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ABSTRACT. The dynamics of CO rebinding with neuronal NO synthase (nNOS) following laser flash
photolysis have been investigated from 293 to 77 K in the absence and presence of its subsgiatee.

The distribution functions of the rate paramete(k) and of the activation enthal@®(H) were determined

using the maximum entropy method. In a fluid solvent near room temperature, bimolecular rebinding is
biphasic, as previously reported by several groups. However, measurement of the rotational correlation
time shows that the apparent biphasic rebinding is not relevant to the genuine dynamics of NOS. In
addition to native dimeric nNOS, another species (possibly aggregated or partially unfolded conformation)
with different hydrodynamic characteristics is responsible for the faster rebinding process. In a rigid
environment at low temperature, the geminate internal rebinding is not affected by the presence of the
nonnative species. NNOS exhibits a bimodal distribution of CO activation enthalpyP(tithconsisting

of two distinct bands with temperature-dependent amplitudes down to 77 K. The similarity of these findings
with those recently reported for cytochromes P-450 suggests a common hierarchical organization of
conformational substates, with a splitting of each conformational substate into a doublet. Thus, thiolate-
coordinated heme proteins are in clear contrast to histidine-coordinated oxygen-transport heme proteins.
The present results with nNOS provide additional support to previous arguments incriminating the thiolate
ligand as responsible for the splitting of conformational substates.

Proteins can assume a very large number of nearlya number of tiers, C5 CS, CS, etc., characterized by
isoenergetic conformational substates (Gifffering slightly different heights of the free energy barriers separating
in structure as well as in reactivity. In particular, ligand individual CS 6—8). However, more work is required to
binding occurs with a different activation enthalpy and rate. determine which characteristics of the energy landscape of
The thermodynamics and the kinetics of a protein ensembleproteins are general, which are specific, and which are
must be described by probability distributior@) andP(Kk) functionally relevant.
of the activation enthalpyH and of the reaction rate Thus, we recently found that the hierarchy of CS of
parametek, respectively 1). cytochromes P-450 is more complex still than that of oxygen-

The rate distribution manifests itself as nonexponential binding hemoproteinsy. In cytochromes P-450, CS appear
reaction kinetics, such as observed in laser flash photolysisin pairs, or “doublets”, with different dynamic properties.
studies of different classes of CO,Cand NO binding  The consequence is tha¢H) is bimodal, consisting of two
proteins (—5), under conditions where fluctuations between temperature-independent distributions but combined in a
substates are suppressed as in a rigid environment below thgroportion which, even belowly, keeps changing with
glass transition temperature of the solvery)(Exponential temperature.

kinetics, such as usually observed in a fluid environment at  cyiochromes P-450 are hemprotein monooxygenases
room temperature, are a consequence of fast equilibriumgnaring a common active site consisting of a thiolate-
fluctuations between CS which cause ) distribution coordinated iron protoporphyrin IX. They perform a great
to collapse into a unique average value. diversity of biological functions and are often characterized
The energy landscape of carboxymyoglobin has been most,y, 5 high substrate specificity. Despite this diversity,
extensively investigated and has been for many years ap_45q, . P-45Q,,, and P-45Q. display a common hierar-
paradigm for the hierarchical organization of protein CS into ¢hjcal organization of their CS. The structural fluctuations

responsible for the CS splitting are not identified yet, though
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The three different isoforms of NOS are either constitutive of 1 K/min and allowing 15 min of equilibration once the
(neuronal, nNOS, and endothelial, eNOS) or inducible desired temperature was attained. Photodissociation was
(iNOS). All NOS isoforms are homodimers, with each achieved by the 10-ns pulse of the second harmonic (532
subunit composed of two functional domains. The carboxy- nm) of a Q-switched Nd:YAG laser (Quantel, France).
terminal reductase domain contains binding sites for NAD- Transient absorption changes, monitored at the peak of the
PH, FAD, FMN, and calmodulin. The amino-terminal moiety Soret band (444 nm), were recorded over 2 decades in
is an oxygenase domain that binds iron protoporphyrin IX, amplitude and 67 decades in time using a fast kinetic
L-arginine, and a cofactor F§-tetrahydrobiopterin (BH4).  spectrometer setup.

