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Some classes of bacteria within phyla possess protein sensors identified as homologous to the heme
domain of soluble guanylate cyclase, the mammalian NO-receptor. Named H-NOX domain (Heme-
Nitric Oxide or OXygen-binding), their heme binds nitric oxide (NO) and O, for some of them. The
signaling pathways where these proteins act as NO or O, sensors appear various and are fully
established for only some species. Here, we investigated the reactivity of H-NOX from bacterial species
toward NO with a mechanistic point of view using time-resolved spectroscopy. The present data show
that H-NOXs modulate the dynamics of NO as a function of temperature, but in different ranges,
changing its affinity by changing the probability of NO rebinding after dissociation in the picosecond

time scale. This fundamental mechanism provides a means to adapt the heme structural response to the
Recelved Sist March 2023 i e ticular H-NOX the heme distortion induced by NO binding is relaxed i
Accepted 5th July 2023 environment. In one particular sensor the heme distortion induced by inding is relaxed in

an ultrafast manner (~15 ps) after NO dissociation, contrarily to other H-NOX proteins, providing another

DOI: 10.1039/d35c01655d sensing mechanism through the H-NOX domain. Overall, our study links molecular dynamics with
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Introduction

To adapt to environmental conditions, diverse bacteria have
developed heme-based protein sensors' to monitor changes of
dioxygen (O,) and nitric oxide (NO) concentrations in order to
trigger avoidance reactions or changes in their metabolism. The
sensing function is ensured by the b-type heme which coordi-
nates diatomics and transduces the binding information to
another protein domain.” In mammals, soluble guanylate
cyclase (sGC) is the endogenous heme-based NO receptor
expressed in the cytoplasm of many cells and converts GTP to
the second messenger cGMP.* In particular bacteria species,
heme sensors have been identified*® by sequence homology
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functional mechanism and adaptation.

with the B1-subunit heme domain of sGC (ESI, Fig. S17), sug-
gesting a bacterial origin for eukaryotic sGC.>” This domain was
named H-NOX for Heme-Nitric Oxide or OXygen-binding since
it may bind either NO® or O, (ref. 9 and 10) (but also CO").
Whereas the H-NOX domain of mammalian sGC is coupled to
a cGMP-synthase, the bacterial ones are associated either with
histidine kinase, diguanylate cyclase or methyl-accepting
chemotaxis catalytic domains."

Since their discovery, bacterial H-NOXs from three species
were particularly investigated.>****"'” The anaerobe Caldanaer-
obacter subterraneus tengcongensis (Ct, formerly named Ther-
moanaerobacter tengcongensis)'®*® lives optimally at high
temperature (75-86 °C)'® whereas the aquatic photosynthetic
bacterium Nostoc punctiforme (Np) lives on moist rock and soil
along the bottom of freshwater®® and grows preferentially in the
temperature range 15-40 °C. The mesophile and strict anaerobe
Clostridium botulinum (Cb) which possesses also a H-NOX
domain is toxic for mammals. The physiological function of
all bacterial H-NOXs is not firmly established but emerges for
some species. A sub-family of H-NOX sensors found in facul-
tative anaerobes do not form a stable complex with O,, similarly
with mammalian sGC, and are considered as specific NO-
sensors involved in the regulation of biofilm formation and/or
quorum sensing signaling.”** They include the metal
reducing Shewanella oneidensis, whose H-NOX sensor regulates
a kinase,” two Vibrio species®* and the marine species

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Shewanella woodyi whose H-NOX regulates a diguanylate cyclase
or phosphodiesterase.”**’

Sometimes considered as “models” for sGC activation,*”3
bacterial H-NOXs are involved in various signaling pathways.
Does the same activation mechanism take place in all H-NOXs?
In sGC, the binding of NO to the heme induces the bond
cleavage between the proximal histidine and heme iron, leading
to a five-coordinate Fe®" with NO (5¢-NO) which triggers
a structural change in the H-NOX domain (Fig. 1) which prop-
agates through the interface between subunits.> The bacterial
H-NOX sensors from the Ch, Np and Ct species disclose func-
tional differences with sGC and depart from each other. Np H-
NOX possesses properties of either a NO-sensor or a regulator
of redox potential®** whereas Ch H-NOX can bind the sGC
stimulator BAY-412272.*' Ct H-NOX binds O, with high affinity
whereas Np H-NOX does not bind O, but becomes oxidized.****
The large affinity of NO for Ch H-NOX* suggests a function
related to NO toxicity. Considering the large range of environ-
ments to which bacteria have adapted, one may infer that the
dynamical properties of a particular H-NOX can not be merely
transposed to others, as exemplified by truncated sGC
constructs.****

Here, we report on the heme structural dynamics of the H-
NOX sensors from Cb, Np and Ct bacteria species reacting
with NO in light of their possible role as NO-sensors compared
with mammalian sGC. Using time-resolved electronic absorp-
tion spectroscopy in the pico- to nanosecond time range, we
probed and quantified the non-equilibrium heme relaxation
and dynamics induced by NO dissociation. Since these bacteria
live in different temperature ranges, we investigated their
dynamics as a function of temperature. Especially, nitrosylated
H-NOXs can exist as a mixture of 5¢-NO and 6c-(His)-NO
liganded species, depending on the temperature, whose
proportion influences their sensing properties in contrast with
mammalian sGC which is always 5¢-NO. Our results show that
the various H-NOXs control differently the dynamics of NO as
a function of temperature and adapt their heme structural
response. Only in Ct H-NOX the heme distortion, which relaxes
in an ultrafast manner after NO dissociation, intervenes in the
sensing mechanism.
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Results and discussion
Heme coordination dependence on temperature

