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ABSTRACT: Cytochrome ¢ (Cyt c) has a heme covalently bound to
the polypeptide via a Cys-X-X-Cys-His (CXXCH) linker that is
located in the interface region for protein—protein interactions. To
determine whether the polypeptide matrix influences iron vibrational
dynamics, nuclear resonance vibrational spectroscopy (NRVS)
measurements were performed on *’Fe-labeled ferric Hydrogenobacter
thermophilus cytochrome ¢-552, and variants M13V, M13V/K22M,
and A7F, which have structural modifications that alter the
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composition or environment of the CXXCH pentapeptide loop.

Simulations of the NRVS data indicate that the 150—325 cm™ region

is dominated by Ny;—Fe—S,, axial ligand and polypeptide motions, while the 325—400 cm™' region shows dominant
contributions from v/(Fe—Np,,) (Pyr = pyrrole) and other heme-based modes. Diagnostic spectral signatures that directly relate
to structural features of the heme active site are identified using a quantum chemistry-centered normal coordinate analysis
(QCC-NCA). In particular, spectral features that directly correlate with CXXCH loop stiffness, the strength of the Fe—His
interaction, and the degree of heme distortion are identified. Cumulative results from our investigation suggest that compared to
the wild type (wt), variants M13V and M13V/K22M have a more rigid CXXCH pentapeptide segment, a stronger Fe—Ny;
interaction, and a more ruffled heme. Conversely, the A7F variant has a more planar heme and a weaker Fe—Ny;, bond. These
results are correlated to the observed changes in reduction potential between wt protein and the variants studied here.
Implications of these results for Cyt ¢ biogenesis and electron transfer are also discussed.

B iological function requires protein conformational dynam-
ics on a wide range of time scales. There is an ever-
increasing body of evidence that fast (subnanosecond)
dynamics of proteins, including vibrations, are functionally
important." Experimental studies of polypeptide vibrational
dynamics are challenging because of the large number of
vibrational modes of similar energies. Nevertheless, analysis of
polypeptide infrared* or UV resonance Raman spectra® yields
information about overall protein vibrational dynamics. To
obtain site-specific information about dynamics, a chromophore
with resolved or enhanced vibrational modes is needed. For
example, aromatic amino acids or metal jons may show
enhancement in resonance Raman spectra,3_5 and the
introduction of C—D bonds yields resolved vibrational bands
for the C—H(D) stretching modes.® In another approach, two-
dimensional IR spectroscopy of small complexes bound to
proteins has provided detailed information about protein
dynamics sensed by the complex.”® The approach taken herein
is to employ nuclear resonance vibrational spectroscopy
(NRVS), in which vibrations of a Mdssbauer-active nucleus
are detected (here, Fe).” NRVS offers a significant advantage
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in that its selection rules allow detection of all motions
involving S7Fe, with intensities scaling with the amount of S7Fe
motion in a given mode, facilitating detailed analysis and
interpretation of spectral data.'’”"®

The NRVS data of *’Fe within a metal complex depend
critically on the vibrations of its ligands, and thus, NRVS reveals
key information about metal-ligand bonding and dynam-
ics.'*'® Furthermore, within a metalloprotein, the probe
nucleus vibrations are also coupled to those of the surrounding
polypeptide. This *’Fe—polypeptide coupling was recently
demonstrated in a NRVS study on the ferric heme protein
Hydrogenobacter thermophilus cytochrome ¢-552 (Ht ¢-552)
with the help of isotopic labeling of the porphyrin, the
polypeptide, and specific amino acid residues. In particular, the
heme iron in Ht ¢-552 was found to be strongly vibrationally
coupled to amino acid residues on the protein surface that are
expected to interact with redox partners.'” This result suggests
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that protein—protein interactions may influence iron dynamics
and electron transfer (ET) rates.

To test the hypothesis that the polypeptide matrix influences
iron vibrational dynamics in cytochromes ¢, here we analyze
’Fe NRVS data on a series of mutants of Ht ¢-552 (Figure 1).
Ht ¢-552 is a member of the well-studied group of class I
monoheme cytochromes ¢ that play key roles in respiration,
photosynthesis, and apoptosis.'®*° Cytochromes ¢ are
distinguished from other heme-containing proteins by the
covalent bonding between the porphyrin and the polypeptide.
The heme is usually attached to a Cys-X-X-Cys-His (CXXCH)
motif in which the X’s are variable residues, the Cys residues
form thioether bonds to two porphyrin substituents, and the
His coordinates the heme iron (Figure 1).'® For Ht ¢-552, “XX”
in the CXXCH segment represents Metl3 and Alal4. The
mutants chosen alter the composition or environment of the
CXXCH motif and, in this way, have been shown to affect the
reduction potential of the heme. The A7F mutant is proposed
to decrease the level of hydrogen bonding between the
backbone atoms of residue 7 and Cys12, the first residue of the
CXXCH motif. Previous studies of this mutant indicate that
this subtle change causes a small decrease in the amount of out-
of-plane heme distortion known as ruffling [in which the Fe—
N(pyrrole) bonds are twisted in alternate directions (Figure S1
of the Supporting Information)] and a small increase in the
heme reduction potential.>! The M13V mutation of the first
variable residue within the CXXCH segment has been shown to
increase the level of heme ruffling, decrease the reduction
potential, and increase the strength of the Fe(III)—His bond;
these effects are proposed to result from improved packing of
hydrophobic residues interacting with the CXXCH peptide.
Finally, the M13V/K22M double mutant further enhances
packing beyond what is accomplished by the M13V mutation
via replacement of the polar Lys22 with the hydrophobic Met,
which is then proposed to pack against Vall3 within the
CXXCH motif. This double mutant shows a yet higher level of
heme ruffling, a lower reduction potential, and a strengthened
Fe(Ill)—His bond relative to those of M13V.**">* Further-
more, NMR studies of M13V and M13V/K22M have shown
that the CXXCH peptide is rigidified by these mutations as
revealed by hydrogen exchange.*” This well-characterized series
of mutants presents an excellent set of subjects for elucidating
the relationship between interactions with(in) the CXXCH
motif and iron vibrational dynamics, and how this affects ET.

Figure 1. Active site structure (left) of Ht c-552 (Protein Data Bank
entry 1YNR), highlighting amino acid residues targeted in this study.
The black lines represent key H-bonding interactions between the N—
H groups of Cys1S and His16 and the C=0 group of Cys 12. Overlay
(right) of the model (blue) and crystal structure of Ht c-552 (green).
In generating the model, residues 7 and 22 were not included. Instead,
the changes affected by mutating residues 7, 13, and 22 were simulated
in the NRVS analysis (see the text).
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B EXPERIMENTAL PROCEDURES

Expression and Purification of Protein Samples. H.
thermophilus cytochrome ¢-552 (Ht ¢-552) and its A7F*
M13V,22 and MI3V/K22M?>*> mutants were expressed in
Escherichia coli strain BL21(DE3) and purified using methods
described previously for wild-type (wt) Ht c-552."” Samples for
NRVS data collection were enriched with *'Fe by expression in
modified minimal growth medium®' supplemented with
"FeSO,1.2H,0 (20 mg/L) prepared from *’Fe metal
(Cambridge Isotope Laboratories) and 40% H,SO,. Purified
protein was exchanged into 10 mM ammonium acetate buffer
(pH 7) and lyophilized.

Resonance Raman Spectroscopy. Resonance Raman
spectra of 0.2 mL of ~300 M solutions of wt Ht ¢-552 and
M13V/K22M were recorded by selective excitation (413 and
514 nm, 20 mW) using a SpectraPhysics Beamlock 2060-RS
Ar/Kr ion gas laser. The excitation beam was focused on the
sample in an EPR coldfinger Dewar with liquid N, to prevent
thermal degradation. The photons scattered from the sample
were dispersed by an Acton two-stage TriVista 555
monochromator and focused on a N,(I)-cooled Spec-
10:400B/LN CCD camera (Princeton Instruments). The
spectral resolution was set to 0.5 cm™', and the spectra were
recorded with a 5 min accumulation time.