NOS is active as a dimer and requires BH4 for full activity. 2. Distribution of Rate Parameters Using MEMt low
The crystal structures of a monomeric fragmeiit) @and of temperature the kinetics, expressed by the survival fraction
the fully functional INOS oxygenase domaih?j have been N(t) of unrecombined molecules, are given by the weighted

recently reported. infinite sum of exponentials (1):
In the present work, the kinetics of CO rebinding with - i
nNNOS have been investigated from 293 to 77 K. At room N(t) = j:) P(k) e © dk (D)

temperature, biphasic bimolecular CO rebinding is found to

originate from protein species with widely different rotational We used MEM to invert the Laplace transform (1) to get
correlation time. At low temperature the distribution func- P(k) from the observed kinetids(t) (2,14-18). The software
tions P(k) and P(H) of the internal geminate rebinding based on the Cambridge algorithm and on the Memsys5
reaction were determined using the maximum entropy package (Maximum Entropy Data Consultants Ltd., Cam-
method (MEM). The kinetics were independent of the bridge) works on a set of logarithmically spacedalues.
proportion of the nNOS species responsible for the biphasic Accordingly, absorbance changes and noise statistics were
bimolecular rebinding. It turns out that the hierarchical first converted to a logarithmic time base using a “logarithmic
organization of CS in NOS is similar to that found with smoothing” subroutine. Since noise estimation is very critical
cytochromes P-450, with two different populations of sub- in the MEM analysisZ), we regarded as real structures only
states still equilibrating belovily. This provides a new those features which clearly persisted even after arbitrarily
argument supporting the idea that the nature of the proximal doubling the noise.

iron ligand might determine the CS splitting observed in 3. Computing the Enthalpy Distribution P(HJhe basic

proteins related to P-450 cytochromes. assumption is that below the solvent's glass transition
temperatureTy, all kinetics should be derived from one
MATERIALS AND METHODS unique probability distribution of activation enthalpyH,T,)

(1). The rate parametdrand the activation enthalpy are

Materials.Recombinant rat brain nNOS was purified from connected by:

baculasirus-infected cells as described previoushy). The
holoenzyme contained 0.5 BH4 molecule per oxygenase H=RTINnA—-RTInk (2)
domain. The required amount of NNOS was diluted with

ethylene glycol (EG) and buffer to reach the final working 9iving, for the corresponding probability distributions,
concentrations of 5 mg/mL NOS, 30 mM in Tris/HCI, 150 .

mM in NaCl, 1 mM in EGTA, 10 mM in mercaptoethanol, P(H,T) dH = P(=RTIn k) d(-RTIn k)
250uM BH4, and 60% (w/w) EG at pH 7.6. With 250M P(H,T) dH = P(h) dh (3)
BH4 each oxygenase domain contained one effector mol- ] ) ] ]

ecule. In some experiments arginine was added at ain which thg variablénh = RTIn k has the d|menS|on.s of an
concentration of 5 mM. The solubility of CO in 60% ethylene €nthalpy. Since MEM directly output8(log k), a simple
glycol is~1 mM. The ferrous CO complexes were prepared change of coor_dlnates follow_ed by renormallzatlo_n_ yields
by passing a stream of CO above the protein solution the P(H, Tg) profile. To detern_une its absolute posmon on
submitted to gentle stirring at either 293 or 278 K and by theH scale, the preexponential factwas obtained from
adding a few microliters of a concentrated deaerated dithion- the linear plot of the barycenter of a seriesX) at different

ite solution. CO binding was controlled by following the —temperatures4). . . _ ,
UV—vis absorption change of the solution. Complete reduc- 4~ Rotational Brownian Motion and Correlation Time
tion was achieved within 2030 min. The amount of P-420 MeasurementsThe rotational correlation times were deter-
was estimated from the relative absorbances at 420 and 44@nined using the transient optical absorption anisotropy
nm, using the extinction coefficients determined for the P-420 Method. The anisotropyR{ was induced by photodissociation
and P-450 forms of cytochrome P-45Q since the corre- of the CO-Fe(ll) nNQS complex using a vertically poIarl_zed
sponding values for the P-420 form of NOS remain unknown. 2Ser pulse. The anisotropy dec&(), was recorded using

Methods.The methods used to collect and process the data?rggal'beaargggf: dalj dgzcgbegniarl]rtl_lg).f(_:?g correlation
and to recover the rate parameter and enthalpy distributions” ¢ was : y xp lal fitto:

have been described in detail in a previous waotk ¢nd — _ - -
will only be briefly summarized here. RO = AL ~ AVIAL + 24,0] =R, exnt t/q&()4)

1. Data Collection. Carbonylated nNOS solutions in
gastight square cuvettes were inserted in a liquid nitrogenin which A, and A, are the transient changes in absorbance
cryostat (Oxford Instruments DN704). The sample was measured with a polarization direction respectively parallel
cooled belowTy in about 20 min. Systematic records were (vertical) and perpendicular (horizontal) to that of the
performed by cooling the sample in steps of 10 K at a rate photodissociating beam.
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For a spherical particle, the Brownian rotational correlation 0.1
time ¢ is given by the StokesEinstein equation: A a
¢ = nVIKT (5)
in which 7 is the solvent’s viscosity andl is the hydrated 005 L

volume of the protein. Measurements were performed at a
constant viscosity of 6 cP, either in 60% EG at 293 K or in
29% sucrose at 278 K. Viscosities were measured using
Ubbelohde viscosimeters.