The absorption spectra of unliganded reduced H-NOXs exhibit
a Soret band at 431-433 nm (Fig. 2) similarly with sGC.** After
the addition of NO at 20 °C this band shifts differently for the
three proteins: to 420 nm (with a very small shoulder at 399 nm)
for Ct, 416 nm (larger shoulder at 399 nm) for Np and 409 nm for
Cb, contrastingly to nitrosylated sGC whose Soret maximum is
positioned at 399 nm.* These different positions result from
the varying equilibrium between 6c-(His)-NO and 5¢-NO heme
as a function of temperature, whereas mammalian sGC was
never observed in 6c-(His)-NO steady-state even at 4 °C and
forms a unique 5c¢-NO species.***” With a large proportion of 5c-
NO heme at 20 °C, the Ch H-NOX sensor appears the closest to
mammalian sGC. Whereas Ch and Np sensors precipitated and
oxidized at T > 55 °C, Ct H-NOX could be heated up to 76 °C
where it was mainly in the 5¢c-NO state. Consequently, we
investigated the heme dynamics of H-NOXs as a function of
temperature.

We measured time-resolved absorption by photodissociating
bound NO (excitation 50 fs pulse at 564 nm) and measuring
successive transient spectra (50 fs pulse at 375-500 nm) in the
picosecond time range (see detailed Experimental methods in
ESIT). The absolute transient spectra S(¢) were recorded at each
time delay but the difference spectra S(¢)-S, are presented to
make apparent the spectral changes (S, is the spectrum before
photodissociation of NO).

NO and heme picosecond dynamics in Clostridium botulinum
H-NOX

The heme dynamics of Ch H-NOX was probed at three temper-
atures (4, 20 and 40 °C) where it is stable. NO dissociation leads
to complex changes in the spectra depending upon the
temperature (Fig. 3 and ESI, Fig. S3t). At 4 °C the maximum of
induced absorption (positive band) is centered at 434 nm but
the bleaching (negative band) is composed of two minima at
401 and 416 nm which indicate two photo-induced species,
assigned to the disappearance of 5¢-NO species, forming a 4c

Fig. 1 The H-NOX domain. (A) Overall shape of the human dimeric soluble guanylate cyclase in its activated state (PDB file 7D9S). Grey
represents the ol subunit, blue the 1 subunit and dark blue the H-NOX domain. (B) Tertiary structure of the homologous H-NOX protein from
the bacteria Caldanaerobacter tengcongensis (PDB file 5JRV). (C) Close-up of the NO-bound distorted heme of Ct H-NOX. (D) Distortion of the
NO-bound heme of Ct H-NOX (blue) is compared with the nitrosylated heme of myoglobin (PDB file 2FRK).
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Fig.2 Temperature dependence of the electronic absorption spectra of NO-liganded Cb H-NOX (A), Np H-NOX (B) and Ct H-NOX (C). [NO] =

200 puM. Note the difference in the temperature ranges. The spectra of all

unliganded species were recorded at 20 °C. The Q-bands are displayed

in ESI, Fig. S2.1 (D) Heme coordination states involved with corresponding Soret band wavelength.

heme similarly to sGC,* and of 6c-(His)-NO, forming a 5c-His
heme similarly to myoglobin.*® As the temperature increases
up to 40 °C the 6¢-(His)-NO contribution at 416 nm disappeared
from the bleaching (Fig. 3A, D and S3At for 20 °C).

The data matrix comprises 60 spectra as a function of time
and was analyzed by Singular Value Decomposition (SVD; see ESI
Experimental methodst) in order to identify processes (spectral
components) and their evolution (kinetic components). Only two
significative components appeared in the first step of SVD
calculation and they already represent the spectra of two readily
identified processes (Fig. 3). In a second step we calculated the
spectra associated with individual species, as shown in the ESI
Appendix 1.1 The two SVD spectral components (Fig. 3B, E and
S3Bt) have very different singular values (SV1 > 10 x SV2): the
first one corresponds to NO dissociation and its kinetics
describes NO rebinding (Fig. 3C, F and ESI, Fig. S3Cf).
Comparison of the SVD1 spectra at three temperatures (ESI,
Fig. S47) directly shows the change of heme coordination after
NO dissociation. The spectrum of 4c heme is broad* and largely
overlaps that of 5c-His, so that the SVD1 component contains
both 5¢-NO and 6c¢-His-NO contributions. Accordingly, two time
constants are revealed in the fitted SVD1 kinetics (Table 1),
respectively 75 = 6.9 £ 0.2 ps for 4c + NO — 5¢-NO and 74 = 23 +
2 ps for 5¢-His + NO — 6¢-(His)-NO. The amplitude of the first
one increases from As = 81 to 91% of the total geminate
rebinding process at 4 and 40 °C, respectively (Table 1).

