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Transient Protein Encounters Characterized by
Paramagnetic NMR

K. Van de Water,“’ N. A. J. van Nuland“® and A. N. Volkov*?"

Invisible to most biophysical techniques, transient intermediates formed on the path of
biomolecular association orchestrate protein recognition and binding. Here we study such
minor species mediating the interaction between physiological partners cytochrome ¢ and
cytochrome c¢ peroxidase by paramagnetic relaxation enhancement NMR spectroscopy.
Visualization of multiple protein-protein orientations constituting the transient encounter state
reveals a broad spatial distribution, which is in striking agreement with that obtained in earlier
theoretical simulations. Being inactive in the intermolecular electron transfer, the encounter
complex pre-orients the interacting molecules, enabling the reduced dimensionality search of
the dominant, functionally active bound form. The encounter complex is insensitive to the
redox and spin states of the interacting molecules, suggesting that its properties are determined

by the protein polypeptides rather than their heme cofactors.

Introduction

For a long time it has been recognized that many biomolecular
interactions proceed via lowly-populated, transient intermediates.’
Believed to govern the macromolecular recognition and binding,
these short-lived species are inaccessible to conventional biophysical
and structural techniques and, until recently, could only be studied
by theoretical simulations.”® Recent development of the
experimental approaches sensitive to the presence of minor species —
in particular relaxation dispersion and paramagnetic relaxation
enhancement (PRE) NMR spectroscopy — has enabled direct
detection and detailed structural characterization of such transient
intermediates.”® Thanks to the methodological advances made in the
past decade, the hitherto inaccessible short-lived biomolecular
encounters were visualized by PRE NMR in a number of protein-
DNA and protein-protein complexes.”’

The PRE is caused by a dipolar interaction between a nucleus
and the unpaired electron of the paramagnetic center, either present
in the native protein or introduced by bioconjugation techniques as a
paramagnetic label. Because of the large magnetic moment of an
unpaired electron and the r® distance dependence, the PRE is a long-
range effect, which can extend up to 35 A and is exquisitely
sensitive to the presence of minor species.”’ For a number of
practical reasons, the PRE is generally measured as the difference in
the transverse relaxation rates of a proton in a paramagnetic sample
and a diamagnetic reference, and a set of such PREs (‘H I',) is used
for the subsequent structural analysis.”® If the major and minor
forms of the protein complex are in fast exchange, the observed PRE
(I,°™) is given by the sum of the population-weighted contributions
from the major (I',) and minor (I',") species (Eq. 1):

[, =(1-p)ly+pl, (1),

where p is the fractional population of the latter. Provided that the
distance between the paramagnetic center and the observed nucleus
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is shorter in the minor form than in the major one, the I',°™ will
contain a significant contribution from the minor species.

Here we use PRE NMR spectroscopy to study transient
intermediates in the complex formation between the yeast
cytochrome ¢ peroxidase (CcP) and cytochrome ¢ (Cc). Located in
the mitochondrial intermembrane space, CcP is a 34.2 kDa heme
enzyme, which catalyzes reduction of hydroperoxides using the
electrons provided by its 12 kDa physiological partner Cc. The
catalytic mechanism of H,0, reduction involves formation of CcP
compound I (CpdI), a low-spin species oxidized two equivalents
above the CcP(Fe®") resting state (RS) and containing the Fe(IV)=0
heme oxyferryl and the W191 cation radical.*’ Subsequent Cpdl
reduction in two one-electron steps involves complex formation with
ferrous Cc, intermolecular electron transfer (ET), and product
dissociation. The Cc-CcP system has been widely investigated and
become a paradigm for understanding biological ET.%’

Earlier studies revealed that the dominant Cc-CcP binding
form in solution — essentially the same as that observed by X-ray
crystallography’’ — is in equilibrium with an ensemble of lowly-
populated protein-protein orientations, which constitute an encounter
state populated for 30 % of the total lifetime of the complex.®’
However, due to the technical and conceptual limitations imposed by
the weak, redox-sensitive paramagnetic label and the experimental
design wherein effects from the larger, paramagnetically tagged
protein were observed on the smaller one — the protein complex
could not be studied in its functionally relevant redox and spin states,
and the collected PRE data were insufficient for the full description
of the conformational space sampled in the protein encounter.’?

In this work, the above limitations were overcome by
labeling the smaller Cc with EDTA(Mn) tag — which provides
stronger PREs and has a higher reduction potential than the
nitroxide spin label used in previous studies — and observing the
effects on the larger CcP, whose HSQC spectra have been
assigned recently.”*’# This setup enables experiments with
ferrous Cc (Cc™®), not feasible before due to the spin label
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reduction, and affords the complete coverage of the encounter’s
conformational space. Here, we studied the complex of the
cyanide-bound CcP [CcP(CN)] and Cc™, which is in the same
redox, spin, and ligation states as the active Cc™-CpdI species
and was shown to be a suitable structural mimic.”” In addition,
to investigate the role of the protein redox and spin states on the
encounter complex formation, the CcP(CN)-Cc®* and the
original, resting-state CcP(RS)-Cc®* systems were studied.

