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ABSTRACT: A facile, experimentally calibrated computational
procedure is described that affords the relative ordering of heme
cofactor reduction potentials with respect to intrinsic shifts
brought about by apoprotein induced heme-macrocycle dis-
tortion. The method utilizes heme-Fe partial atomic charges and
is useful with the computationally inexpensive B3LYP/3-21g
method calculated for simplified heme models extracted from the
Protein Data Bank incorporating only the effects of varying
macrocycle conformations and thereby delineating their phys-
icochemical effects. The procedure was successfully calibrated
using the atomic coordinates and published midpoint potentials
from the heme cofactors in wild-type and a series of heme-NO
and -O2 binding domain mutants and thus confirmed the sole conformational modulation of the redox potentials in these
complexes. This technique was also applied to the reaction center tetraheme cytochrome subunit of Blastochloris viridis to build
upon previous work elucidating the role that conformational control plays in photosynthetic systems, and it was found that this
effect may account for up to 70% (54mv) of the observed differences in the reduction potentials of the four hemes. We validate
the approach using larger basis sets up to and including the triple-ζ, doubly polarized and augmented 6-311+g** basis and
discuss the specific conformational origins of the effect.

■ INTRODUCTION
Hemeproteins and other tetrapyrrole containing biomolecules
are one of the most diverse classes of enzymes present in the
natural world.1−4 Through recognition of the homologies of the
active constituents of the globins, cytochromes, and peroxidases
(heme) as well as reaction centers and light-harvesting
complexes (chlorophylls, bacteriochlorophylls, pheophytins) it
is apparent that nature has evolved methods with which to
utilize the same chemical cofactor for a range of disparate
chemistries and enzymatic transformations, including electron
transfer, small ligand binding, charge-separation, and exciton
transfer.3,5,6 The plasticity of these cofactors with respect to
physicochemical modulation in complexes is particularly
emphasized by heme protein reduction potentials, which
exhibit an impressive range spanning 1 V from −550 mV to
+450 mV versus SHE7 and are a key-determinant of their
biological functions.8 As an addition to the classical concepts of
apoprotein cofactor control via axial ligation, H-bonding, and
charged-residue electrostatic influences,1,8,9 we have advocated
the structural importance of the conformational flexibility of the
porphyrin macrocycle as a modulator of cofactor properties and
function.10 Here, we build upon this work by assessing the role
of conformational control in modulating the reduction
potentials of the hemes in the reaction center tetraheme
cytochrome subunit of Blastochloris viridis (RC−CYT) through

a combined statistical analysis of the heme conformations
afforded by the available crystal structure data and subsequent
application of an experimentally calibrated computational
procedure.
Originally, the concept of conformational control arose from

observations that the extended aromatic π-system of porphyrins
was flexible with respect to distortion from planarity in
structural studies on both synthetic and biological compounds
that revealed the characteristic saddled, ruffled, and domed
macrocycle conformations.11−14 The biological relevance of
these observations was realized later when it was discovered
that specific conformations were often conserved within
particular enzyme classes.15−18 This, considered with the
knowledge that the distortions were found to alter (often
systematically) chromophore absorption, redox and excited
state behaviors,12,19 provided an additional chemical rationale
for the biological versatility of tetrapyrrole cofactors.
These physicochemical consequences of nonplanarity were

deduced primarily from model compound studies which
correlated increasing macrocycle distortion with bathochromic
shifts of the UV/vis Q-bands, easier oxidation, and hindered
reduction (for macrocycle centered redox processes) and
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decreasing S1-lifetimes.12,19,20 In contrast however, computa-
tional investigations of macrocycle nonplanarity experienced a
period of inconsistency, sparking lively debate among experts
and giving rise to such controversies as the publicized
debunking of nonplanar physicochemical modulation in favor
of the short-lived concept of In-Plane Nuclear Rearrange-
ment.21−24 This debate continued until specific flaws were
identified in the structural models used, and it was once again
widely accepted that it is the distortions of the porphyrinoid
macrocycle that give rise to these effects.22 Considering this
historical development, an experimentally verifiable computa-
tional method for evaluating the physicochemical effects of
macrocycle structural perturbation is a desirable goal which has
not yet been fully realized.
In this later respect, our approach was enabled by the recent

work of Olea et al. where conformational control was used to
impart redox modification through mutagenesis of the heme-
NO and -O2 binding domain (H-NOx) from Thermoanaer-
obacter tengcongensis.25 They reported that the reduction
potential of the H-NOx complex could be reduced via site-
specific mutations that allowed the highly distorted heme
cofactor to relax into a less nonplanar conformation. They also
found that the decreased potentials were due to a measurable
decrease of electron density at the heme-Fe as indicated by
UV/vis spectroscopy and the pKa's of the bound aqua ligands.
Since this study controlled for any nonconformational
influences by selecting residue substitutions that changed
neither the H-bonding of the cofactor nor the local dielectric
environment, it presented an ideal reference from which to
establish a quantitative relationship between the macrocycle
conformation and distortion induced potential shifts through
calculable quantum mechanical properties of the isolated
hemes.
With this relationship in hand, we continued our work