A very fast component is also present in SVD1 kinetics due to
excited state relaxation with time constant e, = 1.5 £ 0.2 ps (ESI

8410 | Chem. Sci., 2023, 14, 8408-8420

Table S1t). Interestingly, a recent study has identified by tran-
sient X-ray absorption a similar fast relaxation (0.9 ps) in
myoglobin attributed to heme core expansion and completion
of the iron out-of plane displacement after photodissociation of
CO,* a process which could be universal to b-type hemes.

The second spectral component SVD2 (Fig. 3E), markedly
different from SVD1, describes a shift of the Soret band from
~425 nm to 433 nm and is associated with a kinetic component
(ESI, Fig. S51) whose time constant (13 = 35 £ 4 ps) does not vary
with temperature. In SVD2 spectrum the bleaching does not
correspond to NO dissociation but to the decrease of the 4c
Soret band at ~425 nm with an increase at 433 nm. Conse-
quently, SVD2 describes the heme transition 4c — 5c-His, ie.
the proximal His rebinding which occurs whatever the
temperature. The comparison of SVD2 spectrum with the raw
transient spectra at +50 ps and that at +4 ps (ESI, Fig. S6AT)
confirms this assignment. The dissociated 4c heme mainly
interacts with NO (SVD1 process) and only a small proportion of
4c heme reassociates with proximal His and produces a low-
amplitude SVD2 component. This process was similarly
measured in cytochrome ¢*° and in sGC.*

To show the difference of induced absorption at 4 °C and
40 °C (Fig. 3A and D) we calculated the absolute spectrum of the
photoproduct at At = +4 ps (ESI, Fig. S6B¥): it is blue shifted at
high temperature when the transient 4c heme is ~100%, but is
a mixture 4c/5¢-His at 4 °C. The NO rebinding time constant (6.9
+ 0.5 ps) and the geminate yield (~99%) for Ch H-NOX are
similar to those measured for sGC.*' The predominance of 5c-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Time-resolved absorption data for NO interacting with Cb H-NOX at T =4 °C and 40 °C. The data at 20 °C can be seen in ESI, Fig. S3.1 (A
and D) Transient spectra at selected time delays after photodissociation of NO. (B and E) Spectral components from SVD analysis of the time-
wavelength matrix. (C and F) SVD kinetic components describing the evolution of spectral components with fitted parameters in ESI Table S1.1

NO in Cb H-NOX whatever the temperature is due to a small stimulator decreases this energy and facilitates the cleavage of
energy barrier for Fe>*-His bond cleavage, which explains that the Fe-His bond by NO.

binding of the stimulator BAY-412272 to Ch H-NOX can change

its conformation, similarly with sGC.** Linked to this property is

the observation that two single sGC mutants are only activated NO and heme dynamics in Nostoc punctiforme H-NOX

in the simultaneous presence of NO and the stimulator rioci- The Np H-NOX discloses similar dynamics as Cbh but in

guat, but not NO alone.” For these sGC mutants the energy j different temperature range (Fig. 4 and ESI, Fig. S71). At 4 °C,
threshold for activation by NO alone is increased, but the he evolution of transient spectra (ESI, Fig. S7AT) shows an

Table 1 Time constants and relative amplitudes of NO geminate rebinding for the three H-NOXs. The constant term corresponds to a much
longer component assigned to bimolecular rebinding

6¢-(His)-NO

H-NOX T 5¢-NO, 75 (45) 76 (A6) 74(Ay) Constant (Ac)
ch 4°C 6.7 ps (0.81) 23 ps (0.19) — (<1)

20 °C 7.1 ps (0.87) 24 ps (0.13) — (<1)

40 °C 6.9 ps (0.91) 23 ps (0.09) — (<1)
Np 4°C 5.6 ps (0.38) 32 ps (0.20) 290 ps (0.32) (0.10)

20 °C 5.0 ps (0.44) 38 ps (0.17) 309 ps (0.29) (0.10)

50 °C 5.8 ps (0.61) 36 ps (0.11) 305 ps (0.17) (0.11)
Gt 20 °C — 7.3 ps (0.78) — (0.22)

74 °C 7.0 ps (0.81) — — (0.19)

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2023, 14, 8408-8420 | 8411
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extremely small shift of the isosbestic point (423 nm) indicating
that one process largely predominates. The data matrix was
analysed by SVD (ESI, Table S2 and Appendix 11) and the
kinetics was fitted to the sum of three exponential terms (Table
1). At 4 °C, the main SVD spectral component (ESI, Fig. S7B¥)
corresponds to NO geminate rebinding to the 5c-His heme
(from 6¢-(His)-NO dissociation) which proceeds with two time
constants: 7o = 32 ps and 7, = 290 ps. The first one is due to NO
located within the heme pocket and the second one is due to NO
having left the heme pocket but still within the protein core (290
ps is too fast for diffusion from the solution). The contribution
of 5¢-NO dissociation is very small and is contained in the SVD2
component together with an even smaller contribution of 5c-
His reformation from 4c heme (tyis = 99 ps) as in sGC.** At
50 °C the large shift of the isosbestic point (420 to 426 nm) in
transient spectra (ESI, Fig. S7Gt) indicates two processes. Thus,
as the temperature raises, the relative amplitudes of NO
rebinding and of proximal His rebinding, both to the 4c heme,
increase while that of 6¢-(His)-NO decreases (Fig. 4B and Table
1) with similar time constants. Of note, NO rebinding to the 4c
heme occurs much faster (z5 = 5.8 + 0.5 ps) than that of prox-
imal His (tpis = 118 £ 19 ps).