Nuclear Resonance Vibrational Spectroscopy. Samples
for NRVS consisted of freshly prepared (within 1 month of
data collection) lyophilized protein samples. Immediately
before data collection, lyophilized *’Fe-labeled protein was
dissolved in SO mM HEPES buffer (pH 7) containing 10% (v/
v) glycerol to yield protein concentrations of 16—18 mM. To
prevent reduction of heme during data collection, 4 uL of a
saturated solution of K,IrCls was added to each NRVS sample
(total volume of 60—70 puL). Samples were loaded into acrylic
NRVS cells and frozen in N,(1) for data collection. NRVS was
performed on beamline 3-ID-XOR at the Advanced Photon
Source of Argonne National Laboratory (Argonne, IL). A single
NRVS scan required approximately 40 min and was performed
in the range of —S0 meV (—403.3 cm™) to +65 meV (524.3
cm™") for E — E, [the energy difference between the vibrational
side bands detected and the central resonance due to the recoil-
less excitation of the ¥’Fe nuclear excited state (the Mossbauer
transition)]. The resolution of the NRVS data is 8 cm™; the
accuracy, on the other hand, is higher (approximately 1—2
cm™'), because the data are calibrated to the intense, elastic
scattering band corresponding to the Mdssbauer line. Details of
the other relevant parameters are given in ref 14. Depending on
the protein sample, 15—18 scans were performed to achieve an
acceptable signal-to-noise ratio (Table S1 of the Supporting
Information).

DFT Model of Ht ¢-552. The active site model was based
on a high-resolution crystal structure of Ht ¢-552 [Protein Data
Bank (PDB) entry 1YNR]. The model consists of heme ¢, the
distal Met side chain, the covalently linked CMACH segment
(residues 12—16) with the Met13 and Alal4 residues truncated
at the a-carbons, and formaldehyde in place of the Pro2S
backbone carbonyl, which forms a H-bond to the His16 HN&".
All atoms were initially optimized using the BP86 func-
tional’>* and LanL2DZ* basis set,"**”>* as implemented in
Gaussian 03. After the structure had been optimized, the
peptide segment (CMACH linker arm) was slightly adjusted to
better resemble the crystal structure of the pentapeptide loop.
The linker arm was then reoptimized using the same functional
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and basis set while the coordinates of the heme, the Met side
chain, the His ring, and formaldehyde and the two H-bonding
distances (Cys1S NH to Cys12 CO and Hisl6 NH to Cysl12
CO) were fixed. This was done to more accurately reproduce
the structure of the pentapeptide segment in the crystal
structure (Figure 1, right) and, therefore, obtain a better
description of the DFT-calculated NRVS data of Fe(III) Ht c-
552. Vibrational frequencies were calculated for the final
optimized structure using the BP86/LanL2DZ* level of theory.

QCC-NCA NRVS Simulation. The NRVS spectra of wt Ht
¢-552 and the variants (M13V, M13V/K22M, and A7F) were
simulated using the Quantum-Chemistry Centered Normal
Coordinate Analysis (QCC-NCA) package.***" To describe
the Ht ¢-552 active site model applied here (see Figure 1), 524
internal coordinates and 137550 (diagonal and off-diagonal)
force constants are required. Of these force constants, ~180
parameters were adjusted (within reason) to simulate the
experimental data. The experimental spectra of the *C'SN
polypeptide (pp)-, *Cs"*N Met-, and *Cg; heme-labeled
Fe(IIT) Ht ¢-552 samples'” were used as a guide in adjusting
the DFT-generated force constants to simulate the exper-
imental wt NRVS data and the spectra of the isotopically-
labeled proteins. For variants M13V and M13V/K22M, the
force constants corresponding to the following coordinates
were adjusted: the H-bonds in the pentapeptide segment
(Cys1S NH to Cys12 CO and His16 NH to Cys12 CO), the
CXXCH linker arm, and the Fe—Ny;, bond. In both cases, the
H-bonds and the Fe—Ny;, bond were strengthened, and the
CXXCH loop was made more rigid. These changes are based
on the proposed modifications produced from these point
mutations (see below for more details). To test the effect of
heme distortion, the heme coordinates were first adjusted in
GaussView S5.0. The degree of out-of-plane (oop) heme
distortion in the model was then verified using Normal-
Coordinate Structural Decomposition (NSD version 3.0)
(Sandia National Laboratories). The two models that were
constructed involve “more-ruffled” and “less-ruffled” forms of
the heme (Figure S1 and Table S2 of the Supporting
Information). In the former, the model displays a more
prominent ruffling distortion (—1.0 A) compared to the heme
distortion in the wt protein model (—0.78 A) to mimic the
effects of the M13V and M13V/K22M mutations on the heme
conformation. The change in the amount of ruffling was
imposed while retaining the modified force constants
mentioned above. The less-ruffled model was used to mimic
the extent of heme ruffling in the A7F variant. Here, the heme
coordinates were adjusted such that the level of heme ruffling
decreases (to —0.65 A). It is noted that the heme in
Pseudomonas aeruginosa Cyt ¢ (—0.48 A) can be used to
roughly mimic Ht A7F. In the simulation of the NRVS data of
A7F, only very minor adjustments (<5%) were made to the
force constants of the Ny ;—Fe—Sy,, axial unit, the heme, and
the linker arm.

The theoretical frequencies generated through QCC-NCA
for ferric wt Ht ¢-552 are listed in the 165—500 cm™" region in
Table S4 of the Supporting Information. However, the
experimental data cannot be reliably assigned in the energy
region below 270 cm™, because the intensities of these features
are too weak experimentally.

B RESULTS AND ANALYSIS

Resonance Raman Spectra of Ferric Ht ¢-552 and Its
Variants. Resonance Raman spectroscopy is a valuable tool
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that can selectively probe the vibrations of a chromophore
within a protein matrix.>*7* In general, the resonance Raman
spectra of metalloporphyrins are sensitive to the oxidation and
spin state, and the coordination number of the central
metal. 3¥73¢ Curiously, however, in the case of Cyt ¢, it has
been observed that the low-energy region of the resonance
Raman spectra (200—500 cm™! range) is insensitive to the
oxidation state of the metal. Here, the ferrous and ferric forms
of the protein deliver essentially identical spectra in this region
upon Soret excitation.”” For ferric wt Ht ¢-552, prominent
resonance Raman peaks in the 200—500 cm™ region occur at
350, 357, 382, 400, 421, and 427 cm ™! as shown in Figure S2 of
the Supporting Information. We then explored how the
resonance Raman spectrum of this protein changes in the
M13V/K22M double mutant (see below for further informa-
tion about this variant). Figure S2 of the Supporting
Information shows a direct comparison of the Soret-enhanced
resonance Raman spectra of Ht ¢-552 and M13V/K22M, which
does not reveal any spectral band shifts. In this energy region,
the much-debated v(Fe—Ny;) and v(Fe—Sy,) stretching
modes occur, both of which have recently been assigned for
Ht ¢-552 by our groups..17 Our resonance Raman results suggest
that the Raman-active Fe-ligand and porphyrin-based vibrations
in the low-energy spectral region are insensitive to the
differences between wt protein and the double mutant
investigated here, analogous to their insensitivity to the iron
oxidation state. Instead, nuclear resonance vibrational spectros-
copy (NRVS) turned out to be much more suitable for
investigating subtle differences between Ht ¢-552 and our active
site mutants. Similarly, Sage and co-workers found that NRVS
showed distinct differences in the vibrational spectra for ferrous
and ferric horse heart Cyt ¢ that were not seen by resonance
Raman.”’

NRVS Spectra of Ht ¢-552 Variants. The site-directed
mutants M13V, M13V/K22M, and A7F (see Figure 1, left)
have previously been investigated to determine the structural
basis for the fine-tuning of the heme reduction potential in Cyt
> The work presented here extends the prior studies by
linking changes in the NRVS spectra of the Ht ¢-552 variants to
structural modifications induced by specific point mutation(s).
As recently established by us, the heme active site and the
protein matrix in Cyt ¢ are strongly vibrationally coupled, as
evidenced by NRVS data of Ht ¢-552."7 This observation means
that the heme vibrations should be sensitive to geometric changes in
the proximity of heme, in particular in and near the CXXCH loop
that is covalently linked to heme. As shown in this study, this is in
fact the case, but because of the complex NRVS data of Ht c-
552 and its mutants, QCC-NCA is required to appropriately
analyze the observed spectral changes.

