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ABSTRACT: Cytochrome aa;-600 is a terminal oxidase in the electron transport

pathway that contributes to the electrochemical membrane potential by actively pumping A e
protons. A notable feature of this enzyme complex is that it uses menaquinol as its /) g/ \Y/s
electron donor instead of cytochrome ¢ when it reduces dioxygen to water. The enzyme /<170 7 SRR
stabilizes a menasemiquinone radical (SQ) at a high affinity site that is important for o0 10 20 30 40 v, MHz
catalysis. One of the residues that interacts with the semiquinone is Arg70. We have made v

the R70H mutant and have characterized the menasemiquinone radical by advanced X- v- || R70H

and Q-band EPR. The bound SQ of the R70H mutant exhibits a strong isotropic '

hyperfine coupling (ay ~ 2.0 MHz) with a hydrogen bonded nitrogen. This nitrogen Vo bl

originates from a histidine side chain, based on its quadrupole coupling constant, e*qQ/h A

= 1.44 MHz, typical for protonated imidazole nitrogens. In the wild-type cyt aa;-600, the / AN N Ve
SQ is instead hydrogen bonded with N, from the Arg70 side chain. Analysis of the 'H 2D Sy aare: ‘f—: :—’—»:; ;’:

electron spin echo envelope modulation (ESEEM) spectra shows that the mutation also
changes the number and strength of the hydrogen bonds between the SQ and the

surrounding protein. Despite the alterations in the immediate environment of the SQ, the R70H mutant remains catalytically
active. These findings are in contrast to the equivalent mutation in the close homologue, cytochrome bo; ubiquinol oxidase from
Escherichia coli, where the R71H mutation eliminates function.

Bacillus subtilis cytochrome aa;-600 menaquinol oxidase is one
of several terminal oxygen reductases present in the respiratory
chain in the B. subtilis membrane. During its catalytic cycle, cyt
aaz-600 reduces dioxygen to water while actively pumping
protons across the membrane. The overall result is to generate
an electrochemical membrane potential that is utilized for ATP
synthesis. This enzyme is the predominant oxygen reductase
present in B. subtilis during aerobic growth.'~* Cyt aa;-600 is a
member of the A-family of heme—copper respiratory oxygen
reductases, which includes bovine mitochondrial cytochrome ¢
oxidase and Escherichia coli cyt bo; ubiquinol oxidase. One
motivation of the current work is to compare the specific
protein interactions that favor the catalytic oxidation of
menaquinol in cyt aa;-600 vs the oxidation of ubiquinol by
cyt bos;. Despite differences in electron donating species
(quinone vs cytochrome c) and different types of redox centers
(Cuy, heme a, heme b, heme 0), oxygen reductases belonging
to the heme—copper superfamily share a common mechanism
for reducing dioxygen to water and for pumping protons.
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Cyt aa;-600 does not interact with cyt ¢ and lacks the Cu,
redox site in subunit II that is a common feature in cyt ¢
oxidases.” Instead, cyt aa;-600 accepts electrons from
menaquinol initially at a low-spin heme a, which then passes
them to the catalytic site composed of high-spin heme a; and
Cu, where O, is reduced to water. Menaquinone (MQ),
predominantly with seven isoprene units in its side chain, is
present in the membrane of B. subtilis, which does not contain
ubiquinone (UQ).® Both MQ and UQ can act as either a one-
electron or two-electron redox partner and have three redox
states: fully oxidized, one-electron reduced (semiquinone), or
fully reduced. Typically, the SQ form is highly unstable but can
be stabilized by specific protein interactions. Cyt aa3-600
contains a “high affinity” MQ_binding site that can stabilize the
SQ species, and when cyt aa;-600 is purified, it contains 1 equiv
of MQ_at this site. Hence, menaquinol can reduce heme 4 in
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the enzyme by one-electron and acts as a two-electron to one-
electron “converter”. By manipulation of the redox conditions
of the solution, the paramagnetic SQy species can be formed at
this site at concentrations that allow for characterization by
EPR spectroscopy.6

The UQ;g bound at the Qy site of the homologous E. coli cyt
bos, which shares high sequence identity with B. subtilis cyt aas-
600, also forms a stable SQy when the protein is partially
reduced.”” X-ray crystallography, site-directed mutagenesis, and
EPR methods have been used to define the residues at the cyt
bo; Qy-site and show details of the interactions between these
residues and the bound SQy;.”~*° Four polar residues have been
implicated in binding to the SQ_at the Qy-site in cyt bos: Arg-
71, Asp-75, His-98, and Gln-101. In the B. subtilis cyt aa;-600,
the corresponding four residues at the putative Qy site are Arg-
70, Asp-74, His-94, and Glu-97 (Figure S1, see Supporting
Information). Gln-101 is totally conserved in sequences from
proteobacteria but is often replaced by a glutamic acid in the
homologues in the Firmicutes, including the B. subtilis cyt aas-
600 menaquinol oxidase.

The SQy species stabilized by cyt bo; and cyt aa;-600 have
been examined in detail using pulsed EPR methods.”'**’
Clearly, the SQy species in both cyt aa;-600 and cyt bo; each
exhibit a high degree of asymmetry in hydrogen bonding to the
SQ: two strong H-bonds on O1 from the carbonyl adjacent to
the isoprenyl group (for comparison purposes ubiquinone
numbering is used in this work) and weaker interactions with
O4. Both semiquinones form hydrogen bonds with nitrogen
donors from arginine and histidine residues at their respective
high affinity quinone binding sites. Nevertheless, isotropic hfi
couplings of the nitrogen nuclei surrounding the SQy species
indicate that the spin density transfer onto the arginine residue
is weaker in cyt aa;-600 than in cyt bo,. In addition, the SQy in
cyt aa;-600 is more anionic than in cyt bo; because the
strongest stabilizing H-bond in cyt aa;-600 has less covalent
character than the corresponding H-bond in cyt bos. Thus, the
results show a distinctly different pattern of hydrogen bonding
between the protein environments and SQy species in these
two enzymes.

In this work, it is shown that the weaker hydrogen bonding
deduced for the SQy species in the menaquinol oxidase
correlates with greater plasticity of the site. Specifically, whereas
the R71H mutant in cyt bo, is inactive and does not stabilize
the SQ,'" the corresponding R70H mutant in cyt aas-600
remains functional and does stabilize the SQ_species. The
mutation retains catalytic function despite the considerable
disruption of the hydrogen bond network between the protein
and SQ_species in cyt aa;-600. These data also provide the first
direct evidence that R70 of subunit I in cyt aa;-600 is hydrogen
bonded to the menasemiquinone at the high affinity site.

B EXPERIMENTAL PROCEDURES

Template Plasmid Containing the Hiss-Tagged En-
zyme. The template plasmid prepared in the previous study®
was used to make mutants of the enzyme. This recombinant
plasmid contained the qoxABCD operon (~4 kbp) cloned with
the forward primer 5'-GCATAACAAAGTACTAGTTAAGGA-
GGGAGGAAGTATGCAC-3' (qoxA Spel) and the reverse
primer 5'-GAAGAGGGTTTGGGCCCTTATTCGTTATG-
GCCTGAATGC-3’ (qoxD Apal) from genomic DNA of strain
1A1 (B. subtilis).

A sequence encoding for a RBS was added in the forward
primer, 8 bp upstream from the start codon, and was retained
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within the DNA reading frame of the fragment upon the
restriction digestion. The original primer set contained
restriction sites Spel and Apal, and these were designed with
the purpose of inserting DNA fragments into the expression
plasmid pLala.”" These sites are not indicated on the map of
pLala (5146 bp) in the communication by Lewin et al;*' the
restriction site Spel occurs upstream of a BamHI site, and Apal
occurs downstream of a Clal site.

Previously, a Hiss-tag was introduced at the C terminus of
qoxB or subunit II by the PCR method of splicing by overlap
extension,”” which utilizes three separate PCR reactions in
series. This method required two sets of primers, an external set
encompassing the entire sequence length of aa;-600 oxidase
and an internal set containing the codons coding for six
histidine residues. First, a PCR reaction was performed with
pairing of an external forward primer (qoxA Spel) and an
internal reverse His-tag primer 5'-CCTGATCAATATCAATG-
GTGATGGTGATGGTGTTCTTCTGTATC-3". This reac-
tion gave an ~3000 base pair DNA fragment, which was
checked on a 1% DNA agarose gel and subsequently extracted
and cleaned by QIAquick PCR purification kit (Qiagen).
Another PCR reaction involved the pairing of an external
reverse primer (qoxD Apal) and an internal forward His-tag
primer 5'-CAGAAGAACACCATCACCATCACCATTGA-
TATTGATCAGG-3'. This reaction resulted in an ~1 kbp
DNA fragment, which was handled as described above. Each of
the two fragments of DNA had one external end of the overall
construct (qoxAB-HisqCD) and an overlap region that
contained a six histidine coding sequence. The final PCR
reaction conducted with these two different DNA fragments
and the external set of primers (qoxA Spel and qoxD Apal)
yielded a full length sequence that incorporated a His,-tag at
the C-terminus of qoxB.

