent to mixing. Split the
reaction buffer in half, and to one half'add the complex I inhibitor DQA to
yield 27 uM. Pipette each half of the reaction bufter (750 ul; 2DQA) into
one of two UV/Vis cuvettes. To each cuvette, add 30 to 50 ug protein from
the mitochondrial membrane preparations (see section 3.1.2.) and mix
samples with a plastic stirring spatula. Changes in absorbance are measured
for several minutes. Complex I activity is determined by the rate of
dNADH oxidation, which results from the difference in absorption at
340 nm between the two samples that lack or contain DQA. The molar
extinction coefficient for AINADH at 4 = 340 nm is similar to NADH and

amounts to &40 nm = 6200 M—1 X cm~1.

4.4. Analysis of enzyme activities in multiwell plates

The continuous spectrophotometric measurement of enzyme activities in
individual cuvettes is time-consuming. Because the analysis of diverse
enzyme activities in differentially treated cells by replicative samples results
in an exponential increase in sample number, we perform parallel enzyme
assays in multiwell plates with a Tecan infinite M200 device (Tecan,
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Switzerland) in its kinetics mode. The plates are placed on a bottom-cooled
dry surface and samples are loaded as required. The amount of protein
deployed has to be adjusted so that low enzyme activities can be followed
for at least 10 to 15 min. Sample volumes should not exceed 10% of the final
reaction volumes in one well. Buffer stocks can be prepared in advance,
but enzyme substrates should be added fresh. Right before analysis, the
multiwell plate is placed at room temperature and equal volumes of pre-
warmed reaction buffer are poured quickly into the wells with a repeat-
volume pipettor. The final volume within a well does not require further
adjustment, because the dilution of the reaction buffer by the protein
sample is not influencing enzyme-related changes in total optical density.
Although slightly increased final volume increases the light path, the simul-
taneously diminished concentration of the respective absorbing substance is
compensating the effects on extinction. Care has to be taken not to produce
air bubbles; otherwise, they have to be destroyed by tapping with a sharp
needle. Immediately after addition of reaction buffer, the multiwell plate is
placed into the reader device and orbitally shaken for 5 sec with an ampli-
tude of 2.5 mm. Changes in optical densities are recorded at an ambient
temperature of 37°.

4.4.1. Determination of complex Il (SDH) activity

Mammalian respiratory complex II (succinate: ubiquinone oxidoreductase) is
an interface between the citric acid cycle and the respiratory chain (Cecchini,
2003). It converts succinate to fumarate, thereby feeding electrons to the
quinone pool of the electron transport chain. Complex II consists of four
subunits, with two of them, SdhA and SdhB, exposed to the mitochondrial
matrix, whereas subunits SdhC and SdhD serve as membrane anchors.
Because of its enzymatic activity, complex II is also referred to as succinate
dehydrogenase (SDH). Three Fe/S clusters are located in SdhB, channeling
electrons from FAD in SdhA to redox centers in the membrane domain. The
consequence especially of hulNfs1 deficiency on SDH activity can easily be
tested in total HeLa cell samples with a multiwell plate-based, enzymatic assay
(Hatefi and Stiggall, 1978). The method is based on the oxidation of succinate
to fumarate with concomitant reduction of the blue dye 2,6-dichloro-N-(4-
hydroxyphenyl)-1,4-benzoquinoneimine (DCPIP), rendering it colorless, by
use of decylubiquinone as the electron carrier.

To determine SDH activity, load equal amounts of HeLa cell samples
corresponding to 4 to 12 ug of total protein in each of two wells of a 48-well
plate. Prepare SDH reaction bufter by adding 1 mM KCN, 60 uM DBQ,
and 7,5 mM disodium succinate solution to a SDH stock bufter consisting of
50 mM TRIS/SO4 (pH 7.4), 0.1 mM EDTA, 70 uM DCPIP, and 0.1%
Triton X-100. Subsequently, dispense 750 ul of this SDH reaction buffer in
one of the two sample wells. Because DBQ may transfer electrons derived
from other sources than SDH, nonspecific DCPIP reduction can be
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determined by specific inhibition of SDH with malonate. Thus, immedi-
ately add 12 mM disodium malonate solution to the remaining SDH
reaction buffer, dispense 750 ul of this reference bufter into the remaining
second sample well, and start measurement. When multiwell plates of other
sizes are used, protein amounts and buffer volumes have to be adjusted
accordingly. DCPIP reduction will proceed for 20 to 30 min. The molar
extinction coefficient of DCPIP is &g um = 21,000 M~! x cm~!. SDH
activity is determined by calculating the difference between total and
nonspecific DCPIP bleaching.