The time constant of NO rebinding to the 4c heme is similar
for Np, Ch H-NOX (7 = 0.5 ps) and sGC (7.5 ps)** but with
a smaller yield (87% versus 99 and 96%) which indicates a lower
energy barrier for NO exiting the heme pocket. Np H-NOX is
never fully 6c-(His)-NO nor 5¢-NO whatever the temperature
(Fig. 2 and 4B) and it binds much less the sGC stimulator BAY-
412272 than does Cb.*' Its properties depart from those of sGC
and Ch H-NOX. In all H-NOXs the proximal His recombines
rapidly with the 4c heme (35-130 ps), and NO which diffuses
from the solution in the ps time range always binds to a 5c-His
heme. Consequently, the changing proportion of 5c¢c-NO/6c¢-
(His)-NO as a function of temperature influences only the NO
kog rate, but not the k., rate which involves NO from the
solution.
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NO and heme dynamics in Caldanaerobacter subterraneus
tengcongensis H-NOX

Following NO dissociation from Ct H-NOX the transient spectra
(Fig. 5) disclose more complex features than observed for the
other sensors. At 20 °C Ct H-NOX is essentially 6¢-(His)-NO and
the minimum of bleaching at 421 nm rapidly decreases due to
NO recombination to the 5c-His dissociated heme (Fig. 5A). The
maximum of induced absorption centered at 442 nm did not
shift during the first 6 ps but rapidly vanishes after 12 ps. The
large shift of the isosbestic point from 431 to 443 nm indicates
that another process takes place, at the origin of the second
bleaching centered at 429 nm which develops from ~8 ps to
~100 ps, then stays constant.

Ct is a strict anaerobe having a physiological temperature
growth >70 °C in native conditions and we thus probed the
heme-NO dynamics at 74 °C. Dissociation of NO generates the
broad bleaching centered at 400 nm (Fig. 5D) indicating that the
5¢-NO heme species is largely dominant with the minor pres-
ence of 6¢-(His)-NO at 421 nm. The bleaching at 429 nm due to
the second process is more pronounced than at 20 °C so that the
induced absorption of transient 4c heme (425-428 nm) is not
discernible.

The individual spectral components of the two processes
were identified by global SVD analysis (Fig. 5B, E and ESI
Appendix 1) with their associated kinetics (Fig. 5C and F)
which were fitted to the sum of two exponential decays and
a constant term (Table 1). We first describe the SVD2 spectrum
(smaller singular value) which represents the rebinding of NO
(Fig. 5C and F). The bleaching part of SVD2 represents the initial
6¢-(His)-NO (420 nm) at 20 °C and 5¢-NO heme (400 nm) at 74 °©
C whereas the induced absorption (443-445 nm) is due to the
5c¢-His dissociated heme at 20 °C but mainly to the 4c heme at
74 °C.

Remarkably NO recombines with a unique time constant
T = 7 ps at both temperatures without slower decays as
measured for Ch, Np (Table 1) or other proteins.*® The fact that

5¢c-NO

NO-Cb H-NOX 431 434 A NO-Np H-NOX B NO-GC C
SVD spectral | SVD spectral 434 SVD spect[(al 428
t Sl t components ;
components fg_hH;n; components B o
6c-(His)-NO 4c heme
4c-Heme

50—:NO 4¢ heme

Differential absorbance

—4°C '
' 20°C . 397 4-37°C
: : ) —_— o g B
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Wavelength (nm)
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Fig. 4 Spectral components of NO geminate rebinding obtained from SVD analysis of the matrix of transient spectra for Cb H-NOX (A) and Np
(B) H-NOX sensors at different temperatures compared to bovine (Bos taurus) soluble guanylate cyclase (C) whose transient spectrum does not
change as T is raised. Analysis of the full data set for Np is shown in ESI, Fig. S7 and Table S2.}
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Fig. 5 Time-resolved absorption data for NO interacting with Ct H-NOX at two different temperatures. (A and D) Transient spectra at selected

time delays after NO photodissociation at 20 °C and 74 °C, respectively.

(B and E) Spectral components from SVD analysis of the time-wave-

length matrices data. (C and F) Associated kinetic components from SVD analysis. Parameters of the SVD kinetics fit in Table S3.+

NO rebinds here to the 5c-His heme as fast as to the 4c heme is
evidenced by the superposition of transient spectra at +1 and +3
ps (ESI, Fig. S8t) which demonstrates the same time evolution
at both characteristic wavelengths (400 and 421 nm), support-
ing the unique value T = 7.1 & 1 ps for 5¢-NO and 6c-(His)-NO.
This result, observed only in Ct H-NOX, implies that the energy
barrier for NO rebinding is as low in the 5c-His state as in the 4c
state, most probably because the heme distortion induces
a favorable configuration in the 5c-His state, as verified by
dynamic simulations and Raman spectroscopy (see below).
Interactions of NO with side-chains of the heme pocket
influence the on and off binding rates. We performed a dynamic
simulation to probe NO trajectories in the 5c-His heme pocket
(ESI, Fig. S97). When NO is bound to the Fe** atom, its oxygen
atom steadily stays at 3 A from the hydroxyl of Tyr140, forming
a stable hydrogen bond. NO can experience different trajecto-
ries: after dissociation, it may either remain in the heme pocket,
leave it (¢ > 500 ps), or move back at 3.5 A to heme Fe** where the
oxygen atom of NO may reform a hydrogen bond (trajectory 3 in
Fig. S97). This position, favorable for Fe>’~NO bond reforma-
tion, could provide a rationale for the low k. rate. However, Ch
H-NOX, which has a Tyr140 residue in the homologous position

© 2023 The Author(s). Published by the Royal Society of Chemistry

(ESI, Fig. S11) has neither the same NO rebinding behavior nor
the same ko rate as Ct H-NOX (ESI, Table S47). Consequently
the influence of Tyr140 is not preponderant. The protein
structure and heme distortion strongly influence the kinetics as
shown by analysis of the SVD1 component.

