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ABSTRACT. The function of inducible NO synthase (WT iNOS) depends on the release of NO from the
ferric heme before the enzyme is reduced. Key parameters controlling ligand dynamics include the distal
and proximal heme pocket amino acids, as well as the inner solvent molecules. In this work, we tested
how a point mutation in the distal heme side of WT INOS affected the geminate rebinding of NO by
ultrafast kinetics and molecular dynamics simulations. The mutation sequestered much of the photodis-
sociated NO close to the heme compared to WT iNOS, with a main picosecond phase accounting for
78% of the rebinding to the arginine-bound Val346lle protein. Consequently, the probability of NO release
from Val346lle decreased as compared to that from WT iNOS, provided the substrate binding site is
filled. These data are rationalized by a steric effect of the lle methyl group inducing events mediated by
the substrate, transmitted via the propionates to the NO and the protein. This model is consistent with the
role of the H-bonding network involving the heme, the substrate, and thec8fdctor in controlling NO
release, with a key role of the heme propionates [Gautier et al. (2006} Oxide 15 312]. These data
support the effect of Val346lle mutation in decreasing NO release and slowing down NO synthesis
compared to WT iNOS determined by single turnover catalysis [Wang et al. (J0®4pl. Chem 279,

19018].

The dissociation of the NO ligand from the NO-synthase following photolysis were sensitive to mutation of distal
(NOS) enzymes is a critical step in regulating their activity, residues. These effects were attributed to changes in free
since the newly formed NO must be released from the ferric volume and steric hindrance in the heme poclk®t For
heme before onset of the next catalytic cydge?). Factors example, bulky mutations at Val68 regulated access to the
influencing the release of NO from the heme before the heme iron and to a nearby xenon cavity). Indeed, ligand
enzyme gets reduced are thus of particular relevance fordynamics in myoglobin is associated with pre-existing
function. The iror-NO bond is generally photolabile in internal protein cavities, shown to bind xendah). Recently,
hemoproteins and can be dissociated with a laser pulse, andhe role of heme propionates in the dissipation of the excess
the subsequent dynamics of NO rebinding to the heme alongenergy of the heme and information transmission to the
with the associated protein changes can be monitored withinmyoglobin protein following photodissciation of the ligand
picoseconds to nanosecon@s4). Key parameters control-  has been emphasized by molecular dynamics and Raman
ling ligand dynamics include the distal and proximal heme spectroscopyl(1—13). Thus, geminate recombination allows
pocket amino acids, as well as inner solvent moleci8es ( probing the heme environment and testing the effect of point
8). Rebinding of diatomic heme ligands to the heme have mutations in its vicinity.
been extensively studied with myoglogin (Mikas a “pro-

In this work, we study the effect of the mutation Val346
totype protein” 8, 4, 6—8). The rates of ligand rebinding Y

to lle on the NO rebinding to the oxygenase domain of WT
iINOS. This mutation is located at the distal heme side and
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bacterial NOS-like proteins @taphylococcus aureuBA-HNS, NOS- ; ; ;
like protein fromBacillus anthracisNOHA, N-hydroxyarginine; BH, enzymes is always replaced by isoleucifé<19). In our

(6R)-5,6,7,8-tetrahydrobiopterin; SVD, singular matrix decomposition Previous work 0), we measured a faster rate of NO
of the time-wavelength matrix. geminate recombination in the bacterial NOS-like proteins
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of Staphylococcus aure$A-HNS) compared to the NO  after a variable delay was probed with a white light
rebinding rate in eNOS and in the NOS-like protein from continuum pulse, whose group velocity dispersion was
Bacillus anthracidBA-HNS) with the presence of substrate. minimized at 400 nm by a set of prisms. The wavelength
These differences were attributed to higher energy barrierscalibration of the CCD camera was checked every day by
between the heme and a second NO binding site in SA-HNSusing a thin-bands filter. Twenty-five scans were simulta-
compared to BA-HNS. Interestingly, these differences be- neously recorded in two time windows: 10 and 500 ps, or
tween the bacterial proteins were diminished in the absence50 ps and 3 ns. Carbon monoxide bound to reduced
of arginine, suggesting a dynamic role of the substrate myoglobin was monitored under the same conditions and
binding. Since both proteins carry the lle residue and yet used as reference of flat kinetics in the time scales of 500
the NO dynamic differed, the steric effect of the lle compared ps to 4 ns 23). Analysis of the data was performed by
to a Val could not be rigorously evaluated. In the present singular matrix decomposition (SVD) of the timevave-
work, we tested the effect of the V3461 mutation on NO length matrix 24).