The NRVS data of ferric Ht ¢-552 shown in the top panel of
Figure 2 have previously been reported.'” These data show
intense features (corresponding to the modes with the largest
iron displacement) in the 325—400 cm™ region, which have
been resolved into seven distinct peaks via Gaussian
deconvolution (Figure 2 and Figure S3 of the Supporting
Information). At lower energy, a weaker three-band spectral
feature, observed in the 250—32S5 cm™ region, is resolved into
five Gaussian bands. The NRVS data of Ht ¢-552 have
previously been assigned as reported in detail in ref 17. Any
structural modifications to the protein matrix in the heme
pocket will influence the vibrational motions of the heme and,
hence, lead to perturbations of the NRVS data.
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Figure 2. NRVS data of ferric wt Ht ¢-552 (taken from ref 17) and
variants M13V, M13V/K22M, and A7F (red traces). Gaussian fits of
these data are included (black traces).

Central among the Ht ¢-552 variants investigated in this work
are those that perturb the conformational flexibility of the
CXXCH polypeptide loop, which links the heme ¢ prosthetic
group to the protein matrix via two Cys residues. Importantly,
two H-bonds exist between the N—H groups of CyslS and
His16 and the C=0 group of Cys12 (Figure 1, left).*® These
hydrogen bonds span the CXXCH loop and potentially help
stabilize the loop motif. These noncovalent interactions are
influenced by the specific mutations incorporated into the set of
Ht ¢-552 variants examined in this work. The H-bonding within
the loop is also proposed to influence the Fe—Ny;,
coordination and the degree of heme distortion, which are
discussed below.

In the first variant that we investigated, M13V, the CXXCH
pentapeptide is more rigid than in wt. This conclusion is based
on hydrogen exchange studies that probe the energetics of the
pentapeptide conformational fluctuations, which in turn affect
heme—ligand interactions and heme reduction potential.*> The
enhanced H-bonding interactions across the loop in M13V are
associated with a stronger Fe—Nyy; interaction and an increased
degree of heme ruffling. These changes have been observed
spectroscopically and are also accompanied by a lowering of the
heme reduction potential of the single mutant (177 mV vs
SHE) relative to that of wt (236 mV).>* The structural
modifications in M13V are reflected by a NRVS spectrum that
exhibits key differences compared to that of wt as shown in
Figure 2. In the low-energy region (275—325 cm™), the weak
three-band spectral feature is resolved into five distinct
Gaussian bands. Compared to wt, the overall spectral features
in this region are retained; however, the NRVS intensities in
the variant between 275 and 325 cm™' are increased by
approximately one-third compared to those of wt (also see
Figure 6). In addition, the two bands found at 289 and 299
em™" in M13V are shifted to higher energy by approximately
2—5 cm™" relative to the corresponding peaks in wt (284 and
297 cm™, respectively). At higher energy, the 325—400 cm™!
spectral region is deconvoluted into five well-resolved peaks.
The most intense band in MI13V is broader and more
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pronounced than the corresponding peak in wt. This feature
can be fit to two Gaussian bands centered at 340 and 348 cm ™.
Most diagnostic is a distinct three-band pattern observed in the
mutant at higher energy, which is very different from wt. In the
fit, three peaks located at 364, 378, and 392 cm™" are identified.
Particularly interesting is the intensity enhancement of the band
at 392 cm ™' in M13V: while this feature appears as a shoulder
in wt, it develops into a well-defined peak in M13V. Lastly, a
weak feature at 406 cm™' trailing the high-energy features is
clearly resolved as a shoulder in M13V as shown in Figure 2.

The M13V/K22M double mutant has a CXXCH motif that
is more rigid than that of M13V. This conclusion is again based
on hydrogen exchange NMR studies.”* Lys22 lies across the
loop and is proposed to stabilize it against conformational
fluctuations that lead to exchange of amide protons. However,
because of its charged nature, this residue may also interact
with the solvent shell of the protein. Replacing Lys22 with an
amino acid containing a nonpolar side chain such as Met
weakens the interaction of this residue with solvent, likely
strengthening its interaction with the CXXCH loop. This
interaction is proposed to stabilize the loop and augment the
H-bonding interactions within the loop, yielding tighter
hydrophobic packing within the CXXCH motif. The stabilized
CXXCH loop in turn could induce a stronger Fe—Ny,
coordination, which is indicated by NMR results.”> Further-
more, like in M13V, the degree of heme ruffling in the double
mutant is increased.** The combination of an increased degree
of ruffling and a stronger Fe(III)—His interaction is suggested
to be the cause for a decrease in reduction potential for the
double mutant (155 mV vs SHE) relative to that of wt (236
mV).”> These structural modifications generate a NRVS
spectrum of M13V/K22M that is noticeably different from
that of wt as shown in Figure 2. In the 275—325 cm™" spectral
region, five distinct bands are resolved: the three-peak feature
appearing at 290, 301, and 311 cm™' now displays comparable
NRVS intensities for all three bands, which is unlike that
observed in wt and its M13V counterpart. In addition, a weak
band becomes more prominent in the double mutant at 323
cm™". In the 325—400 cm™' region, the spectral features are
deconvoluted into five bands. The most prominent NRVS band
occurs at 342 cm™!, which is more intense than the
corresponding peak in wt. A distinct shoulder appears at 354
cm™, which interestingly is not as pronounced in the NRVS
spectrum of M13V as in that of wt. Further into the higher-
energy region, three bands with almost equal intensity are
observed at 369, 382, and 397 cm™. Importantly, this pattern is
generally very similar to that observed in the NRVS data of M13V
and clearly different from that of wt. In comparison to wt, the
band at 397 cm™ in M13V/K22M is more defined with a
distinctively larger intensity. Finally, a weak feature is noticeable
at 419 cm ™', whose NRVS energy and intensity are comparable
to the corresponding feature in wt.

For the A7F variant, the H-bonding interaction between the
C=0 group of Ala7 and the N—H group of Cys12 is proposed
to be weakened or eliminated. This mutant experiences a
decrease in its degree of heme ruffling of ~0.1 A.*' While this
change may be subtle, differences in the NRVS data between
A7F and wt are apparent in Figure 2. At lower energy, the
three-band spectral feature in the 250—325 cm™' region is
resolved into five Gaussian bands in A7F. The fifth peak within
this region appears only as a shoulder in A7F, while it is a
defined peak in wt (also see Figure 6). Furthermore, the peaks
at 284 and 310 cm™' that flank the most intense band at 297

DOI: 10.1021/bi501430z
Biochemistry 2015, 54, 1064—1076


http://dx.doi.org/10.1021/bi501430z

Biochemistry

cm™' have greater intensities relative to those of the
corresponding features in wt. The differences in the NRVS
data are more pronounced in the higher-energy region. The
325—400 cm™' data in A7F are deconvoluted into six bands.
While the wt data display a shoulder at ~330 cm™, this spectral
feature is shifted to lower energy and becomes a more defined
signal centered at 322 cm™' in A7F. The most intense NRVS
band in wt occurs at 340 cm ™, which appears to be split with a
weaker component at 350 cm ™' in A7F. The remaining spectral
pattern with bands at 363, 374, 384, and 394 cm™ in A7F is
very similar to that of wt as shown in Figure 2. A complete list
of the NRVS energies for wt and the variants is given in Table
1.

QCC-NCA Fit of the NRVS Data of Ht ¢c-552 (see the
Supporting Information for all details). The bands in the
NRVS spectrum of *'Fe Ht c¢-552 representing vibrational
modes that arise from the Ny;,—Fe—Sy, axial unit, the heme,
and the polypeptide (especially the CXXCH segment) have
recently been assigned by our group.'” The assignment has
been achieved by constructing a model of the Ht ¢-552 active
site, comprised of the heme, the axial Met, and the CXXCH
loop, including the His ligand to heme. DFT was then used to
calculate the force field for this model, which was subsequently
refined using QCC-NCA' to reproduce the NRVS data of wt
and isotopically labeled proteins. Table 2 shows a list of the
main force constants that were adjusted during the QCC-NCA
simulation. In this way, the experimental vibrational energies,
NRVS intensities, and isotope shifts were well-reproduced
(Figure 3). Deviations are observed in the lower-energy region
(150—325 cm™), which is dominated by heme and Ny, —Fe—
Stee axial ligand motions that are strongly coupled to vibrations
of the polypeptide. At higher energy (325—400 cm™"), the most
intense NRVS features arise from in-plane (ip) iron—pyrrole
stretching vibrations, v(Fe—Np,,), and out-of-plane (oop)
pyrrole tilting and swiveling modes. Beyond this region at
400—500 cm™', weaker features are attributed to pure heme
modes, and mixed heme and polypeptide motions. A complete
assignment of the vibrational modes in the 150—450 cm™
region from our previous study on ferric Ht ¢-552 is available in
ref 17.