Histidine Mutation Inserted at R70 Subunit I. The
forward primer S-GCTGTAATTATGTTATTCCATGGC-
GGTGTCGACGGTC-3’ and the reverse primer 5'-GACCGT-
CGACACCGCCATGGAATAACATAATTACAGC-3" were
used to insert histidine at the R70 position. The single amino
acid mutation reactions were performed with QuikChange XL
site-directed mutagenesis kit (Agilent, Santa Clara, CA) using
the pLala aa;-600 recombinant plasmid as the template. The
resulting PCR reaction was initially treated with Dpnl (NEB) to
digest parent dsDNA and then transformed into XLIB
electrocompetent cells (E. coli). XL10-Gold ultracompetent
cells, which are included in the QuikChange kit, are not
appropriate for transformation because this strain does not
allow selection by chloramphenicol. The new recombinant
plasmid with the desired amino acid mutation was verified by
DNA sequencing (UIUC Core Sequencing, Urbana, IL). Next,
these new recombinant plasmids were transformed into strain
Lul43 (B. subtilis), whose competent cells were prepared by a
protocol involving a medium formula with Spizizen salts, 20%
casamino acids, SXLB, 50% glucose, and S mg/mL tryptophan.
Subsequently, resulting colonies were checked for correct single
mutations in B. subtilis by DNA sequencing. This latter step
required disruption of cell pellets with 2 mg/mL lysozyme
(Sigma, St. Louis, MO), which was followed by isolation of the
plasmids with the Qiagen Mini-prep kit.

Steady-State Activity Assay. Previous reports of enzyme
activity show variations depending on the preparative protocol,
the substrate used, and the assay method.”~**’ The protocol in
the current work is a variation of a previously reported
protocol.® Activity was measured spectrophotometrically in a
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coupled-enzyme assay, where the coupling enzyme, diaphorase,
was used to generate reduced quinone substrate from NADH.
This approach avoided the need for preparing reduced
quinones prior to setting up the enzyme reaction. Each enzyme
reaction volume contained the following: diaphorase in excess
amount sufficient to sustain cyt aa;-600 activity, 100 uM
NADH, dimethylnitrosamine (DMN) as substrate (usually SO
M), 0.05 uM enzyme in SO mM Tris, 0.05% diaminodiphenyl-
methane (DDM), pH 6.8 buffer. The respiratory activity was
started by reducing DMN in the presence of 100—200 uM
NADH and an excess of purified diaphorase. To this
preparation, 0.05 uM cyt aa;-600 oxidase was added. The
reaction was repeated as a function of DMN concentration in
order to determine the Michaelis—Menten values. The steady-
state activity was monitored by oxidation of NADH at 340 nm
with an HP Agilent UV/vis spectrophotometer. Assay
conditions were adjusted to minimize the background due to
the autoxidation of DMN. Baseline correction due to DMN
autoxidation was less than 10% of the enzymatic rate of oxygen
consumption or quinol oxidation under standard assay
conditions and was often negligible. At more alkaline pH
values (e.g., pH 8), autoxidation was more significant, making
these measurements less accurate. DT-diaphorase used in the
assay was overexpressed from an E. coli strain, which was kindly
provided by Prof. G. Cecchini’s Group (UCSF). The assay
performed with diaphorase from the commercially supplied
strain Clostridium kluyveri (Sigma, St. Louis, MO) gave little or
no activity in the conditions that were specified. The greatest
source of variation in the results of the assays was from using
different batches of diaphorase.

EPR Sample Preparation. Cells were grown in the natural
abundance of "N in LB medium for unlabeled and D,O buffer
exchanged samples. For uniformly "N labeled samples, the
expression strain was grown in minimal medium made with
Spizizen salts and supplemented with 1 g of NH,CI (°N, 99%)
per 500 mL (Cambridge Isotope, Andover, MA). To 500 mL of
minimal medium in a 2 L beveled culture flask, the following
components were added to achieve high cell density: 300 yL of
20% casamino acids, 10 mL of 50% glucose (w/v), 4 mL of §
mg/mL tryptophan, and 4 mL of 100X trace metals.”* Each 500
mL culture was inoculated with 4 mL of overnight subculture
(37 °C) and was induced with 4 mL of 50% glycerol (v/v) at
the beginning. The cell culture was grown slowly for 11 h at 37
°C. The protein expression levels were lower for cultures grown
on minimal medium in comparison to those prepared in LB,
and generally 6 L of culture was required to prepare an
isotopically labeled EPR sample.

The final buffer condition for EPR samples consisted of 100
mM Tris, 10 mM EDTA, 10% glycerol, and 0.05% DDM, pH
8.1-8.2, with an enzyme concentration of ~200 uM. The
protein samples were concentrated and buffer exchanged using
Amicon centrifugal filters (Millipore, Bedford, MA). The
semiquinone was generated with NADH, as described
previously.

EPR Measurements. CW EPR measurements were
performed at a microwave frequency of 9 GHz (X-band)
with a Varian EPR-E122 spectrometer. The X- and Q-band
pulsed EPR experiments were performed using a Bruker
ELEXSYS ES580 spectrometer equipped with an Oxford CF 935
cryostat. Field-swept two-pulse (7/2—7—z—7—echo) echo-
detected EPR spectra were acquired to determine field
positions to be used for subsequent pulse experiments. One-
and two-dimensional three-pulse (n/2—t—n/2—T—n/2—echo)
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and four-pulse (7/2—7—x/2—t,—n—t,—7—echo) ex?eriments
were carried out as described in the previous work."

Spectral processing of three- and four-pulse ESEEM was
performed using the Bruker WIN-EPR software. The procedure
included subtraction of the relaxation decay (fitting by 3—6°
polynomials), apodization (Hamming window), zero filling,
and fast Fourier transformation. For pulsed ENDOR experi-
ments, the Davies (7—t—z/2—7—n—7—echo) sequence was
used, where a radio frequency (z-pulse) was introduced during
time t. The details of these experiments are discussed
elsewhere.”"*

Spectral Simulations. ESEEM and ENDOR simulations
and their fits to the experimental data were performed in the g
tensor frame of SQy; with EasySpin v4.5.5 in Matlab R2013b.”
The g-tensor principal axes are expected to be approximately
collinear with the SQ molecular axes, based on DFT
calculations and single-crystal EPR studies.”®*” The principal
axes of the hfi and nqi tensors for a histidine nitrogen
interacting with the SQ carbonyl oxygen are described in
relation to the g-tensor axes by Euler angles (a, 3, y), as defined
by the EasySpin program (http://www.easyspin.org).

In this work, we use X- and Q-band pulsed EPR with
microwave frequencies ~9.7 and ~34 GHz, respectively. At X-
band, the SQ g-tensor anisotropy is comparable to the
microwave pulse bandwidth, so pulses can be considered as
giving a uniform excitation of the electron spins in the sample.
Therefore, ideal strong pulses were assumed for all X-band
simulations. On the other hand, at Q-band the principal
components of the SQ g-tensor are partially resolved, allowing
for orientation selective measurements by exciting only one
section of the EPR spectrum at a time. In order to implement
this orientation selectivity into Q-band pulsed EPR simulations,
the EPR broadening of the two-pulse field swept echo and the
excitation bandwidth of the pulses must be included as
additional parameters. The EPR broadening was estimated by
modeling the two-pulse field swept echo line width with the
EasySpin H-Strain parameter. The excitation bandwidth of the
pulses was approximated by multiplying the inverse of the
initial microwave z-pulse by two for Davies ENDOR. For
ESEEM, the excitation bandwidth was optimized during the
simulation process. The combined knowledge from selective
(Q-band) and nonselective (X-band) methods can provide an
accurate estimate of the principal values and directions of the
magnetic interactions with the SQ.

All X- and Q-band '*"*N spectra were simulated together in
order to obtain a more reliable estimate of the coupling
constants. The simulation parameters were thus judged by their
ability to reproduce all experimental spectra, as opposed to just
one. The principal values and Euler angles of the hfi and nqi
tensors, the pulse excitation bandwidth for ESEEM, the
ENDOR line width parameter (IWENDOR in EasySpin), and
the distribution of isotropic couplings (“a-strain”, described
later) were varied in the simulations. Davies suppression was
incorporated into the N ENDOR simulations as discussed
previously.”® All other settings were the same as those used in
the experiments. Least-squares optimization of the simulations
to the experimental spectra, where utilized, was performed
iteratively until no improvement in the fit could be observed.

The '*N Davies ENDOR spectra reported here were found
to have low frequency peaks that were significantly weaker in
intensity compared with the corresponding high frequency
peaks. This deviation from the expectation of an >N doublet of
symmetric ENDOR lines with approximately similar intensities
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is due to our radio frequency generator that does not supply a
constant power output over the frequency range 2—9 MHz.
Hence, the simulations considered only the high frequency
peaks.