geminate recombination to the ferric proteins by combining  Molecular Dynamics SimulationsThe modeling was
ultrafast kinetics monitoring and molecular dynamic simula- performed using the CHARMM32 software on a HPJ5600
tions. The NO geminate rebinding rates in V346l were computer. The calculations used the PDB file 1N35)(
enhanced in the presence of argininé\Nshydroxyarginine The dimer is composed of two identical chains of 431
(NOHA) as compared to that in WT iNOS. However, the residues each, two iron protoporphyrins, one Zn atom at the
effect of the mutation was abolished in the absence of the dimer interface, two NO ligands, two BHand arginine
substrate, suggesting that substrate-mediated steric changa®olecules, and 279 water molecules from the X-ray data to
are critical for the geminate recombination of NO to the which a “bath” of 4035 water molecules was addeé)(
heme. The absence of substrate modified the interactions ofHydrogen atoms were generated using the CHARMM
NO with the heme by changing the +8lO bond, altering HBUILD command. The energy of the structure was
the H-bonding network linking the heme, BEofactor, and minimized. A relative dielectric constant equal to unity was
many conserved residues in the near viciniB0<22). applied to the entire structure. The equations of motion were
Molecular modeling identified that the steric effect of the numerically integrated using the Verlet algorithm with 1 fs
lle substitution could be mediated by coupled fluctuations time steps. To prepare simulations, an initial heating from 0
of the substrate, the heme propionates, and NO, altering theto 300 K and equilibration at 300 K were performed with
H-bonding interactions in the mutated protein. Such a atoms velocities calculated according to a Maxwell distribu-
network seemed critical for intramolecular signal transduction tion. Several free dynamic 50 ps runs were performed to

in WT iNOS, as recently reported in myoglobih2). obtain stable starting structure(s) before the NO dissociation.
To simulate NO dissociation, the sudden approximation was
EXPERIMENTAL PROCEDURES used, by deleting the FeNO bond and switching to deoxy-

. . . . heme parameters. A three-point charge model was used for
Materials. L-Arginine, (6R)-5,6,7,8-tetrahydrobiopterin dissocipated NO 7). Four tF;ajectorie.g of 50 or 100 ps,

Eﬁg‘& Ac)hergigilssiuu;e%:ﬁg tzﬁiggss:gferl’ ngg?)x:rrgmiﬂf representing eight dissociation events, were performed for
» P y ' gly U™ \WT iNOS and V3461 mutant.

chased from Sigma. NO gas and high-purity argon (99.9995%)
were obtained from Air Product. RESULTS

Expression of the Enzymewlild-type and mutant V346l (I) Effect of the Mutation on the NO Rebinding to the
oxygenase domain df 65 INOS proteins (amino acids 66 jeme: Steady-State Absorptidboth oxygenase domains
498 p'US a Six His-tag extensio_n at the C-terminus) were of WT iNOS and its V346! mutant (V346|) are predomi-
overexpressed in BL21 cells using the pCWori vector and 5y in a low-spin state with their Soret band peak around
purified as reported previousiyl4). 420 nm in the absence of substrate and the cofactar BH

