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ABSTRACT: Here, we introduce the nanoparticle-aided cryo-electron microscopy sampling

(NACS) method to access the conformational distribution of a protein molecule. Two nanogold
particles are labeled at two target sites, and the interparticle distance is measured as a structural
parameter via cryo-electron microscopy (cryo-EM). The key aspect of NACS is that the projected
distance information instead of the global conformational information is extracted from each
protein molecule. This is possible because the contrast provided by the nanogold particles is
strong enough to provide the projected distance, while the protein itself is invisible due to its low
contrast. We successfully demonstrate that various protein conformations, even for small or
disordered proteins, which generally cannot be accessed via cryo-EM, can be captured. The
demonstrated method with the potential to directly observe the conformational distribution of
such systems may open up new possibilities in studying their dynamics at a single-molecule level.

P roteins that function in unstructured states as well as in
well-structured states play meaningful roles in various
biological processes.' > Due to the significance of the
unstructured proteins, their structural characterizations have
been actively carried out.*”"* However, the intrinsic flexibility
of such proteins makes it difficult to identify diverse
instantaneous conformations, while such identification is
essential to understanding the structural natures and the
dynamic behaviors of the proteins. Generally, to characterize
the structural propensities and the dynamics of these
unstructured proteins, nuclear magnetic resonance spectrosco-
py has served as the most powerful tool.'”'” However, this
technique provides only short distance information and an
ensemble—averaged structure of various instantaneous states,
which is often insufficient for determining the conformational
ensemble itself.

As an alternative in delineating the conformational
distribution, a single-molecule experimental concept of
single-object scattering sampling (SOSS) was proposed.”’~*
There, the scattering pattern from each object (a molecule or a
complex) is measured by irradiation with a coherent,
ultrashort, and ultraintense X-ray pulse. The scattering pattern
contains the information regarding a structural parameter of
the object in its instantaneous and specific conformation.
Collecting a sufficient number of such patterns yields
information about many conformations, which can then be
used to extract a distribution of the structural parameter.

Here, as a step to further substantiate the concept of SOSS,
especially its application to biological molecules such as
proteins, we demonstrate an experimental method named
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nanoparticle-aided cryo-electron microscopy sampling
(NACS), which can estimate various protein conformations
through cryo-electron microscopy (cryo-EM). Cryo-EM
collects images of individual particles fixed by vitrification,
which are used to determine the three-dimensional struc-
ture.”>** Due to the low contrast of protein molecules in cryo-
EM, small proteins generally are not visible in cryo-EM images.
Even for large proteins that can be detected by cryo-EM,
nanogold particles are sometimes used as a contrast agent as
commonly employed in imaging biological systems.”>~*® This
labeling strategy has in fact been extensively applied to
studying the structural dynamics of DNA**~>" and its reaction
accompanying a reversible conformational change.”” In these
studies, nanogold particles were labeled at both ends of the
double-stranded DNA (ds-DNA), and EM or electron
tomography measurements””>> were performed to extract the
interparticle distance and ultimately the length of ds-DNA.
There, all ds-DNA molecules (10 nm*"** to 28 nm®’) were
substantially shorter than the persistence length of ds-DNA
(~40 nm).”* Thus, the target molecules were much more rigid
than the protein, and direct labelin§ with relatively large
nanogold particles (5 nm” to 36 nm’' in diameter) did not
largely disturb DNA native structures. Here, in this study, we
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Figure 1. Schematic representation of the concept of NACS (nanoparticle-aided cryo-EM sampling) with two-point nanogold-labeled protein
molecules. Both folded and unfolded states of the protein can have various instantaneous conformations. Nanogold labeling of two selected sites of
the protein combined with the single-object imaging capability of cryo-EM allows the acquisition of micrographs with a clear contrast of nanogold
particles. The distribution of various conformations of the nanogold-labeled protein can be constructed by measuring interparticle distances from
obtained micrographs. The shape of the distribution depends on whether the protein is folded or unfolded.