Results and discussion

The EDTA(Mn?") attachment does not perturb the native Cc-
CcP interaction

Employed for protein modification in several PRE NMR studies,”
the metal-chelating probe used here has a good leaving group
(thiopyridine), enabling the specific and high-yield reaction with
protein thiols, and harbors the strongly chelating EDTA moiety,
allowing tight binding of the metal of choice. As established by a
spectrophotometric assay of the free thiols remaining after the
conjugation, the labeling yields were consistently close to 100 %,
and a single, well-defined product was observed throughout by mass
spectrometry (Fig. S1). With Kps of 2.8:10"* M and 3.2:10"" M for
EDTA(Mn?") and EDTA(Zn*"), respectively,’” the Mn** and Zn**
metal ions were used here to generate highly stable, isosteric protein
conjugates for the paramagnetic and diamagnetic samples.

To ensure that the introduced EDTA(metal) group does
not perturb the protein-protein interaction, the probe attachment
sites on Cc were designed outside the crystallographic Cc-CcP
binding interface. Furthermore, to preserve the overall charge
of the native protein upon conjugation to the metal-containing
chelate with a net charge of -1, an acidic protein residue (Asp
or Glu) was mutated to cysteine, required for the probe
attachment, in each of the Cc variants. All CcP — Cec-
EDTA(Mn*") complexes studied in this work have virtually the
same binding constants and chemical shift perturbations as
those of the wt complex (Fig. 1), confirming that the introduced
probe does not affect the native protein binding.

Ambiguity in the NMR resonance assignments resolved by the
PRE analysis

At earlier stages of this work, we observed an anomaly in the I,
profiles of CcP complexes with E66C and E88C Cc-
EDTA(Mn?"): residues 11 and 12 seemed to feel very strong
PREs (their resonances disappeared in the paramagnetic
spectra), while their neighbors did not and, similarly, residues
292 and 293 appeared to be unaffected, while the adjacent
stretch experienced strong paramagnetic effects (Fig. 2A, top).
The PRE profiles were reproducible, which ruled out
experimental errors, and ensemble refinement against this
dataset failed to produce solutions that satisfied restraints for
residues 11, 12, 292, and 293. These outliers raised a suspicion,
which prompted us to re-examine the resonance assignments of
the CcP backbone amides. Close scrutiny of the 3D NMR
spectra acquired and analyzed in the earlier work’’ revealed that
— due to the very similar Larmor frequencies of the carbon
resonances of G293 and G13 — the backbone atom assignments
for two triplets of residues, G13-K12-E11 and G293-Q292-
E291, appeared to be swapped (Fig. 2B). Once this mistake was
corrected, the resonances in question showed sequential
connections to neighboring residues and revealed hitherto
unobserved Ca;.;/Ca; and CO;,/CO; connectivities between
E291 and E290 resonances, confirming the assignment. With
this correction in place, the PRE profiles showed a consistent
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Fig. 1. CcP binding properties of the Cc-EDTA(Mn")

constructs studied in this work. Average chemical shift
perturbations for the [D,'’N] CcP(RS) complexes with (A) wt
Cc™ and (B) DS50C, (C) E66C, and (D) E88C Cc%-
EDTA(Mn?") conjugates. The insets show chemical shift
changes (Ad) of the 3-CH; heme resonance of Cc upon binding
to the CcP and the best fits of the data to the binding model
(Eq. 5). The values of the equilibrium dissociation constants
derived from the titration curves are indicated. All experiments
were conducted in 20 mM sodium phosphate, 100 mM NaCl,
pH 6.0 at 303 K.
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pattern without strong outliers (Fig. 2A, bottom), which was
well reproduced by the ensemble refinement solutions (see
below). We have updated BMRB entries 19004, 19005, 19075,
and 19076, containing the backbone chemical shift assignments
of CcP(CN), CcP(RS), and the iron-free protoporphyrin IX
CcP.

Intermolecular PREs in the Cc-CcP complex

The intermolecular PREs were obtained from a series of
experiments on the CcP bound to paramagnetically tagged,
single-cysteine Cc variants D50C, E66C, and E88C (one at a
time). As discussed above, the label attachment at any of these
sites did not perturb the native Cc-CcP binding, and distinctive
PRE profiles were obtained for the CcP complexes with each of
the Cc-EDTA(Mn) conjugates (Fig. 3). Most of the PREs
originate from the dominant, crystallographic orientation of the
protein complex; yet several regions (highlighted in Fig. 3)
feature I,°* that cannot be accounted for by a single Cc-CcP
structure. Arising from the PRE contributions from the
encounter complex, such discrepancies are the footprint of the
minor species.”’ Being very similar for different complexes
studied in this work, the I,°* profiles are reproducible and
largely insensitive to the choice of the PRE measurement
method (Supplementary Text and Figs. S2-S5), confirming that
the additional effects are real and not experimental artifacts.
Furthermore, the control experiments with an unrelated
paramagnetically labeled protein ubiquitin show absence of any
PREs, ruling out aspecific interactions of the attached
EDTA(Mn) label with the CcP (Fig. S6).