Sample Preparations for Spectrosco@y.concentrated  |nterestingly, arginine was slightly more efficient than
solution of wild-type iINOSoxy or its V346l mutant in 50  N-hydroxyarginine (NOHA) in promoting the low-spin to
mM HEPES buffer (pH= 7.5) and 5% glycerol was mixed  high-spin conversion of V346! (left panel of Figure 1 and
with 1 mM arginine, or NOHA, or in the absence of substrate ref 28). In contrast, binding of both substrate and NOHA
(as indicated) in a optical cuvette with an 1 mm path length. affected similarly WT iNOS spin status. Binding of both
It was sealed with a rubber stopper and degassed by repetitivesubstrate and cofactor to WT iNOS or its mutant induced a
cycles of vacuum and argon. Anaerobic solutions of 1 mM pjye-shift of the Soret band to 396 nm, indicating the high
BH, were then added to the protein. The concentration of spin of the heme. The ferric nitrosyl complexes of both
BH, was determined by its absorbance at 298 rpgs (= proteins peaked at 448 1 nm. Evidence for the formation
9.4 x 10* M~* cm™). The solution was then incubated of the nitrosyl complex is given by the difference spectra
overnight on ice to allow completeness of the equilibration. (ferric — ferric-NO) presented in the right panel of Figure
10% NO gas (100% NO diluted in argon supplied by Air 1. Extrema were observed at 396 nm and 442 nm for
Product) was then introduced in the cell at a pressure of 1.3poth proteins.
bar using a gas train. Transient AbsorptioriThe kinetics of photoinduced release

Time-Resaled Spectroscopilime-resolved spectroscopy and rebinding of NO from the ferric nitrosylated WT iINOS
was performed with a 30 Hz pumjprobe laser setup and its mutant was measured by ultrafast absorption spec-
described previously2@). Photodissociation of NO-bound troscopy. We used a short pump pulse at wavelength 565
WT iNOS was achieved by an excitation pulse at 565 nm nm to selectively cleave the F&NO bond of the ferric
with a pulse width of 40 fs. The transient spectrum detected nitrosyl complex within 40 fs. Then a probe beam monitored
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T —— E'qumb”um step due to the rebinding of NO that did not escape the heme
Arginine vicinity after photodissociation and is often activationless
0‘02_339\ (20). The nanosecond step phase reflected the rebinding of

NO molecules dissociated with excess energy from the
protein to the heme pocket but still remaining in the protein,
corresponding to ground-state processes. The latter step was
generally associated with overcoming of internal energy
barrier(s), alternatively assigned to ligand migratids {0,

20). The upper limit of the probability of NO escape from
the protein was given by the asymptotic value, corresponding
to NO ligands remaining unbound in-% ns.
3 NO rebinding to WT iNOS was measured in the presence

400 500 600 700 400 450 500 550 of the cofactor BH and N-hydroxyarginine (NOHA). The

A (nm) decay was best fitted by three exponentials;s 34 + 4 ps

FicUre 1. (Left panel) Effect of the substrate on the equilibrium (20%), 70= 186 + 25 ps (28%), ands= 1200+ 200 ps
absorption spectrum of V346l: solid, 1 mM arginittel mM BHj; (39%), and a constant (Figure 2 and Table 1). The kinetics
dashed red, 1 mM arginine; dashed and dotted blue, 1 mM NOHA, of NO recombination to the mutated enzyme was faster, with

both in the absence of BH (Right panel) Comparison of the S ; 0 ;
absorption difference spectra at equilibrium of Fe(lll) minus the a main picosecond phase accounting for 78% of the signal

Fe(INO complex of V346 (right scale, dashed) and the transient @nd characterized by= 16 & 2 ps (37%),72= 150 + 20
one recorded 50 ps after the pump (left scale, solid lines) [V346l] ps (41%). It was followed by a small nanosecond phase
= 65M, 1 mM arginine+ 1 mM BHy, 50 mM Tris (pH= 7.5), 1130+ 180 ps (23%) and a negligible constant term. The
150 mM NaCl h a 1 mmpath optical cell. The slight shifts of the  majn effect of the Vatlle mutation was therefore mainly
svfg{]?rzngxggﬁﬁ;ﬂ;qeﬂrlg'um and transient difference spectra arenoticez;ble in the _fast picosecond component. Duri_ng this
short picosecond time frame, NO rebinding occurred in close
' ' ' ' — 1 T vicinity to the heme. The mutation also decreased the
O WTINOS | - probability of NO release from V346l as compared to that
e Vvadal ] from WT iNOS, as judged by the constant values (Table 1),
suggesting induced changes in ligand migration (within the
protein).