4.4.2. Determination of complex IV (COX) activity

Respiratory complex IV (cytochrome ¢ oxidase, COX) is the final member
of the electron transport chain, transferring electrons from cytochrome ¢ to
molecular oxygen (Ludwig ef al., 2001). It consists of 13 subunits and
contains two heme and two copper centers in its functional core that is
formed by three mitochondria-encoded polypeptide chains. Because Fe/S
clusters are absent, the enzyme is often used as internal reference for the
analysis of mitochondrial Fe/S proteins. However, COX activity is not
inevitably invariable but regulated by various physiologic factors such as the
intramitochondrial ATP/ADP-ratio, cAMP and calcium-dependent phos-
phorylation and dephosphorylation, and subunit expression (Fontanesi
et al., 2008; Ludwig et al., 2001). In HeLa cells, we observed a cell-density
dependent increase in COX activity (unpublished). Moreover, depletion of
general assembly factors for respiratory complexes like Nfs1, as well as other
members of the ISC assembly machinery, impairs cellular iron homeostasis
(Biederbick et al., 2006; Rouault and Tong, 2008) with a potential impact
on heme formation and COX activity. Thus, use of COX for standardizing
activities of other mitochondrial enzymes is not unequivocal. In any case,
we suggest determination of COX activity in cultured cells grown at several
cell densities to obtain reference values. Measurements can be done with
total HeLa cell lysates by examining COX-mediated oxidation of cyto-
chrome ¢ with a multiwell plate-based enzymatic assay (Birch-Machin and
Turnbull, 2001; Trounce et al., 1996).

4.4.2.1. Preparing reduced cytochrome ¢ Before its use as COX sub-
strate, cytochrome ¢ (cyt-c) has to be reduced. Dissolve the oxidized protein
at a concentration of 100 mg/ml in 30 mM potassium phosphate buffer (pH
7.2) and add an equal volume of 20 mM sodium dithionite. The color of the
solution will change from a dark brownish red to a light red. Desalt the
reduced cyt-c anaerobically by passage through a PD-10 column with 15
mM potassium phosphate buffer (pH 7.2). Reduction and concentration of
the eluted protein can be determined spectrophotometrically. The molar
extinction coefficient is &s50 pm = 19,500 M~! x cm~!. Quick-freeze
appropriate aliquots in liquid nitrogen and store at —80° until use.
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4.4.2.2. Measuring COX activity Load HeLa cell samples corresponding
to 0.5 to 2 pug of total protein in a 96-well plate. Immediately before use, add
20 uM reduced cyt-c to the COX stock buffer (15 mM potassium phosphate,
0.1% BSA, 0.5 mM dodecylmaltoside, pH 7.2) and dispense 250 ul of this
COX assay buffer to each protein sample. Because cyt-c is rapidly oxidized
in air, we usually load another three wells with COX assay buffer alone as an
internal standard to determine nonspecific changes in cyt-c absorbance.
Alternately, COX assay buffer containing 1 mM KCN may be dispensed
to replicate samples of HelLa cells as a reference, but in our hands cyt-c is
oxidized as fast as in the standard wells mentioned previously. Immediately
place the multiwell plate into the reader device, because cyt-c oxidation will
proceed only for 10 to 15 min. COX activity is determined by calculating
the difference between total and nonspecific cyt-c oxidation. The molar
extinction coefficient of reduced cyt-c is 4550 pmy = 19,500 M~ X cm™ 1.