DFT Calculations. The DFT calculations were performed
using the B3LYP functional and the EPR-II basis set using
procedures previously described.”” All calculations were
performed using the Gaussian 09 electronic structure
program.”

Powder 'H and >N ESEEM and ENDOR Spectra. The
high-resolution pulsed EPR techniques, ESEEM and ENDOR,
can be used to explore in detail the influence of the
environment on the electronic structure of the SQ through
the geometry of H-bonds and substituents, via the isotropic and
anisotropic hfi with magnetic nuclei such as 'H and “N.*"**
For a hyperfine coupled 'H and "N nucleus with nuclear spin I
= 1/2, there are only two transitions with frequencies v, and v,
corresponding to the two different spin states, mg = +1/2, of
the SQ_electron spin in a constant applied magnetic field. The
values of these frequencies depend on the vector sum of the
applied magnetic field and the local magnetic field induced at
the nucleus by the isotropic and anisotropic hfi with the
electron spin.

For a powder spectrum, the frequencies of the v, and v
transitions span the range between
and

ya(ﬂ)l = |I/I + AL/Zl Va(ﬂ)” = |I/I + A”/2|

(1)
which correspond to the perpendicular and parallel orientations
of the axial hfi tensor, respectively, v is the Zeeman frequency
of 'H (v1y) or PN (1) in the applied magnetic field, and A
=la — Tl and A = la + 2T1 (where a and T are the isotropic
and anisotropic hyperfine coupling constants, respectively).
The full axial hfi tensor has principal components (a — T, a —
T, a + 2T). The principal values for a rhombic hfi tensor are
defined as (a — T(1 + 8), a — T(1 — 8), a + 2T) where & is the
rhombic parameter (which ranges in value from 0 to 1).

Powder HYSCORE spectra of I = 1/2 nuclei reveal, in the
form of cross- r1d§es, the interdependence of v, and vy at a
given orientation.”” The two coordinates of the cross-ridge can
be used for a first-order estimate of the hyperfine coupling by
taking the difference of the nuclear transitions from opposite
spin manifolds (v, — vj). This method for approximating the
hfi also applies for weak couplings in powder ENDOR spectra.

Powder "N ESEEM Spectra. Because of the I = 1 spin and
the nqi resulting from this, an "*N nucleus can produce up to
six lines in an ESEEM spectrum, three for each of the two
electron spin manifolds, mg = +1/2. In measurements of
amorphous (powder) samples, such as the frozen suspensions
of protein used in this work, not all transitions contribute
equally to the spectrum due to different orientation depend-
ences. The ESEEM spectrum expected from N with a
predominantly isotropic hfi coupling is governed by the ratio
between the effective nuclear frequency in each manifold, v, =
Iy + IA(**N)I/2l, and the quadrupole coupling constant, K =
2qQ/ (4h) 3%

If vy /K = 0, that is, v, =~ 0 (the situation known as the
cancellation condition, because vy ~ A('*N)/2), the three
nuclear frequencies from this manifold will be close to the three
pure (zero-field) nuclear quadrupole resonance frequencies
with "N transitions

~
~

v, =KG3+n) v_=K3-n) 1=2Ky (2)
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and with the energy levels defined by the principal values of the
ngi tensor

Qmm - 21<

()

Both eq 2 and eq 3 are completely described by K and the
asymmetry parameter #. These frequencies, with the property
V, = U_ + Uy, are broadened as v, /K departs from 0 but can
appear in the spectrum up to a ratio of v, /K & 0.75—1.°>*
A three-pulse ESEEM spectrum near the cancellation
condition is expected to consist of four lines: three narrow
lines at zero-field nqi frequencies from the manifold with v &
0, eq 2, and one broadened double-quantum transition v,
from the opposite manifold, described by the relationship

-K(1-1n) Q4 =-K1+n) Q_,

Vigr = 2l14es” + K3 + )] (4)
Since 14y, is from the manifold not satisfying the cancellation
condition, it may be too broad to observe in the three-pulse
ESEEM spectrum. However, the corresponding HYSCORE
spectrum will exhibit cross-peaks correlating v,, v_, and v, with
Vgqr indicating the location of vy, even if it is not directly
observed. The cross-peak contour line shapes are expected to
be narrow ridges parallel to one coordinate axis and
perpendicular to the other. The narrowness of the cross-
peaks in one dimension over the other reflects the sharpness of
lines near the cancellation condition (v,, v_, and r,) as
opposed to the nuclear transition not satisfying the cancellation
condition (qu+) The total number of possible cross- peaks
from one nitrogen in each quadrant is nine pairs.” On the
other hand, when the nitrogen coupling is far from the
cancellation condition, the HYSCORE spectrum is expected to
simplify into that of a single pair of cross-peaks correlating the
double-quantum transitions from opposite spin manifolds (/.
and vy,_).

B RESULTS

Steady-State Activity. By the protocol described in the
Experimental Procedures section, the steady state activity at pH
6.8 using reduced DMN as the substrate yielded values of k.,
and Ky, for the wild-type enzyme of 180 DMN/s and 89 uM
DMN and for the R70H mutant of 227 DMN/s and 55 uM
DMN with approximately 10% error in multiple assays
performed on the same day with the same enzyme preparation.
Assays performed with different batches of diaphorase on
different days gave results that varied considerably (+£30% from
a mean value). Nevertheless, under the same conditions, the
R70H mutant is always more active than the wild-type enzyme.
The steady-state activity was measured over the range of pH 6
to pH 9, and the change observed at pH 6.8 is not due to a shift
in the pH-activity profile, which is not substantially altered by
the R70H mutation.

EPR Spectra. X-band CW EPR spectra of the SQi in WT
cyt aa;-600 along with the R70H mutant (Figure S2) display a
similar pattern with a g value of 2.0047 + 0.0001 and resolved
hfi structure consisting of four components with approximate
relative intensities 1:3:3:1 and splittings of 0.45—0.49 mT (or
12—13 MHz). The structure is better resolved for the samples
prepared in *H,0. On the other hand, uniform "N labeling of
the protein does not significantly influence the EPR line- shape
of the SQy;. Based on previous work with the WT protein,’ this
EPR feature is tentatively assigned to the three equivalent
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nonexchangeable protons of the semiquinone ring methyl
group interacting with the unpaired electron spin.

Figure 1. Comparison of the X-band "N three-pulse ESEEM spectra
of wild-type cyt aa;-600 and the R70H mutant. The spectra were
recorded as a function of time, 7, between the first and second pulses
at the field position corresponding to the maximum EPR intensity for
SQy in the WT and R70H cyt aa;-600. Three lines at low frequencies
(025, 0.99, and 1.24 MHz) in the spectrum of the mutant indicate "N
with a quadrupole coupling constant K = 0.37 MHz, which is typical of
a protonated histidine nitrogen (see Table 3).

Nitrogens Interacting with the SQ, as Detected by 1D
and 2D ESEEM in Wild-Type and Mutant Protein. Figure
1 shows stacked plots of the three-pulse ESEEM spectra of SQy
in the WT and R70H cyt aa;-600 from 0 to 6 MHz, appropriate
for the "*N nucleus. The three-pulse ESEEM spectrum of the
WT protein contains only two lines at frequencies 3.5 and 4.4
MHz and does not resolve any other features. These
frequencies are correlated in the 2D ESEEM spectrum as
belonging to the same nitrogen with a hfi coupling of ~0.9
MHez.” This nitrogen is tentatively assigned to N, of R70 based
on the estimated K*(3 + #?) value, which is similar to that
determined for N, of R71 in cyt bos."”'® In the case of cyt bos,
this assignment was directly confirmed using selective '“N
labeling of the nitrogens in the arginine residue.'’

In contrast, the three-pulse spectrum of SQy in the R70H
mutant has a shape typical for a single '*N recorded near
cancellation conditions and allows for an immediate assignment
of the narrow peaks at ~0.25, 0.99, and 1.24 MHz to three
nuclear quadrupole resonance frequencies vy, v_, and v, with
the property v, + v_ = v, (see eq 2). There is also a much
weaker and broader line at ~4—5 MHz, which can be suggested
to belong to the vy, transition (see eq 4). This assignment was
confirmed by the Ci4N HYSCORE spectrum (Figure 2). The
spectrum exhibits cross-peaks correlating vy, v_, and v, with
Vgqw thus indicating that they belong to different electron spin
manifolds. They also allow for a more precise determination of
the value of v4,, ® 4.3—4.7 MHz from the maximum intensity
of the (qu + V,) cross-correlation.

Having obtained the frequencies for vy, v_, v,, and v4y,, eqs 2
and 4 along with the '*N Zeeman frequency (v = 1.06 MHz)
were used to determine the qcc K = 0.37 MHz, the asymmetry
parameter 7 = 0.32, and the hfi coupling A(**N) = 2.18 MHz
for the nitrogen nucleus.