regarding nature’s exploitation of conformational control to
enhance the efficiency of photosynthetic reaction centers and
decided to assess the role macrocycle distortion plays in the
modulation of the redox potentials of the individual hemes in
the reaction center tetraheme cytochrome subunit of B. viridis
(RC−CYT). This subunit is tethered to the reaction center in
the periplasmic space above the membrane and serves the
purpose of rereducing the oxidized special-pair of the electron
transfer chain (Figure 1).26,27 The four hemes are grouped into

pairs of low- and high-potential cofactors, and these pairs are
arranged such that a chain of alternating low/high redox
potentials is created through to the special-pair (i.e., low, high,
low, high, SP; Figure 1).28,29 In this order, the individual hemes
will be referred to here as H1, H2, H4, and H3, respectively
(adopted from order of connection to the protein backbone).
Previous studies regarding the factors responsible for
controlling the hemes’ in situ potentials have achieved accuracy
to within ±25 mV via electrostatic calculations, delineating the
effects of charged residues in the vicinity of the heme, the
protonation state of the heme propionates, the axial ligands of
the heme-Fe, and the interheme redox couplings but including
only marginally the effects of the hemes’ varying conforma-
tions.30

Since there are 15 crystal structures available from the PDB
of the B. viridis reaction center, the question arises as to which
one to select to perform the final part of our analysis? Our
previous experience in this area suggests that standard quality
metrics (e.g., resolutions, R-factors) for these large biomolecule
crystal structures are not necessarily the decisive factor when
one is interested solely with the detailed conformation of the
cofactors.10 Instead therefore, we opted to perform a statistical
analysis of the resolved conformations from all of the crystal
structures and in so doing were able to uncover, and somewhat
characterize, latent experimental biases which resulted in three
sets of mean cofactor conformations (i.e., 12 heme structures)
for our calculations.
To summarize, the focus of this paper is the proposal of a

facile technique to predict and delineate the redox influence of
macrocycle distortion in hemes and its application to further
elucidate the role conformational control plays in the reaction
center cytochrome subunit of B. viridis.

■ EXPERIMENTAL SECTION
Raw Data and NSD. The crystallographic atomic coordinates of

the relevant H-NOx and RC−CYT hemes were obtained from the
PDB Ligand Expo31 and analyzed using the procedure of normal-
coordinate structure decomposition (NSD)32 in which the macrocycle
conformation is described by a linear decomposition into a basis
composed of the macrocycle’s internal normal-modes of vibration.
This basis may consist of either the full set of 66 (3N − 6) normal-
coordinates or any given subset. In their original formulation, Jentzen et
al. termed the full set the complete basis and suggested two other useful
bases: the minimum and extended basis.32 These reduced bases are
composed of either the lowest-energy (min.) or the lowest- plus next-
to-lowest-energy (ext.) normal-modes of each symmetry type. The
utility of these reduced bases is that they yield a simplified analysis
while their appropriateness is both allowed theoretically by the fact
that the largest contributions to the observed conformations are
expected to be distortions of relatively low energy and assessed
practically by considering the root-mean-square deviation between the
simulated structure (i.e., the conformation represented by the reduced
basis) and the actual structure. Thus, NSD yields the magnitudes of
each of the component normal-modes present in the chosen basis that
contribute to the analyzed structure and provides a quantitative
interpretation of the conformation. These data were used to determine
the estimates of the RC−CYT heme conformations via a statistical
analysis of the available crystal structures in a manor described in detail
previously10 (see also below) and to construct the various cofactor
models used for the calculations.

Theoretical Method. The model structures used as inputs for the
density functional theory (DFT) calculations were selected so that the
heme cofactor’s structural parameters (i.e., substituent orientation, Fe-
position, macrocycle conformation [including NSD reduced bases])
would be treated individually. The “diacid” model structures were
formed by adding hydrogen atoms to the crystallographically resolved

Figure 1. Illustration of the tetraheme cytochrome subunit in the
reaction center of B. viridis (image adapted from the coordinates of
PDB ID: 1PRC).
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cofactor coordinates, adding the propionic acid proton to the oxygen
with the longest C−O bond. The first Fe-porphin (FeP) model was
also obtained directly from the crystal structure coordinates by
replacing the macrocycle side-chains with hydrogen atoms. The “FeP-
min, -ext, and -comp” models were generated by projecting the
relevant weighted normal-deformations (minimum, extended, or
complete, respectively) back onto the reference macrocycle in 3D-
Cartesian space and by positioning the Fe-atom at the coordinate-
system’s origin (since the reference macrocycle is centrosymmetric
about this point) thereby providing a reduced model that accounts
only for the macrocycle normal-mode distortions alone, eliminating
any possible macrocycle conformation/Fe-position interaction.
The quantum calculations were performed with the Gaussian 0933