4.4.3. Determination of citrate synthase activity
Because of the potential variability of COX activity, we instead prefer citrate
synthase (CS) as an alternative mitochondrial reference enzyme to scrutinize
mitochondrial function. Although CS is not a direct member of the respi-
ratory chain, it is indirectly linked by means of its participation in the citric
acid cycle to produce the substrates for respiratory complexes I and II. CS is
a homodimer, expediently not containing any cofactor, resides within the
mitochondrial matrix, and catalyzes the condensation of acetyl-coenzyme A
with oxaloacetate to form citrate (Wiegand and Remington, 1986). In our
experience, CS activity did not significantly change by any manipulation we
performed on mitochondria of HeLa cells. Enzymatic activity can easily be
measured in total HeLa cell samples with a sensitive multiwell plate-based
enzymatic assay according to a published procedure (Srere ef al., 1963). The
method builds on the hydrolytic cleavage of 5,5’ -dithiobis[2-nitrobenzoic
acid] (DTNB, Ellman’s reagent) to form 5-mercapto-2-nitrobenzoate by
free sulthydryl groups of coenzyme A that is liberated on the condensation
of acetyl-CoA with oxaloacetate.

To determine CS activity, load equal amounts of HeLa cell samples (2 to
5 pg of total protein) in each of two wells of a 48-well plate. Prepare CS
reference buffer by adding 175 uM acetyl-CoA to the CS stock buffer
(50 mM TRIS/HCI, 100 mM NaCl, 0.5 mM DTNB, 0.1% Triton
X-100, pH 8.0) and dispense 750 ul in one of the two wells to monitor
nonspecific DTNB hydrolysis. Quickly add 1 mM sodium oxaloacetate to
the reference bufter to obtain complete CS assay bufter, dispense 750 ul to
the second HeLa cell sample, and start measurement. When multiwell plates
of other sizes are used, protein amounts and buffer volumes have to be
adjusted accordingly. DTNB hydrolysis may proceed for more than 30 min,
depending on the protein amount applied. Take care to not load too
much protein to avoid depletion of the substrates. The molar extinction
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coefficient of the DTNB hydrolysis product 5-mercapto-2-nitrobenzoate is
€412 nm = 13,300 M~! x cm~'. CS activity is determined from the
difference between total and nonspecific DTNB hydrolysis.

5. CONCLUDING REMARKS

Maturation of respiratory chain complexes requires the concerted
interaction of multitudinous assembly factors that either directly assist com-
plex formation or act indirectly by means of their involvement in cofactor
synthesis and/or insertion. The intricate dependence of the respiratory
chain on Fe/S clusters makes complexes I, II, and III excellent targets for
the molecular and functional analysis of Fe/S protein biogenesis. Thus,
examination of the catalytic activities and the Fe/S status of individual
respiratory complexes considerably contributes to our understanding of
how Fe/S cluster are synthesized and inserted into apoproteins. Vice
versa, studying Fe/S protein formation may facilitate the identification of
new assembly factors, such as hulndl for respiratory complex I. The
experimental strategies and techniques described herein may help in future
investigations to deepen our insights into both general mechanisms of the
assembly of cellular Fe/S proteins and the specific maturation pathways of
respiratory chain complexes.
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MitoNEET is an integral protein of the outer mitochondrial membrane and is the
flagship of a small family of proteins whose hallmark is the presence of a
CDGSH domain. Initially annotated as a zinc finger, the CDGSH domain actually
binds a redox-active 2Fe-2S cluster, giving mitoNEET the distinction of being the
first 2Fe-2S protein identified in the outer membrane of mitochondria. This
chapter describes methods for isolating mitochondrial membrane fractions
that are enriched in mitoNEET, generating constructs for the expression of
recombinant mitoNEET protein and analyzing the 2Fe-2S cluster of mitoNEET
in vitro.
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1. INTRODUCTION

Type 2 diabetes, which is often associated with obesity, is character-
ized by an initial period of insulin resistance and altered lipid metabolism
that is followed by decreased insulin secretion (Wiederkehr and Wollheim,
20006). It is well established that mitochondria play an important role in
insulin secretion and that mitochondrial dysfunction is prevalent in patients
with type 2 diabetes (Asmann ef al., 2006; Lowell and Shulman, 2005;
Maechler et al., 2006; Mootha et al., 2004; Petersen and Shulman, 2006;
Ritov et al., 2005). Two of the major drugs on the market to treat type
2 diabetes, namely rosiglitazone and pioglitazone, both belong to the
thiazolidinedione class of insulin-sensitizers (Colca, 2006; Hofmann et al.,
1992). MitoNEET was initially identified as a protein that cross-linked to
pioglitazone in tissue lysates (Colca et al., 2004).