0 1 1 1 n 1 1
RESULTS 10°® 10° 10* 102 10°
Time (sec)
1. Fluid Erwironment at Room Temperature
0.8
At 278—293 K in a fluid solvent, conformational fluctua- b
tions are much faster than rebinding. The kinetics are I
therefore expected to consist of discrete exponentials and 06r- ¢
P(k) of more or less narrow bands depending on the noise .
statistics. Under conditions of fast fluctuations, carbonylated < 04+
nNOS follows the same global kinetic scheme as other 2 I
proteins which bind a photolabile ligand (Scheme 1): e 02l
Scheme 1
k. 0 L
i kesc 8 6 4 2 0
Ae4—B®S log k

lgnt' col Ficure 1: (@) Kinetics of CO rebinding with arginine-free nNOS

(1 BH4/heme) measured at the peak of the Soret band (444 nm) in
A denotes the state in which CO is bound to the heme. In 60% EG at 278 K. (b) Normalize®(K) rate distribution. Since our

; ; measurements begin aitr 7 108 s, band G is not well-defined
state B the hemeCO bond has been photodissociated but for rates> 107 . The MEM calculations were performed by

the ligand remains within the protein. In S_the Iigan(_j has leaving the norm free, so that no arbitrary normalization of the
left the protein and may exchange freely with other ligand kinetics was required.

molecules in the solvent.

1.1. Arginine-Free NOST he kinetics and rate distribution  prepared, reduced, and photolyzed at 293 K (dotted lines)
of CO rebinding with arginine-free NNOS at 278 K in 60% or 278 K (full lines). Some variations in band positions are
EG are displayed in Figure 1. Numerical values are listed in not surprising owing to the different solvent, temperature,
Table 1. Three well-characterized rebinding processes canand possibly CO solubilities, as well as to different amounts
be distinguished. of band overlap. They are however of secondary importance.

The initial, faster phase, observed in the time range of 10 The most salient finding is that the relative proportion of
ns—1 us, was independent of CO concentration. It corre- both bands critically depends on the nature of the solvent
sponds to the geminate process, i.e., to CO molecules whichand on the temperature at which NOS was reduced. Even in
recombine with a rat&gem = kint + Kese Without leaving the ~ 60% EG, the ratio between bands | and Il fluctuated from
protein. This process appears as one unique band G in theone sample to another, suggesting some instability in native
high (6—8 log k units) region of the rate distribution function. NOS preparations. The eventuality that P-420 formation

The rates of the subsequent, slower processes, observedould spoiled the kinetics could be ruled out. The amount
in the time range of 10@s—100 ms, varied linearly with ~ of P-420, estimated from the UWis absorption spectrum,
the CO concentration. This characterizes bimolecular rebind-was currently 8-10%, thus leading to a contribution of less
ing processes after diffusion of CO out into the solvent with than 3% to the kinetics recorded at 444 nm. A typical
a global second-order rak&,,. Two bands (bands | and Il)  spectrum is given in Figure 3. We suspect protein confor-
located in the low (6-4 logk units) rate region oP(k) reflect mational or oligomeric heterogeneity. To test this hypothesis,
the biphasic character of the bimolecular rebinding processwe attempted to estimate the size of the protein species
which is also clearly apparent in the decay shown in Figure responsible for bands | and Il by measuring their Brownian
la. The proportioNesc = kesdkgem Of molecules rebinding  rotational correlation time.
via the bimolecular processes was estimated to 0.64 from 1.1.2. Brownian Rotational Correlation Time in the
the relative area of thB(k) bands. Bimolecular Rebinding Bands | and Itleally, measurements