apply the nanogold labeling strategy to a protein. With a
protein, in contrast to DNA, it has been reported that the
structure can be significantly altered by direct labeling of a
single nanogold particle even at a relatively small size (1.5 nm
in diameter) due to the electronic charges at the surface of the
particle.” To avoid this problem, we adopt a nanogold particle
that has a negligible surface charge thanks to organic
surfactants on the surface. In addition, a particle having a
linker that can be conjugated to a specific position of the
protein is used to avoid direct contact of the protein with the
surface of the particle. We first confirm that this strategy works
properly in reducing the structural distortion of the protein.
The linker in principle can be flexible, which can add a certain
level of uncertainty to the distance between two labeled sites.
Therefore, we take into account the influence of the flexible
linker in our analysis.

As a model system for describing conformational distribu-
tions of both folded and unfolded states, we chose equine heart
cytochrome ¢ (cyt-c), which has been widely employed to
investigate the structural aspect of the unfolded state as well as
the native state, in relation to its function.>*™*° On the basis of
the cryo-EM imaging of gold nanoparticle-labeled cyt-c, we
succeeded in experimentally constructing its conformational
distribution in the unfolded state. As such, this work presents
the prospect of using nanogold labeling for protein structure
characterizations as an alternative method of deducing
conformational distributions of proteins.
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For the NACS idea to work properly, the angular orientation
of the nanogold-labeled protein molecules with respect to the
direction of the incident electron beam needs to be
determined. For example, a recent work with cryo-electron
tomography"' reported that approximately half of the tested
proteins (12 of 28) showed an apparent preferred orientation,
although there was no clear regularity with respect to
predicting whether a certain protein will align along with a
preferred orientation. Thus, unless the orientation of the cyt-c
labeled with two nanogold particles is directly measured, one
cannot predict whether they will be in a random or preferred
orientation. We applied cryo-electron multitilt analysis to
determine the actual distribution of the orientation of
nanogold particles attached to proteins. Indeed, the measured
orientation distribution turned out to be highly anisotropic
instead of being random (Supporting Method S1 and Figure
S1). Then, we used the measured orientational distribution to
analyze the distribution of the projection distances, which
contains the distribution of the actual three-dimensional
distance between two labeled sites convoluted with the
orientation distribution, from the cryo-EM images.

We performed experiments for both folded and unfolded
states of cyt-c to compare their conformational distributions.
The nanogold-labeled cyt-c was synthesized by the direct
conjugation of the mutated cyt-c and two gold nanoparticles
through the thiol group in cysteine residue, acting as the linker
moiety. The details for the synthesis and characterization of
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(A)

Figure 2. Cryo-EM images. (A) Representative cryo-EM images obtained from the nanogold-labeled G1C-G23C mutant of cyt-c. (B) Cropped
regions (marked with circles in panel A) from panel A. (C) Background-removed images of panel B. Scale bars of 50 nm in panel A and 10 nm in

panels B and C.

the nanogold-labeled cyt-c are described in Supporting
Methods S2 and S3 and Figure S2. The experimental scheme
is depicted in Figure 1. For both folded and unfolded states,
because cyt-c consists of light atoms and is not sufficiently
large for detection via cryo-EM, electron micrographs in
general cannot provide its three-dimensional structures.
Labeling nanogold particles on two desired sites, however,
enables us to obtain images with clearly visible nanogold
particles. Taking a sufficient number of images and then
extracting interparticle distances from them allow us to
construct a statistical distribution whose shape depends on
the structural flexibility of cyt-c. By analyzing this distribution,
we can gain insight into conformational heterogeneity.