Estimating the population of the encounter state

Extracting the I'," values — necessary for the structural analysis
on the encounter state — from the measured PREs requires the
knowledge of the I'; and p (Eq. 1). While the former can be
back-calculated from the structure of the dominant form of the
complex (solved by X-ray crystallography),’’ the latter is not
easily accessible experimentally. In practice, the p is varied
during the ensemble refinement against the measured PREs,
and the value yielding the best match with I',°" data is selected.
The agreement between the calculated, ensemble-based PREs
and the experimental I',°™ is quantified by calculating the Q
factor (Eq. 7), with smaller Q values indicating a better match.

Intermolecular pseudocontact shifts. Here, in essentially the
same experimental setup as that used for the PRE
measurements, we infer the encounter state population from the
intermolecular pseudocontact shifts (PCSs) caused by the heme
iron of the Cc and detected on the backbone amide protons of
CcP. Arising from a paramagnetic center with an anisotropic
magnetic susceptibility (Ax) tensor, the PCSs are readily
detectable as the differences in chemical shifts of the protein
resonances in the oxidized and reduced forms (Fig. 4A),
providing that no other factors (redox-dependent structural
changes, discrepancies in the experimental conditions of the
two samples, etc.) contribute to the measured chemical shifts.
Due to the r* distance dependence, the PCSs are much less
sensitive than PREs to the presence of minor species and, thus,
mainly report on the dominant form of the protein complex,
enabling estimates of its population.

In a general approach, similar to that used here for the
Mn** labeling, the PCS-causing metals (e.g. lanthanides) bound
to appropriate chelating groups can be introduced into the
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Fig. 2. Corrected assignments of the NMR resonances of
CcP(CN). (A) PRE profiles of [D, '"N] CcP(CN) in complex
with E88C-EDTA(Mn”") Cc™ before (top) and after (bottom)
the assignment correction. The I'; data points for the CcP
residues E11, K12, E291, and Q292, whose assignments were
rectified, are shown in red. Stars indicate the residues whose
resonances disappear in the paramagnetic spectrum. The errors
are standard deviations. The HSQC spectra for the PRE
analysis were recorded with d; = 10 s. (B) Selected 'H-"*C
planes of the overlaid 3D HNCA (black), HN(CO)CA (pink),
HNCO (blue), and HN(CA)CO (red) spectra of [D, *C, °N]
CcP(His)s-CN taken at the nitrogen frequencies of the indicated
backbone amide resonances. The spectra were acquired and
analyzed in the previous work.’? Vertical lines connect pairs of
peaks in complementary Co (above) and CO (below)
correlation experiments, while the horizontal lines indicate the
corresponding sequential connectivities. The former, incorrect,
assignments are given in parentheses.
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Fig. 3. Intermolecular PREs for the CcP(CN) in the complex
with Cc paramagnetically labeled at D50C (top), E66C
(middle), and E88C (bottom). The plots show measured PREs
(I,°®, black symbols), T, values back-calculated from the
crystallographic orientation (blue line), and the PREs calculated
for the combination of the specific and the encounter
complexes (I,°", green line), obtained in a typical ensemble
refinement run (p = 0.4, Q = 0.3). Stars indicate the values of I',
> 90 s™' for the calculated PREs or identify the residues whose
resonances disappear in the paramagnetic spectrum. The errors
are standard deviations. The regions exhibiting the PRE
contributions from the encounter complex are highlighted. The
insets show the X-ray structure of the complex, with Cc in light
blue and CcP coloured by the plotted I',*™ (from < 2 s™' in blue
to > 30 s in red). The CcP residues with no measured PREs
are in gray. The green spheres correspond to the Mn?>* atoms of
multiple conformers of the attached paramagnetic label used for
the ensemble averaging.

molecular frame by bioconjugation techniques. However, the
mobility of the attached label can obscure the measured
effects,’® and the large PCSs — exhibited by most lanthanide
ions’® — might contain non-negligible contributions from the
minor species, both of which decrease the accuracy and
precision of the p estimates. Here, these obstacles were
overcome by observing the PCSs arising from the native Cc
heme co-factor, firmly embedded in the protein matrix and
harboring a low-spin (S = 1/2) Fe’' atom causing small
paramagnetic effects.

Comparison of the measured PCSs with those calculated
from the known Ay tensor of Cc’” for the dominant,
crystallographic Cc-CcP orientation’’ reveals that the best
match is obtained when p = 0.4 (Fig. 4B). The largest
discrepancies are found for the residues located in the binding

4 | Chem. Sci., 2014, 00, 1-10
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Fig. 4. The PCS analysis of the Cc-CcP complex. (A) An overlay of
the HSQC spectra of [D, '’N] CcP(CN) in the free form (black) or
bound to Cc™ (red) or Cc™? (blue). Several resonances experiencing
dissimilar chemical shifts in the two complexes are indicated by the
labels. The inset shows the crystallographic Cc-CcP orientation and
the PCS isosurfaces of = 0.1 ppm (dark shade) and + 0.05 ppm (light
shade) emanating from the heme iron of Cc. Calculated from the
magnetic susceptibility (Ay) tensor of the CcP-bound Cc,”” the blue
and red isosurfaces indicate positive and negative PCSs,
respectively. (B) Intermolecular PCSs of the CcP backbone amide
protons. Black circles show the experimental PCSs, PCS(obs), while
the red line indicates the PCS(calc) values back-calculated from the
X-ray structure of the complex using the encounter state population
p = 0.4. The inset shows the correlation plot of the observed and
calculated PCSs. The strongest outliers — corresponding to the
residues W191, A193, A194, N195, N196, V198, and E290, most of
which are located in the crystallographic binding interface — are
indicated by filled circles both in the inset and the main graph.

interface, most likely reflecting subtle differences in the
binding of the ferric and ferrous Cc.”” Independently verified by
an exhaustive, cross-validated ensemble refinement against the
intermolecular PRE data (see below), the derived p value of 0.4
+ 0.1 is close to p = 0.3 estimated before for the CcP(RS)-Cc®*
complex.*?