The SVD1 spectrum (Fig. 5B and E) is similar at both
temperatures and does not correspond to NO dissociation. The
small induced absorption at 443-445 nm is assigned to the
ferrous 5c-His heme whereas the pronounced deep bleaching at
425-428 nm indicates a decrease of the 5¢c-His heme absorption
once formed. We first verified whether this decrease could be
due to photo-oxidation by recording the transient absorption of
ferric (Fe’") 6¢c-(His)-NO Ct H-NOX (ESI, Fig. S101). The disso-
ciated 5c-His ferric heme shows a characteristic broad induced
absorption band centered at 390 nm which is clearly absent at
any time delay from the transient spectra of the ferrous species
(ESI, Fig. S10B+) so that photo-oxidation must be discarded. The
SVD1 component thus describes a shift of the Soret band of the
5c-His ferrous heme without change of its redox or coordination
states. Since only a deep bleaching is present at +200 ps without
absorption band (Fig. 5A and D), the 5¢c-His heme spectrum has
shifted and its absorption coefficient decreased. Thus, the SVD1
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component represents the fast relaxation after NO dissociation
of the non-equilibrium distorted heme toward a more stable
state, similarly with O,-bound Ct H-NOX.** Measurement at
longer delay shows that spectra at +100 ps and +5 ns are iden-
tical (ESI, Fig. S111) and that the bleaching persists, with an
extremely slow relaxation whose time constant can only be
estimated here as >5 ns, possibly in the ps time range.

Ultrafast Ct H-NOX heme relaxation upon electronic
excitation in the absence of NO

To probe possible heme relaxation independently from NO, we
measured the transient spectra of the 5c¢-His ferrous Ct H-NOX
in pure argon (Fig. 6). The characteristic induced absorption
band of the ferric species (ESI, Fig. S107) is again absent and no
photo-oxidation occurred. A deep bleaching is immediately
formed at 428 nm and persists at longer time (>200 ps), exactly
as in the case of NO dissociation, despite the absence of
diatomic ligand. The shift of the isosbestic point (Fig. S127) is
due to two successive processes whose individual spectrum
were identified by SVD analysis (ESI, Fig. S137). The ground
state depletion leads to the immediate formation of an elec-
tronic excited heme (450 nm) which fastly decays (teq = 1.2 £
0.2 ps) to another excited species, itself relaxing (tex, = 5.2 + 0.8
ps) to a species responsible for the bleaching at 428 nm
(Fig. 6B). This process agrees with the photophysics of heme
proteins,** except that for Ct H-NOX the species +200 ps is not
the same as in the ground state, but a structurally changed
ferrous 5c-His heme. This rationale is supported by the fact that
electronic excitation of distorted porphyrins induces confor-
mational changes* and that in unliganded Ct H-NOX no
possible ligand rebinding can occur. Remarkably, the difference
spectrum at long time delays (>100 ps) is the same either
measured in unliganded or NO-liganded Ct H-NOX (ESI,
Fig. S147), indicating the same species. Thus, a perturbation of
the heme electronic orbitals, either directly or by diatomic
detachment, induces a relaxation of the distorted heme of Ct
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contrarily to other H-NOXs and sGC. This relaxed heme will
slowly evolve toward the 5c-His ground state on longer time
scale.

We calculated the spectrum of this species from the tran-
sient spectrum at +200 ps (see Experimental methods in ESIt)
which is red shifted with respect to the unliganded resting state
(Fig. 6C). This red shift has same direction as that obtained for
a Ct mutant (P115A) whose heme is relaxed compared to Ct wild
type.*® The spectral shift due to heme ruffling and its relaxation
has been theoretically explained by the involvement of
d orbitals energy level.*

Comparison of Np and Ct H-NOXs by steady-state Raman
spectroscopy

We first describe the similar evolutions in the Raman spectra of
both Ct and Np H-NOXs (Fig. 7) induced by the binding of NO.
The most obvious is the disappearance of y(Fe-His) mode and
the up-shift of the », mode (from 1354/1357 cm ' to 1372/
1374 cm ). All modes and assignments are detailed in ESI,
Table S5.f The »(Fe-NO) stretching appears at 551/553 cm '
and confirms the 6c¢-(His)-NO state of the heme*® in both
sensors at 20 °C because this mode has always a lower frequency
for 5¢ hemes (525 cm ™" for sGC).***° The frequency of the mode
v; at 1470/1472 cm™ " indicates a 5¢-His high spin heme for both
proteins in the ferrous unliganded state (Fig. 7a and c). Upon
NO binding »; shifts to a complex band (1501-1505 cm ™" for Np
and 1497-1509 cm™ " for Ct). The frequency of »; is larger by
~10 em~ " for 5¢-NO compared to 6¢-(His)-NO hemes'* and
this doublet agrees with a minor proportion of 5c-NO heme as
observed in absorption spectra. The C-C stretching v,, is also
sensitive to the coordination (1625-1635 cm™* for 6¢-(His)-NO
and >1640 cm ™' for 5¢-NQ).'****° Here, the values of 1634 for
Np and 1625 cm™" for Ct agree with the 6c-(His)-NO state, but
again with a very minor 5¢-NO population at 20 °C (<10%)

inferred from the small peak at 1645 cm ™.

