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Probing the Menasemiquinone Binding Mode to Nitrate
Reductase A by Selective ’H and "°N Labeling, HYSCORE

Spectroscopy, and DFT Modeling

Maryam Seif Eddine,”” Frédéric Biaso,” Rodrigo Arias-Cartin,” Eric Pilet,®“ Julia Rendon,”
Sevdalina Lyubenova,” Farida Seduk,™ Bruno Guigliarelli,”’ Axel Magalon,” and

Stéphane Grimaldi*®

In vivo specific isotope labeling at the residue or substituent
level is used to probe menasemiquinone (MSK) binding to the
quinol oxidation site of respiratory nitrate reductase A (NarGHI)
from E. coli. °N selective labeling of His"’Nd or Lys'°NC in com-
bination with hyperfine sublevel correlation (HYSCORE) spec-
troscopy unambiguously identified His'°No as the direct hydro-
gen-bond donor to the radical. In contrast, an essentially aniso-
tropic coupling to Lys"°NT consistent with a through-space
magnetic interaction was resolved. This suggests that MSK
does not form a hydrogen bond with the side chain of the
nearby Lys86 residue. In addition, selective *H labeling of the
menaquinone methyl ring substituent allows unambiguous

1. Introduction

Isoprenoid quinones are amphiphilic molecules found in nearly
all living organisms in which they act as key players in bioener-
getic processes.”! They are, for example, involved in the cou-
pled electron/proton transfer reaction in bacterial and plant
photosynthesis and in the energy transducing membrane pro-
teins of mitochondrial or prokaryotic respiratory chains. Al-
though all characterized isoprenoid quinones bear a ring
moiety with two oxygen atoms at positions 1 and 4, their
structure and redox properties can significantly differ. The
great majority of biological isoprenoid quinones belong to the
benzoquinones (e.g., ubiquinones or plastoquinones) or to the
naphthoquinones types (e.g., phylloquinones or menaqui-
nones (MK)).” Among them, low redox potential menaqui-
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characterization of the H—and hence of the 'H—methyl iso-
tropic hyperfine coupling by ?H HYSCORE. DFT calculations
show that a simple molecular model consisting of an imidazole
NO atom in a hydrogen-bond interaction with a MSK radical
anion satisfactorily accounts for the available spectroscopic
data. These results support our previously proposed one-sided
binding model for MSK to NarGHI through a single short hy-
drogen bond to the NO of His66, one of the distal heme axial
ligands. This work establishes the basis for future investiga-
tions aimed at determining the functional relevance of this
peculiar binding mode.

nones (or vitamins K,) are the most widely distributed qui-
nones in living organisms and most likely represent the ances-
tral quinones present in the Last Universal Common Ancestor
of prokaryotes.>® The crucial role of isoprenoid quinones in
bioenergetics relies mainly on two properties: (i) their soluble
character in biological membrane lipid bilayers conferred by
their apolar hydrophobic side chain that can vary in length, in
the degree of saturation, and in the presence of additional
groups; (ii) the redox properties of their aromatic ring, which
can easily and reversibly oscillate in physiological conditions
between three different oxidation states with different proto-
nation levels: the oxidized deprotonated quinone state, the in-
termediate semiquinone (SQ) form, which can be anionic
(SQ7) or neutral (SQH’), and the fully reduced and protonated
quinol state.

Quinones interact with bioenergetic complexes within well-
defined protein sites (called Q sites) where they transiently
bind and exchange with the Q-pool, or act as a permanently
bound cofactor, which is possibly involved in intramolecular
electron transfer. Previous studies on photosynthetic and respi-
ratory complexes have shown that the Q site properties can
drastically modify the quinone chemical properties and there-
fore the Q site reactivity, hereby contributing to define the di-
rectionality of the electron transfer mechanism in a particular
enzyme or its specificity towards quinones.® Importantly,
modulating these interactions allows to tune the stability and
the lifetime of the highly reactive semiquinone intermediate,
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which contributes to cellular oxidative stress owing to its high
reactivity towards dioxygen.®® A crucial parameter for these
interactions is the formation of hydrogen bonds between the
quinone oxygens and surrounding amino acid residues. Under-
standing the factors that finely tune the Q site reactivity re-
quires obtaining high-resolution information on protein—qui-
none interactions. This is a challenging task because of the
size and the membranous nature of the bioenergetic com-
plexes, but also because of the transient character of the inter-
actions and the complex chemistry that occurs in Q sites.
Hence, only a few high-resolution crystal structures of these
complexes with bound quinones are available and the charac-
terization of structural modifications occurring in the Q site
during enzyme turnover remains challenging.”

In this context, spectroscopic techniques such as electron
paramagnetic resonance (EPR) and in particular hyperfine spec-
troscopies for example, electron nuclear double resonance
(ENDOR), electron spin echo envelope modulation (ESEEM)
spectroscopy, and its two-dimensional variant hyperfine suble-
vel correlation (HYSCORE) spectroscopy are powerful in provid-
ing high-resolution structural data on SQ intermediates in bio-
energetic complexes.”'*" They allow the detection of mag-
netic nuclei (e.g., naturally abundant 'H and "N) located in the
immediate vicinity of the radical such as those belonging to
the quinone itself, to the solvent, or to nearby amino acids. As-
signing the detected 'H and "N nuclei to a particular chemical
group is not straightforward. For this purpose, various strat-
egies have been used, including (i) uniform enrichment of the
protein in 2H'>™ or >NI'-22 or of the solvent thanks to H,0/
’H,0 exchange experiments;'>?-?¥ (i) theoretical calculations
of hyperfine and quadrupolar parameters,"*2*=33 (jii) reconstitu-
tion experiments using exogenous quinones with various sub-
stituents or chemically labeled with 2H,?*** and (iv) compari-
son with spectroscopic data obtained on model SQs measured
in organic solvents.*>=% A direct and more physiological strat-
egy relies on in vivo isotope labeling of individual amino acids
or sets of amino acids, which, however, requires engineered
auxotrophic strains supplemented with isotopically enriched
amino acids.***? With this strategy, selectively '°N-labeled cyt
bo, samples from E. coli were used in "N HYSCORE experi-
ments to identify the amino acids interacting with the stabi-
lized ubisemiquinone species bound at the high affinity qui-
none binding site (Qy) of the wild-type enzyme or in a Q-site
mutant.*** A reverse labeling approach in which this enzyme
was uniformly °N-labeled except for selected amino acid types
has also been used.””