Table 1. Experimental NRVS Vibrational Energies (em™) of
wt Ferric Ht ¢-552 and Variants M13V, M13V/K22M, and
A7F from the Gaussian Deconvolution of the Experimental
Data (see Figure 2)

wt M13V MI13V/K22M A7F
273 277 277 272
284 288 290 284
297 299 301 297
306 306 311 n/a
316 315 323 310
334 327 n/a 322
344 340 342 340
355 348 354 350
366 364 369 363
375 n/a n/a 374
385 378 382 384
397 392 397 394
418 406 419 419
464 n/a n/a n/a
485 n/a n/a n/a
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Despite the success in reproducing the experimental NRVS
data of Ht ¢-552 with our QCC-NCA simulation in previous
work, discrepancies between the fit and the experimental data
remained (see Figure 3). For example, the vibrational energies
of the “three-band” feature in the 250—325 cm™' region are
shifted to lower energy by ~15 cm™' compared to experiment.
In addition, a weak feature at 316 cm™' in this region is
noticeable in the simulated spectrum but is absent in the
experimental NRVS data. Finally, the DFT-optimized structure
of the CXXCH loop in the model used in ref 17 shows
deviations from the Ht c-552 crystal structure (see below).
These inconsistencies prompted us to investigate whether a
more accurate model of the active site would reproduce the wt
NRVS data with even better accuracy, which is important for
the exploration of how the NRVS data of mutants M13V,
MI13V/K22M, and A7F investigated here can be reconstructed
from the wt spectrum. Thus, a model of the Ht ¢-552 active site
with a conformation of the CXXCH loop that better mimics
the protein crystal structure was generated (see Figure 1).
Details are given in the Supporting Information. The new fit
leads to noticeable improvements in the 250—325 cm™ region
as shown in Figure 3. On the basis of the agreement between
the experiment and the current QCC-NCA simulation, the
NRVS spectrum of ferric Ht ¢-S52 can be assigned (see Tables
S4 and SS of the Supporting Information). Notably, compared
to the previous model,'” the vibrational assignments in the
340—425 cm™" region are identical, but some changes are noted
for the vibrational features in the 250—325 cm™" region (see
the Supporting Information for details).

Effect of Individual Structural Changes in Ht c-552 on
the NRVS Data. To first understand how the key structural
modifications of the Ht ¢-552 active site observed in the
mutants affect the NRVS spectra, the obtained (QCC-NCA
optimized) force field of the wt active site model was used, and
the effect of the variation of the following (structural)
parameters on the simulated spectra was tested: (a) the H-
bonding strength within the pentapeptide loop, (b) the
flexibility/stiffness of the CXXCH linker, (c) the Fe—Ny
bond strength, and (d) the degree of distortion of the heme
from planarity. The choice of these parameters stems from the
proposed structural alterations in variants M13V, M13V/
K22M, and A7F relative to wt as described above.”"**** To test
effects (a)—(c), the force constants corresponding to these
modifications were adjusted in the Ht ¢-552 force field, and the
NRVS spectrum was then recalculated (Table 2). For effect
(d), the force constants were frozen but the structure of the
heme macrocycle was distorted along the ruffling coordinate
(see Figure S1 of the Supporting Information), and then the
NRVS spectrum was recalculated. The vibrational energies
quoted in this section therefore refer to those obtained from
the QCC-NCA simulations [comparing simulated wt energies
to those obtained for (a)—(d)] and not the experimental data.

(a). H-Bonds within the CXXCH Pentapeptide Loop. As
mentioned above, the two H-bonds that form between the
C=0 group of Cysl2 and the N—H groups of CyslS and
His16 are potentially important in maintaining the conforma-
tion of the CXXCH loop (see Figures 1 and 4). For mutants
MI13V and M13V/K22M, these H-bonding interactions have
been proposed to increase as part of an overall tightening of the
CXXCH loop.”> To simulate this effect, the force constants
corresponding to these two H-bonding interactions were
increased by ~25% (to model the single mutant) and ~55%
(for the double mutant) relative to wt. However, as is evident
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Table 2. Selected Force Constants” of Ferric Ht c-552 Invoked in the Fit of the wt Protein NRVS Data, Based on the BP86/

LanL2DZ* Result (using the QCC-NCA approach)

force constant” BP86/LanL2DZ* QCC-NCA
Fe—Sy [1] 0.7905 0.8404
Fe—Nyy, [17] 1.4835 1.2493
Fe—Np,, [13-16] 1.6094, 1.6255, 1.6396, 1.6919 1.6981, 1.6771, 1.6961, 1.8058
v(His) 4.4768, 3.6772, 5.5075, 6.3193 4.8030, 3.7548, 5.4300, 6.8063
5(pp) 0.7940, 0.8429, 0.7663, 0.4935, 0.7320, 0.6208, 0.5948, 0.6621, 0.5463, 0.9057, 0.9968, 0.9963, 0.6531, 0.8320, 0.8208, 0.2548,

0.8197, 0.6601, 0.5861, 0.5529, 0.7100, 0.7293, 0.6534

8(His) [371, 372, 377,
378, 385, 391, 397]

S5(Met) [163, 181]
7(Met) [459—461]
7(Fe—Ser), 7(Fe—Nyy;,)

0.6771, 1.1543
0.0797, 0.0794, 0.1711
0.1742, 0.7799

(458, 462]
7(His) 0.1931, 0.9253, 1.4613, 1.1402, 0.2102, 3.2671, 1.3095, 0.1846
(pp) 0.6082, 0.2192, 0.2689, 0.7477, 0.3144, 0.3300, 0.4773, 0.2566, 0.2562,

0.2954, 0.2508

0.9225, 0.7040, 0.478S, 0.5857, 0.5743, 0.9837, 0.7051

0.8921, 0.6463, 0.8197, 0.5601, 0.6001, 0.5529, 0.7100,
0.7893, 0.4034

0.8901, 0.8640, 0.4356, 0.5001, 0.7027, 1.0885, 0.8095

0.8871, 0.9553
0.0681, 0.1190, 0.0720
0.3879, 0.8214

0.1358, 0.8600, 1.0601, 0.6909, 0.2142, 32152, 1.1596,
0.1846

0.5540, 0.3329, 0.2918, 0.2999, 0.1451, 0.1957, 0.3853,
0.1913, 0.2549, 0.3168, 0.2727

“The units of the force constants are mdyn/A for stretching and mdyn-A for bending and torsional internal coordinates. For a complete list of force

constants, see the Supporting Information.
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Figure 3. Experimental and QCC-NCA simulated NRVS data of ferric
wt Ht ¢-552 using the previous model'” and the new and improved
model (this work).

from Figure 5, this causes very minor modifications of the
simulated NRVS data: the peak at 316 cm™" shifts very slightly
to higher energy, and the intensities of the bands at 380, 396,
and 412 cm™" show very small alterations. Hence, the two H-
bonds within the CXXCH loop play only a minor role in the
observed variations of the NRVS data in the mutants. This
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Figure 5. Simulated NRVS spectra of ferric Ht ¢-552 as a function of
modifying the H-bonding interaction in the CXXCH loop, the
CXXCH pentapeptide stiffness, the Fe—Ny interaction (stretching
and torsion), and the degree of heme ruffling. The black and red
spectra correspond to the QCC-NCA simulations before and after
incorporating the structural modifications, respectively.
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Figure 4. Structure of the active site model of ferric Ht ¢-552 (left, PDB entry 1YNR), optimized geometry of the original model (middle), and
optimized structure of the new model (right). The atoms of the axial Met are shown in the background as stick models. The pictorial representations
focus on the Cys12-Met13-Alal4-Cys15-His16 pentapeptide on the proximal side of the heme. The yellow, red, blue, and gray tubes represent sulfur,

oxygen, nitrogen, and carbon, respectively.
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further indicates that these interactions are weak and likely not
important for maintaining the conformation of the pentapep-
tide loop in the proteins.