The Q-band "N HYSCORE spectrum of SQy; in R70H cyt
aa;-600 shows one intensive pair of cross-peaks 1 in the (++)
quadrant at (9.9, 5.3) MHz (Figure S3). The N Zeeman
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Figure 2. Contour representation of the X-band "N HYSCORE
spectrum of SQy in R70H cyt aa;-600. Numbers define the following
cross-peaks: 1, (v, Vgqs); 2, (U, Vgqs)i 3, (Mo Vags)- Experimental
parameters: magnetic field 344.4 mT, time between first and second
pulses 7 = 136 ns, microwave frequency 9.659 GHz, temperature 80 K,
step At = 20 ns.

frequency in this experiment was 3.7S MHz (1218.7 mT)
giving v /K = 7 and v, /K = 13, thus indicating that the
observed cross-peaks correlate dqg-transitions from opposite
manifolds. These frequencies provide an estimate of the hfi
coupling A(**N) ~ 2.3 MHz in good agreement with the value
determined from the X-band spectra.

In summary, the '*N spectra of SQy in the R70H mutant cyt
aa3-600 oxidase resolve an interaction with only a single
nitrogen (N1) possessing significant presumably isotropic hfi
coupling resulting from the transfer of unpaired spin density
from the SQ via a hydrogen bond bridge. The value of K
characterizes the chemical type of the '*N nucleus interacting
with the SQy, which is typical for a protonated nitrogen of an
imidazole residue (see Table 3 below).

X-Band "N HYSCORE. The N ESEEM spectra do not
resolve any lines from other side-chain and peptide nitrogens of
the nearby protein environment. These nitrogens are coupled
more weakly and do not produce well-defined lines in the '*N
powder-type spectra, due to the influence of the nqi. However,
the lines from weakly coupled nitrogens (N,,.) can be observed
in 2D "N ESEEM spectra, which are not complicated by the
nqi, as shown in our previous experiments with cyt bo; and
wild-type cyt aa;-600.""*° Furthermore, '*N spectra allow for
a more precise determination of the isotropic and anisotropic
components of the hfi tensor of the nitrogen nuclei.

The X-band N HYSCORE spectrum for SQy in N
uniformly labeled R70H cyt aa;-600 is shown in Figure 3. The
spectrum contains cross-features 1 and 1’, located in the (+—)
and (++) quadrants, with maxima at (—3.1, 0.2) MHz (1) and
(2.8, 0.3) MHz (1'). The first-order estimates of the hyperfine
couplings are 3.3 and 3.1 MHz, respectively (2.4 and 2.2 MHz
when scaled to N). These values are consistent with the
coupling estimated from the "N HYSCORE spectra.

In addition, the (++) quadrant exhibits feature N, . with a
maximum near the diagonal point (v, v15y) and accompany-
ing shoulders symmetrically extended up to ~1 MHz along the
antidiagonal (Figure 3). Two resolved splittings, ~0.4 MHz
(1) and ~0.8 MHz (2,,), can be suggested from an analysis
of the shoulders’ line shape. The N, features result from
multiple nonequivalent contributions of weakly coupled N
nuclei in the immediate vicinity of SQy. Comparison of the N,
line shape with the previously published data for SQy in the
WT and D75H cyt bo;”° reveals unique characteristics for each
spectrum that reflect differences in the protein environment.
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Figure 3. Contour (top) presentation of the "N HYSCORE spectrum
of SQy in '*N uniformly labeled R70H cyt aa;-600. Stacked (bottom)
presentation of the N, feature in the (++) quadrant of the spectrum.
Stacked presentation of the full spectrum is shown in Figure S4. The
red dashed straight line segments in the contour representation are
defined by lv; + v, = 2(v'°y). Experimental parameters: magnetic
field 343.25 mT, time between first and second pulses 7 = 136 ns,
microwave frequency 9.625 GHz, temperature 60 K.

To further resolve the individual interactions with the nitrogens
in the SQy environment, selective °N labeling of individual
residues needs to be employed.

Simulations of the X-Band >N HYSCORE Spectrum:
“a-Strain” Influence on Cross-Peak Line Shape. Appear-
ance of the cross-peaks 1 and 1’ with comparable intensity in
the (++) and (+—) quadrants from the same nucleus suggests
that the special relationship 12a + Tl & 4v1sy is closely fulfilled.
The case 12a + Tl = 4u1sy is well-known in powder 1D ESEEM
where Vj(,)1= —Vp(ay = £(3T/4) (S singularity).”® Under this
condition, all orientations contribute to the same frequency
I3T/4|, resulting in a singularity for the nuclear transition from
one manifold. In 2D spectra, the theoretically predicted line
shape corresponding to the S-singularity becomes a straight line
segment parallel to the 1,4 axis in the interval from Vg(p)L = la
— T/4l to Vg = la + ST/4l at vy, = 13T/4.>” However, in
contrast to this expectation, the cross-features in both
quadrants of the experimental spectrum contain a straight
part parallel to the v, or v, axis to good accuracy as well as a
second component of the ridge extending along the
antidiagonal into the (+—) and (++) quadrants. As a result,
the cross-peaks in both quadrants exhibit a curvature not in
accordance with the theoretlcallz predicted line shape for a
single I = 1/2 anisotropic hfi.’

The X-band "N HYSCORE spectrum provides an
opportunity for a simple separate estimate of the isotropic
and anisotropic hfi couplings for the strongly coupled nitrogen
N1. Model simulations show that comparable intensity of the
cross-peaks in the (++) and (+—) quadrants is observed only in
a very narrow interval around the condition 12a + Tl = 4.
Exploiting this relation and value of the frequency v = 3T/4 ~
0.25 — 0.3 MHz for the straight segment parallel to the v,
axis, one can estimate a“y & 2.05 MHz, Ty ~ 0.2 MH:z
(recalculated for '*N). The powder type X-band N
HYSCORE spectrum simulated with these parameters (Figure
SS) shows coincidence of the simulations with the segments of
the cross-peaks parallel to the v, or v, axes but does not
reproduce the total curved shape of the cross-peaks extending
along the blue dashed antidiagonal line.
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The experimentally observed line shapes were reproduced
under the assumption of a significant distribution of isotropic
hfi couplings, that is, “a-strain”, resulting from fluctuations in
the protein environment.””~*" The g-strain was incorporated
into the simulations under the assumption of a Gaussian
distribution for a. This was performed by simulating multiple
HYSCORE spectra over a range of values for g, weighting the
relative intensities of each spectrum to a Gaussian distribution,
and then summing all of the spectra together. Figure S5 shows
example spectra calculated using this method for different
standard deviations o. According to these calculations, an
increase in the width of the distribution leads to a longer
extension of the cross-ridge along the antidiagonal. The best
agreement with the experiment was obtained for owy = 0.35
MHz (o = 0.25 MHz) (Figure 4). This distribution of the
isotropic coupling is used in the simulations of all other spectra
considered in this work.

W
N p
z o A
N \
0 o e w«o@oo& &&6@@ @@@ @

4

1/2 (MHz)

Figure 4. Comparison of the experimental X-band *“N HYSCORE
spectrum of SQyy and its simulation employing a Gaussian distribution
f(Aa) = [6(27)*]7! exp[—(Aa)?/(26%)] for the isotropic hyperfine
coupling with standard deviation o1y = 0.35 (o = 0.25) MHz.
Spectra are presented in contour (top) and stacked (bottom) modes.
Simulation of features 1 and 1’ is shown in red. The dashed lines in
the contour representation are defined by lv;, + vl 2(visy).
Experimental parameters are as in Figure 3. Examples of spectra
calculated with other values for the standard deviation are presented in
Figure SS.

Q-Band "N ENDOR and HYSCORE. We collected
orientation-selective Q-band Davies "N ENDOR spectra in
order to obtain information about the principal directions of
the hfi tensor in the g-tensor coordinate system for the strongly
coupled nitrogen N1. Q-band (~34 GHz) measurements on
SQy were performed at a frequency (field) range 3—4 times
higher than X-band that leads to an increase of the EPR line
width of SQy up to ~3.0 mT and allows one to carry out
orientation selective measurements by exciting different
sections of the EPR spectrum.

Q-band Davies ENDOR was acquired at seven evenly spaced
field positions spanning the full field swept two-pulse echo
(Figure S). Despite the poor resolution of the gy, gy, and g,
components in the field swept echo, an orientation dependence
in the Davies ENDOR spectrum is observed, especially at
orientations near g;. The Davies ENDOR spectra in Figure 5
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Figure 5. Q-band '*N Davies ENDOR spectra of SQ;. Only the high-
frequency component of the N spectrum is shown. Traces were
taken at seven field positions from 1218.5 mT (bottom trace, gx) to
1221.3 mT (top trace, g;) in steps of 0.4 mT. The experimental data
are shown in blue and are overlaid by the simulations in red.
Simulations of Q-band spectra were performed using the g-values
2.00644, 2.00526, and 2.00298 with H-Strain line width broadenings
22, 35, and 40 MHz, respectively. Experimental parameters:
microwave 7/2-pulse length 120 ns, time between first and second
pulses 7 = 500 ns, RF z-pulse length 70 us, microwave frequency
34.249 GHz, temperature 60 K, vy = 526 MHz.

show only a single resolvable splitting with an average hfi
coupling of ~3.0 (2.1 for "*N) MHz.