Cross-validated ensemble refinement. As illustrated in Fig. 3 and
evidenced by the large Q factor of 0.75, the crystallographic Cc-CcP
structure does not fully account for the experimental PRE data.
Furthermore, the PRE-based rigid-body docking of the individual
protein molecules yields best solutions with Q of only 0.55, which is
not improved in control runs that allow a partial overlap of protein
sidechains. Thus, it appears that a single Cc-CcP orientation is not
sufficient to explain all I,°™ values. To find the optimal solution
satisfying the PRE restraints, we used an ensemble refinement

This journal is © The Royal Society of Chemistry 2014
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protocol where multiple Cc copies are docked simultaneously to a
single CcP molecule.

The CcP(CN)-Cc™ refinement runs at each ensemble size, N,
were repeated with p values incremented in 0.1 steps from 0.1 to 0.9.
At every (p, N) combination, the Q factor was computed as an
average over 50 solutions with the lowest Q values. The resulting Q
= f(p, N) plot (Fig. SA) shows a well-defined minimum at N = 1-3 (p
= 0.4) and a number of less distinct minima at higher N values. To
verify whether the decrease in the Q factors at increasing N
represents a genuine improvement in the fit of the calculated and
observed PREs or is simply due to an over-fitting, we performed the
complete cross-validation.”” As explained in the Experimental
section, this was achieved by randomly omitting 10 % of the T,
data and verifying how well these ‘free’ PREs are predicted by the
remaining, ‘working’ data set (i.e. 90 % included in the refinement),
with Qg as a measure of the fit. As can be seen in Q = f(N) plots at
p = 0.3 and 0.4 (Fig. 5B), after the initial, steep decrease from N = 0
to N =1, the Q.. values level off at N = 3-5, and then rise sharply at
N = 10 and 15. Such increase in Qg with the rise in N indicates
over-fitting.”” Thus, the cross-validation analysis suggests that N =
5, corresponding to the smallest Q value at the Q.. plateau (i.e. the
smallest Q + Qg sum), is the optimal size of the Cc ensemble
required to satisfy the experimental restraints. At N = 5, the
minimum value of Q = 0.35 + 0.03 is found at p = 0.4 (the
intersection of the white isolevels in Fig. SA), confirming the value
of the encounter state population obtained by the PCS analysis.

Finally, to assess the performance of the HSQC-based single-
time-point PRE measurement scheme employed here for the
quantitative structural analysis of the protein encounters, we
investigated the impact of the errors in the measured peak intensities
on the outcome of the Cc-CcP ensemble calculations Presented in
Fig. S7 and the Supplementary Text, the results of the error analysis
suggest that the ensemble refinement procedure is relatively
insensitive to the specific I', values used in the calculations and,
instead, is driven by the set of intermolecular PREs as a whole.
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Fig. 5. Analysis of the encounter state population in the Cc-CcP(CN)
complex by cross-validated ensemble refinement. (A) The Q = f(p,
N) surface plot for the PRE-based ensemble refinement of the
encounter complex, colored by the Q factors (the hotter the color, the
lower the Q factor). The orthogonal isolevels connect the Q values at
the same p (vertical axis) or N (horizontal axis). The intersection of
the white isolevels indicates the best solution (p, N) = (0.4, 5) with Q
=0.35 £ 0.03. (B) The Q = f(N) plots for the ensemble calculation
runs with p = 0.4 (top panel) and p = 0.3 (bottom panel). The Q and
Qsee are given by filled and open symbols, respectively. The tan bars
indicate the optimal value of N = 5, corresponding to the smallest Q
+ eree sum.
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Visualizing the transient Cc-CcP(CN) encounters

Ensemble refinement of the encounter state with p = 0.4 against the
I,°™ yields solutions that agree well with the experiment and feature
the PRE profiles accounting for the I', contributions from the minor
species (highlighted in Fig. 3). Presented as an atomic probability
density map, the spatial distribution of the protein-protein
orientations sampled in the encounter complex is strikingly similar
to that obtained in early Brownian dynamics (BD) simulations (Fig.
6 A-B).? This agreement appears even more remarkable considering
that no intermolecular electrostatic forces — which guided the BD
simulations — were used in the ensemble refinement protocol, which
relied solely on the experimental PREs and steric properties of the
interacting molecules.

