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Chapter 4

Visualization of the encounter ensemble of the
transient electron transfer complex of

cytochrome ¢ and cytochrome ¢ peroxidase

This work has been published as part of

Bashir Q, Volkov AN, Ullmann GM & Ubbink M. (2010) Visualization of the
encounter ensemble of the transient electron transfer complex of cytochrome ¢ and

cytochrome c peroxidase. J Am Chem Soc 132, 241-7.
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Chapter 4

Abstract

Recent studies have provided experimental evidence for the existence of an encounter
complex, a transient intermediate in the formation of protein complexes. We use
paramagnetic relaxation enhancement NMR spectroscopy in combination with Monte
Carlo simulations to characterize and visualize the ensemble of encounter orientations
in the short-lived electron transfer complex of yeast cytochrome ¢ (Cc) and cytochrome
¢ peroxidase (CcP). The complete conformational space sampled by the protein
molecules during the dynamic part of the interaction was mapped experimentally. The
encounter complex was described by an electrostatic ensemble of orientations based on
Monte Carlo calculations, considering the protein structures in atomic detail. We
demonstrate that this visualization of the encounter complex, in combination with the
specific complex, is in excellent agreement with the experimental data. Our results
indicate that Cc samples only about 15% of the surface area of CcP, surrounding the
specific binding interface. The encounter complex is populated for 30% of the time,
representing a mere 0.5 kcal/mol difference in the free energies between the two states.
This delicate balance is interpreted to be a consequence of the conflicting requirements

of fast electron transfer and high turnover of the complex.
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Visualization of encounter ensemble of Cc-CcP complexs

Introduction

Electron transfer (ET) protein complexes often require high turnover and thus fast
dissociation. A high affinity confers specificity on the interaction but limits the
dissociation rate. Therefore, these complexes are on the border of specific and
nonspecific as a result of a compromise between tight binding and fast dissociation.
Early theoretical work suggested that ET complexes are highly dynamic.'” NMR and
kinetic studies, recently reviewed'’, provided evidence for a model of the process of
protein complex formation in which proteins approach each other by diffusion and
initially associate in an encounter complex, followed by the formation of the specific
complex. In the encounter complex, the proteins do not assume a single orientation
relative to each other, but rather they rapidly change orientation, thus sampling the
surface of the partner. It is thought that the encounter complex accelerates the formation
of the specific complex by reduction of the dimensionality of the conformational search.
In the encounter complex intermolecular interactions are dominated by electrostatic
forces. Long-range charge-charge attraction prolongs the lifetime of the encounter and
allows for preorientation of protein molecules, thus limiting the conformational search
to a part of the binding surface.'” In the specific complex the proteins assume a single,
well-defined orientation that is stabilized not only by electrostatic forces but also by
short-range interactions like hydrogen bonds and the hydrophobic effect. Some ET
complexes appear to be entirely or mostly nonspecific, with the encounter complex

26-30,108,124,163

being the dominant form, whereas in others the specific complex

dominates.'****
Paramagnetic relaxation enhancement (PRE) NMR spectroscopy has proven to be a

useful technique for detecting the encounter complex in protein-protein'®*’

and protein-
DNA?"“** complexes as well as macromolecular self-association®® allostery™ and state
equilibria.”’ Generally, to observe PRE, a paramagnetic spin label (SL) is attached to the
protein surface via a cysteine residue. The unpaired electron on the SL increases the
relaxation rate of the nuclei in its proximity due to the magnetic dipolar interactions.
The effect depends on the sixth power of the distance between the nucleus and the

paramagnetic center, averaged over all positions of the nucleus and the SL (eqs 4.4 and

4.5, Materials and Methods). The effect is very strong at short distances, and
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consequently, even lowly populated states in which the nucleus is close to the SL can be
detected. Although PRE can be used to map the surface area sampled by a partner
protein in the encounter complex, visualization of the orientations of the proteins is
impossible solely on the basis of experimental data because the PRE represent an
average over time and space of all orientations. Several approaches have been proposed
so far to visualize the encounter complex by combining modeling and PRE data,
including explicit ensemble refinement,® Brownian Dynamics simulations,” and
empirical ensemble simulations.***