In agreement with these observations, increasing the
microwave frequency to Q-band (leading to significant
deviation from singularities and cancellation for N1) greatly
simplifies the shape of the cross-peaks in the "N HYSCORE
spectra to that of a simple doublet in the (++) quadrant (Figure
S6) with the frequency coordinates consistent with the maxima
of the lines in the Q-band ENDOR spectra.

Determination of the Hfi and Nqi Tensors from
Spectral Simulations. Davies ENDOR simulations were
performed using the a-strain parameter estimated from the X-
band calculations (6 = 0.35 MHz) without any assumptions
about the principal values and directions of the hfi tensor. As a
consequence of implementing a distribution for 4, however, the
simulations became strongly insensitive to the choice of
rhombicity factor 6. While a least-squares optimization of the
Davies ENDOR spectra at various fixed values of 0 suggested a
weak preference for a more axial tensor (6 = 0), the resulting
fits were not statistically different enough to provide a reliable
estimate for 0. Therefore, 6 was left undetermined and set to
zero so as to reduce the number of free parameters in the
calculations. The ENDOR simulations (Figure S) were
optimized by adjusting the hfi coupling constants iteratively
by hand, and then were fine-tuned by least-squares
minimization.

The initial values for K and 7 were determined from the
analysis of Figure 1 under the assumption of near cancellation
for the coupled nitrogen. Simulations of the three-pulse "N
ESEEM (Figure S7) alongside the Q-band '“N HYSCORE
spectra (Figure S3), as well as the "N ENDOR and HYSCORE
spectra (Figures 4,5, and S6), were done iteratively until a
parameter set was obtained that could reproduce the general
teatures of all of the experimental data considered. It should be
noted that substantially better agreement of the simulations
with the experimental spectra was achieved with the inclusion
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of the a-strain determined above in all cases (especially for the
X-band N HYSCORE spectrum). The principal values and
orientations of the principal axes of the hfi and nqi tensors of
N1 in the g-tensor coordinate system are summarized in Table
1.

Table 1. '*N Hyperfine and Nuclear Quadrupole Tensor
Simulation Parameters”

a=20+01MHz
T=02=+ 0.1 MHz

hyperfine tensor

5=0"
F=90° + 20°
¥y = 30° + 20°

K = 0.36 + 0.02 MHz
7 =025 + 0.05 MHz

nuclear quadrupole tensor

a = 110° + 40°
B = 60° + 180°
y = 100° + 40°

“The hfi (4, T, §) and nqi (K, ) coupling constants are defined in the
text, and the Euler angles (@, f, 7) are defined in accordance with the
EasySpin standard as the series of rotations necessary to go from the
hfi/ngi eigenframe into the g-tensor frame. “The simulations were
insensitive to J, so the value was fixed as zero. For an axial tensor, a
does not need to be defined.

Proton HYSCORE and ESEEM. Besides the nitrogens, the
HYSCORE spectra contain information about nonexchange-
able and exchangeable protons interacting with the electron
spin of the SQy. Figure 6 shows the '"H HYSCORE spectra of
the SQy in R70H cyt aa;-600 prepared in 'H,O (see also
spectrum in Figure S8). Similar spectra for the SQy in cyt bo,
and cyt aa;-600 have been discussed previously.”'>'® In
addition to a diagonal peak at the proton Zeeman frequency
(v1w Vi) (Vi & 14.7 MHz), the spectrum contains several
pairs of resolved cross-features located symmetrically relative to
the diagonal. They are designated 1y, 2y, 3y, 4y and 4'y, Sy
and 5'y, and 64. Cross-peaks 2y, 3y, 4y and 4'y, and Sy and
S’y completely disappear in the HYSCORE spectra obtained
under the same conditions when the sample is prepared in D,0
(Figure S9), showing that they are produced by exchangeable
protons. However, cross-peaks 1y and 6y, as well as the
diagonal peak, still appear in the spectra obtained in D,0. The
H/D exchange does affect the intensity of cross-peaks 6y, thus
indicating the simultaneous contribution of exchangeable and
nonexchangeable protons. Additional support for this con-
clusion was obtained from pulsed ENDOR spectra (Figure
S11).

The cross-peaks 1y from nonexchangeable proton(s) possess
the largest hfi splitting, of the order ~11—12 MHz, and can be
tentatively assigned to the protons of the methyl group
stemming from the quinone ring (see Figure 8) based on our
previous studies of cyt bo; and its mutants and cyt aas-
600.%'>'® From the spectral features of the exchangeable
protons, one can reasonably suggest that the extended ridges
2y, 3y and 4y belong to three unique protons based on
differences in the deviation of the cross-ridges from the
antidiagonal passing through (v, V15). On the other hand, the
identity of 3'y, 4'y, and Sy is not clear but can be tested via
linear regression of ridges 2y—4y in v,> vs v,> coordinates.
Linear regressions of 2y, 3y, and 4y are shown in Figure S10.
Extension of the linear fit of 2 crosses 4’y but its orientation is
not coincident with the line defined by 2y. Moreover, the linear
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Figure 6. '"H HYSCORE spectrum of the SQy from R70H cyt aa;-600 in a 'H,O buffer. The full presentation (left) and an enhanced view of
features 2;—6y (right) are shown. The spectrum was obtained after Fourier transformation of the two-dimensional time-domain patterns containing
256 points X 256 points with a 20 ns step. The magnetic field was 345.25 mT, time 7 between the first and second microwave pulses was 200 ns, and

the microwave frequency was 9.680 GHz.

extrapolation of 3y coincides well with the 3’y and Sy
segments, suggesting that these features belong to the same
extended ridge. The remaining features 4y and 4’y align
reasonably well by linear regression, although part of the low
intensity 4y ridge deviates substantially from the straight line,
which may be explained by the influence of FT artifacts
accompanying the intensive 6y peak.

Quantitative analysis of the cross-ridge contour line shapes in
v;% vs 1, coordinates®** and simulations of the Davies pulsed
ENDOR spectra, described in Supporting Information (see
Figures S10, S12, and S13 and Table S1), provide the isotropic
and anisotropic components of the hfi tensors under an axial
approximation for protons H1—H4. The data are summarized
in Table 2. Cross-peaks 6y are produced by several

Table 2. 'H Hyperfine Tensors Determined from HYSCORE
Spectra of the SQy in R70H cyt a4;-600 in H,0“

proton cross-ridges a, (MHz) a, (MHz) T (MHz)
H1 1y 12.8 —14.4 1.5
H2 2y 0.7 —6.3 5.6
H3 3u-3u’-Su 0.7 =53 4.5
H4 44y’ 0.5 —4.0 3.5

“Selection of the isotropic couplings for methyl and exchangeable
protons is based on analysis of pulsed ENDOR spectra (Figure S8)
and DFT calculations.

nonexchangeable and weakly coupled exchangeable protons
(see Discussion), and the parameters determined from their
formal analysis would not correspond to any real structural
characteristics.

Additional support for the hfi tensors of the exchangeable
protons reported above was obtained from the complementary
one-dimensional four-pulse ESEEM spectra.”” Similarly, these
spectra show the existence of three exchangeable protons with
anisotropic couplings T & 5.6, 4.5, and 3.4 MHz (Figure S14
and Supporting Information).

B DISCUSSION

Summary of Cyt bo; Studies. Our initial studies of cyt bos
were extended to cyt aa;-600 in order to decipher the
differences between the protein—quinol interactions of the bo,-
type ubiquinol oxidase and the aa;-600 menaquinol oxidase.
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Four polar residues have been implicated in binding to the
quinol at the Qy site in cyt boy: R71, D75, H98, and QI101.
Q101 is replaced by a glutamic acid (E97) in the B. subtilis aa,-
600 menaquinol oxidase (Figure S1). The nitrogen H-bond
donors around the SQy in cyt bo; were identified
unambiguously by selective °N labeling of particular amino
acids using auxotrophic hosts.'””” A set of auxotrophs was
constructed in a commonly used E. coli expression strain
C43(DE3) for isotopic labeling of individual amino acids or
sets of amino acids.'”””*’ These auxotrophs were used to
generate WT and D75H cyt bo; samples with specific nitrogens
of the arginine, histidine, or glutamine residues N labeled.
Two-dimensional ESEEM has identified N, of R71 in cyt bos
and N, of H7S in the D75H mutant as the H-bond donors
carrying the most unpaired spin density transferred from the
SQy of UQg. In addition, weak hfi couplings with the side-chain
and peptide nitrogens from R71, H98, and Q101 were resolved,
thus obtaining a full view of the spin density transfer from the
SQy to the nearest residues in both enzymes. Use of the 2D
technique was crucial for observation of these weak signals,
which are masked by more intensive lines in the 1D spectra.