(1) Effect of the Substrate on Ultrafast NO Rebinding in
WT iNOS and V346NO rebinding in WT iNOS and V346l
were measured in the presence NOHA or arginine (Figure 3
and Table 1). In WT iNOS, only modest changes in the
geminate rebinding rate were observed by switching from
NOHA to arginine: it mainly decreased the amplitude of
the first picosecond component frody= 0.20 to 0.12,
respectively. The nanosecond lifetime increased frgm
1200+ 100 ps (NOHA) tors= 1850+ 200 ps (arginine),

0 0 200 1000 2000 3000 and the constant value decreased accordingly (Table 1).
Time (ps) Figure 3 shows that NO rebinding to V3461 was affected by
FiGURE 2: Effect of the Val346lle mutation on NO rebinding to  Substituting NOHA with arginine. The first lifetime increased
the heme with NOHA bound. The main SVD components are from 7;= 16 & 2 ps tor;= 25+ 3 ps. A significant rise of
normalized and presented on 200 ps and 3 ns time scales for WTthe constant value from 0.01 to 0.09, respectively, was also

”\flcl)s E\apNegaiuar%S)lf’f&Bé‘g' grhtant (fU('j'_;%irdeS) i“ﬂt]he presence ghserved (Table 1); thus, opposite effects of replacing NOHA
of 1 m and1m . Other conditions are the same as o ; ;

in Figure 1B. The ferric nitrosyl complexes were equilibrated with by arginine were obtained on WT iINOS E.md V346.|' .
10% NO in the gas phase (2@01). The fitting curves are shown To test these effects further, the geminate rebinding of
as solid or dashed lines, and fitting data are given in Table 1.  NO in V3461 and WT iNOS was measured in the absence

of substrate. In these conditions, removal of the guanidinium
the evolution of the absorption spectrum after cleavage of group of the arginine substrate may minimize any steric
the bond with high time resolution. A typical NO rebinding hindrance. Indeed, Figure 4 showed that NO rebinding to
kinetics to the heme following its photodissociation is shown the heme became very similar in both WT and mutated
in Figure 2. The amplitudAOD was proportional to the  protein in the absence of substrate. The kinetics in the
differenceAOD(t=0) = [Fe(lI)] — [Fe(ll)=NO]; when the absence of substrate presented a similar nanosecond com-
signal reached 0, all NO were rebound to the heme. The ponent,73 = 738 + 90 ps (V346l) andrz= 848 + 95 ps
right panel of Figure 1 shows that the transient spectrum (WT iNOS), accounting for ca. 55% decay. The amplitudes
monitored 50 ps after the pump beam was very similar to of picosecond components significantly decreased in V346l
the difference spectrum obtained at equilibrium. This indi- in the absence of arginine (Figures 3 and 4). The probability
cated geminate rebinding. This process involved the sameof NO release from the mutated protein remained unchanged
laser-dissociated NO ligand remaining in the protein and on the nanosecond time scale, as judged by the sirAijar
rebinding to the heme within picoseconds to nanoseconds.values with or without arginine. In contrast, the absence of
The geminate recombination is often a multiphasic processsubstrate bound to WT iINOS mainly shortened the nano-
(3,6,9—11, 20, 22—23). This process involved a picosecond second lifetime front; =1850+ 180 ps (with arginine) to
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Table 1: Effect of the Substrate on NO Rebinding to the Heme in the Presence,GftE28°C?