package using the facilities of the Trinity Centre for High-Performance
Computing. The Fe-atom Mulliken34 and minimal basis set
Mulliken35,36 atomic charges (QFe‑Mulk and QFe‑MBS, respectively) of
the heme models were obtained from single-point energy calculations
using the B3LYP functional37 and various basis sets. Natural atomic
charges and orbital occupancies were obtained from Natural
Population Analysis38 using the NBO 3.1 implementation in Gaussian
09. In particular, we performed each calculation using the 3-21g,39,40 6-
31g*, 6-311g**,41−44 and 6-311+g**41−44 basis sets to roughly
ascertain the parameters’ basis set dependency and so to find an
appropriate balance between accuracy and expense. H-atom
optimizations were not performed (to save on computational expense)
as earlier trial computations (Supporting Information, Figure 1)
indicated that they had no bearing upon the resultant Mulliken charges
compared to the default hydrogen atom addition parameters used by
the GaussView45 software for SP2-carbons (i.e., d(C−H) = 1.07 Å and
∠(R1−C−H) = ∠(R2−C−H) = [360° − ∠(R1−C−R2)]/2 such that
the added hydrogen is coplanar with the SP2 center and its other
directly bonded atoms).
Statistical Analysis of Cofactor Conformations. Analysis of the

conformations of the RC−CYT hemes began with agglomerative
hierarchical clustering (AHC) of each cofactor’s minimum basis NSD
to discover whether or not the crystal structure data were consistent
with the hypothesis of distinct cofactor conformations. Thus, the AHC
was performed on data matrices containing observations of the NSD
minimum basis for each cofactor within the R statistical environment46

using the Euclidean distance measure to build the dissimilarity matrix
and Ward’s method for the agglomeration.
The method of AHC was ideal for this purpose because it provides

information relating to the similarity of observations based on any
number of numerical variables. In detail, observations are algorithmi-
cally grouped together (clustered) based on their mutual (dis)-
similarity, calculated using a suitable distance metric; here, the
Euclidean distance (di,j = √[∑(xI − xj)

2]). The decision as to how
many clusters to select, between the extremes of one cluster containing
all observations and as many clusters as there are observations, was
achieved by consideration of the cluster dendrogram, which shows the
interrelationships between possible clusters. For the agglomeration
step, we used Ward’s method which can be considered to agglomerate
with respect to reducing the information loss at each step. Therefore in
chemical terms, since we clustered the NSD deformations of the
cofactors, we obtained groups of cofactors that had similar resolved
conformations.
To identify and isolate any systematic discrepancies between sets of

structure determinations, the collected NSD data were then treated so
that each PDB entry was considered as an individual observation and
the minimum basis NSD deformations of its cofactors the observables.
In detail, the data was formed into an m × n matrix where m is equal to
the number of crystal structures included and n, the number of
variables, equals the number of cofactors included (i.e., four hemes)
multiplied by the number of NSD basis parameters used (e.g., B2u of
H1 is a distinct variable from B2u of H2 and there is no categorical
variable for cofactor identity). In the analyses of the experimental
effects that followed, the 12 normal-coordinates of the minimum basis
were used for each cofactor leading to a data set of 15 observations of
48 variables. Application of both AHC and principal components
analysis (PCA) to this data matrix allowed the crystal structures to be

classified into groups exhibiting similar systematic errors (leaving only
random fluctuations within each group) from which the mean
conformations could be derived in the usual way.

Note that PCA, which here was used to complement AHC, is used
to reduce the effective dimensionality of the data’s variable space by
forming linear combinations of the original variables termed the
principle components (PCs) which account for as much variance, with
as few PCs, as possible (cf. AHC which combines observations). Thus,
here the PCs represent distortions along vectors made up of
combinations of the normal-modes from the NSD analysis of the
four cofactors in each structure and hence illustrate the influence of the
structure determination classif ication (from the AHC) upon the
resolved conformations.

■ RESULTS AND DISCUSSION

Calibration of a Computational Procedure for
Evaluating Heme Conformational Control. Initially, a
number of computable parameters were tested to identify one
which would correlate with the relative reduction potential
shifts due to conformational control in the H-NOx WT, P115A,
I5L and P115A/I5L complexes. The first attempt involved
calculating standard estimates of the ionization potentials of the
hemes in the form of HOMO (Koopmans’ theorem) and
ΔDFT (Ecation − Eneutral) energies; however, in these experi-
ments no simple correlation with the observed trend in
reduction potentials was found. Next, recalling the electron
deficiency that had been observed by Olea et al.25 we thought it
possible that this may be manifested in the Fe-atom partial
atomic charges derived from atomic population analysis.
Thus, first the Fe-atom Mulliken atomic charges (QFe‑Mulk)

were tested against the experimentally determined potentials
(Em's) of the H-NOx mutants where they provided, under
certain conditions, strong, positive correlations. In particular,
we found that QFe‑Mulk from the singlet state B3LYP/3-21g
wave functions correlated well with the H-NOx potentials
(Supporting Information, Figure 2A) but that the correspond-
ing triplet state calculations resulted in QFe‑Mulk's that showed
only slight correlation (Supporting Information, Figure 2B).
Also, QFe‑Mulk's obtained from any of the other basis-sets tested,
in either state, provided poor correlations that often showed
nonmonotonic relations. Even though the strong correlation of
the singlet state QFe‑Mulk with the H-Nox Em's appeared to
satisfy our requirements, the lack of a good correlation with the
equivalent triplet state partial-charges was worrisome since this
state represented the ground state of our models (affording
lower total energies (Supporting Information, Tables 9−13) in
accord with previous work on unligated Fe-porphins47) and
furthermore, the failure to reproduce the correlation with the
larger, more appropriate basis sets could lead to doubts
regarding our causal interpretation of the result. These
problems necessitated further analysis and given the well-
known numerical instability of Mulliken population analysis
with respect to basis set size,48 we investigated alternative
approaches.
The first of these was chosen to circumvent the basis set