1.1.1. Influence of Seént and Temperature on the of the Brownian rotational correlation time should be
Bimolecular Rebinding Process at 27893 K. Figure 2 performed in conditions under which either band | or Il
shows a magnification of the bimolecular rebinding consist- largely predominates, i.e., by preparing the-&&&(ll) nNOS
ing of two peaks centered at ldgr~ 1.3+ 0.1 (band 1) and complex in aqueous buffer at 278 K (ldg= 1.2; Figure
at logk ~ 3.2 + 0.2 (band Il). For an easier comparison, 2a, full line) and in EG at 293 K (log = 3.2; Figure 2b,
the curves were renormalized to a total unit area. Rebinding dotted line). The viscosity of 60% EG at 293 K is equal to
experiments were performed in pure buffer (Figure 2a) and 6 cP. The correlation time in pure buffer was however too
in 60% EG (Figure 2b) using NOS samples which were short to be measured accurately with the dual-beam polariza-
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Table 1: CO Rebinding with nNOS at 278 K in 60% EG

geminate phase bimolecular phase
Kgem (LPS7Y) Nesc Konn (1P M~1s™) Koni (L0 M~ts™1) % species |
Arg-free nNOS 8.0 <0.64 1.3 2.8 31
Arg-bound nNOS 4.6 <0.87 1.0 2.2 69

aThe rate parameters correspond to the peak values of the distributions. The relative contributions were calculated from the relative band areas.
Bimolecular rate parameters were calculated assuming f€Q] mM. P Given the laser time resolution, part of the geminate process escaped
detection. Due to these instrumental limitations, error bars on the geminate rate constants cannot be evaldte, stnidtly a higher limit to
the true escape yield Errors on the bimolecular rate constants and on the proportion of species | are about 10%.
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0 Ficure 3: Absorption spectrum of the reduced form of arginine-
5 4 K log k 2 1 0 free NOS (15:M) in the presence of 1 atm of CO, measured in a
2 4-mm optical cell (278 K, Tris buffer). The change between the
beginning and end of the kinetic measurementf at278 K was
always negligible.
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Ficure 2: Normalized P(k) distributions for the bimolecular
rebinding process of CO with arginine-free nNOS (a) in aqueous 0 ) | . .
buffer, (b) in 60% EG, and (c) in 29% sucrose, at 293 K (dotted 0 110 210% 310° 410° 510°
lines) and 278 K (full lines). Time (sec)

. . . . Ficure 4: Anisotropy decay of the transient bimolecular rebinding
tion setup. The viscosity of the buffer solution was then ot o with nNOS. In sucrose/water (top) rebinding was predomi-

adjusted also to 6 cP by adding 29% sucrose whose size ishantly from band |, whereas in 60% EG (bottom) rebinding was
large enough to minimize solvenprotein interactions. In  almost exclusively from band Il (see Figure 2). The lines are single-
sucrose, the rebinding kinetics were not significantly modi- eXpO“e?\}'a' f'tﬁ- Ehfelgorﬂ'“a' viscosity Wals 6 cP in both experi-
fied, but the ratio band I/band Il was unfortunately somewhat ments. Note the >-lold change In time scale.

less favorable than in pure buffer (Figure 2c). indicates that the nNOS species rebinding via band Il has a
The relatively small initial anisotropy is due to the hydrated volume about 10-fold that of the species rebinding

unfavorable laser excitation wavelength. Its decay was via band I. The hydrodynamic radii of the equivalent sphere

however quite measurable (Figure 4). Single-exponential fits are 66 A (band 1) and 142 A (band I1).

yielded a correlation time¢ = 1.7 £ 0.1 and 15.3t 3.0us 1.2. Arginine-Bound NOSAEM analysis of CO rebinding

for band | (sucrose, Figure 4, top) and band Il (EG, Figure with nNOS in the presence of arginine is displayed in Figure

4, bottom) at 6 cP, respectively. According to eqttais 5.
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Ficure 5: P(K) distribution for the global kinetics of CO rebinding
with nNOS in the presence of 5 mM arginine measured at the peak 0.6
of the Soret band (444 nm) in 60% EG at 278 K (compare with
Figure 1b).
Compared to the substrate-free form (Figure 1), the global 04 r 79K
yield of the bimolecular phase is increased from 0.64 to 0.87. =
Bimolecular rebinding is also biphasic, but the absence of o 100K
shift in the band position indicates that the bimolecular 02
rebinding rates are unaffected by arginine. Comparison with 140K
Figure 1 shows that band | now dominates bimolecular F
rebinding. Y : : :
-5 0 5 10 15 20
h ( kJ/mol)

2. Rigid Eniironment and Low Temperature
. heure 6: P(h) = P(RT In k) for the geminate kinetics of the
In contrast to cytochrome P-450, we observed a reversiblearginine-free (top) and arginine-bound (bottom) forms of nNOS in

precipitation of nNOS below 200 K in glycerol/water, where 60% EG. The shoulder near 5 kJ/mol in the 140 K distribution of

most |ow_temperature experiments are usua”y performed_ grgininetbound nNOS |5 not regarded as a Slgnlflcant structure, since