B e e e LI B e e e e e e e e L L L N B L e e e e e e e e e S
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Fig.6 (A) Transient spectra of the photo-excited 5¢c-His ferrous Ct H-NOX in the absence of NO. (B) Kinetics at particular wavelengths with fitted

time constants of excited states decay. (C) Calculated spectrum of the relaxed heme 200 ps after photo-excitation (red) compared with the
transient spectrum of the unliganded heme before excitation (—3 ps, orange) and steady-state spectrum of same sample (green). The sample was
degased and placed in pure argon. The shift corresponds to AE = 214 cm ™%,
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(a) Np H-NOX deoxy
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Fig.7 Resonance Raman spectra of unliganded ferrous H-NOX and its corresponding nitrosylated analogs: (a) No H-NOX deoxy; (b) No H-NOX
+ NO; (c) Ct H-NOX deoxy; (d) Ct H-NOX + NO. Spectra were recorded with weak CW excitation at 442 nm. Raman bands assignment is given in
ESI, Table S5. T =20 °C. [NO] = 200 pM. Enlarged view of the low frequency range in ESI, Fig. S15.F

Raman spectra of Np and Ct H-NOXs disclose differences
linked with their markedly different responses after NO disso-
ciation. Firstly, the »(Fe-His) stretching frequency differs:
208 cm ™ for Np, close to that for sGC (204 cm™!),*5%2 whereas
the frequency for Ct (216 cm™ ") is closer to that of myoglobin
(219 em™").%® A lower frequency translates a lower strength of
the Fe**-His bond* which agrees with the easier formation of
5¢-NO in Np at 20 °C compared with Ct.

Heme distortion can be probed by out-of-plane (0op) modes
in the low frequency range (250-600 cm™').’>*® Raman spectra
appear conspicuously different in this range in the presence of
NO (ESI, Fig. S15%). Especially, the oop v¢ mode at 317 cm ™" in

© 2023 The Author(s). Published by the Royal Society of Chemistry

unbound Np (shifted to 324 cm ™" in the presence of NO) is also
present in sGC* but not observed in Ct, either with or without
NO. The oop mode v,; (pyrrole folding),”® whose intensity is
sensitive to heme conformation and correlated with an
increased heme ruffling®”** is present in Ct spectrum (546 cm™ )
but not observed in Np and sGC.**** The oop mode vy shifts from
275 to 280 cm ™ * for Np after NO binding, but disappears for Ct.
The intensity of the deformation mode §(C-C-C) due to vinyl
heme groups (420/416 cm ") decreased for Np but not Ct.
Overall, the low frequency range of the Np Raman spectrum
is similar to that of sGC**"“** showing that its heme adopts
a conformation much closer to that of sGC than does Ct H-NOX

Chem. Sci., 2023, 14, 8408-8420 | 8415
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translating different heme-protein interactions® for Ct. The
Raman spectra of Np and Ct appear different after NO binding,
showing a differently altered heme conformation whereas Np

r Fe-His — y7 = v8 = dccc— y12 - y21 v7 —v15

674

Raman Intensity (a.u.)

400 500 600
Raman shift (cm'1)

Fig. 8 Transient resonance Raman in low-frequency range compared
to steady-state spectra of Ct H-NOX: (a) stationary Ct H-NOX deoxy
species with CW excitation at 442 nm; (b) stationary Ct H-NOX deoxy
species with sub-ps Raman excitation at 435 nm; (c) transient nitro-
sylated Ct H-NOX + NO with sub-ps pumping at 565 nm and probing
at 435 nm, with time delay At = +2 ps between pump and probe
pulses; (d) stationary nitrosylated Ct H-NOX with excitation at 442 nm.
T=20"°C.
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and sGC* have similar Raman spectra in both unliganded and
nitrosylated states.

Conformation of Ct H-NOX heme at +2 ps by time-resolved
Raman spectroscopy

The very unusual reaction dynamics of Ct H-NOX after NO
dissociation and its highly distorted heme in the 6c-(His)-NO
state™*® led us to probe its conformation by time-resolved
resonance Raman spectroscopy (TR®).** The 0.7 ps Raman
probe pulse (Aprobe = 435 nm) is necessarily spectrally broad-
ened inducing a lower spectral resolution of the TR® spectrum
compared to the steady-state one (Fig. 8a versus 8b and Table 2)
but all modes could be resolved.