dependency of the Mulliken analysis directly, while retaining
the remainder of the formalism. The method, known as
minimum basis set Mulliken analysis (MBS) proceeds by
projecting the MO-LCAO coefficients of the original basis onto
those of a minimal basis and only thereafter performing the
standard Mulliken analysis on these new MOs.35,36 As hoped,
the Fe-atom partial atomic charges obtained in this way
(QFe‑MBS) provided remarkably improved correlations with the
triplet state wave functions found using bases larger than 3-21g;
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confirming that the failures there were due to the basis
sensitivity of Mulliken analysis and suggesting that the 3-21g
basis was insufficient to reasonably describe the triplet
structure. However, a few anomalous results were present.
Specifically, irregular drops of either one of the 1U56 cofactors
occurred using the 6-31g* basis with the diacid and FeP-ext.
models as well as with the 6-311g** result for the FeP model.
Also, nonmonotonicity of QFe‑MBS from the singlet calculations
using the 6-31g* and 6-311g** bases was observed such that
the former resulted in charges for the I5L (3NVR) cofactors
that were less than those from I5L/P115A (3NVU), while the
latter basis yielded QFe‑MBS for I5L/P115A that were lower than
the P115A (3EEE) structures (Supporting Information, Tables
2−4). On the other hand, progressively better correlations were
obtained with increasing basis flexibility as may be expected for
a truly causal, electronic relationship; gradual improvements
observed for the triplet calculations and a discrete jump in
agreement for the singlet state model with the 6-311+g** basis
so much so that their respective calibration curves are
statistically identical. With this in mind, the anomalies cited
above should not represent any serious problem for our
purpose since we are concerned primarily with the ground state
(triplet) of the FeP-comp. model (as this represents the best
way to isolate fully the conformational influence) and are
satisfied with the conclusion that the most flexible basis set
employed here should be used to effect the most reliable
results. Even so, for additional confirmation, we experimented
with an entirely different form of population analysis, namely
the Natural Population Analysis (NPA).38

Surprisingly, the Fe-atom partial charges obtained via NPA
(QFe‑NPA) exhibited an inverse correlation with the H-NOx Em's,
this being in contrast to the previous QFe‑MBS/Em trends, which
were consistent with the experimental results from the H-NOx
mutants (vide supra). Closer inspection warrantied, we found
that this corresponded to an increase of both total valence and
Rydberg Fe-atom natural orbital occupancies that over-
shadowed a decrease in the corresponding core orbital
occupancies. Although we are currently unable to rationalize
and explain this phenomenon, and can find no other report of
such inverse proportionality between these two methods in the
literature, the strong empirical relationship, lack of anomalies
for the 1U56 cofactors, and reduced basis- and spin-state
dependencies encouraged pursuit of NPA as a complementary
approach, specifically using the Fe-core occupancy (COREFe),
not only because this parameter remained consistent with the
previous findings and expectations, but also because it provided
the best correlations (Supporting Information, Tables 30−32 ).
Turning now to the influence of the structural model used,

the heme-diacid (not available for 6-311+g**), FeP and FeP-
comp. triplet models provided very similar results (Figure 2,
bottom), regardless of basis, emphasized by linear relations with
gradients, intercepts, and R2 values within the ranges of 0.99−
1.06; (−0.04)−0.00, and 0.98−1.00 for QFe‑MBS (excluding the
1U56−B501 charge when outlying) and 0.89−1.07; (−1.22)−
1.98, and 0.96−1.00 for COREFe (all results), respectively.
These high values of R2 confirm beyond doubt that it is purely
the induced macrocycle conformation which is the cause of the
potential shifts in these H-NOx mutants and that a complex
interaction between the macrocycle conformation and its side-
chains, Fe-center, axial ligands, and/or protein environment is
not involved. We can comment also that the same behavior
holds true for all of the structural models in the singlet state
using the 3-21g basis, but we did not perform the full set of

calculations for the remaining bases (only the FeP-comp.
structures were assessed).
Additionally, the second order polynomial fits for these

models’ central-Fe charges and core populations as explanatory
variables for the midpoint shifts resulted in correlation
coefficients all greater than 0.93 for the former (with the
same exclusions outlined above) and 0.95 for the latter
implying their suitability for interpolating the intrinsic potential
shifts brought about by conformational control here and in
other systems.
With respect to the effect of the structural model, the

oversimplified FeP-min and -ext. structures were only able to
somewhat reproduce the relative experimental trends, especially
with respect to the wild-type structure where the largest
discrepancy, arising from heme 1U56 - B501, is the result of its
resolved conformation, in which the minimum basis distortions
are very much smaller than its counterpart in the asymmetric
unit (Figure 3, note large error bars, and Supporting
Information, Table 43). However, the reasonable degree of
linearity found within the results from the mutant complexes
(e.g., R2 = 0.90 for the linear relation between H-NOx Em and
the FeP-min. COREFe from the triplet calculations with the 6-
311+g**) suggests that knowledge of the reduced basis NSDs
may allow extraction of trend information, in the limit of low
total distortion and with caution. This could be advantageous in