As a proof of this concept, we first applied the scheme to the
folded state. Three pairs of labeling sites with differing pair
distances were selected to check whether the different yet
already known distances can be reconstructed.””** All three
pairs of labeling sites were selected among the residues
exposed on the surface of the protein so that the nanogold
particles can readily access the sites to achieve proper labeling.
In addition, we avoided the residues expected to play
important roles in the structure and function of cyt-c, such
as Gly6, Phel0, Cys14, Cys17, His18, Gly29, Pro30, Gly4l,
AsnS2, Trp59, Tyr67, Leu68, Pro71, Pro76, Thr78, Met80,
Phe82, Leu94, and Tyr97.*” The chosen pairs are Glyl and
Gly23, Glyl and Gly4S, and Glyl and Glul04, and they have
C,—C, distances of 2.69, 3.07, and 1.79 nm, respectively,
according to its structure (Protein Data Bank entry lHRC).43
As a labeling reagent, we chose commercially available 1.4 nm
monomaleimido nanogold particles.** Because the maleimide
functional group can covalently cross-link with the thiol group
in cysteine, we can achieve labeling by mutating the target
residues with cysteine, namely, as three mutants, G1C-G23C,
G1C-G45C, and G1C-E104C.

For the mutants and wild-type cyt-c, circular dichroism
(CD) spectra were recorded to check the integrity of the
labeled protein structure, as shown in Figure S2. In light of
secondary structures, the site-directed mutation did not affect
the native conformation. The CD spectra after nanogold
labeling were also recorded (Figure S2). The CD results
indicate that the nanogold labeling did not cause any severe
distortion from the native structure. Contrary to previous
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studies’>* that showed significant denaturation of cyt-c after

labeling by negatively charged nanogold particles, we used
particles with a neutral charge and labeled them through a
maleimide linker. Our results confirm that this charge
neutrality of the particle and the presence of the linker help
maintain the native structure even with the nanogold
conjugation.

Then, we measured cryo-EM images of the nanogold-labeled
cyt-c. The details of the sample preparation and the
measurement conditions are described in Supporting Method
S4. A representative cryo-EM image is shown in Figure 2A. To
conveniently post-process the images, we cropped the
appearances of well-defined pairs from the acquired raw
images so that they were at the centers of the cropped images
(Figure 2B). The selection criteria for the well-defined particle
pairs are described in Supporting Method SS5. For each
cropped image, edges between the particle and the background
were determined (Figure 2C). Subsequently, the center-of-
mass coordinates of both particles were determined for the
calculation of the interparticle distance. The distance values
were then collected to plot the distribution. All of the cropped
images and corresponding processed images of nanogold-
labeled cyt-c are presented in Figures S8—S11. The detailed
procedures for the processing of cryo-EM images are described
in Supporting Method SS.

As depicted in Figure 3A, the interparticle distances
measured directly from TEM images are values of actual
distances projected onto the plane perpendicular to the
direction of the electron beam. Accordingly, we need to
convert the measured distribution into the actual one. If the
actual distance (d) and the angle (0) between the sample and
the electron beam are known, the projected distance (p) can
be easily obtained by using p = d sin(6). In this study, however,
both the actual distances and the corresponding angles are
unknown parameters, and only the projected distances are
measured experimentally. In fact, the three-dimensional
position of the other particle with respect to one particle in
a pair of particles can be expressed with three variables, d and
two angles (@ and an additional azimuthal angle, ¢), in a
spherical coordinate system. Nevertheless, as the relation
between p and d [i.e.,, p = d sin(0)] shows, ¢ is irrelevant for
the reconstruction of d from p, and thus ¢ will be ignored
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Figure 3. Schematic of data analysis. (A) Geometric relation among
the direction of an electron beam, a nanogold-labeled protein
molecule embedded in the vitreous ice, and the corresponding cryo-
EM image acquired. The parameters d, 84, 5, and p represent the
distance between two particles, the angle between the axis connecting
two particles and the direction of the electron beam, and the
projected distance, respectively. (B) Effect of the linker length and the
radius of the nanogold particle on the interparticle distance. a is the
actual interparticle distance. a, is the projected interparticle distance,
which is the experimental observable. b is the actual intersite distance.
b, is the projected intersite distance. ¢ and d each represent an extra
distance, which is the sum of the linker length and the radius of a
nanogold particle. ¢, and d,, are each the sum of the projected linker
length and the projected radius of the nanogold particle. Accordingly,
we defined c, + d,, as the projected extra distance. Two angles, O, 4,
and the angle between the axis connecting two labeled sites and the
direction of the electron beam, 6,_,., that influence the projection
distances are also shown. Note that 0,,_,, and 6,_. are different.
The protein, nanoparticles, and linkers shown in this figure reflect
their actual relative sizes. (C) Scheme for reconstructing the actual
distance distribution from the projected distance distribution. The
distribution of b was described by a histogram consisting of some
representative values (bins) of b and the population fraction of each
bin of b. We assigned the population of each bin of b as a variable and
used a proper assumption about the distributions of projection angles,
P(0py_ns) and P(O,_..s). From the distribution of projection angles
and b, the distribution of b, can be theoretically calculated. This
calculated distribution of b, can be compared with the experimentally
obtained distribution of b,,. The variables describing b and P(0,0s—res)
are then optimized by minimizing the discrepancy between the
experimental and calculated distributions of b,. A more detailed
procedure is described throughout Supporting Methods S5—S8.