Available 'H (H-bonds, methyl),">'® 3C (methyl)," and
5N (protein)'”*° couplings in both WT and D75H enzymes
were interpreted with the assistance of DFT calculations on
model complexes.”” In the absence of accurate data from the X-
ray crystal structure, idealized small models of the SQu—protein
interactions with geometry optimization were explored. This
work indicates strong H-bonds in the WT protein between O1
and both D75 and the N, of R71, but a much weaker H-bond
to the N.-H group of H98 to O4. The result is a highly
asymmetric distribution of the unpaired spin density, which
appears to be an important factor to optimize electron transfer
between the SQy and the heme b electron acceptor during
catalytic turnover. The replacement of the carboxyl of D75 by
the imidazole in D75H leads to a weaker H-bond to O1 and a
significantly smaller hyperfine coupling between the SQy and
R71 than that in WT. The computations indicate that this is
due to a change in the geometry of the H-bond rather than a
change in bond length. The end result is a more symmetric
distribution of the unpaired spin density in the UQ ring in the
mutant, which may correlate with lack of catalysis.

Nitrogen Interactions in Cyt aas;-600 and R70H
Mutant. The 2D ESEEM studies found a significant difference
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Table 3. Hfi and Nqi Coupling Constants for Histidines Hydrogen Bonded to Semiquinones®

quinone site H residue a(**N) (MHz)
Qq Sphaeroides M219 Nj 2.3
Q, Viridis M217 N ~2
Qg Sphaeroides L190 N 1.3-14
Qp NarGHI 66 N, 08
Q, PSII 214 Ng 1.67—-1.9
Q. b, 217 N, 0.75
Qq D75H bo, 75 N, 2.5
Qy R70H aa, 70 N, 2

4K (MHz) n quinone ref
1.50 097 UQy, 26

151 0.87 MQ, 44
1.50—1.54 0.69 UQ, 45

1.96 0.5 MQ, 46
1.47—1.58 0.71-0.78 PQy 47, 48
144 017 UQy, 49

172 0.73 UQ, 16, 20
1.44 0.25 MQ, this work

“Currently available data from the literature are shown in the Table. Only nqi tensors determined from three-pulse ESEEM spectra with at least one
resolvable single-quantum transition are shown, so as to consider only the most accurate determinations of 7. The coupling constants listed in the
table vary within ~25—30% range for e’qQ/h, a factor of ~3 for a(**N), and a factor of ~$ for 7.

between the SQs of UQg in cyt bo; and MQ; in cyt aa;-600.
"N and "N ESEEM experiments were performed with the
SQy in WT cyt aa;-600 containing natural abundance "*N and
with uniformly N-labeled protein.® N spectra revealed a
nitrogen with hfi coupling A("*N) = 0.94 MHz and nqi
parameter k = K*(3 + 1*) = 2.7 MHz For the SQy in the WT
cyt boy the N,H of R71 possesses the largest hfi coupling
A(**N) ~ 1.8 MHz and an ngi tensor with K = 0.93 MHz and 5
= 0.51."%'° These values give k = 2.82 MHz? which differs only
slightly from the estimated value of xk = 2.7 MHZz” for the
nitrogen from cyt aa;-600. This close coincidence of the nqi
parameter k suggests that the N, of R70 in cyt aa;-600 also
takes on the role of the nitrogen carrying the largest unpaired
spin density and, thus, is involved in H-bond formation with
the SQy. The SN HYSCORE spectrum exhibits extended
shoulders with two resolved maxima corresponding to
couplings of 0.96 and 0.4 MHz, respectively. It is likely that
the N line shape with two resolved splittings is formed by the
spectra from several (probably more than two) nitrogens that
are partially overlapped.

Mutagenesis of the conserved arginine at the Qy site
indicates a significant difference between cyt boy and cyt aa;-
600. In particular, converting R71 (B. subtilis R70) to histidine
is lethal for the E. coli oxidase,'® but the same mutant in B.
subtilis cyt aa;-600 is more active than the wild-type. Our X-
band 1D and 2D ESEEM experiments with the R70H mutant
show the formation of a H-bond between the SQ_and histidine
nitrogen possessing the qcc K = 036 MHz, typical for
protonated nitrogens of an imidazole ring. The isotropic
coupling a(**N) ~ 2 MHz of this nitrogen exceeds the
couplings in the WT and is comparable to the largest couplings
in WT cyt boy (1.8 MHz) and D75H mutant (2.7 MHz).'® In
addition, "N X- and Q-band HYSCORE spectra of R70H
clearly show the presence of nitrogen(s) with weaker couplings
of ~0.5 MHz. These weakly coupled nitrogens, as well as the
nitrogen donors in WT cyt aa;-600, are not yet identified. Our
attempts to express the B. subtilis cyt aa;-600 in an E. coli
expression system have failed. Therefore, we cannot utilize E.
coli auxotroph strains® for selective isotopic labeling of these
proteins. Instead, the interpretation and assignment of 'H and
15N data are based on the results of our DFT calculations
discussed below.

Ns vs N,. Our X- and Q-band ESEEM/ENDOR experi-
ments with the SQy in the R70H mutant of cyt aa;-600 have
established an interaction with a nitrogen possessing a
significant ~2 MHz isotropic hfi coupling. This hfi coupling
strength exceeds those found previously in the WT protein.
The qcc of this nitrogen is consistent with the constants
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reported for the "N histidine nitrogens hydrogen bonded with
the SQ_in other quinone processing sites (Table 3). Therefore,
we conclude that the largest unpaired spin density in the R70H
mutant is transferred through hydrogen bonding with the
histidine nitrogen.

From a comparative analysis of the hfi and nqi tensor
characteristics for the histidine N5 H-bond donors of SQs in
different quinone sites from Table 3 in our previous
publication,”® we found a remarkably good linear correlation
between the isotropic hfi constant a(**N) and the asymmetry
parameter # (Figure 7). In contrast to Ny, two points in the
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Figure 7. Correlation between a(**N) and 7 is demonstrated for the
semiquinone—histidine complex data in Table 3. Red diamonds, N of
Q, Rb. sphaeroides (8), Q, Rp. viridis (7), Q, PSII (6), Qg Rb.
sphaeroides (5), Qp NarGHI (4); yellow diamonds, N, of Q; cyt bc;
(1) and Qy D7SH cyt bo; (3). The blue diamond represents data
obtained for Qy cyt aa;-600 in this work.

graph of a vs. 57 corresponding to hydrogen bonded N, in the
Q; site of the bc; complex and Qy site of D7SH mutant of cyt
bo; significantly deviate from the linear plot.

The point corresponding to the H-bonded nitrogen in the
R70H mutant also deviates significantly from the linear plot.
This suggests that the identity of the H-bond donor from H70
to SQy is the N,. Previous studies of the D75H cyt bo; mutant
have shown that in addition to H75, H98 is also involved in
weak H-bonding with the oxygen from the opposite carbonyl
through N,. Taking into account the similarity of the Qy sites,
one can suggest that N, of H94 is also H-bonded in WT and
R70H cyt aa;-600.° This H-bond would lead to the
appearance of the isotropic coupling with the N, of the order
~0.5 MHz.
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Exchangeable Protons. Analysis of the 1D and 2D 'H
ESEEM spectra of SQy in the R70H cyt aa;-600 indicates three
protons with the anisotropic hfi constants T = 5.6, 4.5, and 3.5
MHz. In contrast, two exchangeable protons with T = 5.6 and
2.9 MHz were resolved in the spectra of the WT protein.” One
can note that deviation of the cross-ridges from the antidiagonal
(v4p, v13) and the shift of the sum-combinations from 2,y for
T < 2.9 MHz are close to the resolution limits defined by the
individual width of the spectral lines. Therefore, one cannot
exclude the possible existence of at least one more proton with
a similar value T & 2.9 MHz in the WT cyt aa;-600. Protons H-
bonded with different SQs in frozen water and alcohol
solutions possess the typical value T & 2.6—2.9 MHz>°>*
Hydrogen bonding to the SQ carbonyl groups occurs via
proton donation to the two lone pairs on the sp*hybridized
carbonyl oxygen. DFT calculations show that a hfi coupling of
ITI ~ 3 MHz is consistent for a proton participating in a planar
hydrogen bond, forming an angle 60° with the C=0 bond,
and with a H-bond length ~1.8 A.>* A similar bond length can
be estimated using a point-dipole model for the O---H bond.

It is reasonable to propose that the H-bond(s) to the SQy of
cyt aa;-600 involving the proton with ITl &~ 2.9 MHz, are close
to this geometry. The second exchangeable proton detected in
cyt aa;-600 has a much larger anisotropic coupling, IT1 ~ 5.6
MHz that suggests a H-bond with the proton located within a
shorter distance of the SQ’s oxygen. However, the point-dipole
approximation becomes inappropriate for O---H distances R <
1.7 A with T > 3.5 MHz, as follows from model DFT
calculations,” and the value T ~ 5.6 MHz would correspond to
the distance ~1.3 A, implying a substantial covalent character
for the O—H bond. Comparison of these data with hfi
couplings for the exchangeable protons in the R70H mutant
indicates that the appearance of histidine instead of arginine
retains the largest hfi coupling 5.6 MHz and increases the
strength of two other couplings up to 4.5 and 3.5 MHz relative
to the value 2.9 MHz in the WT protein.