However, contrary to the conclusions of the BD work, which
imposed the ET reaction criteria to select the successful docking
geometries,” the encounter complex described here is essentially ET
inactive, with only 0.4 % of the ensemble members displaying
distances between the redox centers of < 15 A required for an
efficient ET (Fig. 6 C-D).% This conclusion is further supported by
the control ensemble refinement run that allows partial overlap of
protein sidechains (Fig. S8), which suggests that the large ET donor-
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Fig. 6. The CcP(CN)-Cc™ encounter complex. (A) Reweighted
atomic probability density map, plotted at a threshold of 30 %
maximum,”’ for the overall distribution of the Cc molecules obtained
from the PRE-based ensemble refinement with p = 0.4. The CcP and
Cc in the crystallographic orientation are shown in green and blue
cartoons, respectively. The CcP residues D34, D148, and D217 are
spacefilled and indicated by the labels. (B) Boltzmann-averaged total
electrostatic potential energy of the interaction between CcP and Cc
obtained by Brownian dynamics simulations.”” The contours
correspond to different energy levels in units of kT, and the axes
indicate the postition of the Cc centre of mass. Panel (B) is
reproduced with modification from ref.?’ with permission from
Science. (C)-(D) Intermolecular ET donor-acceptor distances in the
encounter state. The histograms show distributions of the edge-to-
edge (C) W191 (CcP) — heme (Cc) and (D) heme-heme distances in
the encounter ensemble. Solid vertical lines mark the corresponding
ET distances in the crystallographic orientation.
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Fig. 7. The CcP(RS)-Cc®™ encounter complex. (A) Intermolecular PREs for the CcP(RS) in the complex with Cc paramagnetically labeled at
D50C (top), E66C (middle), and E88C (bottom). The plots show measured PREs (I',*™, black symbols), I', values back-calculated from the
crystallographic orientation (blue line), and the PREs calculated for the combination of the specific and the encounter complexes (I',™",
green line), obtained in a typical ensemble refinement run (p = 0.3, Q = 0.29). Stars indicate the values of I', > 90 s for the calculated PREs
or identify the residues whose resonances disappear in the paramagnetic spectrum. The errors are standard deviations. The regions exhibiting
the PRE contributions from the encounter complex are highlighted. The insets show the X-ray structure of the complex, with CcP in yellow
and Cc in blue; the green spheres correspond to the Mn?* atoms of multiple conformers of the attached paramagnetic label used for the
ensemble averaging. (B) The Q = f(N) plots for the ensemble calculation runs with p = 0.3. The Q and Qg are given by the black and blue
symbols, respectively. (C)-(D) Reweighted atomic probability density maps, plotted at a threshold of 30 % maximum,” for the overall
distribution of the Cc molecules obtained from the ensemble refinement (p = 0.3, N = 5) against the PRE dataset obtained in this work and
(C) used alone or (D) in combination with the PRE data from earlier studies.””’ The CcP and Cc in the crystallographic orientation are
shown in green and blue cartoons, respectively. The CcP residues D34, D148, and D217 are spacefilled and indicated by the labels in (C).
The orange spheres in (D) correspond to the oxygen atoms of multiple conformers of the nitroxide spin labels attached to the CcP at positions
V10, K97, T137, N141, N164, L213, and S263 used for the ensemble averaging.

acceptor separations are not an artifact of the rigid-body docking
protocol. It appears that, while Cc explores the same CcP surface
region as that determined in the BD study, the relative orientations of
the interacting molecules differ, which explains the disparity in the
ET properties of the protein encounter as shown by molecular
simulations and described here. Our findings suggest that, rather

Encounter complexes of Cc and CcP in different oxidation and
ligation states

To explore the influence of the protein redox and spin states on the
encounter complex formation, we performed PRE analysis of the
CcP(CN)-Cc®™ and the CcP(RS)-Cc® systems. Although the latter

than directly contributing to the functional ET activity, the encounter
complex ensures electrostatically favorable pre-orientation of the
interacting molecules and enables the ensuing reduced
dimensionality search of the dominant, ET active protein-protein
orientation.

6 | Chem. Sci., 2014, 00, 1-10

was studied before,”!’ due to the paucity of the intermolecular PREs
collected in the previous experimental setup, the encounter state
could not be fully characterized.”’ Ensemble refinement against the
I,°™ dataset obtained in this work provided complete description of
the conformational space sampled by the interacting molecules and
revealed that the distribution of the encounter Cc-CcP orientations
closely resembles that of the CcP(CN)-Ce™ described above.

This journal is © The Royal Society of Chemistry 2014
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Similarly to those of the CcP(CN)-Cc™ system (Fig. 3), the
PRE profiles of CcP(RS)-Cc™ complex cannot be accounted for by a
single structure and feature a number of regions with contributions
from the encounter state (Fig. 7A). Ensemble refinement against the
I,°™ data with p = 0.3 determined in the earlier work®'? yields
solutions that agree well with the experiment and exhibit the PRE
profiles that capture the I', contributions from the minor species
(highlighted in Fig. 7A). Complete cross validation of the refinement
runs shows that Qg levels off at N = 5 — 15 (Fig. 7B), suggesting
that the Cc ensemble size in this range is optimal for the description
of the experimental data. The atomic probability density map (drawn
for N = 5 ensembles at a threshold of 30 % maximum to enable
direct comparison with the map in Fig. 6A) shows that the spatial
distribution of the protein-protein orientations sampled in the
CcP(RS)-Cc™ encounter complex (Fig. 7C) is very similar to that of
the CcP(CN)-Cc™ system (Fig. 6A). Furthermore, as evidenced by
the results of the ensemble refinement against the combination of the
PRE data obtained in this and previous studies,’””* the encounter
state distribution derived here is consistent with the earlier data. In
particular, inclusion of intermolecular restraints from seven spin-
labeled CcP variants that showed no PREs on the Cc'’ yields
solutions that both satisfy the EDTA(Mn®*") T,°* restraints (Q = 0.31
+0.01) and do not violate the nitroxide spin-label data (Fig. 7D).