71 + 10% 72 + 10% 73+ 10%
sample arginine NOHA (ps) AP (ps) AP (ps) AP AP
WT INOS - - 33 0.10 145 0.31 848 0.54 0.05
+ - 37 0.12 314 0.51 1850 0.31 0.06
- + 34 0.20 186 0.28 1200 0.39 0.14
V346l - - 28 0.14 121 0.25 738 0.55 0.08
+ - 25 0.43 87 0.34 1016 0.14 0.09
- + 16 0.37 150 0.41 1130 0.23 0.01

aThe experiments were performed (in duplicate or triplicate) with BOuM of the oxygenase domain of the proteins in the presence of 10%
NO in the gas phasé.Relative amplitudeA; + A, + A;s + Ay = 1); the error on the amplitudes #813%.

1.00 . iNOS+'NOHA ] 1.004 _ n IiNO.."-r‘; -angnir;e o +Iargi|:1ine_
O iNOS + Arginine : 4 V346l -arginine A +arginine
0.75- 075 i .
o
0.50 3
’ "S 0.504 | +g1rinine 7
2
0.25- s s /
= 0.254 i
) TR s
o
<0.00 s -
2 i i i i 0.004 & -
3 0 100 200 1000 2000 3000 - i
§ . . 0 500 1000 1500 2000 2500 3000
Z1.001 A V3461 + NOHA | :
1.00
<& V346l + Arginine time (ps) . o
Ficure 4: Effect of the Val346lle mutation on the NO rebinding
0.75 in the absence of substrate. Comparison of the main SVD
component in WT iNOSt+ arginine @), WT iNOS — arginine
(m), V3461 + arginine ), V3461 — arginine @). Other conditions
0.50+ are same as in Figure 1B.
0.25- 100 |
K »-o.o..o-o..o.o..o.o.v.s“o.._
0.00
0.75
0 100 200 1000 2000 3000
time (ps)

Ficure 3: Different effects of the arginine or NOHA bound to the
substrate site on NO rebinding to the ferric heme of WT iNOS

Transient AOD
o
2

(upper panel) and V3461 (lower panel), 1 mM substrate, and, BH 025 4
under the same conditions as in Figure 1@:and full line, WT
iINOS + NOHA,; O and dashed line, WT iNO$% arginine;a and 0.00 _ i i i

solid line, V34614+ NOHA; < and dashed line: V346t arginine.

400 1000 2000 3000
850+ 90 ps (without arginine); it also shortened the decay time (ps)

on the picosecond time scale fram= 314 + 35 ps (with Ficure 5: Effect of the temperature on NO geminate rebinding in
arginine) to 145+ 20 ps in the absence of arginine. Thus, WT iNOS or V346l. Note the small effect of increasing the
NO rebinding to V346l heme was much slower in the temperature from 10 to 33C on NO rebinding in WT iNOS
absence than in the presence of arginine, while the overall(arginine-bound) (black and red circles, respectively). In contrast,
NO released from the protein (proportional to the constantt e same temperature increase induced more noticeable effects on

. p o NO rebinding to V3461 (open and full squares, respectively). Both
value) remained unchanged. This suggested additional effectgyqteins are repleted with BHThe fit of the data are listed in
besides steric hindrance.

Table 2.

Figure 5 and Table 2 show the temperature dependence
of NO rebinding to the heme, which was quite weak for WT standing of these effects, molecular dynamic simulations
iINOS in the presence of arginine (Table 2). In contrast, the were performed in both WT INOS and V346l in the presence
NO rebinding in the mutated protein presented a larger effect of arginine.
of the temperature. A large decrease of the amplitydia (1) Molecular Modeling in Both WT iNOS and V346l
the second recombination step was compensated by arMutant.Simulations of the dynamics of NO rebinding were
increase of the amplitudé; of the nanosecond component, performed using the structure of Btdound WT iNOS
leading to a similar overall escape probability of NO from referred to as 1NSI in the PDB as a starting po8-27).
the mutated V346I. This suggested that thermal fluctuations The lle mutant was generated by adding a methyl group to
in the heme pocket conformation were more important in the Val346 residue. lle346 adopted a similar conformation
V3461 as compared to WT iINOS. To get a better under- as that found in bsNOS, with the methyl group pointing down
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Table 2: Effect of Temperature on NO Rebinding to the Ferric 0.1 and 0.77+ 0.03 s* for WT iNOS and V346l,