The complex between yeast mitochondrial iso-1-cytochrome ¢ (Cc) and cytochrome ¢
peroxidase (CcP) represents a well studied example of ET complexes with a short
lifetime. CcP protects the cell against high concentrations of peroxides, receiving
electrons from Cc. Here, we report the comprehensive mapping of the Cc-CcP
encounter complex and its characterization by PRE NMR and Monte Carlo (MC)
simulations. We demonstrate that a combination of the PREs calculated for the
simulated ensemble and the specific complex is in excellent agreement with the
experimental data. Using this approach we determine the fraction of the complex in the
encounter complex to be 30%. The functional reason for the small associated free

energy difference between encounter and specific complexes is discussed.
Materials and Methods

Protein preparation

Single-cysteine CcP mutants were constructed by site-directed mutagenesis using the
QuikChange polymerase chain reaction protocol and CcP (MKT, C128A) plasmid'*'*’
as a template. The proteins were expressed and purified as described before,'!>!44143:164
During the purification procedure of CcP mutants on a gel filtration column,
dithiothreitol (I mM) was present in the equilibration buffer as well as in the protein
sample. Concentrations of ferric Cc and five-coordinated high-spin ferric CcP were
determined according to the optical absorbance peaks.''*'® The yields were,

respectively, 7-8 mg and 15-25 mg/L of culture of pure Cc (from minimal medium) and

CcP mutants (from rich medium).
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Visualization of encounter ensemble of Cc-CcP complexs

Conjugation with a paramagnetic label, MTSL [(1-0oxyl-2,2,5,5-tetramethyl-3-pyrroline-
3-methyl)methanethiosulfonate], or a diamagnetic analogue, MTS [(1-acetyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate], both purchased from Toronto
Research Chemicals (Toronto, Canada), was carried out as published.19 The yield of

labeling, determined by EPR or a dithiodipyridine assay,'®® was more than 90%.
NMR experiments

NMR samples contained 0.3 mM of a 1:1 "N Cc-CcP-MTS(L) complex in 20 mM
sodium phosphate, 0.1 M NaCl, 6% D0 for lock, and 0.1 mM CH3C015NH2 as internal
reference. The pH of the samples was adjusted to 6.00 + 0.05 with small aliquots of 0.1
M HCl or 0.1 M NaOH. Measurements were performed at 303 K on a Bruker DM X600
spectrometer equipped with a triple-resonance TXI-Z-GRAD probe (Bruker, Karlsruhe,
Germany). 2D [°N, 'H] HSQC spectra were obtained with 512 and 128 complex points
in the direct and indirect dimensions, respectively, and with spectral widths of 32 (°N)
and 16 ppm ('H). All data were processed with the Azara suite of programs (provided
by Wayne Boucher and the Department of Biochemistry, University of Cambridge,
U.K.) and analyzed in ANSIG for Windows.'">'®” Assignments of the "N and 'H nuclei

of Cc were taken from previous work.'”!
Calculation of the PRE

For each observed amide proton of Cc the intensity ratio (/,/lai,) of the resonances in
the paramagnetic (CcP-MTSL) and diamagnetic (CcP-MTS) samples was determined

and T, calculated from eq 4.1'%®

Ipara — R2 eXp(— trZ)
Idia R2 + FZ

4.1)

where R, is the transverse relaxation rate of Cc amide protons in the complex with CcP-
MTS, T, is the PRE, and ¢ is the total INEPT evolution time of the HSQC. For the
amides of which the resonances disappear in the paramagnetic spectrum, an upper limit

for I, was estimated from the standard deviation of the noise level of the spectrum.
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For each peak, R, was estimated from the width at half-height (Av,/;) of a Lorentzian fit
in the proton dimension by using R, = mwAv;,. PRE values were calculated after
normalization of the Jy./I4i, ratios. The residues with Ip,/Tgi, > 0.85 were used for this
correction. The upper and lower 10% of I,,/14i, values were removed, and the average
of the remaining values was obtained. All /.14, values were divided by this average to