In this work, H and "N in vivo selective labeling is used to
resolve quinone-protein interactions in the respiratory nitrate
reductase (Nar) from E. coli, a widely distributed prokaryotic
enzyme that allows anaerobic respiration with nitrate as a ter-
minal electron acceptor. This membrane-bound heterotrimeric
complex (NarGHI) couples the oxidation of membrane quinols
at a periplasmically oriented Q site to the cytoplasmic two-
electron reduction of nitrate into nitrite.””*¥ NarGHI turnover
induces a net translocation of protons across the membrane,
which contributes to maintaining the transmembrane proton
gradient that drives, for instance, ATP synthesis. The NarG cata-
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lytic subunit holds the Mo-bis-pyranopterin guanosine dinucle-
otide cofactor and a FeS cluster.*® The electron transfer sub-
unit NarH harbors four FeS clusters. Finally, the cytoplasmically
exposed NarGH subunits are connected to the membrane-inte-
gral Narl, which has two b-type hemes termed b, and b, ac-
cording to their respective distal and proximal positions with
respect to the nitrate reducing site.®® The metal cofactors
form a chain of electron transfer relays from the quinol oxida-
tion site Qg in Narl to the molybdenum atom.

By combining site directed mutagenesis experiments, redox
potentiometry, and EPR techniques, we have demonstrated
that E. coli NarGHI stabilizes in the Qp site the semiquinone
form of the three respiratory quinones available in this organ-
ism, namely menasemiquinone (MSK), ubisemiquinone (USQ),
and demethylmenasemiquinone (DMSK).'®%3%31 Moreover,
their radical intermediates exhibit a similar interaction with a
single "N nucleus in their N HYSCORE spectra. The nuclear
quadrupole parameters (i, 7) were accurately determined by
3 GHz ESEEM/HYSCORE experiments for the MSK at the Qg site
(hereafter referred to as MSKp), leading to (x, #7)=(0.49 MHz,
0.5). We previously assigned this nitrogen to the heme b, axial
ligand His66 based on the following observations: (i) these (i,
1) values are very close to those measured for N§ histidine ni-
trogens, that is, (k, 7) =(0.35-0.41 MHz, 0.61-0.82) according to
literature data;"®™ (i) although no crystal structure of the
enzyme has been solved with a bound quinone, a structure of
NarGHI in complex with an inhibitor, pentachlorophenol (PCP),
is available, with its hydroxyl group involved in a hydrogen
bond with His66 N&,* (i site-directed mutagenesis experi-
ments indicate that no MSK is stabilized in NarGHI mutants
lacking heme by or when Lys86, a residue located in the Qp
site (Figure 1A), is substituted into Ala,***® and (iv) no His resi-
due other than His66 is present in the NarGHI Qg site. Howev-
er, direct evidence for the attribution of this nitrogen is still
lacking and the role of Lys86 remains to be elucidated.

Interestingly enough, high-resolution EPR studies performed
on MSKp in combination with H,0/°H,0 exchange experiments
resolved hyperfine interactions with two nonexchangeable
protons (H1 and H2) that likely correspond to methyl and
methylene protons.”® Corresponding hyperfine couplings were
estimated from contour line shape analysis of '"H HYSCORE
spectra. This led to two possible solutions for the H1 isotropic
hyperfine coupling constant [|A,,|(H1)=6.8 or 5.5MHz].
Based on its characteristics, that is, a predominant isotropic hy-
perfine coupling and a weak hyperfine anisotropy that is com-
parable to that found in the literature for methyl protons,®
this coupling was attributed to the three equivalent methyl
protons substituting the MK aromatic ring. Accordingly, the
preferred hyperfine set for these protons was (A, T)(H1)=
(£5.5, +£1.25) MHz. However, this unusually small isotropic
value reflects a singularly low spin density on the quinone
carbon o carrying the methyl group. This was ascribed to
strong asymmetry of the MSKy binding mode, leading to a low
spin density on the carbon ortho to the hydrogen-bonded
oxygen. In addition, H2 with (A, T)=(+1.0, £1.2) MHz was
tentatively assigned to one of the -methylene isoprenyl pro-
tons. Moreover, a single exchangeable proton coupling (H3)
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Figure 1. A) Detailed view of the NarGHI PCP binding site (PDB entry: 1Y4Z).“*! The b, heme, PCP, and side chains of residues forming the Q, site and dis-

cussed in this work are shown in stick rendering. B) Working model of MSK,, binding based on our previous spectroscopic work."

18.23.46] Strongly asymmetric

binding of the radical occurs through a short in-plane hydrogen bond to the His66 No, whereas Lys86 does not appear to be a direct hydrogen-bond donor
to the intermediate. The MSK, 04 oxygen is deprotonated. Surrounding nuclei selectively enriched in °N or ?H in this work are colored in red. The numbering

of carbon atoms in the menaquinone ring is also indicated.

was detected by 'H HYSCORE or Q-band *H pulsed ENDOR.
Based on (i its almost zero isotropic contribution [A,,(H3)
~0.06 MHz] (i) its large anisotropy [T(H3)~5.7 MHz], and
(i) on the quadrupole coupling constant of the corresponding
exchanged deuteron [k(*H3)~0.18 MHz], it was assigned to a
proton involved in a short (1.6 A) in-plane hydrogen bond
between the O1 oxygen and the N of the interacting His resi-
due. Altogether, these results were interpreted by a model in-
volving single-sided hydrogen bonding to the quinone oxygen
01, according to the atom numbering shown in Figure 1B.