Figure 2. Plot of the measured Fe2+/3+ midpoint potentials of the H-
NOx mutants versus the calculated partial atomic charges of the heme-
Fe (QFe‑MBS) from the various model structures in the singlet state
(top) and correlation between QFe‑MBS of the FeP model versus the
other models of decreased complexity (bottom).
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situations where resolutions are poor (since low energy
distortions are often larger than their higher energy counter-
parts and therefore easier to resolve), although for this to be
possible it is clear that further work regarding the precise
sensitivity of the calculated parameters upon higher energy
distortions is necessary before their application in quantitative
work.
Another feature of the FeP-min and -ext. models is that the

more planar mutant structures exhibit a systematically greater
calculated partial charge at the heme-Fe. This may be either a
consequence of the lack of higher-energy distortions that
correlate with those of lower-energies of the same symmetry or
else the result of a subtler aspect of the NSD process itself,
specifically that the reference macrocycle used for the in-plane
deformation decomposition is a Cu-porphine,32 which may
mean that some higher-energy in-plane distortions are
necessary to describe particular characteristic differences
between this reference and an Fe-porphin. On the other
hand, the systematically lower partial charges of the reduced
basis models of the wild-type cofactors is most likely the result
of the increasing dominance of the higher-energy distortion
modes in affecting the molecular wave function and thus we
suggest that it is the relationships between the distortions that
is the cause of this behavior.
Derivation of Best Estimate(s) of Heme Conforma-

tions in B. viridis Cytochrome Subunit. The first task in
elucidating the extent of conformational control in the RC−
CYT subunit was to confirm that they possess distinct
conformations with respect to one another. As previously
shown,10 and discussed in the experimental section, this can be
achieved by agglomerative hierarchical clustering (AHC) of
their NSDs. In this case, the clustering of the cofactors’ NSDs
was predominantly dependent upon the cofactor’s identity
which shows that the crystallographic experiments supported
the hypothesis that each cofactor adopted a unique
conformation (Supporting Information, Figure 3). However,
further consideration as to the composition of the clusters
indicated that the H1 cofactors exhibited two distinct possible
distortion patterns, a feature that was either related to two
actual conformers or else to systematic differences between
experiments (i.e., different systematic errors), in which the
conformation of H1 is most affected. Since the previous
experience has been that systematic differences can and do
occur between multiple crystal structures of this type of
macromolecule, which can be attributed to restraints during
refinement,10 and because cluster measurement appeared
heavily dependent on the structure authors (Supporting

Information, Table 1), we investigated the possibility of the
latter via analysis of the “structure-as-observation” data-matrix.
The dendrogram and evolution of the within cluster sum of

squares from the AHC of the structure-as-observation matrix
suggests that there are 2−4 meaningful clusters, within which
the structures show similar trends for the conformations of the
cofactors and between, they exhibit systematic variations
(Figure 4, top and Supporting Information, Figure 5).

Furthermore, the correlation biplot from the PCA analysis of
the systematic variations (Figure 4, bottom and see Supporting
Information, Figure 4 for scree-plot) shows that the greatest
contributing variable to the systematic differences is the B2u
distortion of H1 and hence the bimodal conformation of H1
noted above is in fact the greatest discriminator between the
structure classes. The next key variables are the B1u distortions
of the H1, H, and H4 cofactors, and it is these correlations that
all but confirm that the differences between the structures are
artifactual since there is no known reason for the conformations
of the cofactors to be coupled in this way. Also notable is the
significant dependence of PC1 on the A2u mode which becomes

Figure 3. Mean out-of-plane minimum basis NSD of each heme from
the H-NOx crystal structures used in the calibration. Error bars
indicate two standard errors; PDBs 1U56, 3NVR, and 3NVU, n = 2;
3EEE, n = 4 (hemes in asymmetric unit).

Figure 4. Dendrogram from the AHC of each PDB structures resolved
minimum basis, out-of-plane NSDs of the four cofactors using the
Euclidean metric and Ward’s agglomeration (top; see Supporting
Information, Table 1 for structure key). Biplot from the PCA of the
PDB structures’ resolved minimum basis out-of-plane conformations
of the four cofactors on the first two PCs and the top 25% correlating
variables (bottom).
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increasingly apparent when the mean conformations of the
clusters are considered (Figure 5; note relatively large A2u

distortion of SC2 cofactors and correlate with their positions in
Figure 4 biplot [structures 5, 10 and 11]).