get the normalized PREs.
Generation of the encounter complex ensemble

A Boltzmann ensemble of encounter complex geometries was generated by a
Metropolis Monte Carlo method using a previously described approach'® with small
modifications. Cc was moving in the electrostatic potential of CcP, and moves were
accepted or rejected according to the Metropolis criterion. An exclusion grid was used
to avoid steric overlap between the proteins.'” Protein coordinates were taken from the
PDB entry 2PCC.*' The dielectric constants used for the protein and water are 4 and 80,
respectively. The electrostatic potential was calculated by the MEAD program suite' "
using atomic partial charges of the Charmm force field."”' For histidine residues that are
not coordinated to the haem iron, average Charmm charges were used, which were
calculated as 0.25 x (His_N°® + His_N‘S) + 0.5 x protonated His. The temperature was set
to 303 K and the ionic strength to 0.12 M to match the experimental conditions. When
the centers of mass of the two molecules had a distance of less than 40 10%, the
configuration was saved every 1000 steps. About 1600 configurations were retained for
the analysis. This approach implies that configurations with a larger distance contribute
negligibly to the free energy change of protein complex formation. These configurations

will also be invisible in the PRE analysis.
Ensemble analysis

The ensemble was analyzed by comparison with the Cc-CcP crystal structure by
superposition of either of the proteins. The spherical coordinates € (elevation) and ¢
(azimuth) position the center of mass of a structure in the ensemble relative to the vector
between the centers of mass of Cc and CcP in the crystal structure (Figure 4.4A). For

the Cc structures around CcP, the range of 6 is small, with 95% of the angles less than
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Visualization of encounter ensemble of Cc-CcP complexs

45° and 36% within 10° (Figure 4.4B, gray areas), whereas ¢ is evenly spread (Figure
4.4C). The inertial ellipsoid of CcP can be described with values 12.2, 9.3, and 9.6 us™
for Dz, Dy, and Dx, respectively, with a rotational correlation time of 16 ns.'”? If CcP is
approximated as a sphere, the surface area explored by Cc can be calculated. A surface

element A of a sphere with radius r is given by eq 4.2
e}

A=|

0

for ©® = 45° and @ = 360°, A = 1.84/%, or 14.6% of the total surface (12.57r2). For ©® =

10° A is 0.76% of the total surface. The fact that the lowest 8 bins are most populated

r’ sin(6)déd ¢ 4.2)

S ey

implies that in the ensemble Cc is located close to the orientation in the specific
complex.

For CcP structures around Cc, the bin of 8 = 35° is the most frequent, indicating that the
ensemble orientation is not optimal for forming the specific complex and a rotation of
CcP around Cc is required. With 95% of the 6 angles between 0° and 90° (Figure 4.4D)
and 90% of the ¢ angles between -85° and 95° (Figure 4.4E), it can be calculated with
eq 4.2 that 85% of the CcP structures samples 25% of the surface area of Cc, again
approximating the protein by a sphere (Dz, Dy, and Dx for Cc are 33, 26, and 28 us™,
172

respectively, and the correlation time is 5.7 ns).

The DRMS metric was defined according to eq 4.3

DRMS = %z (4.3)

L]

ens _ xray
dii dij

where dj; is the distance between the C* atoms of two residues i and j from different
proteins. N is the total number of pairs (i, j), and d;"" and d;"™ are the distance matrix
elements from the specific and ensemble structures, respectively.

The distances between each Cc backbone amide hydrogen in the ensemble and the

oxygen of SL on CcP were measured with XPLOR-NIH" and averaged using eq 4.4
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where r is the effective distance for a given proton, m is the number of SL orientations
used, and 7 is the number of structures in the ensemble. To account for the mobility of
the SL, the distances to four conformations of the SL were averaged.” The use of an
effective distance is justified only if the rate of interconversion (k) of the substates is
much higher than the PRE (k. >> I';). From the chemical shift changes observed upon
complex formation it can be derived that k. (binding) >> 1000 s”'. The interconversion
of the substates in the encounter complex and between the encounter and specific
complexes is necessarily much faster. Thus, it was assumed that the fast exchange
regime can be applied in this case. If the distance between the oxygen of the SL and any
Cc C* atom was less than 5 A, then that SL orientation was not used for that Cc
structure because it was assumed that steric collision between the protein and the SL
would not allow that SL orientation. The effective distances were converted into I', with