In this work, to overcome the existing uncertainties concern-
ing the MSK; binding mode, we employed two selective label-
ing strategies: (i) we directly identified the hydrogen-bonded
nitrogen atom and probed the role of the nearby Lys86 resi-
due in the MSK; binding mode by using °N selective labeling
of NarGHI on His with >N on No or on Lys with "N on N,
(i) we unambiguously identified the isotropic hyperfine charac-
teristics of the MSK, methyl protons by employing *H selective
labeling of the methyl substituent of menaquinone and direct
detection of *H hyperfine coupling by HYSCORE. Eventually,
based on the available structural data and DFT calculations, we
provide a simple molecular model that satisfactorily accounts
for the available "*"*N and "*H hyperfine data on MSKp. Our re-
sults support an extreme asymmetry of the MSK, binding
mode.

2. Results and Discussion

2.1. "N HYSCORE Spectroscopy on NarGHI-bound MSK from
Histidine or Lysine Auxotrophic E. coli Strains

The X-band ™N HYSCORE spectrum of MSK, shown in Fig-
ure 2 A was previously described in detail."®***" It exhibits two
cross peaks (1 in Figure 2A) correlating nuclear transition fre-
quencies at 2.2 and 3.4 MHz from opposite electron spin mani-
folds. These were assigned to the two double-quantum transi-
tion frequencies from a weakly coupled N nucleus with
Aio("*N) ~ 0.8 MHz. This nitrogen produces cross peaks 2 in the
HYSCORE spectrum of MSK, measured on uniformly N en-
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riched NarGHI (Figure 2B). They have maxima at 1.0 MHz and
2.0 MHz and are centered symmetrically with respect to the
>N Larmor frequency (»("*N)a21.5 MHz). An additional promi-
nent peak 3 is detected on the diagonal at v("*N). It is contrib-
uted by "N nuclei around MSK; that are involved in weak in-
teractions with the unpaired electron. Owing to the influence
of the nuclear quadrupole interaction, no corresponding peak
is detected near v("*N) in the "N HYSCORE spectrum shown in
Figure 2A.l"*"719%1 To directly identify the origin of these sig-
nals, we constructed histidine and lysine auxotrophs from the
E. coli JCB4023 strain. Inner membrane vesicles containing
overproduced NarGHI were purified and titrated to generate
MSK; in equilibrium conditions. The X-band continuous-wave
(cw) EPR spectra of these radicals were identical to those mea-
sured for MSK;, in unlabeled or in uniformly '°N-labeled NarGHI
(not shown)."® These radicals were further studied by HYS-
CORE spectroscopy. Figure 2C shows the spectrum of MSK; in
NarGHI with "N-labeled His N&. It exhibits a single pair of cross
features correlating frequencies 1.0 MHz and 2.0 MHz, corre-
sponding to cross peaks 2. This demonstrates unambiguously
that both are produced by an interaction with a His N& nu-
cleus, in line with our previous assignment of this nucleus to
the NO of the heme b, axial ligand His66. The absence of a di-
agonal peak at v("N) in the spectrum shown in Figure 2C is
consistent with available X-ray data. Indeed, inspection of the
NarGHI crystal structures predicts that, apart from His66, the
closest His residue to MSKj is the other heme b, axial ligand,
His187, which is situated too far from the radical [rpcpoi-tisiszns
~9.8 A] to contribute to the HYSCORE spectrum shown in Fig-
ure 2C. Figure 2D shows the spectrum of MSK; in NarGHI with
>N-labeled NC in Lys. In addition to the unchanged "N fea-
tures 1 and in contrast to the spectrum shown in Figure 1C, it
resolves a diagonal peak 3" at v (°N) assighed to weakly cou-
pled Lys °NC. The homogeneous shape of this peak indicates
a negligible isotropic hyperfine coupling constant and its
width is well simulated by assuming an isotropic hyperfine in-
teraction with A,,("*N) <0.1 MHz. Hence, this nucleus does not
appear to carry any significant electron spin density. This is
consistent with a through-space interaction between the un-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Contour presentations of the low-frequency part of representative HYSCORE spectra of MSKp, by using either unenriched NarGHI (A), uniform "N en-
richment of NarGHI (B), selectively '°N-labeled NarGHI on His N& (C), or selectively '°N-labeled NarGHI on Lys NC (D). Experimental conditions: time between
first and second pulses 7, 136 ns (A) or 204 ns (B, C, D); /2 pulse length, 12 ns; & pulse length, 24 ns (A) or 12 ns with optimized amplitude (B, C, D); micro-
wave frequency, 9.6967 GHz (A), 9.6900 GHz (B), 9.6812 GHz (C), 9.6794 GHz (D); magnetic field, 345.3 mT (A), 345.1 mT (B), 345.0 mT (C), 344.8 mT (D); sample
redox potential and pH value, —141 mV, pH 8.5 (A), —104 mV, pH 7.5 (B), —147 mV, pH 8.5 (C), —139 mV, pH 8.5 (D). Simulations are shown as red contour
plots superimposed to the experimental spectrum. The spectrum (D) was simulated by considering two independent spin systems, each with a single mag-
netically coupled nitrogen nucleus."” Simulation parameters and their estimated errors are: (C) (A, T)(**N)=(0.97 £0.02, 0.300.02) MHz; (D) (A,
T)(°N)=(040.1, 0.4540.10) MHz; (A, N("*N)=(0.704+0.04, 0.204-0.02) MHz; quadrupole parameters (i, 1)(**N) = (0.42 £ 0.07 MHz, 0.50 + 0.05) with Euler

angles (0%, 1207, 30°) to the g-frame.

paired electron of MSK; and this nucleus, in agreement with
our previous experiments detecting a single exchangeable
proton magnetically coupled to MSK,. Given that Lys86 is the
only Lys residue within the Qj site, peak 3’ is assigned to Lys86
NC. These spectroscopic results are therefore qualitatively con-
sistent with the NarGHI crystal structure with bound PCP (PDB
entry: 1Y4Z), which shows a long distance between the PCP
Cl4 atom and Lys86 NT rpcpcia-iysson: = 5-9 A. Notably, the high
B-factor found at this position might reflect a functionally rele-
vant high mobility of this residue. As previously suggested, a
movement of the Lys86 side chain could occur during the
quinol oxidation mechanism and could be associated to proto-
nation/deprotonation events taking place during enzyme turn-
over, allowing protons to be released to the periplasm.!'®*
Overall, these results support our previously proposed model
of a strongly asymmetric binding mode of MSK; through a
single hydrogen bond to His66 N§.**
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2.2. *H HYSCORE Spectroscopy on NarGHI-bound MSK from
Methionine Auxotrophic E. coli Strain