(b). Flexibility of the CXXCH Pentapeptide Loop. Unlike the
H-bonds, adjustment of the force constants of the CXXCH
pentapeptide loop to increase its rigidity leads to distinct
modifications of the NRVS data as shown in Figure S.
Compared to the single mutant, the CXXCH loop of the
double mutant is expected to be even stiffer with Met at
position 22. While the force constants corresponding to the
stretching modes in the loop have a very minimal effect, the
bending and torsional modes alter the NRVS spectra in a
distinct way. On average, the bending and torsional force
constants of the loop region in M13V were set to be slightly
lower than those in M13V/K22M to take into consideration
the previous conclusion that the CXXCH loop is more rigid in
the double mutant (see Table S6 of the Supporting
Information).”” The force constants from two specific residues
are particularly important for fine-tuning the mutant spectra:
Cys12 and His16. For example, the 5(C,—S;—C)p,,; bending
mode of Cys12 modulates the intensity of the main band at 344
cm™", In fact, in NRVS data of both mutants, the peak at 344
cm™" is more intense than the corresponding band in wt. For
MI13V/K22M, Met22 lies across the CXXCH loop, possibly
further influencing Cysl2 compared to the single mutant,
resulting in the observed spectral changes.”

The other set of force constants that modifies the NRVS
spectra of both variants arises from His16. Adjusting the force
constants of the torsional and bending modes of this residue
accurately replicates the 275—325 cm™' NRVS region in the
mutant spectra (see Figure S). Importantly, tweaking the His16
force field generates the weak feature at 323 cm™ that is
distinct in the double mutant. It is notable that the intensities of
the bands at higher energy (e.g,, 365, 380, 396, and 412 cm™")
are also affected by changes within the loop, highlighting the
strong mixing between heme and polypeptide vibrations. The
key role of Hisl6 can be traced back to a previous study of
hydrogen exchange rates or “protection factors”, which reveal
the free energy of the CXXCH conformational fluctuations that
lead to exchange of amide protons.22 For M13V/K22M, the
level of protection of Hisl6 dramatically increases by 3 orders
of magnitude relative to wt. This emphasizes the effect of
residues 13 and 22 on the local loop conformational
fluctuations and the loop stiffness, especially affecting Cys12
and His16. The NRVS results provide further support for these
ideas.

(c). Fe—Ny;; Bond Strength. The Fe—Nyy;, coordination in
Cyt ¢ is directly influenced by the H-bonding interaction and
CXXCH pentapeptide flexibility. Compared to wt, the single
and double mutants have a tighter hydrophobic packing around
the heme as discussed above. The decrease in the loop
conformational fluctuations of the variants is proposed to yield
a stronger Fe—Nyy;; coordination.”” To simulate this effect, the
force constants corresponding to the Fe—Nyy, stretch and
torsion were modified in the force field of the variants. To
obtain a reasonable match with the NRVS data while adhering
to the proposed changes in Fe—Nyy;, coordination, the Fe—Nyy;,
stretching force constant was increased by approximately 5 and
6% for the single and double mutant, respectively. In addition,
the force constants of the 7(Fe—Ny,,) torsional internal
coordinate were reduced. The features in the NRVS data that
are particularly sensitive to the Fe—Nyy stretching force
constant are the bands at 276 and 304 cm™’, and relatively
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smaller changes are observed for the features at 365 and 383
cm™". On the other hand, the Fe—Nyy, torsional force constant
greatly affects the features at 344 and 365 cm™' and, to some
extent, the bands at 380 and 394 cm™". The cumulative effects
of the Fe—Ny;, coordination (stretching and torsion) are
presented in Figure S. The variants show a very characteristic
three-band pattern in the 360—400 cm™" region (see Figure 2),
which can be reproduced only by adjusting the Fe—Nyy
properties. While the v(Fe—Ny;,) stretching mode is
predominantly distributed over the 145—325 cm™" region, the
7(Fe—Nyy;,) torsional vibrations are spread throughout the
340—400 cm™' spectral region (Table SS of the Supporting
Information).

(d). Heme Ruffling. On the basis of prior observations of
reduction potential changes that were related back to the
degree of heme distortion,*” it is interesting to investigate how
heme conformation affects the NRVS data. NMR and EPR
spectra suggest that the degree of heme ruffling in M13V and
MI13V/K22M increases, and this was further tested in our
QCC-NCA simulations. In both mutants, the increased rigidity
of the CXXCH loop has been proposed to enhance the loop’s
buckling force, which potentially amplifies the amount of heme
distortion and, in this way, could decrease the heme reduction
potential.>* For the QCC-NCA simulations, the conformation
of the heme was changed, but force constants were not altered
between variants. The structure of the Ht ¢-552 model used in
simulating the enhanced effect of heme distortion is presented
in Figure S1 of the Supporting Information. As shown in Figure
5, the feature that is mainly affected by the heme conformation
is the band at 396 cm™', which becomes more prominent with
an increase in the degree of ruffling. Heme distortion therefore
plays an important role in determining the features in the high-
energy region (350—400 cm™') of the NRVS spectra (see
below).

(e). Summary. The QCC-NCA simulations on each
structural change proposed for the Ht ¢-552 mutants studied
in this work support the following key observations.

(i) Varying the strength of the H-bonds across the
pentapeptide loop in itself has no measurable effect on
the NRVS data.

(ii) For M13V and M13V/K22M, the observed changes
in the 275—325 cm™' spectral region can be traced back
to increases in loop stiffness, particularly affecting Cys12
and His16.

(iii) The characteristic three-band pattern in the 360—
400 cm™ region of the M13V and M13V/K22M NRVS
data can be reproduced by adjusting the Fe—Nyy;
bonding properties.

(iv) An increased degree of heme ruffling further affects
the high-energy region of the NRVS data of the mutants,
particularly in the 380—400 cm™" range.

Therefore, NRVS is able to specifically probe changes in loop
stiffness, Fe—Ny, interaction, and heme conformation in Cyt ¢, as
evidenced by specific spectral changes that are detected in response
to alterations of these properties. This information is very difficult to
obtain experimentally and otherwise requires the afflication of a
number of different spectroscopic methods.>">******° These
results illustrate the potential of NRVS to reveal subtle and
specific features of active site structure and dynamics in iron-
containing proteins more generally.

Interpreting the NRVS Spectra of M13V, M13V/K22M,
and A7F. On the basis of the results described above,
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Figure 6. Experimental (A, top row) and QCC-NCA simulated (B, bottom row) NRVS data of ferric wt Ht ¢-552 (black spectra) and variants (red
spectra) M13V (left column), M13V/K22M (middle column), and A7F (right column) as indicated.

systematic simulations of the NRVS data of M13V and M13V/
K22M can be performed, and the results can further be
correlated to the data obtained for A7F. In general, several key
features are conceived from this work: (1) the strength of the
Fe—Nyy;, bond is directly related to the extent of ruffling; (2)
the Cysl2-to-heme linkage strongly influences the intensity of
the band at ~340 cm™ and is directly related to the CXXCH
loop stiffness; (3) the degree of heme distortion is elucidated
through the prominence of the band at ~390 cm™. Details of
the contributions of a particular vibrational mode to a spectral
NRVS feature, and its correlation with the protein structure, are
presented below.