eq 4.5

y’'e's 37,
P 20r° S *2

where 7. is the correlation time of the electron-nucleus vector (16 ns),13 @, and y are
proton Larmor frequency and gyromagnetic ratio, respectively, g is the electronic g
factor, and /3 is the Bohr magneton. Given the binding constant 1.9 + 0.3 x 10° M™"
under the experimental conditions 88% of Cc is bound to CcP, so the calculated I'; was
multiplied by 0.88 to be comparable with the measured values.

The Q factor was calculated from eq 4.6

o= [ ST e
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Visualization of encounter ensemble of Cc-CcP complexs

where T, and ', are the observed and calculated PREs. The sum of T',*® and
I, was employed in the denominator, instead of the commonly used I',,°™ only,
which leads to unjustified larger contributions to the Q factor by residues with small
Fz,,ObS values. The uncertainties in the Q factors were obtained by standard propagation
of the error in Fz,,ObS, eq 4.7. The latter was derived from the uncertainties in Ip,y, and g,

based on the noise levels in the HSQC spectra.

S -rpef oy Yo ) siry)
0=0 |- + - (4.7)

2 2
[Z (s -1y )ﬂ [Z (s e )2}

1

1

The optimal fit of the experimental PRE data was found by calculating the Q factor for
each value of p between 0 and 1, with increments of 0.1, where p and (1 - p) are the
population fractions of the encounter and specific complexes, respectively, according to

eq 4.8
calc calc,ens cale,specific
[, = pLyae 4+ (1— p)L,eeret 4.8)

Results

Conformational space of the encounter complex

Nitroxide SLs were introduced, one at a time, at 10 positions, extending the initial set”’
to sample Cc interactions with the entire surface of CcP (Figure 4.1), and PREs
measured for the Cc backbone amide protons. Enlarged plots with error bars are shown
in Figure 4.2. Only three SLs attached to CcP near the crystallographic binding site
(N38C, N200C and T288C, shown as red sticks in Figure 4.1) caused paramagnetic
relaxation of Cc amide nuclei. Attachment of a SL to any of the seven other positions
(blue sticks in Figure 4.1) did not result in PREs. With the combined data set from 10
SL positions, the surface area of CcP that is sampled by Cc in the encounter complex

can now be assessed accurately (Figure 4.3). The results demonstrate that the
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conformational search of Cc in the encounter complex is limited to the area surrounding

the interface of the specific complex.
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Figure 4.1. CcP spin labeling sites and intermolecular PRE effects on Cc. The ribbon representation of the
specific Cc-CcP complex was drawn from PDB entry 2PCC®' with PyMOL (http://www.pymol.org). Cc and
CcP are in pink and gray, with the haem groups shown as cyan sticks. CcP residues that were replaced by
cysteines for SL attachment are labeled and shown as red (PRE observed) and blue (no PRE) sticks. For each
SL position, the I /lsi. plots for the Cc residues are shown. The red circles in the graphs represent the

residues for which the resonances disappeared in the spectrum of the paramagnetic sample.

Monte Carlo simulations of the encounter complex

102,103,173 6,174,175
I, 1

According to theoretica and experimenta studies, an encounter complex
exhibits very few of the short-range interactions characteristic of a specific complex and
is predominantly driven by electrostatic forces. Therefore, in order to simulate the
encounter complex alone and not the entire protein complex, we used rigid-body Monte
Carlo simulations in which only electrostatic and steric interactions were active. It
should be noted that our approach is different from that of Kim and coworkers,” who

simulated the entire protein complex (i.e., combination of the specific and the encounter
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23
1., our

complexes). Also, in contrast to the coarse-grained model of Kim et a
simulations employ atomic-detail descriptions of protein molecules with assigned

partial charges.
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Figure 4.2. PREs from CcP-SL on Cc. Relative ['H, "N] HSQC intensities of Cc backbone amides in the
complex with CcP labeled with a paramagnetic spin label (Ip.,) or a diamagnetic analogue (Iy,) at positions
N38C, N200C, T288C, S263C, T137C, V10C, K97C, N141C, N164C, and L213C. For the residues whose
resonances disappear in the paramagnetic spectrum, the upper limit of Iyu./lsa Was estimated from the noise
level. The error bars denote standard deviations, derived from spectral noise levels using standard error

propagation procedures.