Thus, it appears that essentially the same regions of the
conformational space are sampled by the interacting molecules in the
CcP(RS)-Cc®™ and CcP(CN)-Cc™ encounter complexes. Together
with the observation that the PRE profiles of the CcP(CN)
complexes with the Cc™ and Cc™ are highly similar (Fig. S9), this
finding suggests that the properties of the encounter state are dictated
by the polypeptide components of the partner proteins rather than
redox and spin states of their heme cofactors.

Experimental

Sample preparation

Single-cysteine D50C, E66C, and E88C mutants of the yeast iso-1-
cytochrome ¢ (Cc) were prepared by site-directed mutagenesis of the
pUCcc expression vector’” using whole plasmid synthesis
polymerase chain reaction protocol.”” The uniformly-labeled [D,"°N]
wild-type (wt) CcP, the wt Cc, and the single-cysteine Cc variants
were produced in FEscherichia coli and purified as described
elsewhere.”*?* For the purification of the latter, 1 mM of
dithiothrietol (DTT) was included in all working solutions.

To attach the metal-containing probe, the purified single-
cysteine Cc variants were incubated with 10 mM of DTT at room
temperature (RT) for 15-30 minutes to reduce the possible
intermolecular disulfide bonds; passed through a desalting column
(HiTrap, GE Healthcare) equilibrated in 20 mM Tris-HCI pH 8.0 to
remove the reducing agent; and incubated overnight at RT with a 5-
fold molar excess of the thiol-reactive label N-[S-(2-
pyridylthio)cysteaminyl] ethylenediamine-N,N,N',N'-tetraacetate
monoamide (Toronto Research Chemicals, catalogue number
P996250) and a 3-fold molar excess (relative to the label) of MnCl,
or ZnCl, (both from Sigma) for the paramagnetic and diamagnetic
samples, respectively. The modified proteins were purified by ion-
exchange chromatography on a 5 ml pre-packed SP column (GE
Healthcare) equilibrated in 20 mM sodium phosphate pH 6.0 and
eluted with a linear gradient from 0 to 1 M NaCl in the same buffer.
As a rule, the chromatogram recorded at 280 nm showed a single
major peak, containing the Cc-EDTA(metal) conjugate. All buffers
for the protein labeling and subsequent purification were pre-treated
with chelating beads (Chelex, Sigma) to remove traces of heavy
metals. As established by the quantitative assay of the free protein
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thiols with 4,4’-dithiodipyridine” and confirmed by mass
spectrometry (Fig. S1), the labeling yields of all preparations were
close to 100 %. Freshly-prepared Cc-EDTA(metal) conjugates were
used throughout. The same labeling protocol was followed to obtain
the D32C-EDTA(Mn*") ubiquitin conjugate.

Mass Spectrometry

The samples were prepared by desalting the purified proteins
on a C18 SPE column (Thermo Scientific) and then diluted
with the 50 : 50 % (v/v) acetonitrile/water mixture containing
0.1 % formic acid to an approximate concentration of 5 uM.
The protein solutions were introduced by an off-line infusion
using a capillary electrospray at 1.5 ul/min. An LTQ XL mass
spectrometer (Thermo Fisher Scientific) was used to acquire
mass spectra from m/z 400 to 2000 in centroid mode.
Electrospray source conditions such as “source fragmentation”
voltage and the tube lens voltage were optimized to help
desolvation, but without fragmenting the intact protein. Default
values were used for most of the other data acquisition
parameters. The resulting spectra were averaged up to 200
scans and deconvoluted with ProMass software (Thermo Fisher
Scientific).

NMR Experiments and Data Analysis.

For the PRE experiments, 0.4 mM [D,'"N] CcP and 1 molar
equivalent of the Cc-EDTA(Mn*") (for the paramagnetic samples)
and Cc-EDTA(Zn*") or wt Cc (for diamagnetic references) were
used. Control experiments were conducted on samples containing
0.4 mM [D,”N] CcP and 1 molar equivalent of the D32C-
EDTA(Mn”") ubiquitin (paramagnetic sample) or wt ubiquitin (the
diamagnetic reference). For the PCS measurements, 0.4 mM [D,"’N]
CcP(CN) and 1 molar equivalent of the wt Cc®™ or Cc™ were used.
The CcP(CN) and Cc™ were generated from the CcP(RS) and Cc™
by addition of a 2-fold excess of buffered NaCN and sodium
ascorbate solutions, respectively. All NMR samples contained 20
mM sodium phosphate, 100 mM NaCl, pH 6.0 and 6 % D,O for the
lock.