On the basis of this information we proceeded with a three
cluster solution giving rise to three sets of mean conformations
(Figure 5) highlighting the particular conformations of each
cofactor and also confirming that the two apparent conformers
of the H1 cofactor are largely characterized by the extent of the
saddling (B2u mode) of the macrocycle. In addition to this we
see that, on the whole, the minimum basis distortions of the
cofactors indicated by the means of SC1 (structure-cluster 1)
and SC2 are in some ways more similar than those of SC3 (in
contrast to the relationship indicated by the cluster hierarchy;
Figure 4, top). Specifically, the saddling of H1 in SC1 and −2 is
relatively large, whereas in SC3 it is similar across H1−H3 and
the relative amount of saddling to ruffling (B1u) across H1−H3
is more consistent between SC1 and −2 compared to SC3.
However, the main feature that differentiates the SC2 cluster is
the high-degree of doming (A2u) compared to structure sets
SC1 and SC3. In SC3 also, the conformations of the cofactors
are more similar across the hemes possibly indicating a greater
influence of refinement restraints which could be responsible
for the lesser nonplanarity of its conformation for H1 (Figure
5).
Conformational Control in the B. viridis RC Cyto-

chrome Subunit. Having established both a quantitative
empirical relationship between the FeP-comp. models’ triplet

state B3LYP/6-311+g** Fe-atom MBS Mulliken atomic
charges and the conformationally induced redox shifts,
alongside the best estimate of the RC−CYT cofactors’
conformations, we next sought to estimate the role of
macrocycle mediated redox control in the RC−CYT.
Providing first a qualitative consideration of the particular

structure-cluster results we see the SC1 structures’ Fe-atom
MBS Mulliken charges lie in the order H1 < H2 ≈ H3 ≪ H4
implying that naturally evolved conformational control
contributes to the observed low-potential of the H1 cofactor,
the H2 > H1 potential difference, is consistent with the similar
potentials of the H2 and H3 cofactors and in some way works
to increase the potential of the H4 cofactor. Alternatively, SC2
yields QFe‑MBS that vary so that H1 ≈ H2 < H3 ≈ H4 which
corresponds with the fact that the H4/H3 low- and high-
potential pair cofactors have systematically higher potentials
than the corresponding H1/H2 pair. Finally, the SC3
conformations give QFe‑MBS ordered H1 > H2 ≪ H3 ≈ H4
which again corresponds with the observed larger potentials of
the H4 and H3 pair but uniquely suggests that the
conformational differences exerts influence to raise the H2
potential relative to H1. While these results show clear
differences between the inferred conformational effect, an
emergent trend is clear; it seems that conformational control
operates to raise the potentials of the H3/H4 pair relative to
their counterparts (or conversely, to lower those of the H2/H1
pair). Before discussing this further however, we consider now
the quantitative estimations of the distortion/redox influence.
Noting that the RC−CYT Fe-atom MBS Mulliken charges

(Figure 6) all fall within the range of interpolation from the H-
NOx calibration (H-NOx FeP-comp 0.471037−0.557198e;
RC−CYT H1−4 FeP-comp: SC1, 0.489164−0.505313e; SC2,
0.483259−0.487204e; and SC3, 0.499779−0.514082e) (FeP-
comp: Em ≈ −30440 QFe

2 + 33634 QFe − 9118.6), we obtained
the “H-NOx potentials” (vide infra), allowing calculation of the
relative potential shifts due to conformational control (Table
1).
In terms of a formal interpretation, if one considers that the

reduction potential of a heme in a protein complex arises from
a combination of perturbations effected by the environment
relative to a free heme (reference) in solution, then the
potential may be written as a sum of the reference potential and
the perturbation as,

= + ΔE E Em
complex

m
solution

m
perturbation

where the last term is a sum of the contributions from all
environmental considerations such as H-bonding, electrostatics,
axial-ligands (if different from the reference), solvent
accessibility and conformational control. In our case, since we
are interested solely in delineating the effect of conformational
control we may write this as,

= + Δ + Δ− −E E E Em
H NOx

m
solution

m
H NOx(environment)

m
conformation

then, since the H-NOx series of complexes investigated varied
solely in the last term, taking the difference of any two of their
potentials yields exclusively the change in this component,

Δ = Δ Δ−E E( )m
H NOx

m
conformation

Consequently, taking the difference of any two interpolated
“H-NOx potentials” (the potential that the H-NOx complex
would exhibit if the heme within adopted the conformation of

Figure 5. Mean out-of-plane minimum basis NSD of each heme
cofactor from each cluster of crystal structures. Error bars indicate two
standard errors. SC1 n = 5, SC2 n = 3, and SC3 n = 7.
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interest), yields the potential difference effected by their
conformational difference.
The one possible caveat to this approach is that the extension

of the H-NOx relationship to other proteins is dependent on
whether or not the magnitude of the intrinsic potential shift
brought about by macrocycle distortion is sensitive to the
specif ic environment of the cofactor. Since there is no
suggestion in the literature to the contrary we proceed to
investigate the impact of conformational control on the B.
viridis hemes under the assumption that there is no such effect,
although it must be noted that it is certainly possible that there
are such differences.
The data in Table 1 show the experimental and most recent,

state-of-the-art, theoretically calculated cofactor potential shifts
together with the estimated influence of conformational control
obtained from our highest level calculation (B3LYP/6-
311+g**). The interpretation of the entries in the middle of

the nonexperimental data correspond to the percentage of the
difference accounted for by the quoted method, for example,
Voigt and Knapp’s method accounted for 48% (36 mV) of the
H1−H4 difference while our method suggests that 72% (54
mV) of the difference is due to conformational control.
In most cases, the calculated perturbation of conformational

