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ABSTRACT: Nitric oxide myoglobin (MbNO) at 300 K was photodissociated with 405 nm pulses. The NO
recombination in several mutants of iron and cobalt myoglobins was investigated at a time resolution of
ca. 70 fs. The geminate recombination of NO was nonexponential on sub-nanosecond time scales. For
both metals, the change of the detailed structure of the heme pocket (position 68 mutations) caused
significant changes in the rates of recombination; however, the metal substitution influenced the
recombination much less than did amino acid substitution. The results indicate a primary role of the
heme pocket structure in the dynamics, and they suggest that proximal protein relaxation is not the limiting
factor in the geminate recombination process. Recombination in cobalt derivatives is somewhat more
efficient on the sub-nanosecond time scales than in corresponding iron myoglobins, consistent with other
results that show a greater intrinsic reactivity toward the NO of cobalt compared with the iron heme. A
comparison of results using Soret band excitation with previous Q-state excitation studies demonstrates
that the ligand dissociates with a similar kinetic energy in both cases, suggesting fast intramolecular energy
redistribution before dissociation.

The functions of hemoglobin (Hband myoglobin (Mb) of NO and Q are substantially nonexponential and are
in transporting and storing oxygen require that diffuse completed by several hundred picosecor@l§ (12, 15). In
through these proteins, to and from the heme iron binding particular for NO, several processes were proposed to
site. In addition, the electronic structure of the metal is contribute to the nonexponential character of the recombina-
sensitive to the precise positioning of its ligands. Therefore, tion (12). The so-callednhomogeneous modéivokes a
the binding and escape of ligand is closely connected with distribution of potential barriers to recombination. The
the nuclear motions of the proteift)( Direct studies of the  possibility of the dissociating diatomic ligand being associ-
essential properties of ligands such asO, or CO within ated with different intermediate sites in the pocket with
heme proteins are made possible by the facile photodisso-certain probabilities is the central feature of the related
ciation of the corresponding hemdiatom complexes. The  multiple-site model The relaxation modelincorporates a
diatom is released on a ca. 100 fs time scale3], and its potential barrier that evolves as the heme and protein
geminate rebinding, escape kinetics, and bimolecular rebind-structures relax following photodissociation. The microscopic
ing can be studied by various spectroscopic methods overorigin of a distribution of barriers has been suggested to arise
wide time ranges4—15). at least partly from the detailed structure of the heme pocket

The geminate recombination of CO following photodis- into which the ligand is ejected by photolysis. Consequently,
sociation of MbCO exhibits nonexponential character even investigations of the ligand kinetics in myoglobins from
at physiological temperature4§ 17). However, the non-  different species(0, 15) or properly designed single point
exponential contribution is small. The pioneering study on mutants {3, 14, 18—22) that alter the chemical nature of
the subject §) reported exponential kinetics with a time the heme pocket can be helpful in evaluating the inhomo-
constant of 180 ns. In contrast, the recombination kinetics geneous contributions to geminate recombination.

Nonequilibrium relaxation of the distal pocket (distal
T This research was supported by NIH Grants GM12592 (to R.M.H.) relaxation) was proposed to account for CO nonexponential
and GM51588 (to M.1.-S.) using instrumentation developed under NIH recombination 16, 17). Relaxation of the protein coupled
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We report here on the recombination of nitric oxide (NO)  Probe light was generated by focusing the 810 nm pulses
in the wild type and mutants of both iron and cobalt sperm into a 1 mmsapphire window. The probe pulses, obtained
whale myoglobin. The time resolution is improved over from the white light by means of 10 nm band-pass filters,
previous studies of the same set of mutarit3 (18), and were delayed with respect to the pump pulses by means of
the results allow us to comment on the excitation wavelength a computerized delay line. To maximize transient signals,

dependence of the recombination dynamics. the measurements were performed at 590 nm for iron proteins
and at 577 nm for cobalt proteins (we have verified that
MATERIALS AND METHODS recombination dynamics is wavelength-independent). The