MitoNEET is a small dimeric protein that consists of little more than an
amino-terminal mitochondrial targeting sequence, a transmembrane domain,
and a CDGSH domain at its carboxy-terminus (Fig. 13.1) (Paddock et al.,
2007; Wiley et al., 2007a). The CDGSH domain represents a novel class of
2Fe-2S cluster binding domains. It is unique in its fold (the NEET fold) and in
its use of 3 cysteines and 1 histidine to coordinate the binding of a redox active
2Fe-2S cluster (Hou ef al., 2007; Lin ef al., 2007; Paddock ef al., 2007; Wiley
et al., 2007b). These domains are of ancient origin and are found throughout
evolution, from archaea to humans. There are three CDGSH domain-
containing proteins expressed in humans (Fig. 13.1) (Wiley et al., 2007a).

mitoNEET 1 MS LT85 8 o v v vt e e e e e e e e e e SVERY Ew ]
Minerl 1 MYLESVARIVEVOLPAYLKRLPEVPESITGFARLTVSEWLRLCLCPF [ #
MinerZ ' MRGAGA I LRPAARGARDLNPRRD - « « « = v+ v = = o« I SEWLAQWF PRTIFEAR &
mitoNEET 2 [AG TAA | GYLAYEKRFYVEDHRNK - AMINLHIQKDNPKINHAFDMEDLG - DK 4
Minerl # [GVLALLGYLAVRPFLPKKKQOKDS LINLKIQKENPKYYNEINIEDLCLTEK
Miner2 7 SEEVEEEE - - - - « = » = = « =« s v 2 s a e oseeees<-MTPIEEG -+ -~ - ELVAGKT %
i
k
* * * * W -
mitoNEET @ AVYCRCWRS KKFEFCOGAH T KHNEETGDNVGPL | | KKKET e
Minerl % A.-\\'tkcwnsxlr-_igi,.\c SHNKHNELTGDNVGPLILKKKEY * * 135
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Miner2 i TQRPEVCHETHRSERYOKAEVGS P

CDGSH domain

Figure 13.1 The mitoNEET family of proteins. Aligned amino acid sequences of
human mitoNEET, Minerl, and Miner2 with conserved amino acids indicated in grey.
Amino acids marked with an asterisk are invariant across multiple species. The CDGSH
domains, which coordinate the 2Fe-2S clusters, are underlined. Transmembrane
domains are marked by boxes. Reprinted with permission from PNAS (Wiley et al.,
2007a).
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Collectively, they are known as the mitoNEET family and are encoded by the
CISD1, CISD2, and CISD3 genes. These proteins are generally referred to as
mitoNEET, Miner]1 (or ERIS), and Miner2 (or mel-13), respectively (Amr
et al., 2007; Tetsu et al., 1996; Wiley et al., 2007a). Although all family
members bind redox active Fe-S clusters, they differ in subcellular localiza-
tion, with mitoNEET and Miner?2 localizing to the mitochondria and Minerl
localizing to the endoplasmic reticulum (Amr ef al., 2007; Colca et al., 2004;
Wiley et al., 2007a).

The exact function of the mitoNEET family of proteins has not been
determined; however, several intriguing observations have been made in
knockout mice and in human patients. Mitochondria isolated from cardiac
tissue of mitoNEET null mice demonstrate reduced oxidative capacity
(Wiley et al., 2007a). It has also been shown that mitoNEET mRNA is
downregulated in cells from patients with cystic fibrosis (Taminelli et al.,
2008). In addition, a mutation in the CISD2 gene (resulting in a loss of the
CDGSH domain in Minerl/ERIS protein) has been reported to cause
Wolfram syndrome, which is characterized by childhood presentation of
diabetes insipidus and diabetes mellitus, followed by optic atrophy, deatness,
psychiatric disorders, and increased bleeding (Amr ef al., 2007). Although
not a mitochondrial protein, the breadth and severity of problems associated
with lack of Miner1 function underscores the importance of this family of
CDGSH 2Fe-2S proteins in metabolism and physiology.