The NMR experiments were conducted at 303 K on a
Varian NMR Direct-Drive System 600 MHz spectrometer
[control PRE measurements with ubiquitin and 1D 'H titrations
of CcP with Cc-EDTA(Mn*")] or an 800 MHz spectrometer
equipped with a salt-tolerant PFG-Z cold probe (all other
experiments). The NMR data were processed in NMRPipe””
and analysed in CCPN.?® The assignments of the backbone
amide resonances of [D,'’N] CcP(RS) and CcP(CN) were taken
from our earlier work.’3"

The residue-based average chemical shift perturbations
presented in Fig. 1 were calculated as Ad,,, = (A8/50 +
A8?/2)%° where A8y and A8y are the chemical shift
perturbations of the backbone amide nitrogen and proton,
respectively, for a given residues of [D, '"N] CcP(RS) upon
binding to the Cc constructs.

I', PRE Measurements. The 'H I, PREs were obtained from two
identical ['H,'SN] transverse relaxation optimized spectroscopy
(TROSY)-selected  heteronuclear  single-quantum  correlation
(HSQC) experiments run on the paramagnetic and diamagnetic
samples. For the reasons given in Supplementary Text and Fig. S2,
the HSQC spectra were acquired with the repetition delays of 3 or
10 s, with the former used for qualitative comparison among the
different systems studied here and the quantitative analysis of the
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Cc-CcP(RS) complex, while the latter was used for ensemble
refinement of the Cc-CcP(CN) encounter state. The ratios of the
signal intensities were converted into the I', values with an in-house
script according to Eq. 2:%

Ra,dia€xp(=T7t)

Ipara
= (2),
Lgia Ry aia + 12

where I, and Iy, are the measured resonance intensities (heights)
of CcP in complex with paramagnetic and diamagnetic Cc,
respectively; the R, 4, is the transverse relaxation rate of the CcP
amide protons in the diamagnetic sample (estimated from the width
at half-height, Av,,,, of its Lorentzian fit in the proton dimension as
R, 4i= AV} ;); and t (9 ms) is the total insensitive nuclei enhanced
by polarization transfer (INEPT) evolution time of the HSQC.”

The resonances showing strong spectral overlap were excluded
from the analysis. When applicable, the intensity ratios were
rescaled prior to the I', conversion (see Supplementary Text). To
obtain full PREs for the protein complex, the I'; values were divided
by the fraction of the Cc bound to CcP at the present experimental
conditions, estimated from protein concentrations and the reported
binding constants.”” The uncertainties on the T, values, 85, were
propagated from the signal intensities and the spectral noise levels as
described elsewhere’’ and set to &I, = max(8l,, 0.1T,) to
accommodate the experimental errors. For the residues experiencing
no PREs (i.e. Iyar/laia > 0.85), the T, values were set to 2.5 2.5 s
For the backbone amides whose resonances disappear in the
paramagnetic spectrum, the upper limit of the I, was estimated
from the spectral noise level, and the corresponding I,./1ai, intensity
ratios were converted into open-ended, lower-limit I'; restraints for
the subsequent ensemble refinement.

Alternatively, the PREs were obtained from TROSY-selected
four-time-point I', measurement experiments (run with interleaved
relaxation delays of 0, 6, 9, and 12 ms), adapted from the published
pulse sequences.’®* For each backbone amide, the T, value was
obtained either as a difference in transverse relaxation rates —
determined from the fit of the four signal intensities to the
exponential decay function — in the paramagnetic (R, 4, + I';) and
the diamagnetic (R;4;,) samples or as an average of the I', values
derived from a series of two-time-point data analyses.”’

Intermolecular Pseudocontact Shifts. The pseudocontact shifts
(PCSs) are anisotropic paramagnetic effects given by the Eq. 3:

PCS = 1/(12m)r [ Axux(3¢08%0 — 1) + 1.5Ay4sin’0cos(29)]  (3),

where r, 0, and ¢ are the polar coordinates of the nuclear spin with
respect to the principal axes of the magnetic susceptibility tensor
(Ay), and Ay, and Ay, are, respectively, the axial and rhombic Ay
components defined as Ayu= %,-0.50x + Xyy) a0 AY™ Yx = Ayys
where ¥y, Xyy» and y, are the principal components of the y tensor. 2
Arising from the Cc heme iron and observed on the CcP backbone
amide protons, intermolecular PCSs were calculated as PCS®™ =
Adyy — Ad,oy, Where Ad,, and A,y are the residue-based chemical
shift perturbations in the ['H, '*N] HSQC spectra experienced by
CcP(CN) upon binding to the Cc™ and Cc™ respectively,
extrapolated to the 100 % bound form. The PCS®* values for the
dominant, crystallographic Cc-CcP orientation were calculated with
Numbat™ from the Ay tensor of the CcP-bound Cc’” and the X-ray
structure of the complex.’’ The agreement between the PCS®™ and
PCS® was assessed by calculating a Q factor, Eq. 4:

Qpcs = \/Z[PCS{"’S — (1 -p)pcsgalc]? / Z(Pcs;’“)2 @,
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where p is the encounter state population, and the sums run
over all backbone amides with measured PCS®™. In practice,
the p was varied, and the value yielding the lowest Qpcs (p =
0.4) — indicating the best match between the PCS®™ and PCS*"
— was selected. The resulting, population-weighted PCS®°
profile is shown in Fig. 4B.