To directly measure the hyperfine coupling to the methyl pro-
tons of MSKy, NarGHI was overproduced in a methionine auxo-
troph E. coli strain grown in a minimal medium supplemented
with ?H-labeled L-methionine at the side chain methyl group.
Indeed, the menaquinone methyl group originates from S-ade-
nosylmethionine in the menaquinone biosynthetic pathway. A
similar biosynthetic deuteration strategy of phylloquinones in
the cyanobacterium Anabaena variabilis allowed the identifica-
tion of hyperfine coupling to the methyl protons of the photo-
system 1 secondary electron acceptor A, by using 'H
ENDOR."? In addition, a similar approach using selectively *C-
labeled methionines allowed selective *C enrichment of the
methyl and methoxy substituents of ubisemiquinone bound at
the cyt bo; Q, site from E. coli or at the bc, complex Q; site
from Rhodobacter sphaeroides.”>** NarGHl-enriched inner
membrane vesicles were purified from the methionine-defi-
cient strain mentioned above, titrated, and studied by EPR
spectroscopy. The cw EPR spectrum of a sample poised at

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. EPR spectra of menasemiquinone radicals without (dashed trace)
or with 2H-labeled methyl group (solid trace) stabilized in NarGHI-enriched
membranes from E. coli. Experimental conditions: sample redox potential,
—156 mV and —158 mV for MSK and C?H,-MSK, respectively; sample pH, 8.5;
temperature, 60 K; microwave power, 0.1 mW; field modulation amplitude,
0.3 mT at 100 kHz; microwave frequencies, 9.4804 GHz and 9.4089 GHz for
C?H;- or unlabeled MSKj, respectively. Magnetic fields have been corrected
with respect to an offset against a weak pitch sample.

—158 mV is shown in Figure 3. It shows an intense unstruc-
tured isotropic radical signal centered at g,,~2.0045 with a
peak-to-peak line width of about 0.6 mT assigned to NarGHI-
bound MSK;, with a ?H-labeled methyl group, hereafter referred
to as C*H-MSK,. The EPR peak-to-peak line width of C?H-
MSK; decreases by 0.2 mT with respect to that measured for
unlabeled MSK; (Figure 3, dashed trace), indicating a signifi-
cant contribution of the methyl protons hyperfine coupling to
the MSK, EPR linewidth. To increase the spectral resolution
and detect the *H hyperfine couplings, this sample was further
investigated by HYSCORE spectroscopy.

The (4, +) quadrant of a representative HYSCORE spectrum
measured with the time, 7, between the first and second
pulses of 204 ns is shown in Figure 4 in the 0 to 5 MHz fre-
quency interval. In addition to the "N cross peaks 1 discussed
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above and in our previous works,"**% 2H lines are detected.
They consist of a peak 4 located on the diagonal point (v,
v,u) Where v, is the 2H Larmor frequency, ~2.3 MHz in the ap-
plied magnetic field. Moreover, a pair of well-resolved sharp
cross peaks 5 with a circular shape is detected along the anti-
diagonal, symmetrically around (v2,, v2,). It correlates frequen-
cies 1.8 and 2.7 MHz. These peaks are assigned to the single
quantum frequencies from *H nuclei of the 2H-labeled MSK
methyl substituent. Indeed, single quantum transitions of /=1
nuclei with weak nuclear quadrupole interactions are well re-
solved in contrast to the double quantum transitions that have
very low intensity and are therefore not detected. Hence, a
correlation pattern similar to that given by nuclei with I="/, is
expected. It corresponds in the weak coupling regime (i.e.,
Ao <2v) to a pair of cross peaks symmetrically positioned
with respect to the Larmor frequency v, of the interacting nu-
cleus. Whereas the circular shape of the *H cross peaks indi-
cates a predominantly isotropic hyperfine coupling with weak
quadrupole coupling, a value A, (*H)~0.9 MHz can be estimat-
ed from the difference between the two correlated frequen-
cies. Spectral simulations have been carried out to more accu-
rately estimate the parameters, which account for the position
and the width of the *H cross peaks. As expected, their posi-
tion is very sensitive to the A, value, which is refined by using
spectral simulations to A,,(*H)=0.8540.05 MHz. Scaled to 'H,
it corresponds to A,,('H)~5.540.3 MHz. This value is in full
agreement with the A, ('H)~5.5MHz of the strongest cou-
pling to the nonexchangeable proton H1 determined from
analysis of "H HYSCORE spectra of MSK,.?*! These results there-
fore allow direct assignment of H1 to the three equivalent
methyl protons of MSKp.

The simulated linewidth of cross peaks 5 slightly exceeds
the experimental one (Figure 4B). However, a systematic and
independent variation of either T(*H) (Figure S1 in the Support-
ing Information) or x(*H) (Figure S2) indicated that these two
parameters differently affect the shape of the *H cross peaks,
therefore allowing us to estimate an upper limit value for each

Figure 4. Contour (A) and stacked (B) presentations of the low-frequency part of the HYSCORE spectrum of MSK, with ?H-labeled methyl group. Experimental
conditions: magnetic field, 345.2 mT; time between first and second pulses, 7, 204 ns, microwave frequency, 9.6914 GHz, magnetic field, 345.2 mT. A simula-
tion is shown as a red stacked plot superimposed to the experimental spectrum in panel B. Simulation parameters are: hyperfine parameters (A, T)=(0.85,
0.2) MHz; quadrupole parameters (i, 7) =(0.05 MHz, 0), Euler angles were set to 0°.
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of them. Hence, an upper limit for the anisotropic hyperfine
coupling of T(*H)~0.3 MHz can be estimated, corresponding
to T('H) <2 MHz. Again, this value is consistent with our previ-
ous analysis of 'H HYSCORE spectra of NarGHI-bound MSKp,
which led to T('H)~ 1.25 MHz for H1. In addition, spectral simu-
lations indicate that the quadrupole coupling constant of the
methyl deuterons must satisfy |« | <0.1 MHz to produce the
observed cross features (Figure S2) whereas 7 has no detecta-
ble influence.