The geminate kinetics were therefore measured in 60% EG 'S amplitude varied with sample and noise statistics.

in the temperature range #1240 K, i.e., below the glass similar observation has been already reported for cyto-

transition temperaturel§ ~ 140 K). chromes P-4504). Since the present data are insufficient to
As usual, the amplitude of the bimolecular process warrant more than two bands, we develop the enthalpy

progressively decreased upon decreasing the temperature andistribution according to:

vanished at about 200 K. Below 200 K the high viscosity of _

the medium prevented CO escape from the protein and only P(H.T) = 0as{NPras{H) + 0ol MPsionlH) ~ (6)

the geminate Process from within the protein sule|sk§g;Jn( in which osastandosiow are temperature-dependent weighting
= kin). The geminate process became increasingly SIOWer. ¢.(or5 of the two subpopulations. A Gaussian decomposition
Because of the presence of the two nNOS speciesyje|dedP(H, Ty)s andP(H, Ty)siow Which were independently
contributing to the bimolecular rebinding (see above) and 1omalized. The final normalized and temperature-invariant
because cyto_chr'om'e P—4SQ geminate rate distributions arep(H,T,) are given in Figure 7.
known to be intrinsically bimodal at low temperatur), ( For the substrate-free protein, the variation in the shape
we were dreadlng_observmg _arather intricate k|n_et|c pattern. 4¢ P(h) upon decreasing the temperature (Figure 6, top)
We therefore varied the initial amount of species Il from cjearly indicates that the amplitude of the population cor-
62% to 100% by changing the temperature of preparation yasponding to “fast” rates decreases, while that of “slow”
of the nNOS (see Figure 2). No significant changes in the rates increases upon lowering the temperature. The opposite
low-temperature geminate kinetics and enthalpy distributions {yand is found in the presence of arginine (Figure 6, bottom).
could be observed upon varying the amount of species Il. A rough estimation of the thermodynamic parameters of
This indicates that internal rebinding, being a heme-localized the ratio ‘o faslCL siow” Vields: ASYR = 0.9(0.8) andAH,
process, is insensitive to the circumstances giving rise to the— 1.3(0.6) kImol* for arginine-free NOS andSy/R =
nNOS species heterogeneity, whatever the latter may be. —6(+0.4) andAHo, = —5.1(0.4) kImol for arginine-
The kinetics were nonexponential and covered several timepound NOS. These values are of a similar order of magnitude
decades. The rate distributions of the geminate CO rebindingas those determined for cytochromes P-480 (
with arginine-free and arginine-bound NOS at three selected  Except for the “slow” population of the arginine-bound
temperatures are shown in Figure 6. According to eq 3, the form (dotted band of Figure 7, bottom), enthalpy distributions
profile P(h,T) mirrors that of°(H). Below Ty in the absence  peak at very low values. The physically unreasonable

of protein conformational fluctuation§(H) should remain  negative values are indicating that the two-Gaussians model
invariant and equal tdP(H,Ty). However, a spectacular s only an approximation.

change of shape with temperature is clearly visible in Figure

6 indicating thatP(h) cannot be attributed to a unique DISCUSSION

bimodal P(H) distribution but rather to a superposition of Geminate recombinations locally probe the reactivity of
(at least) two independent enthalpy subdistributions. A the active site with the ligand already present in the heme
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FiGure 7: Normalized enthalpy subdistributiof®§H,Tg) for CO
geminate rebinding with arginine-free (top) and arginine-bound
(bottom) NNOS forms. Full and dotted lines correspond to the
enthalpy distributions of the “fast” and “slow” sets of substates,
respectively.

pocket. At room temperature, their rate often competes with
ligand escape from the protein and with the time resolution
of the equipment. It is generally difficult to exclude

experimental distortions. Geminate recombinations are there-

fore best investigated in a rigid environment at low temper-
ature.

In bimolecular rebinding, the intrinsic reactivity of the

heme is modulated by the dynamic characteristics of the

protein matrix permitting ligand entry to the heme pocket.

Therefore bimolecular processes and geminate recombina

tions reflect different but complementary aspects of ligand
binding to a heme protein. The former may be sensitive to

quaternary structural changes and thus pertains to thek

particular protein being investigated. The latter, being more
local, is useful for comparing different proteins which share

a common active center. In this discussion we address two

main issues: (i) how can the complicated bimolecular
rebinding of CO nNOS be reconciled with what is known

about the quaternary structure of the protein and (ii) are these

peculiarities affecting the geminate recombinations in nNOS
and how do the latter compare with those of cytochromes
P-4507?