. . ) magnitude of the transient signals in these experiments is
_Materials. The wild-type sperm whale myoglobin recom- - ngigerably smaller than in the visible purBoret probe
binant protein with the proper amino acid (Asp) at position experiments that were reported previouslp-{14, 18, 22
122 has been expressedischerichia colias described in - g )

ref 25. The expression system was created on the basis of 3The geometry of the pursgprobe experiment was close
the sperm whale myoglobin synthetic ger#6)(and the to collinear Wi)t/h the angle between the directions of
expression vector of ref7. Site-directed mutagenesis were ropagation of the two beams beinty B chopper was used
performed by cassette mutagenesis, as two complementar . tr?eg o red th i pt) 0 500 Ha f
oligonucleotides annealed and ligated into the expression pump arm 1o recuice e excriation rate to 1z tor
vector at theBglll and Hpal sites @5). The mutations were measurements of the absorbance with and wlthout excitation.
confirmed by DNA sequencing. The recombinant sperm Silicon diodes were used_t_o detect prqpe I'g.ht' The signals
whale myoglobins were purified as described previoua8). were sent to boxcar amplifiers and digitized in the fast A/D

The cobalt-substituted mvoalobins were prepared using the SONVerters for transient absorbance calculation. The relative
methods described by Ik)(;dg-Saito ot 2!9)? P 9 polarizations of the pump and probe beams were adjusted

o . . to 54.7 for magic angle measurements.

spgg{;?lyoggseigaﬂeb d (g/ilrt;i';?t) f;asre/bisic\r:vec?nt%ga;e?ng 4 The transient absorption dynamics were fitted to a mul-
optical cell for static and transient absorption measurements tiexponential model (see the Results) .'The fitting method is
The Mb samples in phosphate buffer (pH 7.6) were deoxy- 'basegl on Marqu_ardﬂ_evenberg nonl_lnear Iea;t-squares

. . j algorithm @4) and includes deconvolution of the instrument
genated by bubbling Nlanaerobically reduced by an excess function
of sodium dithionite, and equilibrated under an NO atmo- '
sphere. The NO gas (Aldrich) was scrubbed before being regy TS
used by bubbling through 15 cm of a saturated aqueous
solution of NaOH and passing through 15 cm of distilled  The transient dynamics in the wild type (WT) and mutants
water. The concentration of the samples was in the range ofof MbNO are shown in Figure 1. It is apparent that the
200uM, yielding absorbances of1 optical density unitat  dynamics are very different when the residue at position 68
the pump wavelength. The measurements were performeds changed. Complex kinetics are evidenced in all the studied
immediately after the preparation. The integrity of the proteins. The least-squares fits to a five-exponential model
samples was verified both before and after measurementsare also shown in Figure 1. The energy dissipation, including
by UV—vis spectroscopy. two steps of electronic relaxatiom;(~ 100 fs,7, ~ 400~

MethodsTo separate electronic relaxation and vibrational 1000 fs) and vibrational cooling{~ 3—5 ps), is represented
cooling and discern details of the nonexponential NO by the earlier part of the dynamics and is completed within
recombination dynamics, transient signals with high accuracy @ few picosecondsl). The subsequent stages of the decay
and over a large dynamic range are needd). (The laser represent NO recombination which is the subject of this
system that was used he®9) permits data acquisition with ~ paper. The recombination part of the dynamics in all cases
high detectivity (typically~0.08 optical density milliunits ~ can be adequately fitted by a two-exponential decay (time
per 2000 shots) from tens of femtoseconds to a few constantss andrs) with an offset & in Table 1). This offset
nanoseconds. The system was based on a self-modelocketEpresents recombination that is too slow to be measured
titanium sapphire oscillatoB(), pumped by an Arion laser using the method described here. The fitting parameters are
(Coherent Innova 300); a regenerative amplifier, pumped by shown in Table 1.
the second harmonic of a Q-switched YLF laser (Quantronics The data in Figure 1 and Table 1 show that for both the
Model 527); and a stretchecompressor pair32). The isoleucine and phenylalanine mutants as well as for WT
system yielded 70 fs pulses with 300 per pulse at 810  proteins, the fraction of the recombined molecules at any
nm and a repetition rate of 1 kHz. A portion of the output given time is somewhat larger in cobalt Mb than in iron Mb.
was frequency doubled (BBO, type 1) to produce pump For both metals, the extent of recombination at a given time
pulses at 405 nm. The pump pulses were focused in theis the smallest and the largest in the isoleucine and phenyl-
sample to a spot with a diameter of 260 (fwhm). Special alanine mutants, respectively, with the degree of recombina-
care was taken not to overpump the samples. Transienttion in WT proteins being intermediate. Both rate constants
signals were recorded at several excitation levels prior to (Table 1) have respectively larger values for the phenylala-
the actual measurements to determine the optimum condi-nine mutant (both metals) than for the corresponding WT
tions. Typical excitation energies that were used in the protein. It also follows from a comparison of the correspond-
experiments were in the range of 8.0.5xJ per pulse. The  ing amplitudes that the faster decay component in the V68F
pump intensity was continuously recorded during experi- mutant represents a larger proportion of the overall decay.
ments to correct the transient signals for excitation energy The situation is opposite for the isoleucine mutant of both
fluctuations. metals; while both time constants have larger values, the role
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studied are also shown in Table 1. They demonstrate the
same trends qualitatively seen in the dynamics at later stages.
Namely, the initial rates of recombination in cobalt Mb are
somewhat higher than in corresponding mutants of iron Mb.
For both metalsk.{0) decreases for the sequence V68F,
WT, and V68I. The initial rate of recombination for the iron
alanine mutant is only slightly higher than for the iron WT
protein.