The homogeneous shape of diagonal peak 4 at the H
Zeeman frequency indicates the presence of weak dipolar in-
teractions between the unpaired electron and additional more
distant *H nuclei. These *H most likely couple to MSK, by a
through-space dipolar interaction. An upper value of T~0.1-
0.2 MHz was estimated from simulations of the width of the
central peak. Based on the DFT estimation of the spin density
on the MSK 04 oxygen (section 2.3) of 0.22 and on Equa-
tion (1), a minimal distance of ~3-3.8 A between this methyl
deuteron and the MSK, O4 can be estimated. On the basis of
the NarGHI crystal structure with bound PCP, we assigned this
peak to the Met156 terminal CH; group whose Ce is located at
~3.6 A from the Cl4 atom of the PCP. lts side chain points
toward the PCP in the Q site and could be involved in fine
tuning the reactivity of the site toward quinones. This hypoth-
esis is currently being assessed by site-directed mutagenesis in
our laboratories. Other methionine residues are present in the
Qp, site but are too far to contribute to the detected HYSCORE
signal [recpor-werocz = 6.5 A, Tecpciamersocrs = 7.0 Al

2.3. DFT Study

DFT calculations were performed on SQ models to obtain a
structural model that accounts for the EPR spectroscopic data
on MSK,. The influence of hydrogen bonding on the SQ
electronic ~ structure  has  been  extensively  stud-
jed!3141%:29-31.33,35,36.54-59 gnd this work serves as a basis for the
present study, which focuses on g-values as well as on 'H hy-
perfine couplings, *H and "N nuclear quadrupole couplings. In
the absence of a crystal structure of the Narl subunit with
bound quinone, the starting chemical model we used in this
study is based on our previously proposed working model and
consists of a deprotonated MSK hydrogen bonded to the N&
of an imidazole ring (Figure 1B).?* This model is referred to as

0O
>
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s
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N
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Im-MSK hereafter. The Lys86 and Met156 residues are not con-
sidered here as they are too far to significantly influence the
MSKp, electronic structure.

Systematic dependencies of the spectroscopic parameters
on the geometry of the hydrogen bond have been investigat-
ed. Thus, four structural parameters were considered for geom-
etry optimizations: the O1—-H distance rq,, the in-plane hydro-
gen bond angle a, the out-of-plane hydrogen bond angle f,
and the twist angle ¢ between SQ and imidazole rings
(Figure 5). Four series of calculations, one for each structural
parameter, were performed. In each series, a single parameter
among roy, @, 3, or @ was set to a range of specific values
while the three other parameters were kept constant. The iso-
prenoid chain of the SQ was truncated after the fourth carbon
atom and oriented perpendicular to the quinone plane to min-
imize steric interactions with 04 and the methyl group.¢"

The range of explored «, 8, and ¢ values was limited by
steric constraints induced by replacing the PCP molecule in
the corresponding NarGHI crystal structure (PDB entry: 1Y4Z)
by a menaquinone, assuming that negligible rearrangements
of neighboring residues occur. The a and 8 angles were inves-
tigated in the 0°-30° range whereas the twist angle ¢ was
constrained between 0° and 45°. The hydrogen bond length
row was varied between 1.60 and 1.90 A. This range includes
the value ro,=1.62+0.02 A, which we evaluated from the
measurement of the ?H nuclear quadrupole coupling constant
of the hydrogen-bonded deuteron to MSK,.”® Eventually, a
symmetric hydrogen-bonded MSK model was also tested as a
reference, in which the SQ forms four hydrogen bonds with
four 2-propanol molecules, as expected for a free menaqui-
none in alcoholic solution.*® For this model, hereafter referred
to as IP,-MSK, only the orientation of the isoprenoid chain was
fixed, here perpendicular to the quinone plane, during geome-
try optimization.

Experimental g-values for MSK, and MSK in 2-propanol are
reported in Table 1. They are compared with those calculated
by using a representative Im-MSK model (model 6, as defined
in Table 2) or the IP,-MSK model. The calculated g-values are in
remarkably good agreement with the experimental ones, as
their difference does not exceed 3x107* In addition, the ex-
perimentally observed increase of the g-tensor anisotropy of
MSKy with respect to the situation in alcoholic solvent is rea-
sonably well reproduced in our models. In agreement with

C

Quinone
plane

s
T

Figure 5. Definition of geometrical parameters investigated by using DFT calculations for the Im-MSK model. (A) Hydrogen-bond length r,, and in-plane
hydrogen-bond angle «; (B) out-of-plane hydrogen-bond angle 3; (C) twist angle ¢ between the quinone and imidazole planes.
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spectra. Numbers in parentheses are the errors in the last digit.

Table 1. Experimental and calculated g-values for MSK radical anions in different envi-
ronments. All experimental values are determined from simulations of Q-band EPR

a. In particular, the nuclear quadrupole coupling is
strongly affected by these two parameters (Fig-
ure S3AB). This tendency was already reported by
Fritscher and co-workers.®®

previous studies,**® the SQ g, value was found to be the
most sensitive to the investigated geometrical variations. How-
ever, in all tested Im-MSK models, the g, value remained within
the range 2.0063-2.0065. This is not surprising, as the g-tensor
characteristics reflect the overall properties of the singly occu-
pied molecular orbital (SOMO). Therefore, to investigate the
MSKp binding mode in greater detail, we rely next on the cal-
culated hyperfine and quadrupolar parameters of selected
nuclei that correspond to those in the vicinity of MSK,, which
are experimentally well characterized, that is, the His66 N9,
the single exchangeable '?H and the MSK, methyl "?H.