The transient Raman spectrum at At = +2 ps (Fig. 8c)
represents the pure photoproduct after NO dissociation without
contribution from non dissociated heme. The remarkable
feature of this spectrum is the absence of the stretching mode
v(Fe-His) at At = +2 ps. This mode is a marker of the doming
configuration of the 5c-His heme and located at 216 cm ™" for
unliganded 5c-His Ct (Fig. 8a and b). Contrastingly, it was
observed at At = +2 ps after NO dissociation for other proteins,
including 6c-(His)-NO myoglobin and cytochrome ¢** and at At
= +10 ps in 6¢-(His)-CO sGC.**> The transient absorption data of
Ct H-NOX clearly indicate that a 5c-His heme is formed after
photoexcitation (Fig. 5A), leading to discard the possibility that
the TR® spectrum at At = +2 ps is due to electronic excited
states. The absence of the mode y(Fe-His) at At = +2 ps cannot
be due to a photo-induced 4c heme from the 5¢-NO species, like
in cytochrome ¢’,** because Ct H-NOX is largely 6c-(His)-NO at
20 °C (>90%) as determined by the steady-state Raman and
absorption spectra (Fig. 2C).

The absence of a transient »(Fe-His) stretching mode after
photodissociation of a diatomic ligand has been observed only
for the bacterial O,-sensor FixL*® and explained by the ultrafast
rebinding of dissociated O, which is maintained by a hydrogen
bond with a side-chain of the heme pocket. This particular
interaction results in Fe**-O, bond reformation in 4.7 ps (ref.
64) which was hypothesized to compete with heme doming, in
contrast to myoglobin-NO.*® We must emphasize that heme

Table 2 Assignments and frequencies (cm™) in TR® and CW spectra of Ct H-NOX in Fig. 8

TR?, TR?, CW, unliganded

Mode assignment CW, NO-liganded photoproduct at + 2 ps unliganded (deoxy) (deoxy)
v(Fe-His) — — 215 216

Vo — ~278 weak Shoulder 275

v+ (pyr. oop) — — 301 296

Vg 347 342 348 349
6(C-C—C) 376 375 Shoulder 373
8(Cg-C-C) 419 420 415 416
Y12 — — 492 489
Yo1 538 weak — — 546
»(Fe-NO) 553 — — —

124 677 680 674 674
Y11 (+715) 707 Shoulder Shoulder 707
V15 754 749 759 759

Ve 790 — 792 785
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(A) Coordination transitions of the heme in Cb and Np H-NOX sensors. The green values in parenthesis refer to the maximum of the Soret

absorption band for Np H-NOX. The time constants are: 145, rebinding of the proximal His to Fe*; 71 and tg,, geminate rebinding of NO to Fe?*.
Importantly, the temperature range AT is different for Cb and Np species. (B) Allosteric equilibrium model incorporating heme distortion in the Ct
H-NOX sensor and the time constants in Table 2. ke, is estimated to be diffusion limited (~108 M~t s71) 32

doming only refers to Fe out-of-plane displacement whereas
heme distortion involves the entire heme structure. In Ct H-
NOX, NO geminately rebinds to the 5c-His heme with a 7 ps
time constant as fast as it does to a 4¢ heme.?***®? Furthermore,
the transient absorption spectral evolution for Ct~-NO H-NOX
(Fig. 5) is completely different compared to FixL-NO,* notably
disclosing a strong heme relaxation with a 15 ps time constant.
NO geminate rebinding occurs before the relaxation of the
heme which is still distorted at At = +2 ps, explaining the
absence of the y(Fe-His) stretching in TR® spectra. Indeed, the
resonance conditions and intensity of the mode »(Fe-His)
depends on the overlap of Fe>" and pyrroles electronic orbitals®®
which depends on the position of the Fe** atom with respect to
the heme plane®®®>°® but also on the heme distortion.*”*”-** The
importance of this effect is demonstrated by the decrease of
heme redox potential in nitrophorin which favors the dismutase
activity.* Fundamentally, we attribute the absence of the y(Fe-
His) band in the transient spectrum (+2 ps) to the high distor-
tion which renders the 5c-His heme orbitals configuration less
favorable for resonance, despite the out-of plane motion of Fe**
due to NO dissociation.

Other features observed in the TR® spectra (Table 2) further
indicates that the heme relaxation has not proceeded at At =
+2 ps. The pattern located at 300-500 cm™ ' is different
between the TR® spectra of dissociated heme and stationary
5c-His heme. The mode vg has a lower frequency (342 cm™*,
Fig. 8c) compared to the unliganded spectrum (348 cm !,
Fig. 8b), whereas the mode v, (301 cm™ ") is absent at At = +2
ps, indicating that the heme is not relaxed. The stretching
mode v, is down shifted (749 cm ™', Fig. 8c) with respect to its
equilibrium value (759 ¢cm™', Fig. 8b). The fast 7 ps NO
recombination to the 5c-His heme of Ct, identical to that
measured for 4c hemes,*>* strongly supports the view that the
Fe®" orbitals have a configuration as favorable as those of 4c
heme. The constraints to an instantaneous iron doming

© 2023 The Author(s). Published by the Royal Society of Chemistry

should originate from the large saddling and ruffling oop
distortions of the liganded heme,** contrarily to Np and Ch
H-NOXs. Remarkably, O, rebinds to FixL and Ct H-NOX with
similar time constants (4.7 and 5.1 ps respectively)*** as NO
does (5.3 and 7.1 ps), and a similar mechanism as described
here may occur in FixL although its heme is less distorted as
that of Ct H-NOX.