1. Fluid Ervironment at 293-278 K

1.1. Bimolecular Rebinding, nNOS Conformation, and
Oligomeric StateBiphasic bimolecular rebinding of CO with
nNOS was first observed by Matsuok20). Scheele et al.
(22) reported that three or four exponentials were required
to fit CO bimolecular rebinding with nNOS and that the
exponentials tend to group into two distinct time regimes

Biochemistry, Vol. 38, No. 22, 1999215

measured in this work, given the different experimental
conditions. To interpret their observations, the authors
postulated a quasi continuous and bimodal distribution of
conformations clustering about the two most common forms.
Resonance Raman studies revealed the presence of dual Fe
CO and C-O stretch band frequencies of the nNOGSO
complexes 22). Relying on the available kinetic dataq,

21), the authors suggested that arginine-free nNOS presents
two conformations, closed and open (calledand f5), in
roughly similar proportions, whereas only oredonforma-
tion) was present in the presence of arginine. The occupation
of the distal pocket by BH4 or water was invoked to explain
the presence of the. conformation in the substrate-free
protein.

Though our finding thalP(k) consists of two bands clearly
supports the work of Scheele et al., our measurement of the
rotational correlation time provides additional information.
The two bimolecular rates correspond to rebinding with
protein species having very different hydrodynamic proper-
ties.

A detailed discussion of the anisotropy decays would
involve additional knowledge about the real shape of the
protein as well as about the orientation of the transition dipole
momentu of the heme relative to the protein axes. According
to theory @3) a single-exponential anisotropy decay is
obtained either for oblate ellipsoids irrespective of the
orientation ofu or for prolate ellipsoids, ifi is approximately
parallel to the symmetry axis of the ellipsoid; in either case,
the apparent correlation time is an increasing multiple of that
of a sphere of equal volume as the axial ratio of the ellipsoid
increases. Two-exponential anisotropy is obtained with
prolate ellipsoids in the situation whegeis approximately
perpendicular to the symmetry axis: three-fourths of the
anisotropy is decaying with the samg value as the
equivalent sphere and one-fourth with a considerably longer
correlation time. For other orientations af up to three
exponentials may contribute to the anisotropy decay. Multiple-
exponential anisotropy decays are in practice difficult to
resolve, especially with “single shot” records such as
performed in the present work. In addition, since the

‘orientation ofu is not known for nNOS, only limiting cases

can be considered.

We first estimate the correlation time expected for a 320-
Da native dimer by using an empirical relationship based
on our past experience with rotational measurements of
proteins over a wide range of molecular weights:

¢ =2 x 10 ‘M1 (7)

whereg is the correlation time measured in nanoseconds at
1 cP and 20°C andM is the molecular weight in daltons.
Equation 7 works well for globular and moderately flattened
or elongated proteins (Lavalette, unpublished results). At 6
cP and 278 K the expected correlation time of L$
compares very well with the experimental valuegof= 1.7
us found for the band | species. The assignment of band |
species, which is by far dominant in aqueous buffer, to the
native dimeric nNOS is in agreement with the molecular
weight of nNOS, and the corresponding hydrodynamic radius
R, = 66 A is also consistent witR,, = 73 A determined for
native dimeric nNOS using dynamic light scatterirs)

The anisotropy decay for band | species in 29% sucrose

with rates centered at values quite consistent with those consists of a single-exponential plus a small residual, due to
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Table 2: Preexponential Factors, Peak Enthalpies, and Enthalpy Widths Determined for the “Fast” and “Slow” SubpopulatioRg=beld®
K

fast geminate phase slow geminate phase
log Arast (s7Y) Hiast (kJ/mol) width (kd/mol) l0gAsiow (S7%) Hsiow (kJ/mol) width (kd/mol)
Arg-free nNOS 6.6 (0.2) 0.1(0.2) 1.5(0.2) 6.0 (0.2) 1.8(0.2) 6.4 (0.2)
Arg-bound nNOS 7.2(0.2) 2.3(0.2) 3.8(0.2) 8.0 (0.2) 14.3 (0.5) 8.4(0.2)

a Full width at half-maximum of the enthalpy distribution. Values in parentheses are estimated standard deviations.

unavoidable contamination by the 10-fold longer correlation guanidinium group is stacked against pyrrole ring(1®).

time of band Il species (see Figures 2 and 3). The simple The lateral displacement of the substrate away from the iron
exponential decay and the correct predictionpaby eq 7 axis may perhaps account for the absence of steric interaction
imply that the protein deviates only moderately from a between CO and arginine. The lateral displacement of the
spherical shape. The axial ratio of about 20 deduced from substrate is also supported by a recent pulsed ENDOR
molecular weight and diffusion coefficien24) is certainly spectroscopic study indicating that the guanidino nitrogen
too high to be consistent with the present measurements.of arginine bound to nNOS is located at a relative short
However, the estimation of axial ratios involves a precise distance from the heme iron (about 4 A) but is displaced
knowledge of partial specific volume and protein hydration. from the heme normal by about-2 A (27).