Six representative Im-MSK models are selected that corre-
spond to the geometrical parameters listed in Table 2, whereas
the corresponding DFT-calculated hyperfine and quadrupolar
parameters are reported in Table 3.

For the imidazole N& nucleus, the most influential parame-
ters are the hydrogen-bond length rq, and the in-plane angle

9« 9y 9- 99 Reference One can notice that the out-of-plane angle has

MSKDS o 20061(1)  2.0051(1)  2.0023(1)  0.0038 [i?] ) also a significant effect on the "N hyperfine coupling
S peses | diocs Al 200 00M R | congant (compare models 1 and ). i conh-
IP,-MSK model 200584 200511 200221 000363 thiswork | Sions can be drawn for the 'H/’H hyperfine and
quadrupolar couplings of the exchangeable hydro-

gen Hy (Figure S3CD). From these results, a good

set of values is obtained for r=1.70 A, «=0°, and

Table 2. Geometrical parameters of Im-MSK models 1-6. ’6:300’ that is, model 6. The twist angle ¥ has no Signiﬁcant
influence on the calculated EPR parameters in the range of

Models fon [A] all Bl @[] values investigated therein. Therefore, the value of ¢=30°
1 1.70 0 0 0 (model 6) has been arbitrarily chosen within the range of the
2 1.90 0 0 0 possible values inferred from inspection of the NarGHI X-ray
i 1';8 30 go g structure with bound PCP. Regarding the MSK methyl group,
s 1:70 0 o 45 'H/*H hyperfine and quadrupolar couplings are slightly affect-
6 170 0 30 30 ed by the modification of the four hydrogen-bond parameters.

For all asymmetric models 1-6, the calculated A,,('Hy.) lies be-
tween 5 and 6.3 MHz (Figure S3EF), which is in excellent
agreement with the experimental value A, ('Hye) = 5.5 MHz.”*
The latter value is the smallest ever reported for methyl pro-
tons of vitamin K molecules bound to proteins or dissolved in
pl’otic SOIVentS.H6'29’34'35’39'42'63'64]

For the symmetric IP,-MSK model, the calculated A.,('Hye)
~7.5 MHz is very similar to the experimental value A, ('Hye)
~7.8 MHz determined from X-band cw ENDOR spectra of
MK,~ (4 refers to the number of isoprenoid units of the mena-
semiquinone radical anion) in 2-isopropanol.”® The A, ("Hye)
value is directly proportional to the unpaired spin density in
the SQ m orbital on the adjacent a-carbon. Therefore, the large
decrease between the value measured for MSK, compared
with that for MSK, ™ must originate from the strong asymmetry
of the spin density distribution in MSKp. This is illustrated in
Figure 6, which compares the Mulliken spin populations on the
ring carbon and oxygen atoms in the Im-MSK model and in
the IP,-MSK model. It can be seen that the stronger hydrogen

Table 3. Experimental and calculated EPR parameters for Im-MSK models 1-6. n.d.: not determined. Experimental values are from [18,23].

Models His66 No Hexch Hye
Ao(*N) K [MHZ] Ao('H) K [MHZz] Aio("H) K [MHZ]
At [IMHZ] 7 Aot [IMHZ] n Ao IMHZ] n

exp 0.80 1.96 0.06 0.18 5.53 <0.1
0.69; 0.69; 1.02 0.5 —5.67; —5.67; 11.52 0.2 4.28; 4.28; 8.03 n.d.

1 —0.53 -1.97 0.30 0.19 5.75 —0.06
—0.45; —0.56; —0.58 0.60 —247; -3.41;6.77 0.17 4.15; 4.89; 8.22 0.01

2 —0.33 —2.21 0.27 0.21 6.25 —0.06
—0.25; —0.37; —0.38 0.36 —2.02; —2.55;5.38 0.16 4.62;5.38;8.75 0.01

3 —0.31 —2.27 0.19 0.21 5.96 —0.06
—0.22; —0.35; —0.35 0.36 —1.98; —2.25; 4.80 0.17 4.35;5.08; 8.45 0.02

4 1.08 -1.95 —0.33 0.18 4.98 —0.06
0.89; 0.91; 1.43 0.63 —4.43; —4.90; 8.35 0.17 3.38;4.14; 7.43 0.01

5 —0.54 —1.96 0.30 0.19 5.66 —0.06
—0.46; —0.57; —0.59 0.61 —242; —3.43;6.75 0.17 4.06; 4.80; 8.12 0.01

6 1.20 -1.95 —0.33 0.18 5.07 —0.06
1.00; 1.03; 1.57 0.62 —4.50; —4.94; 8.46 0.17 3.46; 4.23;7.53 0.01
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Figure 6. Comparison of calculated Mulliken spin populations on the ring
carbon and oxygen atoms in MSK (with truncated isoprenyl chain) in differ-
ent environments: (A) Im-MSK model 6; (B) IP,-MSK model. Hydrogen bonds
are indicated by dashed lines. An alternative representation is provided in
Figure S4.

bond to the carbonyl oxygen O1, as compared with oxygen
04, leads to an increase of spin density on carbon 3 but a
~233% decrease of the spin density on carbon 2, which carries
the methyl group. This value is in close agreement with the
~29% decrease that was estimated in our previous work by
using the McConnell relation and the experimental A.,('Hye)
values for MSK; and for the corresponding radical measured in
2-propanol.>*%1 Qverall, despite the simple model of the
MSK; binding mode given by the Im-MSK model 6, the good
agreement between the DFT calculated and the experimentally
determined hyperfine and quadrupolar parameters shown in
Table 3 supports a one-sided binding mode for MSK.