Heme in the Presence of Arginine and BH respectively. These differences are consistent with the data
1+ 16% ot 10% ot 10% reported in this work, provided the substrate site is filled
sample T(°C) (ps) AP  (ps) AP  (ps) AP AP with NOHA (Figures 2 and 4). The effect of the mutation
WTINOS 10 54 015 345 045 1704 031 009 extended to the nanosecond phase, and a decreased NO
gg gg 8-1; gég 8-‘511 1338 8'2% 8-22 escape from the protein was observed in the mutated enzyme
V346l 10 30 045 79 035 883 011 009 Compared to“the vylld—type.”Thus, NO diffusion in the protein
20 24 043 87 034 1016 0.4 009 to potential “docking sites” was largely eliminated and the
33 32 049 128 023 1300 020 0.08  probability of NO release from the mutated protein was close

aThe experiments were performed (in duplicate or triplicate) with to 0 as compared to 0.14 in WT iNOS in the presence of
60-70uM of the oxygenase domain of the proteins in the presence of NOHA. Mutations in the distal heme residues of myoglobin
ig"/t"h’;‘cér'%:hsngtiz %hrﬁsﬁﬁgg'\glgg‘p"t“de/‘l Ththt A= were previously reported to modify the nanosecond compo-
i P > nent of the geminate recombinatio®—11, 23).

] ] Switching from NOHA to arginine resulted in opposite
the heme 17). Figure 6 shows the structure of WT iINOS  yariation ofA, values in WT iNOS and V346l. In WT iNOS,
heme in the presence of arginine represented in green. Thene small decrease i, dropping from 0.14 to 0.06,
structures included the bound pterin (not shown in the figure). respectively, by switching from NOHA to arginine was
Superimposed is the structure simulated in the mutated consistent with a 2-fold decreasekigr (14, 29). This could
protein depicted in orange (Figure 6A). The two structures reflect the different steric hindrance of arginine as compared
differed by a number of related parameters. First, the positiony the tightly constrained NOHA and showed that the
of the substrate was found in an H-bonding distance from cataiytic heme site is nicely fitted for an optimal recognition
the heme propionate in WT iNOS. This distance was very of the substrate in WT iINOS3(). In the mutated protein,
stable in many trajectories @ = 2.8 A. In contrast, the  the potential “docking sites” were slightly more accessible
same distance was fluctuating in the mutated protein betweergy, NO diffusion when arginine was bound compared to that
two conformations (Figure 6B) [Extending the first 250 ps gpserved with NOHA: the decrease &f and concomitant
of free dynamics (before NO dissociation) by an additional ncrease i, values suggested that the effect of the mutation
100 ps did not Change the results.] The d_|str|but|on of the propagates to larger distances in arginine-repleted V346l.
propionate A torsion angle was broad, varying betweert 120~ Tq test whether removal of the substrate would reduce
and 180 as compared to a representative value of’I80  the steric hindrance to NO rebinding induced by the lle extra
WT INOS. Additionally, the distance between the arginine methyl group, we performed two sets of experiments. First,
substrate and the heme propionat_e A in the mutated proteinye ysed molecular dynamics simulations to get a closer
changed from 2.7 A tov5.0 A (Figure 6B). From these  jnsight on the structural dynamics in both WT and mutated
calculations, both the H-bonded and nonbonded conforma-oteins; second, we tested the effect of temperature on NO
tions seem likely; sharp transitions between these two stateepinding to WT iNOS and V3461, with the hypothesis that
were observed in the dynamics (following dissociation, data gieric effects may be reduced or abrogated at higher
not shown). The simulations also suggest that one wateriemperatures. The simulations shown in Figure 6 supported
molecule located just in between the propionates may ihe steric effects of the mutation resulting from indirect
participate in this interaction (Figure 6A). Thus, the methyl interactions in the distal heme side. The substrate position
group of lle346 seemed to induce events, mediated by theyyss |argely fluctuating in V346l as compared to the tight
substrate binding, transmitted via the propionates to the Noarginine binding in WT iNOS, even at 2. Indeed, the
and the protein. H-bonding network involving the substrate, NO, and the