M13V NRVS Data. Figure 6 shows very good agreement
between the experimental NRVS data (top panel) and the
QCC-NCA fit (bottom panel) of M13V. In the 250—325 cm™
region, the intensity of the NRVS features is generally higher in
the M13V mutant than in wt. QCC-NCA reveals increased
contributions from vibrational motions arising from the Nyy—
Fe—Sye; axial unit and v(Fe—Np,,) (Pyr = pyrrole) in M13V
compared to wt, leading to larger Fe displacements as reflected
by an enhancement of the peak intensities of M13V in this
region. In the 325—400 cm™' range, the most intense feature is
fit to two Gaussian bands centered at 340 and 348 cm ™, which
formally contain 18 and 16% v(Fe—Nj,,) character, respec-
tively. These two features correspond to the bands at 344 and
355 cm™" in wt, respectively, both of which have slightly less
l/(Fe—NPyr) contribution combined. The cumulative contribu-
tions from the ip [e.g., v(Fe—Np,)] and oop (e.g, Pyr tilt)
heme motions to the Fe displacement in M13V account for the
difference in intensity of the main band relative to wt. A key
internal coordinate that modulates the intensity of this band is
the 5(Ca—Sl—C)PyrI bending mode of Cys12, which induces
variations with respect to the amount of mixing of this feature
with CXXCH loop vibrations. In the higher-energy region, a
well-defined three-band pattern is observed with peaks at 364,
378, and 392 cm™ that is unique to the M13V and M13V/
K22M (see next paragraph) mutants, and not observed in wt.
QCC-NCA indicates that these bands have significant
contributions from pyrrole oop motions and the v(Fe—Np,,)
stretch. The disparity in the band intensities between M13V
and wt within this region may be attributed to a greater
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contribution of pyrrole tilting/swiveling modes in M13V.
Furthermore, to properly simulate this region in the mutant
spectra, the Fe—Ny; bond (force constant) had to be
strengthened, the 7(Fe—Ny;) force constant was reduced,
and the degree of heme ruffling had to be enhanced. This is
fully consistent with the proposed structural changes created by
mutating Met13 to Val (see above). QCC-NCA simulations
demonstrate that the feature at 392 cm™ becomes more
prominent when the degree of heme ruffling is augmented
(—1.0 A) relative to the degree of heme distortion in wt (—0.78
A). Prior NMR and EPR studies had demonstrated that the
heme is more ruffled in M13V.>*** Our NRVS results provide
support for this idea. The complete list of force constants used
to simulate the spectrum of M13V is presented in Table S6 of
the Supporting Information.

M13V/K22M NRVS Data. The experimental and simulated
NRVS data of M13V/K22M are again in very good agreement
with experiment as shown in Figure 6. In the 250—325 cm™*
energy region, the peaks at 290, 301, and 311 cm™! are more
similar in intensity to each other compared to wt, which is
reproduced by the QCC-NCA fit. This change in intensities is
accompanied by a shift of the band at 316 cm™" in wt to higher
energy in the mutant (323 cm™"). QCC-NCA reveals that this
band has considerable axial ligand character [34% 7(His) and
13% &(His) modes], but nevertheless, these contributions are
decreased compared to those in wt. This feature is very
sensitive to modifications involving the 7(His) and §(His) force
constants. In M13V/K22M, the intensity reduction of this band
is due to the redistribution of the 7(His) and &(His) internal
coordinates over adjacent lower-energy modes. At higher
energy, the most intense NRVS spectral feature at 342 cm™
is substantially more intense than the corresponding band in
wt, because of an increase in I/(Fe—NPyr) character (26%) and
additional contributions from oop motions (similar to the case
for M13V). Like in M13V, the 8(C,—S;—C)py; internal
coordinate modulates the intensity of the 342 cm™ feature,
and the corresponding force constant for this internal
coordinate from the QCC-NCA fit of MI13V/K22M is
comparable to that of the MI3V fit (see Table S6 of the
Supporting Information), in accordance with the comparable
intensity of this feature in spectra of both mutants. Further into
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the 350—400 cm™" region, a characteristic three-band spectral
pattern emerges with bands at 369, 382, and 397 cm™ Y, which is
very similar to that observed for M13V (see Figure 6). By
strengthening the Fe—Ny;, bond, reducing the 7(Fe—Nyy,)
force constant, and enhancing the degree of heme distortion,
we properly simulated the high-energy spectral features in
M13V/K22M. As observed for M13V, the peak at 397 cm™
becomes prominent when the heme is more ruffled. This
supports the idea that the heme in M13V/K22M is more
distorted than in wt.”* Figure S1 of the Supporting Information
shows a structure of the model used to replicate the degree of
heme ruffling in both M13V and M13V/K22M. In the QCC-
NCA simulations, the degree of heme distortion in both single
and double mutants is similar. However, compared to M13V,
simulation of the NRVS data of the double mutant required a
more rigid loop, and a slightly stronger Fe—Ny;, bond and H-
bonding network within the CXXCH loop. Table S6 of the
Supporting Information shows the complete list of the force
constants used to simulate the spectrum of M13V/K22M.
A7F NRVS Data. The structural modifications caused by
mutating Ala7 to Phe are the opposite of those created in
M13V and M13V/K22M; notably, the A7F mutation decreases
the degree of heme ruffling, whereas the M13V and M13V/
K22M mutations increase the degree of ruffling. Most
significantly, to reproduce the experimental NRVS data of
A7F, the amount of heme distortion has to be reduced, the Fe—
Ny bond has to be weakened, and, in addition, the CXXCH
loop is made more flexible by decreasing the polypeptide
bending force constants (Table S6 of the Supporting
Information). Among these structural changes, the degree of
heme ruffling was the most significant factor in simulating the
overall NRVS features in A7F; however, slightly changing the
Fe—Nyp;, bond and polypeptide bending contributions was
necessary to fine-tune the spectrum. A structure of the model
used to mimic the degree of heme ruffling in A7F is presented
in Figure S1 of the Supporting Information. The resulting
NRVS simulation is in good agreement with the experimental
data as shown in Figure 6. In the lower-energy region of the
experimental NRVS data for A7F, the bands at 284 and 310
cm™" show intensities slightly larger than those of wt. QCC-
NCA establishes that these features have slightly greater
contributions from axial Ny;—Fe—Sy, vibrations and poly-
peptide motions compared to their wt counterparts, which
causes these spectral changes. In the 325—400 cm™" region, the
band at 350 cm™' is quite intense in A7F. This mode has a
contribution from §(Met) slightly greater than that in wt, which
may account for the increased intensity in the mutant spectrum.
Toward higher energy, the band at 365 cm™" is clearly more
prominent in A7F but not necessarily more intense than the
corresponding peak in wt. To fit this peak in the mutant
spectrum, the force constants of the 7(Fe—Ny;) and v(Fe—
Ny;) internal coordinates had to be slightly reduced. These
results support the idea that mutating Ala7 to Phe results in a
weaker Fe—Nyy interaction. Finally, while the band at 394
cmlisa pronounced peak in M13V and M13V/K22M, and a
weak band in wt, this feature almost coalesces with the adjacent
band at 384 cm™ in A7F. As discussed above, this band is
sensitive to the degree of heme distortion. In the QCC-NCA
simulation of A7F, the amount of heme ruffling was reduced
from —0.78 to —0.65 A (relative to the Cyt ¢ model which
represents wt) to approximately mimic this band (Table S2 of
the Supporting Information), although the fit in this energy
region is not fully accurate. We believe that this might be due to
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other forms of slight heme distortions, which were not matched
in the fit. In addition, it is proposed that mutating Ala to Phe at
position 7 weakens or removes the H-bond formed between
residue 7 and the amide N—H group from Cys12.*' Because
our model does not contain residue 7, we cannot directly verify
the effect of this interaction on the simulation. Nevertheless,
our studies clearly support an overall reduction in the degree of
heme ruffling in A7F (compared to wt) when the H-bonding
interaction between the C=O group of Ala and the N—H
group of Cysl2 is eliminated. Table S6 of the Supporting
Information lists the complete set of force constants utilized to
replicate the NRVS data of A7F.

One of the most important outcomes of this analysis is the
finding that a decrease in the rigidity of the CXXCH loop
results in (1) a weaker Fe—Np;, interaction, presumably
because of the pentapeptide’s tendency to “shift” away more
readily from the heme iron center, and (2) a decreased amount
of heme ruffling due to a reduced pentapeptide buckling force
that supposedly influences heme distortion. These overall
structural changes are apparent in the series of Cyt ¢ variants
investigated in this work, and they distinctively influence the
vibrational properties and dynamics of the heme.

B DISCUSSION

Our results establish that NRVS data for wt ferric Ht Cyt ¢ and
variants M13V, M13V/K22M, and A7F can directly elucidate
subtle structural alterations in the protein active site associated
with these specific point mutations. This is demonstrated by
distinct peak shifts and intensity changes in the NRVS data
throughout the 250—450 cm™! region, even in the case of
variants with seemingly conservative mutations (e.g,, Met13 to
Val) (Figure 6). Our results provide a direct link between the
structural changes in the mutants and specific spectral changes
observed in the NRVS data. Hence, NRVS could be used to
identify such structural changes in other active site mutants and
relate them back to changes in the properties of the heme.
Because the subtle structural effects induced by mutation
influence vibrational dynamics in Ht ¢-552 as shown here, they
may also have an effect on protein function. As demonstrated in
this work, vibrational dynamics of the heme are best revealed by
NRVS rather than more conventional techniques such as
resonance Raman spectroscopy (see Results). In this section,
we discuss structural and functional [e.g., reduction potential,
biogenesis, and electron transfer (ET)] implications of our
results, presented in this paper.