A. Iron mutants

DISCUSSION

Since the discovery7] that the geminate recombination

of NO to the hemes in hemeproteins is a nonexponential
process, it has been studied extensively [see a recent review
(35) for references]. Despite the significant effort, questions
remain regarding the microscopic aspects of ligand rebinding
in heme proteins. There is no unique experimental demon-
stration of the cause of the nonexponential behavior of NO
recombination. Several mechanisms have been proposed: (i)
a distribution of the rebinding rates arising from a static
inhomogeneous energy barrier distribution (inhomogeneous

Normalized absorbance

delay time (ps)

B. Cobalt mutants

00 Tre e o0 model), (ii) different dissociation trajectories of the ligand
possibly yielding different intermediate binding sites in the
0.2 {02 protein each with a different recombination rate (multiple

site model), and (iii) a time dependence of the barrier due
to protein/heme relaxation toward the unligated structure
(relaxation model). The various models cannot be distin-
guished from fits to the data from kinetic measurements of
{086 ligand rebinding.

It is important to relate the details of the protein nuclear
structure to the recombination dynamics. High-resolution
X-ray structures are available for all deoxy, oxy, CO, and
aquomet forms of WT and many mutant myoglobiid, (
10 24, 36—38). More recently, the high-resolution structure of
MbNO was obtained39). Shown in Figure 2 are features
of the MbNO structure 39) in the vicinity of the heme.
Molecular dynamics simulation of MbCQQ) and MbNO
FiGURE 1: Normalized transient absorbance in iron and cobalt (41) photodissociation shows that the valine at position 68
mutant MbNO after Soret-state excitation. The actual magnitude experiences the largest number of collisions with the ligand

of the maximum signals is ca. 2 optical density milliunits. Fits to ; ; ot o .
a multiexponential model are shown (see the text). (A) For iron after its dissociation. Therefore, it is expected that compari

MbNO, dynamics were probed at 590 nm. (B) For cobalt MbNO, SONS of 'ghe recon_wbination kinetics for position 68 mutants
dynamics were probed at 577 nm. The fit parameters are given in Will provide key information about the role of the heme
Table 1. pocket structure and the associated motions in the dynamics.
It should be stressed that the mutations do not significantly
of the faster phase is diminished in the V68l mutant affectthe overall secondary or tertiary structure of the protein.
compared to that in the WT protein. Furthermore, the longest This was shown by high-resolution X-ray diffraction of the
time component indicated by the offsea.f is quite position 68 mutants of sperm whale myoglobim) which
significant in the isoleucine mutant of both Fe and Co we used in this study. In addition, the relaxation dynamics
proteins, but in the case of phenylalanine mutants (both of the heme iron relative to the heme plane after NO
metals) or the cobalt WT protein, it has a very small dissociation is not altered upon single point mutations
amplitude. Overall, the recombination in the iron V68A according to MD simulations for position 221) and
mutant is similar to what was found for the WT iron Mb  position 68 (3) mutants. Thus, it is likely that the changes
except for the larger offset in WT. we observe in the recombination dynamics (Figure 1 and