63



Chapter 4

Figure 4.3. Simulated encounter complex of the Cc-CcP complex. Stereorepresentations of the ensemble

structures with CcP (A) and Cc (B) superimposed are shown in ribbons with the haem in cyan. The centers of
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Visualization of encounter ensemble of Cc-CcP complexs

mass of Cc (A) and CcP (B) are shown as spheres, coloured to indicate the density of the distributions,
decreasing from red to blue. The highest densities denote the most favourable electrostatic orientations.
Densities were determined by counting the number of neighbours within 2 A. The lines in A indicate the two
centers of high density. (C) Stereo representation showing distributions of Cc and CcP around the partner
protein in the simulated encounter complex superimposed on the specific complex. Red spheres show the
centers of mass of Cc around CcP. Blue spheres show the centers of mass of CcP around Cc. Cc and CcP in
the specific complex are shown as ribbons and haem shown as sticks. The centers of mass of the two proteins

in the specific complex are shown as green spheres which are connected by the green line.

Figure 4.3 shows the results of a typical MC run. The centers of mass of Cc (Figure
4.3A) and CcP (Figure 4.3B) are shown as spheres around the partner protein. Figure
4.3C shows both distributions superimposed on the specific complex. The calculations
yield a Boltzmann distribution of orientations with the highest densities (red)
representing the lowest energies. In the MC ensemble, Cc samples the CcP surface area
close to the interface of the specific complex, which is consistent with the experimental
PRE mapping (see above). This restricted sampling can be attributed to the charge
distribution on CcP that results in preorientation of the proteins during the encounter.
The distribution of Cc around CcP (Figure 4.3A) shows two energy minima, matching
those found in Brownian dynamics simulations of Northrup et al.'” Similar calculations
by Gabdoulline and Wade'” also appear to exhibit these two minima. In our
simulations, we did not see a third minimum around CcP residue Asp148 as described

by Northrup et al.'”

If CcP is approximated as a sphere, it can be calculated that 95% of
the Cc structures samples a mere 15% of the surface area (see Materials and Methods
and Figure 4.4B, shaded region). One-third of all the structures is in a surface area of
less than 1% (Figure 4.4B, dark region). Furthermore, the electrostatic preorientation of
Cc in the encounter complex brings it very close to the position in the specific complex,
as can be seen from the histogram in Figure 4.4B of the distribution of 6 angles (6 = 0
corresponds to the specific complex). Analysis of the distribution of CcP around Cc
(Figure 4.3B) shows that the former interacts with the positive patch close to the
exposed haem edge of Cc. CcP in the encounter complex requires an average rotation of
35° to reach the orientation found in the specific complex (histogram in Figure 4.4D)

and explores a larger fraction of the surface of its partner, with 85% of the structures

sampling 25% of the space.
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The structures in the calculated ensemble were also compared with the specific complex
by making use of the distance root mean square deviation metric (DRMS), according to
eq 4.3 (Materials and Methods). Figure 4.4F shows the plot of DRMS against
electrostatic energy of the ensemble structures. Both the energy and the DRMS