CXXCH Pentapeptide Modification Response in
Variants. The 275-325 cm™' NRVS region is primarily
sensitive to variations in the CXXCH loop conformation,
although the 325—450 cm™' region, which is dominated by in-
plane (ip) and out-of-plane (oop) heme vibrations, also
displays spectral shifts in response to pentapeptide loop
modifications (Figures S and 6). This emphasizes that
vibrational dynamic couplings between the heme and the
CX1)7(CH loop are substantial in Cyts ¢, as recently reported by
us.

Structural Implications. Our simulations indicate that the
effect of the H-bonds across the pentapeptide loop on the
NRVS data is very subtle (Figure S), suggesting that these
interactions might not play a key role in the loop structure.
Instead, these interactions make a small contribution to the
overall rigidity of the pentapeptide arm. This is in contrast to
previous work on Ni Cyt ¢ where it was concluded that the H-
bonds play an important role in compressing the pentapeptide
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loop segment.*" Unlike the effect of the H-bonds across the
loop, significant spectral shifts arise from modulating the
flexibility of the CXXCH arm, in particular the §(C,—S$;—C)p,n
internal coordinate from Cys12, and the torsional and bending
modes of Hisl6 (Figure S5). While the pentapeptide
predominantly affects the 250—325 cm™ region, the main
NRVS feature at 344 cm™" and the shoulder at 355 cm™ are
particularly sensitive to the 6(C,—S,—C)p,q Cysl2 bend
(Figure S4 of the Supporting Information). The 344 and 355
cm™" features are assigned to the two main components of the
E,-symmetric (in ideal D,;, symmetry) ip D(Fe—NPyr) stretching
mode. The spectral intensity redistribution in this region varies
among mutants, reflecting variations in the loop structure that
affect the 6(C,—S I—C)pyd Cys12 bending mode. The proximal
His16 is strategically positioned within the active site such that
it provides three essential structural features: (1) it forms the
terminal residue in the pentapeptide segment; (2) it donates a
H-bond to the backbone carbonyl of Pro2S; (3) it coordinates
to the Fe center as one of the axial ligands. Variation of the
His16 force field yields the unique, weak feature at 323 cm™
distinct to the M13V/K22M NRVS data and is required to
create the characteristic “three-band pattern” of the M13V
mutants in the 360—400 cm™ range. This underlines the
importance of this residue for the structural features of the loop
and the vibrational dynamics of the heme. A previous study of
the MI13V and MI13V/K22M mutants found suppressed
hydrogen exchange between the CXXCH amide protons and
solvent, which was thought to be caused by an increase in the
level of protection of Hisl6 brought about by the increased
rigidity of the loop in the variants.”> These ideas are clearly
supported by the NRVS data presented here. In M13V/K22M,
Vall3 packs well into the pentapeptide, stabilizing the key
interactions of CyslS and Hislé with Cysl2. In addition,
Met22 lies across the CXXCH loop, acting like an anchor that
keeps the pentapeptide from undergoing conformational
fluctuations that lead to the exchange of amide protons. This
double mutation therefore augments the stiffness of the linker
arm, which is otherwise only partially rigid in M13V (relative to
M13V/K22M), as shown by enhanced levels of protection for
the double mutant.*”

Aside from being the terminal residue in the pentapeptide
segment that plays a fundamental role in fine-tuning the low-
energy vibrations of the Ht ¢-552 heme, His also donates a H-
bond to the C=0 group of Pro25, with an oxygen—nitrogen
distance of ~2.8 A** In heme proteins, this noncovalent
interaction affects the electron donating properties of His,
which also controls redox potential, as discussed below.*~*°
Modifying the force constant associated with this H-bonding
interaction induces a small intensity change in the 160—220
cm™" spectral region (Figure SS of the Supporting Informa-
tion), which is caused by subtle changes in the vibrations of the
axial (His)N—Fe—S(Met) unit. Hence, NRVS does not seem to
be particularly sensitive to small changes in the H-bond,
implying that this hydrogen bond has an only small effect on
the heme properties in Cyt c.

Functional Implications. The heme reduction potential,
which correlates with hydrogen exchange rates of the CXXCH
amide protons as described above, shows the following
systematic trend: wt (236 mV) > M13V (177 mV) > M13V/
K22M (155 mV).”> The significant decrease in reduction
potential exhibited by the double mutant is a result of
fundamental alterations in the heme pocket structure, and
not electrostatic perturbations caused by the mutation.”*
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Beyond the CXXCH rigidity, other alterations of the active
site, likely linked to the increased rigidity of the loop, contribute
to the change in reduction potential. This includes the Fe—Nyy;
coordination and heme distortion, which are discussed below.

While Cyts ¢ have long been known to function as electron
transfer proteins, the detailed mechanism of ET is still actively
being investigated. One factor that is crucial for ET in proteins
is vibrational excitation (thermal energy that is converted into
vibrational excitation via inelastic collision processes), which is
described by Marcus theory* as the energy required for the
system to reach the transition state for ET. During formation of
the protein—protein complex, which occurs in the area of
pyrrole II of the heme, very close to the CXXCH loop,*” the
heme—pentapeptide vibrational couplings may affect Cyt ¢ ET
function in different ways. In particular, conformational changes
of the CXXCH pentapeptide may lead to the modulation of the
vibrational Eigenstates and the structure of the heme. Here, the
vibrations associated with the CXXCH segment, modulated by
conformational changes of the loop, may influence the ET
process by localizing the heme at an energy minimum that is
optimal for ET when in complex with an ET partner, thus
influencing the reorganization energy of the ET process and the
barrier for electron transfer. On the basis of our NRVS
simulations, such modulations could arise from the bending and
torsional modes of the pentapeptide in the 250—325 cm™
region (Tables S4 and S5 of the Supporting Information). Via
the adjustment of the CXXCH loop flexibility through Cys12
and His16, and the Fe—Nyy interaction, the loop can modulate
the vibrational dynamics of the heme to optimally condition it
for ET. In a similar way, modulation of the heme vibrations,
coupled to vibrational excitation, could be used by the protein
to dynamically localize the hole/electron to be transferred in
ET on pyrrole II of the heme, directing the hole/electron
toward the Cyt ¢ redox partner.

The CXXCH pentapeptide also has a central role in Cyt ¢
biogenesis, where this conserved motif is used for protein—
protein recognition. For example, in eukaryotes (e.g, Equus
caballus), holocytochrome ¢ synthase (HCCS) catalyzes the
attachment of heme to apoCyt ¢ during the process of Cyt ¢
maturation. Importantly, it has been shown that His in CXXCH
helps orchestrate heme recognition, attachment, and release
from HCCS upon formation of the protein—protein complex.**
His achieves this by providing the second axial ligand to the
heme at the HCCS active site, positioning the thiols in the
pentapeptide loop to be in the proximity of the two heme vinyl
groups, and pulling the heme away from the HCCS active site,
therefore releasing (and forming) holoCyt ¢.** Indeed,
mutation of the Cyt ¢ axial His residue to Met, Lys, or Arg
generates variants that fail to attach heme, further establishing
the necessity of His in Cyt ¢ biogenesis.

Effect of Fe—N,;; Coordination. The rigidity of the
CXXCH segment likely affects the Fe—Nyy, interaction, and the
NRVS data in the 145—325 and 340—400 cm™" regions are in
fact very sensitive to changes in v(Fe—Nyy) stretching and
7(Fe—Nyy;,) torsional force constants.