control affects a change in potential that acts in concert with
the other modulatory methods of the binding-site to increase
the potential difference between cofactors (i.e., has the same
sign as the experimental difference), except for H4 relative to
both H2 and H3. Indeed it is notable that the H4−H2
difference is the only one which Voigt and Knapp’s method
overestimated, while that of H4−H3 is the only one that was
not underestimated (the near exact agreement of their value for
this difference is due in fact to a systematic error of around −30
mV in both the H3 and H4 absolute potentials). Furthermore,
the two largest potential differences due to conformational
control as inferred from any one of the three sets of mean
conformations are found to involve the H3 or H4 potentials
with those of H2 or H1 (respectively) such that the potentials
of the former are raised relative to the latter (Table 1).
It is convenient to assess the quantitative implications of our

work in the context of improving the current theoretical
understanding of the factors affecting the heme potentials by
combining the Voigt and Knapp estimates of the interheme
potential differences with any one of our estimates of the
influence of conformational control. This should be deemed
acceptable under the assumption that those previous theoretical
estimates were precisely lacking this effect and because our
isolation of it is total. Importantly, doing so provides
significantly improved experimental agreement (RMSDs = 27
mV for Voigt and Knapp, and 19 mV, 17 mV, and 20 mV after
including the estimated conformational effect from mean
conformations SC1, SC2, and SC3, respectively). Furthermore,
considering the individual corrections, it is clear that the SC1
structures’ derived shifts may well provide an even greater
improvement to the absolute potentials than is implied by the
reduction of the RMSD experimental agreement of the
interheme relative differences because these results break the
effect of Voigt and Knapp’s systematic error for the H3 and H4
cofactors, if we were able to determine these soundly.
While we have already suggested that the H1 conformation

of SC3 may be less reliable from the structure-determination
point of view, a pragmatic view of these results also suggests
that this may be an erroneous result. This point is taken simply
from the observed experimental disagreement of the predicted
relative cofactor potential differences, the H1−H2 difference,
which was already underestimated, is even more worse off with
SC3′s contribution, and there is no systematic error in the
theoretical potentials for these as there was with the H3−H4
cofactors (see above).

Conformational Origin of Haem Redox Modulation. A
key feature that we have not yet discussed is that in the B. viridis
cytochrome subunit, it is the cofactor with the lowest total
nonplanar distortion (H4, Figures 5 and 6) that exhibits a
consistently high relative partial charge and that the cofactor
with the greatest distortion exhibits one of the lowest charges
(H1), which is in stark contrast to the situation in the H-NOx
complex. Thus, it appears that the redox influence of the
cofactor conformations is inverted between the two complexes.
To begin to explain the origin of this phenomenon, we are
required to investigate the correlations between the macrocycle
modes of distortion and the calculated population parameters.

Figure 6. Fe-atom MBS Mulliken partial atomic charges (QFe‑MBS)
calculated from mean FeP-comp., -ext., and -min models of the three
structure-cluster B. viridis RC−CYT hemes mean conformations in the
triplet state with the B3LYP/6-311+g** method.
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The following discussion relates to our preliminary results only
as, in general, the derivation of a logical relationship between
heme conformation and electronic properties is a complicated
endeavor and indeed one of our long-term goals.
Combining the H-NOx and cytochrome data and regressing

the heme-Fe MBS Mulliken charges and NPA core populations
against the individual NSD parameters revealed one candidate
above all others as the main indicator of the electronic
population at the metal center, namely, the A1g or breathing
mode. The extent of this distortion provided statistically
significant correlation coefficients of 0.87 and 0.94 with the
minimum basis cofactor projections and the corresponding
QFe‑MBS and COREFe values and, 0.78 and 0.83 for the complete
basis projections (observed macrocycle conformation, centered
Fe) and corresponding populations. Furthermore, because this
normal-mode represents most closely the actual macrocycle
core size, and thus the Fe−N bond lengths, this behavior is
perfectly understandable. We must highlight here that this
result does not render the nonplanar macrocycle distortions as
superfluous or secondary next to the in-plane conformation, as
attempted by the outmoded concept of In-plane Nuclear
Rearrangement, alluded to in the introduction. Rather,
multicollinearities are present between the various normal-
coordinates that suggest that the A1g distortion is determined by
the nonplanar distortions and thus provides a conduit with
which the nonplanar conformation exerts the real influence.
Indeed, this structural relationship has been known for many
years22 and is supported by our own semiempirical calculations
that find nonzero minima along the A1g coordinate for
arbitrarily imposed nonplanar distortions upon a previously
optimized structure.49

However, this analysis provides only explicit investigation of
the global situation, that is, the source of conformationally
induced potential shifts over a range of 171 mV and two
distinct complexes (for one of which we had three sets of
possible, systematically different structure determinations)
while our maximum estimated effect of natural conformational
control in the cytochrome was only 54 mV. Also, a perusal of
the in-plane distortions of the B. viridis hemes (Supporting
Information, Figure 9 and Table 28) suggested that while some
of the variation appeared to correspond with the A1g coordinate
(in particular, the systematic lowering of the SC2 charges), this
was by no means a conclusive resolution. Therefore, although
at the expense of statistical sample size, to assess the situation in
more detail we assessed the NSD/population parameter
relations arising from meaningful subsets directly. Specifically,
we additionally regressed subsets of the data composed from
the H-NOx structures, the H-NOx mutants only (105 mV
range), the H-NOx P115A and I5L/P115A mutants (60 mV
range), the B. viridis mean conformations, and the individual
structure-clusters of the latter.
Not unexpectedly, all but the largest of these subsets were

too small to produce any strictly statistically significant
correlations after alphas were adjusted for multiple compar-
isons. On the other hand, the results do suggest that the full set
of A1g modes may contribute to a considerable portion of the
within group population variations. Nevertheless, even if these
correlated in-plane distortions do provide the connection
between the observed effects in each complex, it would then
suggest that the nonplanarity induced contraction is reversed
for the case of H4 which exhibits a contracted macrocycle even
though it is the most planar.