propionates are known in NOS in general and in WT iNOS

DISCUSSION in particular @, 21, 25, 31). This network kept the arginine

(a) Effect of the Val/lle Mutation in the Presence/Absence in a well-defined and rather fixed conformation in WT iNOS.
of SubstrateGeminate rebinding of NO in V3461 was much In the mutated protein, the higher mobility of the substrate
faster than in WT iNOS in the presence of substrate and was linked to the presence of the lle methyl group (Figure
BH,4 (Figure 4). The extensive NO rebinding observed 6A). The simulations also showed that the fluctuations in
already on the picosecond time scale indicated structural andthe substrate binding mode were coupled with the rotation
or dynamic changes induced by the mutation in the immedi- of the propionate groups, reaching two distinct conformations
ate vicinity of the heme iron. The methyl group only accounts (Figure 6A,B). The fluctuations between them were observed
for 10 A3, which afforded a modest reduction of the free on the 56-100 ps time scale of the simulations and
volume of the distal heme pocket4). However, the added  alternatively abolished the H-bond found between arginine
methyl group was located close to the heme and to bulky and the propionate in V346l (data not shov2i)j. Experi-
aromatic residues and may sequester NO close to the hemenentally, they likely contributed to NO rebinding in the first
(16, 17). This confinement of NO in the protein was proposed ca. 200 ps (Figures-24).
to account for the decrease of the rate of FefiN)O H-bonding interactions involving the propionate groups
dissociation fromk.,s = 20.7 s* (WT iNOS) to 1.9 s? were known to affect the geminate recombinati@®)(
(V346l), as well as the bimolecular rate of ferric nitrosyl Propionates helped dissipating heme excess energy within
formation, fromk,, = 0.27 to 0.033«M~* s7%, respectively ca. 7 ps after ligand photodissociation by coupling with
(14). All these rates were obtained in the presence of NOHA. solvent moleculesi(l, 13); this is likely not to be the major
They agree well with the calculated rate of NO release from effect of the mutation observed at longer time scales. The
Fe(ll)—NO deduced from single-turnover reactions: 23  dynamics of the coupled fluctuations of the substrate,
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L-Arginine
3-“

- -

Propionates
B lw | T l T I T l T i lw | T I T I T I T i
80— 1 8o ~
60 [— . 60— ]
& - 1 T i
W - 0= 7]
201~ ‘ ‘ 1 2 7]
0 i 1 1 |_I_|_|I-I_]—|_ 1 i 0 [ 1 1 | 1 | 1 ]
2 3 4 5 6 2 3 4 5 6
Distance S]___\m-OZAm_M{;\J Distance N, -O2A,, (A)
40 T T T T T 4 ! I ! 1 '
s20 -1 =20 .
0 1 | 4—H_IH_H-H— 0 1 | 1
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Ficure 6: (A) Superposition of the two heme structures of V3461 (left) with (green) and without (orange) a hydrogen bond between
L-arginine and propionate after NO dissociation (not shown for clarity) obtained by molecular modeling. Comparison with the heme pocket

of WT INOS with the NO ligand after dissociation (right). The orange and green spheres represent the water molecule located in between
the heme propionates. The Bofactor is not represented for clarity. (B) Fluctuations in the WT iNOS (right) and mutated V346l (left)
structures shown by representative histograms: the upper graphs present the changes in the distance in Adrginieerand the heme
propionate after NO dissociation. The abscissa is calculated as the percentage of the structures used,; it represents an overall of 250 ps
simulation with 1 ps steps. The bottom histograms show the variations of heme propionate A torsion angle.