The few protein-bound SQ intermediates characterized in
detail so far exhibit a variable distribution of the electron spin
density over the aromatic ring. This distribution ranges from
the very high asymmetry in the Q, site of type Il photosynthet-
ic reaction centers, in the phylloquinone A, site of photo-
system | or in the high affinity Qy site in cytochrome bo,, to a
more symmetric spin density as measured in the Qg site of
type Il photosynthetic reaction centers or for SQs in protic sol-
vents.'"11 2968 This observation has been discussed with regard
to the quinone electron transfer role as one-electron (Q,, A,,
and Q,) or two-electron transfer agent (Qg, quinones in vitro)
coupled to the binding or release of two protons.*” Whereas
the number of studied systems is too low for substantial con-
clusions, the present study provides an unprecedented exam-
ple of a quinone with an extremely high asymmetric spin den-
sity distribution for the MSK; intermediate whereas menaqui-
nols in the Qp site are in dynamic equilibrium with the quinone
pool and bind to release two electrons and two protons
before unbinding in the oxidized menaquinone form. It can
therefore be concluded that the production within a Q site of
a highly asymmetric spin density distribution for the SQ inter-
mediate does not systematically translate into a role as a one-
electron transfer agent for this Q site.

Interestingly, the asymmetry in the spin density distribution
for the SQ reflects a more localized electron density distribu-
tion for the singly occupied molecular orbital of the free radi-
cal anion. Although this distribution would be expected to
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lead to a less stable SQ form compared with the symmetrical
form, the SQ stability constant measured by EPR-monitored
redox titrations at equilibrium has been shown to be particu-
larly high in the NarGHI Q, site® or in the cytochrome bo; Qy
site® ¥ in comparison with other respiratory enzymes. Clearly,
further investigations are necessary to assess the functional
relevance of the different SQ redox and electronic properties
measured in the investigated protein Q sites.

3. Conclusions

HYSCORE measurements performed on NarGHI samples pre-
pared by using in vivo selective enrichment strategies in *H or
>N nuclei provide direct evidence for the binding of MSK; to a
His NO assigned to the heme by, axial ligand His66. In addition,
our results are consistent with a through-space interaction be-
tween the Lys86 NC and the radical. Finally, the isotropic hy-
perfine coupling constant of the freely rotating methyl protons
is unambiguously determined from the measurement of the
corresponding parameter on the semiquinone intermediate
with selective deuteration of the menaquinone methyl group.
It has the lowest value measured so far for methyl protons of
vitamin K molecules (i.e., menadione, menaquinones, and phyl-
loquinones) bound to proteins or dissolved in protic solvents.
DFT calculations were performed by using a simple model of
the Qg site consisting of a menasemiquinone anion hydrogen
bonded to an imidazole ring. Calculated EPR parameters are in
good agreement with the available experimental data on
MSK,, showing that the presence of a single short hydrogen
bond can fully account for the asymmetry of the spin density
distribution in the radical anion MSKy"™ inferred from our work.
Further investigations are necessary to understand the func-
tional significance of the extremely asymmetric binding mode
of MSKo,.

Experimental Section
Bacterial Strains, Plasmids, and Growth Conditions

The E. coli strains and plasmids used in this study are described in
Table 4. E. coli strains were routinely grown aerobically in lysogeny
broth (LB) lennox medium at 37 °C supplemented with antibiotics
when necessary. Auxotrophic strains were constructed by inactiva-
tion of selected genes with a kanamycin resistance cassette. The
metA, hisG, and lysA genes were inactivated by replacement in the
nitrate reductase-deficient JCB4023 strain®® by using Bacterio-
phage P1 transduction?® from the JW3973, JW2001, and JW2806
strains of the Keio collection, respectively.”" Each transductant
strain was selected in LB broth lennox medium supplemented with
casaminoacids (0.05%) and containing kanamycin (30 pgmL™") and
spectinomycin (25 pgmL™"). Deletion of the metA, hisG, and lysA
genes was verified by the Met, His, and Lys auxotrophic pheno-
types, respectively.

The Met auxotrophic LCB3766 strain was used for selective *H-la-
beling at the methyl groups of endogenous menaquinones, where-
as the LCB3514 and LCB3515 strains were used for selective "N la-
beling of Lysine and Histidine aminoacids, respectively. Notably, *H-
labeling of methyl groups belonging to the isoprenoid side chain
likely occurs as well.“74
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T ) T E580 spectrometer equipped with an ER4118X-MD5 die-
Table 4. . coli strains and plasmid used in this study. lectric resonator and an Oxford Instruments CF 935 cryo-
Strains/plas-  Description Reference/ stat. This four-pulse experiment (t/2-t-m/2-t,~m—t,~7t/2-
mids Source 7-echo) was employed with appropriate phase-cycling
— schemes to eliminate unwanted features from the exper-
E: coli strains imental electron spin echo envelopes. The intensity of

JCB4023 RK4353 narG:ery AnapA-B,narZ:Q, spcR [70] .
BW25113 lacl q rmB T14 AlacZ W16 hsdR514 AaraBAD AH33  [73] the echo after the fourth pulse was measured with
ArhaBAD LD78 varied t, and t, and constant 7. HYSCORE data were col-
JW2001 BW25113 AhisG788:kan 721 lected in the form of 2D time-domain patterns contain-
JW2806 BW25113 AlysA763:kan [72] ing 256 X256 points. They were recorded at 90 K and at
JW3973 BW25113 AmetA780:kan [72] the magnetic field value corresponding to the maximum
LCB3514 RK4353 narG:ery AnapA-B,narZ:Q AlysA763:kan this work intensity of the MSK signal measured in a two-pulse field

LCB3515 RK4353 narG:ery AnapA-B,narZ:Q AhisG788:kan this work sweep electron spin echo sequence (7t/2-7-rt-t—echo).