throughout this study. To reconstruct the actual distance
distribution from the projected one, we used the following
analysis scheme.

Before describing the reconstruction step, we should note
that the experimentally obtained projected interparticle
distance (a, in Figure 3B, which is the projection of the actual
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interparticle distance, a) includes the projections of extra
distances (c, and d, in Figure 3B, which are the projections of
extra distances c¢ and d, respectively), in addition to the
projection of the intersite distance (b, in Figure 3B, which is
the projection of the intersite distance, b), which we are aiming
to determine. ¢ and d each represent an extra distance, which is
the sum of the linker length and the radius of a nanogold
particle. Accordingly, we defined the sum of the projections of
the extra distances, ¢, + d,,, as the projected extra distance. We
assumed that the linker can be flexible within its maximum
length (~1.3 nm)** and a flexible orientation with respect to
both the nanogold particle and the protein (Figure S4D,F).
Depending on the spatial orientation of the linker with respect
to the protein molecule, a, can deviate from b, by the
projected extra distance (c, + d, in Figure 3B) in a range from
—4 to 4 nm. To reconstruct the actual intersite distance (b in
Figure 3B) distribution, b, should first be extracted by
removing c, + d,, from experimentally obtained a,. To estimate
the distribution of ¢, + d,, for each labeled site, we performed
simulations as detailed in Supporting Method S6. The
estimated distributions of ¢, + d, for all mutants are shown
in Figure S4G—L. By using the distribution, we subtracted c, +
d, from the experimentally measured a, to obtain the
distribution of b, as detailed in Supporting Method S7.

After obtaining the distribution of b, we reconstructed the
distribution of the actual intersite distance, b, according to the
analytic scheme based on a previously reported method®"** as
illustrated in Figure 3C. In short, the population fraction at
each bin of the distribution of b was set as an independent
parameter. By taking into account the orientations of the
samples with respect to the electron beam, which are strongly
anisotropic (Figure S1), we can obtain the parametric equation
of the population fraction at each bin of the distribution of b,
(eqs S3 and S4). The parameters were iteratively fit by
minimizing the difference between the calculated distribution
of b, using the parametric equation and the experimental
distribution of b, More information about the analysis,
including the equations, is presented in Supporting Method S8.