propionates, and water molecule found in the simulations kinase domain in sensory PAS proteins. These changes
of V3461 was consistent with a significant temperature effect involved specific interactions between one propionate and a
in NO rebinding to V3461 as compared to that in WT INOS proximal histidine, disrupted upon binding of the (oxygen)
(Figure 5). The mutated protein was subject to larger thermal ligand 33). Essential interactions between a heme propionate
fluctuations than WT iNOS once the substrate site is filled. and a distal Arg220 locked the structure of the oxygen sensor
In particular, the larger temperature effect in the hundreds FixXLH and enhanced ligand discriminatio4j. In cyto-

of picoseconds (reflected by changesinon NO rebinding chrome P450, Raman spectroscopy showed a strong coupling
was consistent with enhanced change(s) in V3461 as com-between the heme propionates, the substrate, and H-bonded
pared to WT IiNOS (Table 2). These fluctuations only amino acids, which was perturbed by mutation in the
affected part of the heme pocket; WT iINOS and V3461 had proximal heme side by steric effects. In the absence of the
global structures with equivalent “mean disorder”, as given substrate, the propionate bending mode was insensitive to
by calculation of the rms: 1.7 and 1.5 A, respectively. One steric hindrance35, 36). Thus, the concerted effects of steric
ordered water molecule located in between the two propi- hindrance, substrate binding dynamics, and heme propionate
onate groups may mediate these interactions in V346l. Very rotation on the kinetics of ligand (re)binding was effective
similar H-bonding network to that found in this work linked in V346l, with direct relation to function1(d). Indeed, an

the distal His-64, Arg-45 and the heme propionate through observed rate of arginine binding of 801s(37) can be

a water molecule in Mb, and Raman spectroscopy pointed calculated on the basis of an estimate of 10@ for the

out that NO binding affected this H-bonding via the arginine concentration in human plasng&8) it should be
propionate groupsl@). These specific interactions afforded faster than both the dissociation rate of citrulline @&72

a pathway of information transmission from heme to protein s %) and the apparent rate of NO release from WT iNOS
induced by the dissociation of NO (or other diatomic and V346l (2.3+ 0.1 and 0.774 0.03 s, respectively)
ligands). Similar conformational changes in the distal site (14). This comparison suggested that the substrate binding
were found to be important for signal transduction to the site should not remain free of ligand (arginine or NOHA),
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with high relevance to the control of NO release and iINOS 10.

function in vivo.
(b) Effect of the Presence of Filled/Empty Substrate Site
on NO Rebinding; Comparison with Bacterial NOEhe

present work emphasized a substrate-mediated steric effect.

In constitutive NOS, the presence of a substrate affects NO
binding to Fe(lll) more than it does the binding to Fe(ll).
This is directly related to the linear binding mode in Fe-
(1) —NO, where a stronger spatial obstruction from the
substrate would be experienced by a straight-up NO rather
than a bent NO, as in Fe(lIB39). Thus, substrate binding
was expected to influence the rate of NO geminate rebinding.
In WT INOS, Raman spectroscopy showed that the R®

is distorted by BH and arginine binding 21). Raman
spectroscopy did not distinguish different-H¢O bending
modes in the ferric complexes of bsNOS with arginine and
NOHA, despite the two structures of the ferric nitrosyl
complex previously reported in the presence of NOHA, (

35). Figure 4 showed that, in the absence of substrate, almost 16.

identical kinetics was observed in WT iNOS and V346I. The
abrogation of the effect of the mutation by an empty substrate ;-
site was consistent with our previous work on NO rebinding
in the ferric complexes of the bacterial NOS-like proteins
from S. aureusand B. anthracis (20). The very similar
rebinding kinetics of NO in these protein20j, especially

in the first 500 ps in the absence of arginine, suggested a
very similar heme conformation “sensed” by NO. In contrast,
large differences between the bacterial and mammalian
enzymes were revealed by binding of the substrate. The
potential role of the heme propionates and their H-bonds was

previously suggested. These hypotheses are now confirmed 20-

by this work with WT iNOS and V346, which also allows
characterizing rigorously the distal point mutation. Temper-

ature effects and molecular dynamics supported the active 21.

role of the substrate and propionates in mediating the steric
effect of the V3461 mutation with large effects on function.
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