For comparison, 2D ESEEM spectra of the SQy in cyt bo,
show several cross-peaks sensitive to D,O buffer exchange.'”
Analysis of these cross-peaks indicates two protons with large
anisotropic hfi (~4.2 and 6.3 MHz) assigned to the protons
interacting with carbonyl oxygens. The pulsed EPR experiments
were extended using two mutants at the Qy site."® The D7SE
mutation has little influence on the catalytic activity, and the
pattern of hydrogen bonding was similar to the WT with two
exchangeable proton signals possessing T ~ 4.7 MHz. In
contrast, in the inactive D7SH mutant, only one exchangeable
proton with T & 4.6 MHz was found. In addition, a signal with
T =~ 1.5 MHz was observed in all these samples and assigned to
other weakly coupled exchangeable protons around the SQ.

Hyperfine Coupling for Methyl Protons and Asym-
metry in Spin Density Distribution. Available experimental
data for Q sites indicate that the local environment modifies the
electronic state of the SQ in each protein, influencing the
distribution of the unpaired spin density. In proteins, it is
usually asymmetric, in contrast to frozen solutions.***

A simple quantitative measure of the asymmetry in the spin
density distribution can be obtained from the 'H couplings of
the methyl group in UQs or 3-methyl-1,4-naphthoquinones
(see Figure 8). The isotropic hfi constant for the methyl
protons of the SQ varies within 5.5—6.0 MHz in UQs and from
7.0 to 7.9 MHz in 3-methyl-1,4-naphthoquinone derivatives in
liquid and solid organic solvents (see Table 2 in ref 6).
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In contrast to these results, the isotropic constant varies
significantly in proteins (Table 4). The coupling a ~ 10—11

Table 4. Comparison of Experimental and Calculated 'H
Isotropic Hfi Couplings for Methyl Protons of the
Semiquinones in Selected Q_Sites

site quinone Ay MHz  acy, MHz ref
Q. RC UQ-10 45-50 43 54
31, 55"
Qs RC UQ-10 54-58 S8 56°
31, 57°
A PSI phylloquinone ~ 9.8—9.94 9.4 58¢
59, 607
Qu cyt bo, UQ-s 10-11 92 20¢
15?
Qy D75H cyt UuQ-8 8.0 8.2 20
bos 16°
Qy cyt aa, MQ-7 110 14.1 (10.0) thiésbwork,”
Qu R70H ¢yt MQ-7 12.8 104 this work
aa,

“Computational publication. "Experimental publication.

MHz was found for the methyl protons of SQy in cyt bo; and
cyt aas-600 and the A, center of the PS L*'*°”* The couplings
~8—9 MHz in D75E and D75H mutants are still 1.5 times the
values in alcohol solutions.”’ By comparison, the SQy; in the
R70H mutant possesses the largest value of the isotropic
coupling for the methyl protons of 12.8 MHz, though an
increase of the coupling relative to the corresponding value in
frozen solution is still slightly higher for UQ_in cyt bo; (1.85 +
0.15) than for MQ in R70H (1.7 + 0.1). The asymmetrical H-
bonding pattern exhibited by the SQ_ in these proteins is the
opposite of that found for the SQ, in the bacterial RC from Rb.
sphaeroides. The isotropic coupling of the methyl protons is
~4.5—5.0 MHz in the SQ,, that is, smaller than that of an anion
radical in solution and consistent with the stronger hydrogen
bond donation to the O4 oxygen than the Ol oxygen.’’ In
addition, the methyl protons for the SQ_of the MQ-9 in the Q,
site of the RC from Rhodopseudomonas viridis have an isotropic
constant that is not quite as large, ~6.8 MHz.°' This is even
smaller, 5.5 MHz, for MQ-8 in NarGHL®* These data suggest
the same explanation as for SQ4 above. In contrast, the stronger
hydrogen bond donation to the Ol oxygen explains the large
methyl couplings in cyt bos, cyt aa;-600, and PS 1.

In the cases discussed above, several nonequivalent hydrogen
bonds are formed between the SQ oxygens and protein
residues. A cumulative effect resulting from the common
influence of H-bonds of different geometries and strengths
leads to the asymmetrical redistribution of unpaired spin
density in the SQ. DFT calculations taking into account all H-
bonds around the SQ can provide a good model of the spin
density distribution as well as an explanation for the
experimentally observed hfi couplings and these are discussed
below.

DFT Calculations on Model Compounds. Our models
used for DFT calculations were generated using the
homologous cyt boy Qy site crystal structure pdb 1FFT” as a
starting point for the residue positions (no structure is currently
available for cyt aa;-600). The WT cyt aa;-600 SQy was
modeled with hydrogen bonds from the carboxylic acid OH
group of D74 and the N, H guanidium group of R70 to O1 and
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N.H of the imidazole group of H94 to O4. For the R70H
mutant, the guanidium group representing the side chain of
R70 was replaced with an imidazole group representing the
histidine interaction. It should be emphasized that in the
absence of accurate structural data for cyt aa;-600, we can only
explore idealized small models with full or partial geometry
optimization. Therefore, it is unlikely that the correct
positioning and orientation of the H-bonds with respect to
SQy are reproduced. Nevertheless, by comparing different
models, the calculated values can provide valuable insight into
understanding how the EPR data reflect structural differences
between WT and R70H.

The following four calculations were performed: (a) full
geometry optimization of an isolated model of the SQ with no
hydrogen bonding to O1 or O4, (b) full geometry optimization
of the WT model described above, (c) single-point calculation
of WT model in which the hydrogen bond between the O1 and
the N.H fragment of the guanidium group representing R70
was fixed at 2.5 A with all other geometric parameters held at
their fully optimized values (designated “WT-1”), and (d) full
geometry optimization of an R70H mutant model in which the
guanidium group representing R70 in WT is replaced by an
imidazole group representing the histidine mutation.

The calculated Miilliken spin densities on the SQ ring are
given in Figure 8. A symmetrical spin density distribution for

0.24

0]

0.24
(a) Isolated

0]
0.17

() WT-1 (d) R70H

Figure 8. Calculated Miilliken spin densities for isolated, WT, and
R70H mutant models. For comparison purposes ubiquinone
numbering is used; bottom oxygen is O1. R is CH3;CH, or CHj; no
difference in spin populations are found between these substituents.

the SQ ring is displayed for the isolated model. Compared with
the isolated model, the SQy site models show the expected
polarization of spin due to stronger hydrogen bonding at the
O1 oxygen. Polarization is largest for the fully optimized WT
model. The modified wild-type model (WT-1), in which the
hydrogen bond to R70 has been elongated, exhibits a similar
polarization of spin as the R70H mutant model.
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The validities of the models can be tested by comparison of
the calculated '*N (Table 5) and proton CH; (Table 6)
couplings with the experimental EPR data. For the R70H
model, the calculated values are in good agreement with the
experiments. However, for the WT protein the extensive
polarization of the SQ calculated for the fully optimized model
is not supported by experimental values for either '*N or CH,.
Instead, better agreement with the experimental "*N and CH;
couplings is observed using the longer 2.5 A R70 H-bond
interaction of the WT-1 model.

As described above, several exchangeable 'H hfi couplings
were identified, presumably from hydrogen bonded protons in
both the WT and R70H mutant. In the case of WT, 2D
ESEEM identified two protons with anisotropic constants T =
5.6 and 2.9 MHz.° Table 6 shows that the calculated values of T
(=T33/2) for the three hydrogen bonded protons for WT from
R70, H94, and D74 are 5.2, 3.1, and 3.4 MHz, respectively. For
WT-1, the corresponding calculated T values are 1.6, 3.8, and
3.4 MHz, which are in worse agreement with the experimental
values than the WT model. This demonstrates the limitations
of the DFT model used here without the availability of the
correct crystal structure. Nevertheless, as indicated above, the
WT-1 model is in better agreement with the overall spin
density distribution observed experimentally, so we take this to
be the better representation of the real system. For the mutant
R70H, three distinct exchangeable protons having T values of
5.6, 4.5, and 3.5 MHz were determined from an analysis of the
"H HYSCORE spectrum (Table 2). Calculated T values for our
R70H model (Table 6) are 4.1, 3.3, and 3.9 MHz for H70, H94,
and D75, respectively, which are in qualitative agreement with
the experiment.

In summary, the DFT data show that the hydrogen bonding
interaction of the MQ_ SQy with the guanidium group of the
R70 residue in cyt aaz-600 is weaker than the equivalent
interaction between R71 and UQ SQy in cyt bos. This can be
explained by a longer hydrogen bond formed to R70 in cyt aa;-
600. The R70H mutation in cyt aa;-600 results in a more
optimal hydrogen bond to the menaquinol O1, increasing the
asymmetry of the spin density distribution in SQy. In contrast,
the equivalent R71H mutation in cyt bo; forms a less optimal
hydrogen bond, which precludes formation of SQy as well as
quinol oxidase activity.'’ Although the R71H mutant of cyt bo,
does not form a stable semiquinone,'’ the D75SH mutant of cyt
bo;, which is also inactive, does form a semiquinone, which
does have a more symmetrical spin density distribution based
on a comparison of the 'H methyl couplings™ (Table 4).