A plausible explanation could be that the average values The presence of a substrate within the heme pocket was
assumed to estimate the axial ratio significantly differ from found to interfere with ligand binding in the case of the
the exact values of nNOS. highly substrate-selective cytochromes P-45and P-45Q.,

Band Il species may then correspond to either an ag- In contrast, P-45Q,, has a wide distal pocket which is able
gregated, a partially unfolded, or a misfolded protein to accommodate a variety of large substrates that apparently
conformation with a larger axial ratio. These views are do not interfere with CO binding4( 28, 29)
consistent with the poor reproducibility of the amount of band  1.3. Geminate Recombinatioris.principle, each elemen-

Il species from sample to sample as well as among authors tary rate constant of Scheme 1 can be calculated diygn

a fact which seems to render a simple conformational andN.s, However, due to experimental limitations, neither
equilibrium rather unlikely. The hydrodynamic radius of the the amplitude nor the rate of the fast geminate phase can be
species rebinding via band Il is about 142 A, a result which determined accurately at room temperature. Given the laser
is also in agreement with dynamic light scattering experi- time resolution, one cannot be sure that the fast phase seen
ments where a minor component with = 170 A was at room temperature represents the whole geminate process
detected and attributed to aggregati@d)( The anisotropy  and therefore that the measured escape yield is accurate
plateau in Figure 4 would then be due to some amount of enough. Table 1 shows that substrate binding does not affect
still larger aggregates. much the apparent rate of the geminate phase. Extrapolation

The rate of CO bimolecular rebinding with band Il species of the low-temperature data is rendered difficult because the
is increased by about 2 orders of magnitude compared to itsindividual P(H) is expected to become intrinsically temper-
value for the native protein (Table 1), indicating that the ature-dependent abovE, Data about this intermediate
protein matrix of this species is sufficiently perturbed to allow regime are not available yet, and a discussion of room-
an easier CO entry into the heme pocket compared to thetemperature geminate recombinations will require additional
native structure. The important conclusion to be drawn is work.
that the apparent biphasic bimolecular rebinding is not
relevant to the genuine dynamics of native nNOS which
exclusively rebinds via band |I. 2.1. Hierarchical Organization of C$Vhile in the extreme

1.2. Role of Arginineln agreement with other studie®Q regime of fluid environment the rate of equilibrium fluctua-
21, 25, 26, we observed CO bimolecular rebinding to slow tions is much faster than that of rebinding, the opposite
in the presence of arginine. The MEM analysis of the decays situation prevails in a rigid environment where fluctuations
indicates however that the decrease of the bimolecular rateare frozen; at intermediate temperatures/viscosities, both
is only apparent. Indeed the mean rates of bands | and Il areprocesses may be on a comparable time scale, and analysis
not affected, only their ratio is changed. Apparently arginine of the results becomes very difficult. Additional complexity
stabilizes the native structure. The absence of variation in can also result from nonequilibrium relaxation of the protein
the CO bimolecular rebinding rates upon substrate binding triggered by ligand dissociatiof16). In this work, we did
is quite consistent with the idea of a rather wide active site. not attempt to analyze the results in the intermediate range
The structure of the Fe(HHCO complexes of NOS is  of temperatures, and we focused on a description of the CS
unknown. However, the crystal structures of the Fe(lll) forms at T < Ty where the rate distribution simply reflects the
of a monomeric fragment and of the fully functional INOS histogram of the CS distribution.
oxygenase domain (bound or not with its substrate) have been The CO rebinding kinetics below 140 K are explained by
recently determined by X-ray diffractiofil, 12) The NOS the distributions of activation enthalpies shown in Figure 7,
distal pocket, primarily constructed frofirsheets, differs  their temperature dependence, and the preexponential factors
considerably from the distal pockets of cytochromes P-450 listed in Table 2. The most salient finding is that the enthalpy
and oxygen carrier hemoproteins. The NOS distal pocket is distribution P(H) is a sum of two independent subdistribu-
highly flexible and open. In addition, in the arginine-bound tions, Prs{H) and Psiew(H), with variable amplitudes down
form, the porphyrin ring is significantly bent and the arginine to 77 K.