1D "H NMR Titrations. The Cc-observed, reverse titrations (Fig. 1)
were performed in 20 mM sodium phosphate, 100 mM NaCl, pH 6.0
at 303 K. A concentrated stock solution (0.5 - 0.8 mM) of the
different Cc®~EDTA(Mn*") conjugates or the wt Cc (as a control)
was incrementally added to the CcP(RS) samples at the initial
concentration of 0.1 mM. At each increment, changes in the position
of the downfield-shifted resonance of the Cc heme 3-CHj3 group
(31.6 ppm in free Cc**) were monitored in 1D 'H NMR spectra. The
titration curves were analyzed with a two-parameter nonlinear least
squares fit using a one-site binding model corrected for the dilution
effect’ as given in Eq. 5:

Abpinaing = 0.5A8, (A - M)

[CC]O + R[CCP]O
A=1+1/R+Kp R[Clo[CPT, (5),

where Adpinging is the chemical shift perturbation at a given
protein ratio; Ad, is the chemical shift perturbation at 100 % Cc
bound; R is the [Cc]/[CcP] ratio at a given point; [CcP], and
[Cc]y are the concentrations of the starting sample and the
titrant stock solution, respectively; and Kp is the equilibrium
dissociation constant. Thus, A8pinging and R are the dependent
and independent variables, respectively, and Ady and Ky, are the
fitted parameters.

Ensemble Refinement against Intermolecular PREs. The
transverse paramagnetic relaxation enhancement, I',, is given by the
Solomon-Bloembergen equation, Eq. 6:*%

1 2 37,
r,= E(Z—;) v2g?uis(s+ Dr-° <4-TC + Tw}‘rf) (6),
where r is the distance between the paramagnetic center and the
observed proton, u, is the permeability of vacuum, y; is the proton
gyromagnetic ratio, g is the electron g-factor, up is the electron Bohr
magneton, S is the electron spin number, t. is the rotational
correlation time, and w, is the proton Larmor frequency. The
rotational correlation time (t, = 6 ns) is defined as 1, = (t,' + 1),
where 1, is the rotational correlation time of the Cc-CcP complex
(equal to 16 ns)® and 7 is the effective electron relaxation time,
which is 9.6 ns for the EDTA(Mn*") group.’

For the exchange between the major, crystallographic protein-
protein orientation and the minor, encounter form, the lower limit of
the exchange constant can be estimated as k., >> 1/t = 1,200 s,
where 71 is the lifetime of the Cc-CcP complex.9 As ke >> I —
1"2*|max ~ 100 s, where I,-T 2*|max is the largest difference in the
PREs for the major and minor species observed in this work, the
major and minor forms of the protein complex are in fast exchange.
Thus, for each CcP backbone amide, the observed PRE (I’,°%) is the
sum of the population-weighted contributions from the specific form
(T',) and the encounter state (I',), Eq. 1.

The coordinates of Cc-CcP complex were taken from the X-
ray structure (PDB 2PCC).”? Using the I',°* dataset obtained from
the three EDTA(Mn>") conjugation sites (D50C, E66C, and E88C
Cc), the rigid-body simulated annealing refinement of the Cc-CcP
encounter state was carried out in Xplor-NIH?"** following the
published procedure.’ Briefly, the position of the crystallographic
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Cc-CcP complex was fixed, and multiple copies of Cc molecules,
representing ensembles with N = 1, 2, 3, 5, 10, 15, were docked to
minimize the energy function consisting of the PRE target term, van
der Waals repulsion term to prevent atomic overlap between Cc and
CcP, and a weak radius-of-gyration restraint used to encourage
intermolecular Cc-CcP contacts.” Note that this procedure allows for
the atomic overlap among Cc molecules constituting an ensemble.
To allow a partial overlap of protein sidechains in control runs, the
van der Waals potential for all side-chain atoms extending beyond
Cb was set to zero. To account for the mobility of the attached label,
the calculated effects were averaged over an ensemble of 50
EDTA(Mn”") conformers generated by simulated annealing in
torsion angle space.”” As a rule, 100 independent refinement runs
were performed, and 50 solutions with lowest Q factors (see below)
were selected for further analysis.

To assess the agreement between the observed PREs and the
PREs back-calculated from Cc ensembles generated in each run, we
calculated the Q factor, Eq. 7:

0= JZ S g - /Y > )’ o
j i j i

where j =1 - 3 runs over the three EDTA(Mn?") attachment sites on
the Cc (D50C, E66C, and E88C) and rgf}‘f is given by Eq. 8:

N
F%C = %Z [k + (1 = p)laj; (),
k=1

where p is the total population of the encounter state, N is the size of
the encounter ensemble, 'y is the PRE from EDTAMn*") ()
back-calculated for the residue (i) of the Cc ensemble member (k),
and Iy is the PRE back-calculated from EDTA(Mn?") (j) for the
residue (i) of Cc in the dominant form of the complex.

The complete cross-validation’” was performed by
randomly omitting 10 % of I',°® data and verifying how well
these ‘free’ PREs are predicted by the remaining, ‘working’
data set (i.e. 90 % included in the refinement), with Qg as a
measure of the fit. Typically, three cross-validation runs at each
N were performed, each time excluding a different subset of the
starting data.
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