Pure “a-Strain” Resolution in Two-Dimensional
Spectra. Analysis of the EPR line width of metallocomplexes
and clusters in frozen solutions and proteins has previously
shown that in many cases the line width scaled approximately
with the microwave frequency. It was proposed that frequency
(field) dependent contributions to the line width originate from
the g-tensor distribution. This phenomenon is more commonly
referred to as “g-strain”.’’~*' In addition to the g-strain, a
distribution of hyperfine couplings, that is, A-strain, was also
reported.”” The importance of this conclusion is that any
chemical structure including a protein cannot be considered
uniquely trapped in a solid state but contains a distribution of
structures that gives rise to g- and A-strain. However, in one-
dimensional spectra, several factors usually contribute to the
line width and significant efforts are needed in order to
determine pure contributions from g- and A-strain.
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Table 5. Calculated "N Isotropic Hyperfine Couplings (a;,,), Nuclear Quadrupole Coupling Constant (K), and the asymmetry

parameter (1), for the Qy site cyt aa;-600 Models”

WT (WT-1) R70H
diso K n Giso K n
R70-N, 3.5 (L.0) 0.8 (1.0) 0.6 (0.3) H70-N 1.8 0.5 0.1
R70—Ny 0.0 (1.2) 11 (L1) 0.3 (0.3)
R70—Ng 0.3 (0.3) 1.1 (1.1) 0.2 (0.3)
H94-N -0.5 (0.2) 0.5 (0.5) 0.1 (0.1) H94-N —-0.6 0.5 0.2

“a;, and K are in MHz. Values for WT-1, which denotes model with elongated hydrogen bond to R70, are given in parentheses.

Table 6. Methyl and Hydrogen Bonded 'H Isotropic (a,
Site Models Described in Text”

) and anisotropic (T,,) Hyperfine Couplings Calculated for the Qy

isolated WT(WT-1) R70H
position T35 Ty Tiy Aiso Ts3 Ty Ty Aiso T3z Ty Ti Aiso
CH, 2.6 69 3.0 (27) 14.1 (10.0) 2.7 104 (12.8)
-13 —1.5 (-14) —14
-13 —1.5 (—14) ~14
R70-NH,/H70-NH 10.3 (32) —0.1 (0.0) 82 -02
-5.6 (-17) -43
—48 (-1.5) -39
H94—NH 62 (7.6) -0.6 6.5 —0.7
—34 (-39) -37
27 (-3.8) 29
D75—COOH 6.8 (6.8) 0.0 7.8 —04
-3.6 (-3.5) —4.0
32 (=32) -38

“All values are given in MHz.

The hfi tensor of '*N, from H70 H-bonded with the SQy; in
cyt aa;-600 corresponds with very high accuracy to a special
case satisfying the condition 12a + Tl = 4vsy (asy ~ 2.87 MHz,
Ty & 0.28 MHz, vy = 1.5 MHz). In this case, one of the
nuclear frequencies possesses a constant value 13T/4l for all
orientations of the magnetic field relative to the principal axes
of the hyperfine tensor, which suggests an appearance of the
cross-features in both quadrants of the 2D spectra in the form
of straight line segments parallel to one of the axes. However, in
contrast to this expectation, the cross-features in the
experimental spectra exhibit a curvature not in accordance
with the theoretically predicted line shape for a single I = 1/2
anisotropic hfi (Figures 3 and 4).””** Theory predicts a value of
frequency 13T's/4l &~ 0.2 MHz only, and one can suggest that
variations of the hfi coupling of the same order would give a
comparable contribution to this frequency and will change the
line shape of the cross-features. In agreement with this
assumption, the experimentally observed cross-feature line
shape was reproduced in the calculations with a distribution for
the isotropic hfi coupling. Changes in a were targeted as the
potential cause of the nonideal line shapes in the HYSCORE
spectra, because we previously found a (but not T) to be very
sensitive to the histidine—SQ hydrogen bond length, resulting
in reported isotropic couplings that vary by up to a factor of ~3
(Table 3).”° Using a Gaussian distribution, the best agreement
was obtained with a standard deviation s = 0.35 MHz, that is,
slightly larger than 10% of the isotropic coupling. The
anisotropic coupling with the N, is about ten times smaller,
and variations of this coupling of a similar order are of a few
hundred megahertz only. This contribution has been ignored at
this stage of analysis.
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The isotropic coupling a = 2.87 MHz corresponds to 2s spin
density population 1.13 X 107°, based on the unit spin *N
atomic hfi constant a = 2535.4 MHz,"> and variations of the
spin density ~10~* are responsible for the observed changes of
the spectral line shape. It is interesting to note that for many
nonmetallic protein systems, no noticeable line broadenings
due to g-strain effects were observed with increasing magnetic
field strength. For instance, for the primary donor cation radical
P in RCs from Rb. sphaeroides, fields up to 24 T were applied,**
and g-strain broadening was found to be negligible. Similar
conclusions followed from a comparison of the line widths in
the EPR spectra of SQ, and SQp measured from 9 GHz and up
to 360 GHz.*"” However, in contrast to these EPR results, in
addition to the findings described in this article for SQg, we
have found the pronounced influence of a-strain on the *N
HYSCORE spectra of the SQ, in bacterial reaction centers of
Rb. sphaeroides. The a-strain in this case is responsible for an
appearance of the new lines of low intensity in the N X-band
spectra. These lines were unassigned in our previous work
based on the traditional analysis of the cross-peak line shape.*®
This effect will be considered in greater detail in a separate
publication.

Bl CONCLUSION

Cyt aa3-600 is a terminal oxidase in the electron transport
pathway that contributes to the electrochemical membrane
potential by actively pumping protons. A notable feature of this
enzyme complex is that it uses as its electron donor menaquinol
instead of cytochrome ¢, when it reduces dioxygen to water.
The enzyme stabilizes a menasemiquinone radical (SQ) at a
high affinity site Qy that is important for catalysis. One of the
residues in the Qy site that interacts with the SQy is Arg70. We
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have made the R70H mutant and have characterized the SQy
radical by advanced EPR. X- and Q-band '*"*N pulsed EPR
data and DFT calculations show that the SQy interacts with the
N, of H70 based on its quadrupole coupling constant e’qQ/h =
1.44 MHz typical for protonated imidazole nitrogens. This
nitrogen possesses a strong isotropic hyperfine coupling (ay =~
2.0 MHz) resulting from unpaired spin density transferred from
the SQy via a hydrogen bond bridge. This hydrogen bond
replaces the H-bond with N, from the R70 side chain in wild-
type cyt aa;-600. The mutation also changes the number and
strength of the hydrogen bonds in the SQy environment as
determined by the analysis of the 'H 2D ESEEM spectra.
However, the R70H mutation still retains significant asymmetry
in the unpaired spin density distribution as follows from the
value of the 'H methyl isotropic coupling equal to 12.8 MHz.
Despite the alterations in the immediate environment of the
SQyy, the R70H remains catalytically active. This is in contrast
to the equivalent mutation in the close homologue, the cyt bo;
ubiquinol oxidase from E. coli, where the similar R71H
mutation eliminates function.

The reasons for the different biochemical consequences of
the equivalent mutations in cyt bo; and cyt aa;-600 are not
evident and will require further studies. There is a correlation
between the enhanced menaquinol oxidase activity of the R70H
mutant of cyt aa;-600 and the increased asymmetry of the spin
density distribution in the SQy; compared with the WT. This is
consistent with the effect of the D7SH mutation of cyt bos,
which forms a stable SQy with reduced asymmetry of the spin
density distribution and which is not enzymatically active.”’
Unfortunately, the inactive R71H mutant of cyt bo; does not
form a stable SQy. Recognizing the limited data, so far the
experimental data supported by DFT calculations indicate a
correlation between quinol oxidase activity and a strong
asymmetry of the unpaired spin density distribution (and,
hence, charge distribution) in the SQy, which is regulated by
the hydrogen bond network. On the other hand, the retained
(or enhanced) activity of the cyt aa;-600 R70H mutant but not
in the cyt bo; R71H mutant might also be due to the much
lower midpoint potential of the menaquinol substrate
compared with the ubiquinol substrate used with cyt bo;. The
WT cyt aa;-600 does not utilize ubiquinol as a substrate, but
further work on cyt bo; mutants with different substrates could
help clarify how these mutations alter enzyme function. These
topics could be addressed more deeply with the availability of
high-resolution structures of cyt bo; and cyt aa;-600. The
structures would provide more precise knowledge of the
quinone location in proteins and lead to a more accurate
modeling of the SQy state in both WT proteins and mutants
using magnetic resonance data reported in this and previous
publications.
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