The initial studies performed by Colca and colleagues suggested that
pioglitazone interacted with crude mitochondrial membranes and the mito-
chondrial protein mitoNEET (Colca ef al., 2004). However, the different
compartments of mitochondria can have vastly different implications for the
role a protein may play in mitochondrial function. We examined the exact
location of mitoNEET within mitochondria and determined it to be an
integral protein of the outer membrane with the uniquely pH-sensitive
CDGSH domain oriented toward the cytoplasm (Wiley et al., 2007a). This
chapter describes methods for isolating mitochondrial membrane fractions
that are enriched in mitoNEET, generating constructs for the expression of
recombinant mitoNEET protein, and analyzing the 2Fe-2S cluster of
mitoNEET in vitro.

2. PURIFICATION OF HIGHLY ENRICHED
MITOCHONDRIA FROM RAT LIVER

Most of the methods described here can be used to study other
mitochondrial proteins. To isolate large quantities of highly purified mito-
chondria, we extract tissue from rats because of accessibility and availability.
The liver is the preferred source for mitochondria because of the size of the
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organ, the ease of homogenization, and the large amounts of mitochondria
and mitoNEET expressed within this tissue. It should be noted here that
mitochondria from different tissues might vary significantly in their method
of isolation caused in part by their protein content and the subcellular
makeup of different tissues. Although sufficient quantities of mitochondria
for many applications may be obtained from the liver of a single adult rat,
the scale described here is larger to allow for purification of sufficient
material for subsequent submitochondrial fractionation. It is possible to
generate enough material for methods 2.1 and 2.2 with tissue culture cells
expressing recombinant epitope-tagged mitoNEET. This will require at
least 6 to 10 15-cm dishes of cells.

2.1. Differential centrifugation to isolate crude mitochondria

Liver tissue is excised from 2 to 3 adult male Sprague-Dawley rats and
immediately placed into ice-cold MSHE/BSA buffer (210 mM mannitol,
70 mM sucrose, 5 mMHEPES (pH 7.4 with KOH), 2 mMEGTA, 0.5% ultra
fatty acid free BSA, and Complete protease inhibitor cocktail [Roche])
(Lapidus and Sokolove, 1993; Pagliarini et al., 2005; Wiley et al., 2007a).
To minimize contaminating blood in the purified mitochondrial fractions,
the aorta should be cut or the rat decapitated and allowed to bleed out briefly
before the liver is excised. The liver tissue is rinsed twice in MSHE/BSA
buffer to remove excess blood and hair and should remain on ice for the
duration of the procedure. The tissue is finely minced with scissors and
washed three times in MSHE/BSA buffer. (More rinses may be necessary if
there is blood visible in the wash solution.) After the tissue is sufficiently
minced, it is homogenized in MSHE/BSA buffer with a tight-fitting Potter-
Elvehjem tissue homogenizer (8 to 10 g tissue/5 volumes buffer, 4 passes at
rheostat setting of 70%). This will likely require several rounds of homogeni-
zation because of volume constraints. Remove a small aliquot (0.1 to 0.5 ml)
of the homogenate to be used for later analysis. Dilute the homogenate with
2 to 3 volumes of buffer. To remove unbroken cells and large organelles, the
homogenate is centrifuged at 600¢ for 10 min at 4 °C (all spins are done in a
Sorvall SS-34 rotor or equivalent). The postnuclear supernatant is poured
through two layers of cheesecloth, and the pellet is resuspended in MSHE/
BSA buffer, homogenized, and spun again at 600g¢ for 10 min at 4 °C. Once
again, filter the supernatant through the cheesecloth and discard the final
pellet. Remove a small aliquot of postnuclear supernatant to be analyzed later.
The postnuclear supernatants are combined and centrifuged at 12,000¢ for
10 min at 4 °C to pellet crude mitochondria. Save a small aliquot of the
postmitochondrial supernatant and discard the rest. It is imperative to work as
quickly as possible from the time the tissue is homogenized to the point
that the crude mitochondrial pellet is obtained to prevent damage to the
mitochondria by other cellular proteins including proteases.
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The crude mitochondrial pellet (dark brown in color) is washed by
gentle dispersal into a minimal amount of MSHE/BSA buffer with a glass
rod or fine-tipped paintbrush. Care must be taken to gently resuspend the
mitochondrial pellet or the mitochondria will become damaged and leak
soluble proteins from interior compartments. After resuspension of the
pellet, additional MSHE/BSA butfter is added (approximately 25 ml/pellet),
and the mixture is spun at 12,000¢ for 10 min at 4 °C. The supernatant is
removed and,