distributions can be fitted with Gaussians. The average DRMS is about 6 A.
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Figure 4.4. Ensemble analysis. (A) Definition of the spherical coordinates. The proteins in the specific
complex are in bold circles, and one of the ensemble structures is shown with a dashed line. The black dots
represent the centers of mass. The right-hand picture has been turned by 90° relative to the left one, with the
vector of the centers of mass of the specific complex pointing toward the reader. The angle ¢ is defined
relative to an arbitrary direction. (B-E) The relative (bar plots) and cumulative frequencies (solid lines) are
plotted for the angles @ (B, D) and ¢ (C, E) in 5° bins for the centers of mass of Cc around CcP (B, C) and
CcP around Cc (D, E) for a representative ensemble. The dark and light gray areas in B indicate the 0-10° and
10-45° regions (see text). (F) DRMS (distance root mean square, eq 4.3) is plotted against the electrostatic
energy for all structures in the ensemble. The histograms show the energy and DRMS distributions with the
curves representing Gaussian fits with averages (widths) of -8.0 (3.4) kcal/mol and 6.3 (5.3) A for the energies
and DRMS, respectively. The interaction energy of the specific complex is -25.3 kcal/mol. (G) Distribution of
the edge-to-edge distance between the CcP Trp191 indole and the Cc haem in the ensemble. The solid bar

marks the distance in the specific complex. The category at 40 A contains all values of >40 A.
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Coverage of the CcP surface using ten spin labels

Centers of mass of Cc were positioned around CcP such that Cc just touched the CcP to
provide a grid of points around CcP. In Figure 4.5 a mesh is shown around CcP
consisting of these points. For spin labels that do not affect any amide of Cc (I2 < 10§’
" it was estimated that the Cc cannot be within 8 A of any of the four spin label
orientations used to represent the spin label ensemble for more than 1% of the time.
Given an average Cc radius of 14 A, this implies that the center of mass of Cc must be
>22 A from the spin label. Thus, in the grid all points within 22 A are shown in blue to
show surface area that is occupied by Cc for less than 1% of the time. In red are shown
the same areas with spin labels for which PREs were detected, representing the maximal
area possibly sampled by Cc. It can be seen that the theoretical ensemble (magenta
spheres) stays almost completely within this area. The yellow surface represents spin
label attached to S263C for which a few small PREs were observed, suggesting that this
spin label borders the area visited by Cc. Also shown is the same analysis for the set of
spin labels used in an earlier study"’.

Note that the blue area takes priority of red/yellow. With ten solvent accessible and
flexible spin labels and the criteria given above, almost the entire surface area of CcP
(13097 A2) is covered, indicating that about 1300 A2 can be covered per spin label for

this globular protein.
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Figure 4.5. Coverage of encounter complex sampling by Cc on CcP for the current study (left column) and

earlier work' (right column). A grid of possible Cc positions around CcP is shown as a mesh, coloured
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according to the PRE data. The mesh around spin labels that cause no PRE on Cc is shown in blue,
representing the surface of CcP in which Cc resides for less than 1% of the time. The red mesh represents the
surface around spin labels that cause PRE, indicating the region that may be visited by Cc. In yellow is the
mesh around the spin label attached to C263, which caused only a few small PRE effects. White mesh
represents regions for which no data are available. The proteins in the specific complex are shown in green
ribbons, the simulated encounter complex is shown as magenta spheres, representing the centers of mass of
Cc. The oxygen atoms of the MTSL are shown as cyan spheres, with four atoms per spin label position,
representing the four orientations used in the calculations. The images in each column represent different

views. The view is the same for each left and right image.
Experimental and calculated PREs

The observed PRE (I" 2""5) is an ensemble average of the contributions arising from Cc
orientations in the encounter and specific complexes, which can be back-calculated
from, respectively, the simulated ensemble and the crystal structure of the complex. In
Figure 4.6 the T',*™ values from the ensemble and the specific complex are compared
with the experimental I,°* for three SL positions (N38C, N200C, and T288C). Neither
the specific complex nor the encounter complex alone accounts for the experimental
PRE profiles. For T288C (Figure 4.6A) the I," values for the specific form deviate
from I',*™ for residues 2-8, 12-14, 67-69, and 87-90. Similarly, I," for the encounter
complex disagrees with I’ 2°bs for residues 2-15, 51-53, 67-69, and 87-93. However, a

linear combination of the I,

values for the two forms yields a good fit of the
experimental data. Similar differences between observed and calculated PREs for either
the simulated ensemble or the specific form are also observed for Cc complexes with
N200C or N38C CcP-MTSL (Figure 4.6B and 4.6C). Again, a combination of both PRE
contributions gives an improved match with the experiment. We conclude that the MC

simulations provide a good description of the encounter complex.
Population of the Encounter Complex