Table 1. Conformational Effect on the B. viridis Cytochrome Interheme Potential Differences

cofactor potential differences/mVa expt. correlationb

expt. error of Voigt and
Knapp with conformational

shift / mVc
change in absolute expt.

error/mVd

H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 H3 H4 H1 H2 H3 H4

expt. average28,29 H1 0 365 435 75
H2 −365 0 70 −290
H3 −435 −70 0 −360
H4 −75 290 360 0

Voigt and Knapp30 H1 0 348 395 36 0.95 0.91 0.48 −17 −40 −39
H2 −348 0 47 −312 0.67 1.08 −23 −22
H3 −395 −47 0 −359 1.00 1
H4 −36 312 359 0

SC1 H1 0 19 23 54 0.05 0.05 0.72 2 −17 15 −15 −23 −24
H2 −19 0 4 36 0.06 −0.12 −19 14 −4 −8
H3 −23 −4 0 32 −0.09 33 32
H4 −54 −36 −32 0

SC2 H1 0 0 16 11 0.00 0.04 0.15 −17 −24 −28 0 −16 −11
H2 0 0 16 11 0.23 −0.04 −7 −11 −16 −11
H3 −16 −16 0 −5 0.01 −4 3
H4 −11 −11 5 0

SC3 H1 0 −17 16 23 −0.05 0.04 0.31 −34 −24 −16 17 −16 −23
H2 17 0 33 40 0.47 −0.14 10 18 −13 −4
H3 −16 −33 0 7 −0.02 8 7
H4 −23 −40 −7 0

aAbsolute interheme potential differences [Di,j = Hj − Hi]. The entries for SC1-3 are derived from the differences of Em(H-NOx) found by
application of the H-NOx calibration to QFe‑MBS obtained from the triplet state B3LYP/6-311+g** wavefunctions of the FeP-comp. structures
from the respective structure-cluster. bInterheme potential differences relative to experiment [Di,j = (Hj − Hi)calc/(Hj − Hi)expt].

cThe entries for
SC1-3 indicate the experimental error obtained after the summation of the Voigt and Knapp potential differences with the difference imposed by the
cofactors’ unique conformations. dThe difference between the combination model interheme potential absolute errors (e.g., Voigt and Knapp with
added SC1 shifts) with the Voigt and Knapp error alone.
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There is however, a potential explanation for some of these
observations. The first step is to understand that most likely it
is the ruf f le distortion that results in the greatest core
contraction, as it is known to do so for Ni-porphyrins,22 and
on this basis we can somewhat account for the H1−H3 Fe
populations. Next, having only to account for the high-partial
charge of H4 we consider that the bis-HIS coordination of this
heme that effects a large drop in its reduction potential and a
corresponding increased Fe atom electron density it is possible
then that the macrocycle contracts to stabilize this extra density.
However, it may have to suffice to say that it is the particular

conformation that determines the metal population and the
consequent conformational contribution to the redox potential
although it appears clear that the satisfactory experimental
agreement afforded by our method implies that it is fully
capable of accounting for this fact.

■ CONCLUSIONS
By applying chemical intuition in an attempt to obtain an
experimentally calibrated computational procedure with which
to predict and delineate the influence of protein-induced
macrocycle distortion upon heme reduction potentials, a strong
correlation between heme-Fe MBS Mulliken atomic charges
obtained using B3LYP wave functions with minimal- to triple-ζ,
doubly polarized augmented basis sets and the redox potentials
of intact complexes could be established, in the circumstance
that the heme conformation was the only substantially varying
property. This relationship will assist future research in the
realm of naturally occurring conformational control and with
further development may also prove useful for the design and
tuning of heme enzymes where conformational change from
residue mutations could be predicted using standard geometry
optimizations and, from the resultant cofactor conformation,
the mutation’s consequent physicochemical effect which could
potentially reduce the cost and effort required to engineer
proteins with desired redox properties.
Using this relationship together with the derivation of the

best currently available estimates of the conformations’ of the
heme cofactors in the reaction center tetraheme cytochrome
subunit of B. viridis, it was found that conformational control
may account for up to 70% (54 mV) of a particular potential
difference and correlates with the greater potentials of each
heme in the pair proximal to the special-pair with their
respective distal counterparts. The estimated influence upon
the reduction potentials of H1−H3 appears to work
concertedly with other protein influences to enhance the
differences between them, while for H4 it significantly reduces
effects of bis-HIS coordination26,27 and the partial ionization of
its propionates.30 This shows that explicit consideration of the
conformational contribution to heme reduction potential
modulation in situ may provide a missing link with respect to
understanding heme potential variability in general.
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