The distributions of as for the three mutants are plotted in
Figure 4A—C. A notable point in the distributions of a, is that
the population fraction is zero for the short a, distances (a, < 2
nm). This observation may seem unnatural at first glance, but
it is in fact consistent with the result of the multitilt
measurement that the orientation of the particle pairs has a
highly anisotropic distribution instead of a random distribution
(Supporting Method S1 and Figure S1). According to the
result, the vector connecting two nanoparticles is most likely
perpendicular to the incident electron beam. More specifically,
the probabilities of observing 6,, », angles of < 30°, < 45°,
and < 60° are 0.0001%, 0.06%, and 2.7%, respectively.
Therefore, the probability that a, has a short distance of < 2
nm becomes negligible. The distribution of bys after
subtracting the projected extra distances is presented in Figure
4E—G. The distributions of bs satisfying these b, distributions
were reconstructed and are shown in Figure 4I—K. Red circles
with crosses in Figure 4E—G indicate fit population fractions to
produce the distributions of b in Figure 4I-K. In these
reconstructed distributions, the most probable distance values
are ~2.3 nm for G1C-G23C, ~3.3 nm for G1C-G45C, and
~1.9 nm for G1C-E104C. These values are in good agreement
with the estimated distances between the sulfur atoms of the
mutated positions, namely, 2.83, 3.35, and 2.02 nm,
respectively.
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Figure 4. Experimental data and results of the analysis of the folded and unfolded states. Experimental distributions of a, obtained from the
nanogold-labeled (A) G1C-G23C, (B) G1C-G45C, and (C) G1C-E104C mutants of cyt-c in the folded state and (D) the G1C-G45C mutant of
cyt-c in the unfolded state. The locations of labeled sites are represented on the left side of each panel. (E—H) Distributions of b, obtained by
subtraction of the projected extra distances, ¢, + d,, from a,,. Error bars represent standard deviations of the population at each bin. Red circles with
crosses are fit population fractions for reconstructing the distribution of b shown in panels I-L. (I-L) Reconstructed distributions of b for each
mutant and state. For the reconstruction, the distribution of one of the projection angles, P(6,,_,,), was determined from a separate experiment
(see Figure S1). The distribution of the other projection angle, P(6,_r.), was modeled and optimized together with the reconstruction of the
distribution of b (see Figure S6 and Supporting Method S8 for details). Error bars represent errors of the reconstruction that were estimated using
the MINUIT software package with the MINOS error estimation method.

Now, let us move on to investigate the conformational S11). Here, the same distribution of ¢, + d, as in the folded
distribution of the unfolded state. In the case of the unfolded state of the G1C-G45C mutant was assumed to generate the
protein, the conformational distribution is difficult to distribution of b,. As expected, compared to the folded state
characterize, and direct measurement has rarely been reported. cases shown in Figure 4I—K, b in the unfolded state exhibits a
We constructed its conformational distribution with the same broader distribution, implying that the unfolded state has a
strategy taken with the folded state. To generate the unfolded more flexible and extended structure than the structure in the
state, guanidine hydrochloride (GdnHCI) was added to the folded state. In addition, we can observe a group of small
solutions of labeled mutants, with a final GdnHCI concen- populations at relatively short distances (at b < 5.5 nm) and
tration of 4 M,* and the cryo-EM experiments of the two distinct peaks at ~6.3 and ~7.5 nm rather than a
unfolded, labeled mutants were performed in the same manner monotonous distribution. This may indicate that the unfolded
as for the folded proteins. For the unfolded G1C-G4SC, the a, state may be composed of three conformational groups with
distribution was obtained by analyzing 162 images as displayed some residual regular structural motifs*” rather than being in
in Figure 4D, together with its post-processed b, in Figure 4H just a single, completely disordered state, ie., a randomly
and b in Figure 4L (cryo-EM images can be found in Figure coiled state. In our analysis, ~27% of the population is within a
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b of 5.5 nm, ~34% of the population is at a b of around 6.3
nm, and the remaining ~39% is at a b of around 7.5 nm.

For comparison, we performed molecular dynamics (MD)
simulations to obtain structural ensembles of the folded and
unfolded states. The conformations of the folded ensemble
were obtained from trajectories with explicit solvation, while
the unfolded configurations were sampled from high-temper-
ature simulations with implicit solvation accompanied by a
relatively small solvent viscosity. Other details for the MD
simulations are described in Supporting Method S9. Figure §
compares the distributions of b derived from both the
experiment and MD simulations.
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Figure S. Comparison of the intersite distance distributions. Distance
distributions obtained from experiments and MD simulations for (A)
G1C-G23C in the folded state, (B) G1C-G45C in the folded state,
(C) GI1C-E104C in the folded state, and (D) G1C-G45C in the
unfolded state. Experimental results are shown as blue filled bars, and
MD simulation results are shown as black empty bars. The population
fraction (y-axis in the plots) of each bin from the MD simulation is
scaled down by a factor of 2.5 for the plots to compare the
experimental and theoretical distributions on a similar y-axis scale.
The dashed curves in panel D are the distance distributions estimated
by usin§ two representative models (black for the random walk
model,*® with an excluded volume, and blue for the wormlike chain
model*) of random coil polymers. These two models produce
distributions that fit well with the MD simulation and the NACS
experimental results, respectively.