LCB3766 RK4353 narG:ery AnapA-B,narZ:Q AmetA780:kan this work

Plasmid HYSCORE spectra were processed by using Bruker’s Xepr
pVA700 pJF119EH narGHJI, ampR [74] software. Relaxation decays were subtracted (fitting by
[*] Resistance cassettes: spcR: spectinomycin, kan: kanamycin, ampR: ampicillin. .pOIYan'aI functl.ons) followed by zero-fllllng. and taper-
ing with a Hamming window, before 2D Fourier transfor-

For NarGHI overproduction, the strains were transformed with the
pVA700 plasmid and grown semi-aerobically at 37°C in defined
minimal medium®" supplemented by either [methyl-*H] methio-
nine (35 pM, isotope purity 98%, Cambridge Isotope Laboratories,
Inc), L-lysine-e-""N-2HCl (136 um, isotope purity 98%, euriso-top),
or r-histidine-6-">N-HCI-H,0 (142 um; isotope purity 98%, euriso-
top) and by 0.2 mm of isopropyl 1-thio-f3-p-galactopyranoside to
induce the narGHJI expression. Typically, cells were first grown aer-
obically at 37 °C until stationary phase in 60 mL LB medium supple-
mented with casaminoacids (0.05%) and containing kanamycin
(30 pgmL™"),  spectinomycin  (25ugmL™"), and  ampicillin
(100 ugmL ™). Then, cells were used to inoculate (starting optical
density (OD)=0.1) a 500 mL overnight semi-anaerobic preculture
by using a the above-mentioned defined minimal medium®" with
kanamycin (15 ugmL~") and ampicillin (50 pgmL™"). The preculture
was harvested by centrifugation, washed twice with minimal
medium, and resuspended to an OD~0.1 in 2.5 L of fresh minimal
medium supplemented with the desired labeled amino acid and
ampicillin (50 ugmL™").

Preparation of Membrane Fractions and of Selectively
Labeled Samples

Purified E. coli NarGHI-enriched inner membrane vesicles (IMVs)
were prepared as described previously elsewhere,* by using a
buffer containing 100 mm MOPS (3-(N-morpholino)propanesulfonic
acid) and 5mm EDTA (ethylenediaminetetraacetic acid) at pH 7.5
or pH 8.5, frozen in liquid N,, and stored at —80°C until use. The
NarGHI concentration in IMVs was estimated by the rocket immu-
noelectrophoresis method.”>’® The nitrate reductase concentration
was =170 pm in the -lysine-e-""N-2HCI sample, and ~210 um for
the L-histidine-8-""N-HCI-H,0 sample. Stabilization of MSK, was
achieved through redox titrations under the same conditions as
those used in our previous work.*? Redox potentials are given in
the text with respect to the standard hydrogen electrode.

EPR and HYSCORE Measurements

X-band continuous wave (cw) EPR experiments were performed
with a Bruker EleXsys E500 spectrometer equipped with an
ER4102ST standard rectangular Bruker EPR cavity fitted to an
Oxford Instruments helium flow cryostat. 2D HYSCORE experiments
were carried out on the same samples by using a Bruker EleXsys
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mation, which finally gives the spectrum in the frequen-

cy domain. Processed data were then imported into
Matlab (The MathWorks Inc., Natick, MA) for plotting. HYSCORE
spectra are shown in absolute value mode and are presented as
contour plots together with the skyline projection on the two fre-
quency axes.

Spectral Simulations

Numerical simulations of HYSCORE spectra were performed by
using the EasySpin package (release 5.01.12) that works under
Matlab (The MathWorks, Inc., US).”””® For the simulation of HYS-
CORE resonances given by quadrupolar nuclei, Euler angles, which
describe the orientation of the P tensor with respect to the molec-
ular frame (analogous to the g frame), were used. The A and g
frames were assumed to be collinear.

DFT Calculations

All calculations have been performed with the Orca 3.0 quantum
chemistry package” at a DFT level of theory, by using the B3LYP
hybrid functional (the Becke's three-parameter hybrid exchange
functional with 20% Hartree-Fock admixture and the Lee-Yang-
Parr non-local correlation functional). A restricted geometry optimi-
zation has been performed in vacuo on each model with the def2-
SVP basis set.®*®" The resolution of identity with the appropriate
auxiliary basis sets was used to accelerate the calculations.®? The
optimized structures have then been used as input for electronic
and magnetic properties calculations, by using the EPR-Il basis
set® and employing the conductor-like screening model
COSMO® with a dielectric constant ¢ =4.0 to replicate the electro-
static effects of the protein surrounding. 'H hyperfine and °H nu-
clear quadrupole coupling constants of the methyl group were cal-
culated by averaging the raw matrices corresponding to the three
positions of the methyl protons and the eigenvalues and eigenvec-
tors were determined.

Hyperfine and Nuclear Quadrupole Interactions

A hyperfine coupling between a SQ and a nucleus with nuclear
spin value / consists in general of (i) an isotropic contribution A,,=
2U6GeFnBeBa| 10(0) |2/3h where |1,(0)|? is the electron spin density
at the nucleus, g, and g, are electron and nuclear g-factors, respec-
tively, S. and 3, are the Bohr and nuclear magneton, respectively, h
is Planck’s constant, and (i) an anisotropic contribution described
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by the dipolar coupling tensor T. The typical approach used for es-
timation of this contribution considers the dipole-dipole approxi-
mation between the nucleus and the unpaired spin density local-
ized on the nearest carbonyl oxygen of the SQ. In this case, T has
axial symmetry with principal values (A;,—T, Aio—T, Ao +2T) with T
given in Equation (1) as:

T:pogegnﬁeﬁn/hr3 :Po(b/rs) (1)

where r is the distance between the nucleus and the electron
point dipole, p, is the m spin density at the quinone oxygen, b=
12.14 MHz A® (for 2H) and 8.02 MHzA > (for "N). The hyperfine cou-
plings of different isotopes of the same element are proportional
to a very good approximation to the corresponding g, values.

2H and "N nuclei have a quadrupole moment that interacts with
the electric field gradient (EFG) at the nucleus. The components of
the EFG tensor are defined in its principal axis system and are or-
dered according to |qz| > |Gy | > |gx|. This traceless tensor can
then be fully described by only two parameters: (i) the nuclear
quadrupole coupling constant k= |e’q,,Q/h|, where e is the
charge of an electron, Q is the nuclear electric quadrupole
moment of the nucleus, (i) the asymmetry parameter 7= | gy, —qxd/
Gzz|. x is a measure of the strength of the interaction between the
nuclear quadrupole moment and the EFG at the nucleus site
owing to anisotropic charge distribution in the system whereas 7
is a measure of the deviation of the charge distribution from axial
symmetry. k and 7 are extremely sensitive to atomic and chemical
bond arrangements and are excellent probes for the identification
of bonding geometry and of the chemical group housing the
nucleus.
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