Theoretical DFT calculations™ determined the absence of
energy barrier for NO rebinding to a planar heme (heme-iron
distance C,-Fe = 0 A) which corresponds to the fastest rate of
NO geminate rebinding from within the heme pocket. For the
larger iron displacement of a domed heme (Cp—Fe = 0.4 A) the
energy barrier is very small (3 k] mol ') We have experi-
mentally measured the fastest rates in the range 5-7 ps with
a slower component (23-38 ps) for 6c-(His)-NO (Table 1).
Because for Ct H-NOX we did not observe slow components but
only a fast one (7 ps) whatever the coordination state of the
heme, 5¢-NO or 6¢-(His)-NO, we infer that the heme distortion®
decreases (possibly to zero) the energy barrier of NO rebinding.
Compared to Np and Ch, Ct H-NOX controls the NO affinity
through a different mechanism which leads to a smaller k¢
than that of Cbh (Table S4t).

Implications and conclusion

In the bacterial sensors Ch, Np and Ct H-NOXs the proportion of
5¢-NO heme increases as a function of temperature in contrast
with mammalian sGC which is always 5c¢-NO, inducing more
NO geminate rebinding to the 4c heme but the temperature
range depends on the protein sequence. The H-NOX protein
fold has thus the ability to modulate the activation energy for
rupture of the Fe**-His bond triggered by NO binding and
therefore can switch the mechanism of NO detection from 6c-
(His)-NO to 5¢-NO. The induced change of affinity is possible
because k.« depends upon the heme proximal coordination,
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being smaller for 5¢-NO compared with 6c-(His)-NO heme by
one or several orders of magnitude®”* due to the higher reac-
tivity of the 4c heme to which NO rebinds in 7 ps with a high
yield. This property driven by thermodynamics offers a mean of
switching the sensor sensitivity for NO and adjusting the
temperature range where it switches in order to adapt to living
conditions of the bacteria. In human sGC it culminates with
100% population of 5c-NO heme whatever the temperature
despite the same tertiary fold, but with the presence of a second
NO binding site.”” The molecular mechanism of bacterial H-
NOXs depart from that of sGC, but the isolated heme domain
of the latter discloses changed properties close to other H-
NOXs.** Such adaptation for different reactivities of homolo-
gous proteins was also found in cytochromes from a methano-
troph bacterium.”

In H-NOXs the information of NO binding is structurally
conveyed through the motion of the proximal His. However, in
Ct H-NOX the protein structure imposes heme distortion®”*
and the structural relaxation of its distorted heme occurs
rapidly after NO detachment (9-15 ps) at any temperature
(Fig. 9B). This mechanism could be more adapted for a ther-
mophilic organism with optimum growth at 75 °C, whatever the
gas to be detected.

In conclusion, the modulation of the 6¢-(His)-NO < 5¢-NO
thermodynamic equilibrium has large consequences on the
NO dynamics and NO affinity, connecting microscopic proper-
ties to macroscopic ones. The H-NOX structural fold has the
ability to modulate the heme environment to provide organisms
with precise properties through evolution, so that it became
essential in various cell signaling pathways from bacteria to
mammals.

Experimental methods

Detailed methods are provided in ESL{ Following is a brief
report of the essential parameters.

Protein expression and preparation

The H-NOX bacterial sensors were overexpressed in E. coli as
already described.® Isolated sGC was purified from beef lung
(Bos taurus). For absorption measurements 90 pL of protein
solution were placed in a quartz cell (1 mm optical path),
degased then reduced under argon with sodium dithionite
Na,S,0, (final concentration 0.5 mM). Ct H-NOX, purified in the
O,-liganded form, was briefly heated (70 °C) under Ar before
reduction. NO-liganded H-NOX were obtained by introducing
10% NO (purity 99.999%) diluted in Ar directly into the cell
(pressure 1.3 bar. [NO] = 200 uM in aqueous phase). Temper-
ature was controlled by a thermostated cell holder. The absor-
bance of the nitrosylated H-NOXs was in the range 0.4-0.6 at the
Soret maximum for 1 mm path length.

Time-resolved absorption spectroscopy

Transient absorption measurements were performed with the
pump-probe laser system previously described.” The photo-
dissociating (Aex = 564 nm) and probing pulses (broad band
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375-550 nm) have a duration of ~50 fs with a repetition rate of
30 Hz and were spatially overlapped into the sample cell. The
transient absorption spectra after a variable delay between
pump and probe pulses were recorded with a CCD detector. Up
to 50 scans were averaged. The data matrix of differential
absorption as a function of time and wavelength was analyzed
by singular value decomposition (SVD)™ by using the software
Glotaran.” Details of the SVD analysis are given in ESI Appendix

1

Resonance Raman spectroscopy

Resonance Raman spectra with continuous wave (CW) excita-
tion were recorded with a He-Cd laser (441.6 nm) using the
same Raman setup as for TR® studies. Time-resolved Raman
apparatus has been described in detail elsewhere.®* The exci-
tation pulse (Ax = 560 nm) has a duration of 100 fs (repetition
rate 1 kHz) and the probe pulse (A,; = 435 nm) has 0.7 ps
temporal and 25 cm ! spectral resolutions.

Ct H-NOX NO dynamic simulations

Molecular dynamic simulations based on classical mechanics
were performed using CHARMM software’ (version 36) over
250 ps with 1 fs integration steps. The model built from the PDB
file 3tf0 comprises 39 595 atoms and was equilibrated at 273 K.
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