The comparison of b from the experiment and that from the
MD simulation provides a clear-cut demonstration to validate
the structural sensitivity of NACS and the relevance of the
theoretical approach for elucidating the structural parameter of
unfolded cyt-c. For the folded state, the distributions display
decent to good agreements, as shown in Figure SA—C. For the
unfolded state, the agreement is not as good. Major peaks on
the distribution beyond 5 nm from the experiment are not
visible with the simulated data, however, hinting that details in
the structural ensembles are different. To some extent, the
discrepancy is not surprising as the force field parameters we
have adopted were not really developed for describing
unfolded states. In this sense, we hope that the experimental
distribution can serve as a benchmark data set for the
development of force fields suitable for unfolded proteins in
the future.
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As a baseline for comparison with the distance distribution
of the unfolded state, we also estimated the distributions by
assuming that the unfolded protein can be regarded as a
random coil polymer. Specifically, we considered two models:
(i) a random walk model™® with a completely flexible chain but
with an excluded volume for avoiding intrachain steric clashes
and (ii) a wormlike chain model® in which the chain is not
completely flexible but has a degree of stiffness due to the
residue—residue interaction. We confirmed that the distribu-
tion from the first random walk model (Figure SD, black
dashed line) agrees well with the distribution from MD
simulations when the excluded volume parameter was set to
4n/3 x (1.3 A)>. Because the residue—residue interactions in
MD simulations at sufficiently high temperatures become
negligible in comparison with the thermal energy, this
agreement is indeed quite understandable. Interestingly, this
random walk model-based distribution could not fit with the
experimental data. Indeed, the experimental data from the
NACS method could fit much better with the second one,
namely the wormlike chain model (Figure SD, blue dashed
line), when the persistence length was set to 22.8 A. The fact
that the experimental distribution is more consistent with the
second model signifies that the residue—residue interaction in
the unfolded state should not be ignored. The existence of
distinct peaks in the experimental distribution also suggests
that the unfolded cyt-c is not a completely random coil but
retains some residual structures. More details regarding the
estimation of the distance distribution using the random coil
polymer models are described in Supporting Method S10.

One important aspect that we have to note here with the
data about the large separation regime is the fact that the
unfolded state can easily extend with 7 nm or even 8 nm of the
intersite distances, and cryo-EM-based measurements can
readily detect such conformations on a single-molecule level,
unlike other conventional experimental techniques. For
example, in earlier FRET studies of the unfolded state of
cy‘c-c,37’38 six different positions (Lys4, His39, AspS0, Glu66,
Leu8$, and Lys99) were labeled with a fluorescent donor and
the heme group was regarded as an acceptor, and the donor—
acceptor (D—A) distance was regarded as the structural
parameter. However, in the case of the heme—Leu85 and
—Lys99 distances, most populations could not be detected via
FRET and were judged to be beyond 5.9 nm. While these
studies could provide valuable structural information about the
unfolded state, it is quite limited within the detection range of
FRET. In comparison, our method could determine the whole
conformational distribution even beyond 6 nm. In addition,
the distance information from every single object is utilized to
construct the distribution, whereas with FRET, judging the size
of the fraction of the undetected population is not
straightforward. Meanwhile, from the viewpoint of conforma-
tional heterogeneity, our result implicates a coexistence of
extended structures and relatively compact structures. Even
though the two nanogold particles labeled as the probe can
alter the nature of the unfolded conformations, we could still
extract the structural information about the unfolded state as
well as the folded state.