Structural Implications. The characteristic “three-band
pattern” in the 360—400 cm™ region of the M13V mutant
spectra in particular can only be generated by changing the loop
stiffness and Fe—His coordination. Our simulations reveal that
MI13V/K22M has an Fe—Ny, bond strength slightly greater
than that of M13V. This is consistent with the idea that tighter
hydrophobic packing (greater rigidity) within the linker arm
results in a stronger Fe—Ny;, coordination.
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Functional Implications. The lower reduction potential of
the double (as well as the single) mutant over wt*> can be
explained in terms of the Fe—Nyp; bond strength, where an
increase in the level of His — Fe donation stabilizes the ferric
state and lowers the reduction potential. The structural
correlation between CXXCH rigidity and Fe—Ny;, interaction
is consistent with observations in mitochondrial ferric Cyt b;,
which has a tightly packed heme active site that is suggested to
produce a stronger Fe—Nyy;, coordination compared to that of
microsomal ferric Cyt bs.>® Our QCC-NCA simulations for the
A7F variant are consistent with this trend. In this case, the
v(Fe—Nyy;,) and 7(Fe—Ny;,) force constants had to be reduced,
demonstrating that the Fe—Ny;, coordination in A7F is
somewhat weaker than in wt or the M13V variants. From our
results, the reduction potential of A7F can be expected to be
slightly higher than that of wt as a result of slightly weaker His
coordination. Importantly, NMR analysis of Ht ¢-552 A7F also
indicates that heme distortion decreases by ~0.1 A in this
variant, which can further affect redox potential.>’ Taken
together, these experimental results and our QCC-NCA
simulations implicate a direct correlation between CXXCH rigidity,
Fe—Ny;, interaction and heme distortion, and reduction potential.

Role of Heme Conformation. Our QCC-NCA simu-
lations reveal that the 380—400 cm™! region, in particular the
band at ~395 cm™, is diagnostic of the degree of heme
distortion (Figure S). The more distorted the heme, the more
prominent this high-energy band becomes (and vice versa).

Structural Implications. In Cyt ¢, the dominant oop heme
distortion is ruffling,>" in which the Fe—N(pyrrole) bonds are
twisted in alternate directions (Figure S1 of the Supporting
Information). The prominent band at ~395 cm™" observed in
the spectra of M13V and M13V/K22M clearly indicates a heme
more ruffled than that of wt. The amplified heme distortion in
these variants can be related to their rigid CXXCH linker arms
and strong Fe—Ny;, coordination. Previous studies of micro-
peroxidases show that the CXXCH pentapeptide is adequate to
generate increased distortion of the heme toward the ruffled
conformation.*”>® As opposed to the single and double
mutants, QCC-NCA analysis indicates that the heme in A7F
(—0.65 A) is less ruffled than that of wt (—0.78 A). Our results
are consistent with previous NMR and EPR analyses
supporting a more planar heme structure in A7F.*' This
conclusion is additionally supported by structural studies of the
structurally homologous wt Pseudomonas aeruginosa cyto-
chrome ¢-551 (Pa ¢-551) and the corresponding F7A mutant.>*

Functional Implications. The amplified heme distortion
makes additional contributions to changes in redox potential
(besides the change in Fe—Nyy interaction). The extent of
heme distortion correlates with reduction potential as follows:
M13V/K22M (155 mV, most ruffled) < M13V (177 mV) < wt
(236 mV, least ruffled).” This indicates a role of ruffling in ET
processes. A recent study of wt Pa ¢-551 (less ruffled) and its
F7A mutant (more ruffled) using vibrational coherence
spectroscopy demonstrates that the extent of heme ruffling
can be monitored via the ruffling-sensitive mode y, that occurs
in the lower-frequency region (58 and 52 cm™" for wt and F7A,
respectively).> Interestingly, the photoreduction cross section
in wt Pa ¢-551 is nearly 2 orders of magnitude greater than that
of F7A. The factors that potentially reduce the electron transfer
rate (which directly correlates with the photoreduction cross
section) in F7A relative to wt are electronic coupling,
reorganization energy (which correlates with the Marcus
barrier), and inelastic processes that lead to excitation of the
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ruffling vibration that effectively increases the Marcus barrier.>®

In the work presented here, we note that higher-energy
vibrations of the heme (~390 cm™) are also sensitive to heme
ruffling. From a structure—function standpoint, the degree of
heme distortion plays an important role in optimizing the
energy of the vibrational modes that encompass the low- and
high-frequency regions. When Cyt ¢ is bound to the
mitochondrial membrane, the heme flattens to a more planar
conformation as demonstrated by a weakening of a mode
related to the ruffling distortion,56 thus increasing the level of
electronic coupling to allow Cyt ¢ to transfer electrons more
readily than when it is free in the cytoplasm. Putting these ideas
into the context of the results reported here, we have
demonstrated how very subtle changes around the CXXCH
loop region can influence heme ruffling and vibrational
dynamics. Because the CXXCH segment forms a portion of
the known protein—protein interaction interface in Cyt ¢, it
thus can be expected that binding to a partner protein will
result in changes in the CXXCH residues that will be
transmitted to the heme via the vibrational coupling between
the CXXCH segment and the heme. From a structural
standpoint, binding of a protein to Cyt ¢ could potentially
affect heme ruffling by modulating the structure of the loop. If
the resulting change causes the heme to flatten as is seen upon
binding to mitochondrial membranes, binding could potentially
lead to an increase in ET rate.

Beyond modulating the redox potential and ET rates, the
heme conformation plays a role in folding of the enzyme to its
native structure during biogenesis. During this process, HCCS
catalyzes the binding of heme to apoCyt ¢, subsequently
releasing holoCyt c. It was recently demonstrated that heme
distortion (puckering) controls the dissociation of holoCyt ¢
from the complex, thus facilitating the proper folding to its
native structure.*” Given the sensitivity of NRVS to subtle
changes in the CXXCH motif, this technique could potentially
be used to probe structural changes of the heme (heme
distortion) during formation of the HCCS—apoCyt ¢ complex
and heme insertion.

Bl CONCLUSIONS

Nuclear resonance vibrational spectroscopy of ferric Ht ¢-552
can reveal subtle structural changes induced by mutation that
influence vibrational dynamics sensitive to the CXXCH
pentapeptide loop flexibility (250—325 cm™), the degree of
heme distortion (380—400 cm™"), and the strength of the Fe—
Ny, interaction (360—400 cm™'). NRVS is therefore ideally
suited for the elucidation of structural changes to the heme in
Cyt ¢ variants (as shown here) and upon complex formation
with another protein, which will be the subject of future studies.
Our results further indicate that the heme and CXXCH
pentapeptide are strongly vibrationally coupled, and that the
CXXCH loop is able to modulate the low-energy vibrations of
the heme. This strong coupling is potentially significant for
modulating electron transfer (ET). For example, binding of a
redox partner to Cyt ¢ could modulate the degree of heme
ruffling and the vibrational dynamics of the heme via the
CXXCH loop. This could potentially be used by the protein (a)
to reduce the degree of heme ruffling to increase ET rates, (b)
to modulate the heme vibrations and transfer thermal energy
(transformed into vibrational energy via inelastic collision
processes) to the heme to reach the transition state for ET, or
(c) to adjust the directionality of the Fe—N,,,, stretching
vibration to direct the hole/electron to be transferred to pyrrole
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II of the heme, which is in close contact to bound redox
partners on the protein surface. With respect to point (b), the
free energy released upon formation of the protein—protein
complex of Cyt ¢ with its redox partner could be transduced
from the protein surface to the heme via vibrational excitation
of the CXXCH loop. However, because formation of the
protein—protein complex is usually slow, it is not clear how in
this scenario, loss of the free energy into the solvent pool (in
the form of heat) could be avoided, so this is probably the least
likely possibility.

Given the sensitivity of NRVS to the seemingly subtle
structural modifications studied herein, it is expected that
perturbations such as protein—protein or protein—membrane
interactions would also have a significant effect and could be
detected and analyzed in terms of structural and dynamic
alterations of the Cyt ¢ active site via NRVS. Future work is
directed toward elucidating the functional significance of the
heme—polypeptide dynamic interactions for ET. NRVS is a key
technique in this regard because of its incredible sensitivity
toward minute changes in the active site environment that
affect heme structure and vibrational dynamics.
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B ADDITIONAL NOTE

“Interestingly, for both mutants that have Met13 substituted for
Val, our QCC-NCA simulations suggest a minimal influence of
the Metl3 side chain itself on the NRVS data. However,
because the methionine side chain is truncated in the current
model, this might underplay its effect on the NRVS data. This
cannot be further investigated without a very significant
increase of the size of our computational model, which is not
feasible for practical reasons.
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