2. Rigid Environment and Low Temperatures
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Before discussing the properties of NNOS enthalpy dis- at the origin of the splitting of CS. The most obvious local
tribution for geminate rebinding, it must be emphasized that difference between Mb and Hb on the one hand and
the subdistributions, which we shall be discussing now, have cytochromes P-450 and NOS on the other hand is the
nothing in common with the two species discussed previously replacement of the bulky and rigid proximal histidine by a
in the context of bimolecular rebinding. The low temperature less compact and possibly more mobile thiolate ligand. In
and the rigid environment cannot possibly permit a reequili- P-450 and NOS, the cysteine sulfur is located near the
bration between native and aggregated or unfolded statesN-terminal end of a helix where it accepts hydrogen bonds
Experimentally, no significant changes in the enthalpy from peptide NH groups attenuating its electrostatic charge
distributionsP(H) could be observed upon varying the initial  (29). Any residual motions of the thiolate would affect
amount of band Il from 62% to 100% by changing the directly the amount of hydrogen bonding, which in turn
temperature of preparation of the nNOS sample. This would change the effective charge borne by the thiolate. CO
illustrates the localized nature of geminate rebinding and is rebinding rates are known to be highly sensitive to the charge
rather in favor of the assignment of band Il to aggregated of the proximal ligand 33), so that two subpopulations
species. differing only by subtle changes in the thiolate orientation

The behavior of NNOS at low temperature is quite similar may be characterized by quite different enthalpy distributions.
to that found for cytochromes P-450. It differs markedly from 2.2, Substrate BindingPeak activation enthalpies and
that reported previously for other proteins (Mb, Hb, Hr, Az) bandwidths systematically smaller than corresponding values
for which only one single, temperature-invariant enthalpy for myoglobin have been reported for cytochromes P-450.

band was observed beloWy,. The two enthalpy peaks for the arginine-free form of NNOS
In cytochromes P-450 as well as in NOS, the fact that (Figure 7, top, and Table 2) are smaller still than for P50
each normalized subdistributiorPis(H) or Psiow(H)) is and correspond to the smallest values ever reported. This is

temperature-independent beldy implies that each repre- in good agreement with the idea of a wide active site
sents one subset of CS and that the CS within one set (“fast’supported by X-ray diffraction data mentionned above.
or “slow”) are “frozen”, i.e., thermodynamically discon- Surprisingly, binding of arginine does not affect much the
nected. On the other hand, thermal equilibration between theenthalpy of the fast subpopulation of CS but has a pro-
subdistributions down to 77 K implies that each “fast” nounced effect on the slow subpopulation. Moreover the
substate is connected with one “slow” substate and that bothrelative amplitude of both subpopulations is reversed upon
still slowly interconvert down to 77 K. As discussed arginine binding. The reason for these differences is quite
previously @), these two statements are not incompatible, intriguing. Given the hypothesis that “slow” and “fast”
provided that the height of the energy barrier connecting eachsubpopulations of CS differ by subtle changes in the proximal
couple of fast and slow substates is small, compared to thatside structures, their different sensitivity to arginine binding
separating CS within each set. A free-energy diagram could hardly be explained by invoking steric interactions of
showing the possible connections of the various substates isarginine with CO rebinding. In contrast, modulation of the
given in Figure 8 of refi. It explains how the subpopulations  CO rebinding rate by electrostatic interactions with arginine
may thermally equilibrate during cooling, whereas higher may be influenced by the proximal side structure.
barriers prevent the CS to interconvert during the much faster
rebinding experiment. SUMMARY OF CONCLUSIONS

Spectroscopic and kinetic studies of MB, (7) have
revealed that CS can be described as a hierarchy of severatle
tiers (CS, CS, CS, etc.) arranged by decreasing barrier
heights. This model was adapted to account for the particular
kinetic connections of cytochromes P-43().(CS’ substates,
which mainly differ by the Fe C—0O geometry/environment,
are characterized by different infrared stretch bands of CO
Such states cannot be responsible for the bimodal enthalp
distributions since they do not equilibrate beldy (30—
32). Evidence for CSsubstates comes from the nonexpo-
nential rebinding kinetics at low temperature and from the
resulting enthalpy spectrum. The particular observations with
cytochromes P-450 and with NOS as well can be explained
by assuming that each €Substate is split into a doublet,
with a “fast” and “slow” component. The presence of
subdistributions even with substrate-free forms rules out the
substrate as a cause of. the existence of doublet SUbState%eEFERENCES
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