We believe that the issue about the perturbation induced by
the attached nanoparticles can be analyzed in a clearer way by
further investigating the influences of the nanogold labeling
from both theoretical and experimental perspectives. In this
work, we alleviated the ambiguity associated with the
orientation of the sample, especially for a projection angle,
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Oru_aw by using the multitilt analysis and thereby reduced the
overall inherent uncertainty of the final distribution of b.
Nevertheless, it should be noted that some uncertainty in the
distribution of @, 4, still exists because we applied the cryo-
electron multitilt analysis for only some of the G1C-G45C
mutants in the folded state. It is possible that the degree of the
preferred orientation is different for each mutant and a mutant
in the folded state and the unfolded state. Furthermore, the
degree of the preferred orientation might differ for each grid,
and in the worst case, it might vary depending on the position
within the same grid. Considering this, the reconstructed
distributions of b presented herein would possess a certain
degree of inaccuracies originating from the uncertainty in the
distribution of 6,,_,,. Ideally, determining the distribution of
Opu_aq by performing the multitilt analysis on all of the
measured samples is desirable, but we did not take such a
rigorous approach in this work but rather focused on
demonstrating a new method. The rather long linker and its
conformational and orientational flexibility with respect to the
nanogold particle and the protein may still pose some
ambiguity. In particular, this problem becomes remarkable in
the case of the GIC-E104C mutant of cyt-c where nanogold
particles are labeled on two nearby residues. One can see that,
for the G1C-E104C mutant, our method failed to properly
reproduce the experimental distribution of b, at short (< 1.5
nm) distances, probably because the distribution of ¢, + d,, was
not precisely described (Figure 4G). In contrast, the
experimental distribution of b, can be excellently reproduced
for the two other mutants where nanogold particles are labeled
on two distant residues. Considering this, upon application of
NACS methods, alleviating the problem of the linker flexibility
by selecting labeling sites as far apart as possible is desirable.

We have demonstrated that the nanogold labeling scheme
can be adapted to access the intersite distance information
about various conformational states of a protein. Using
nanogold particles with an organic linker group, we labeled
three different pairs of residue sites located on the surface of
cyt-c in its folded state and characterized the pair distances
with cryo-EM. Also, by adding GdnHCI as a denaturant to the
labeled protein solution, we could generate the unfolded state
with a minimal structural influence by the nanogold labels. By
processing the cryo-EM images of the nanogold labels, we
analyzed the conformational characters of the folded and
unfolded states at a molecule-specific level. Quite expectedly,
the distance distribution extracted from the unfolded state is
wider than the one from the folded state, representing its
intrinsic flexibility. Also, the conformational distribution
exhibits multiple peaks, suggesting the coexistence of a few
structurally distinct sub-ensembles. Considering the exper-
imental difficulties associated with the characterization of
unstructured states of proteins, the proposed experimental
scheme has the potential to become a useful tool for
investigating conformational distributions of unstructured
proteins in general and elucidating their dynamic behaviors
involving their various conformations, potentially under
interactions with their binding partners.
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Supporting methods for the determination of the
distribution of projection angle @4, »,, preparation of
the protein sample, nanogold labeling of cyt-c,
acquisition of cryo-EM images, processing of cryo-EM
images, construction of the projected extra distance
distribution, subtraction of the extra distance from the
experimental data, reconstruction of the actual intersite
distance distribution from the projected intersite
distance distribution, calculation of the intersite distance
distribution from the MD simulations, and estimation of
the intersite distance distribution by using random coil
polymer models, a table of the sequences of the
oligonucleotides used to construct cyt-c mutants, and
figures showing the distribution of ., ,, the angle
between the axis connecting two particles and the
direction of the electron beam, results of CD measure-
ments and size-exclusion chromatography, representa-
tive raw cryo-EM images for nanogold-labeled G1C-
G45C cyt-c, construction of the projected extra distance
distribution, estimation of the range of the projected
extra distance values and their correlation with the
projected interparticle distance values, comparison of the
distribution of the actual intersite distance, b,
reconstructed under two different assumptions of the
distribution of projection angle, P(f.._..), and the
corresponding best-fit distribution of the projected
intersite distance, b, to the experimentally derived
distribution of by, effect of bubbles in the sample
solution containing guanidine hydrochloride (GdnHCl),
and cryo-EM images obtained from nanogold-labeled

cyt-c (PDF)
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