The linear combination of T, for the simulated ensemble and the specific complex
that fits best the experimental data was determined by varying the population fraction of
the encounter complex (p) (eq 4.8, Materials and Methods). To assess the goodness of

the fit, we used a quality factor (Q) as defined by eq 4.6 (Materials and Methods). The

69



Chapter 4

plots of Q versus p show a clear minimum for each of the three SLs that cause PREs.
The position of the minimum appears to be identical for the three mutants (T288C,
N200C, and N38C) with the lowest Q factor found at p = 0.3. According to this
analysis, Cc and CcP spend 70% of the lifetime of the complex in the crystallographic
orientation (the specific complex) and 30% in the encounter complex (Figure 4.6D). To
establish whether the results are influenced by the rotational freedom of the attached
SLs, the Q factor was calculated using different sets of orientations of the SL, and the
results were found to be the same (Figure 4.6E). The MC calculations were also
repeated after randomizing the side-chain orientations of both proteins. It was found that
different side-chain orientations do not affect the calculated ensemble significantly and

yield the same p value for the encounter complex (Figure 4.6F).
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Figure 4.6. PRE analysis. (A-C) Observed (solid circles) and calculated (open symbols) PREs for Cc residues
in the complex with T288C (A), N200C (B), and N38C (C) CcP-SL. The experimental PREs are in black, the
PREs back-calculated from the specific complex in blue, the PREs of the simulated encounter complex in

green, and the combination of latter two at 30% population fraction of the ensemble in red. (D) Q factors
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calculated for combinations of PREs from the specific structure and the simulated ensemble at different
population fractions of the encounter complex (p, eq 4.8, Materials and Methods) for the SL positions N38C
(blue), N200C (pink), T288C (green), and the combined data (black symbols, connected by a line). (E, F) O
factors of the combined data for the three SL positions with each symbol representing different SL (E) or side-

chain (F) orientations. The black diamonds connected by the lines indicate the averages.

Discussion

Our results show that the encounter complex represents 30% of the entire complex,
implying a mere 0.5 kcal/mol difference in the free energy relative to the specific form.
The delicate balance between the two states could be related to the function of the
complex. On one hand, studies of non-ET complexes reported encounter population
fractions of up to 10%.”>* On the other hand, small ET protein pairs have been
described in which no specific complex seemed to be formed at all. For example,

myoglobin-cytochrome bs”****'" and adrenodoxin-Cc***

represent highly dynamic
complexes that consist entirely of encounter complex.

For sufficiently fast biological ET (10°-10* s, the maximal distance between redox
centers needs to be about 16 A."”” It has been established that Trp191 acts as a hopping
station for electron tunneling between the Cc and the CcP haems.'”®'” In the specific
complex the edge-to-edge distance between the Cc haem and the Trp191 indole group is
13.7 A, which enables efficient intermolecular ET. In contrast, the overwhelming
majority of the structures in the encounter complex ensemble are incapable of fast ET
because the distance between the Cc haem and the CcP Trp191 is more than 16 A, with
the mode being 24 A (Figure 4.4G). We propose that, in contrast to the small complexes
mentioned above, in big complexes the distance between the redox centers is too large
for efficient ET in most orientations of the encounter complex, which makes it
necessary to form a specific complex.

Another important requirement for an ET complex is a rapid turnover. The strong
electrostatic attraction and preorientation in the Cc-CcP complex ensures a high
association rate’ but, at the same time, stabilizes the encounter complex.175 Thus, the
difference in the free energy between the specific and the encounter complexes should
remain small. A tight binding of the specific form would limit the turnover by a low

dissociation rate. In conclusion, the nearly equally populated encounter and specific
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complexes may well be a consequence of biological function of the Cc-CcP complex,

striking the right balance between fast ET and a high turnover rate.
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