After the energy dissipation processes are completed, theTable 1) are caused by the changes of the structure and
transient absorbance is proportional to the concentration ofdynamics of the distal pocket resulting from single point
dissociated molecule€(t). We use this concentration to Mmutations.
calculate the instantaneous rate constant of recombination The influence of the out-of-plane metal motion on the
via the equatiork.{t) = —(dC/dt)/C. In the frame of the recombination dynamics is suggested by a comparison of
model in which the recombination is represented by a two- results for iron- and cobalt-substituted WT and mutant
exponential decay with an offset, the valuekgfcan easily myoglobins. They show that the single point mutations at
be calculated from the parameters of the fits. The initial rates position 68 influence the course of recombination much more
of recombination K.. att = 0) for each protein that was significantly than does the metal substitution (see Figure 3,

04f 3 1-0.4

-0.6

Normalized absorbance

08 4% +4-08

510 1(;0 1;0 200 10100
delay time (ps)
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Table 1: Parameters for NO Recombination in WT and Mutant Myoglébins

iron cobalt
Fe, WT Fe, V68F Fe, V68I Fe, V68A Co, WT Co, V68F Co, Ve8I
74 (PS) 18.9 (41%) 10.1 (78%) 91.4 (35.5%) 20.4 (59%) 24.2 (77%) 10.3 (84%) 48.7 (41%)
75 (ps) 126.4 (49%) 60.2 (21%) 955.8 (32.5%) 182.4 (41%) 117.9 (23%) 33.3 (16%) 727.7 (38%)
. (%) 10 1 32 0 0 21
kecatt =0 (nsh) 25.8 80.5 4.2 31.1 33.8 86.0 9.0

aThe transient dynamics were fitted to a five-exponential model with an offaét:= zi5=1 a exp(—t/ti) + a.. Only the parameters of the
recombination part (the last two exponential terms) are shown (see the text for details). Amplitudes have been normalizegis@dhat. =

1. Values ofas andas are shown in parentheses.

His 64 Leu 29

>Q\'a1 68
lle 107

Arg 45

Phe 43

FIGure 2: Structure in the heme pocket region of WT sperm whale
MbNO (Brookhaven Protein Data Bank file name 1HJ39)( Side

structure of the native iron-containing protein in all the oxy,
deoxy, and aquomet forms. One important difference be-
tween the structures is the position of the metal with respect
to the heme plane. Upon deoxygenation, the iron(ll) atom
moves 0.16 A further out of the heme plane, from 0.19 A in
MbO, to 0.35 A in deoxy Mb. The cobalt atom also shows
movement out of the porphyrin plane in the same direction,
but only by 0.06 A, from 0.09 A in the oxy form to 0.15 A

in deoxy. Therefore, in the frame of the proximal relaxation
model, the substitution of cobalt for iron should cause
changes in the recombination pattern; the recombination of
NO in cobalt Mb would be expected to have a less significant
inhomogeneous contribution than in the native iron protein.
On the other hand, alterations of the heme pocket are not
expected to result in significant changes in the proximal
relaxation-controlled recombination. The results of our
experiments do not exhibit this trend. That is, single
mutations at position 68 cause much larger changes in the
recombination dynamics than does metal substitution (see
Figure 3). Therefore, a proximal relaxation model for

view of the distal pocket showing the heme, the bound ligand, and nonexponential NO rebinding is not supported by the results,

several important residues that are discussed in the text.

0.0

0.0 T T T

T

CoV68F |

FeVesa  .-° "

AA (recombination part)

Fe WT

Co V68l

) Fe V68l
15

4.0

10
delay time(ps)
Ficure 3: NO recombination to iron and cobalt Mb mutants. Only

the recombination parts of the fits to the data are shown: iron
mutants ) and cobalt mutants (- - -).

but the importance of the distal pocket in the recombination
is evident. Qualitatively, this finding is in agreement with
conclusions from previous studiedd], where Q-state
excitation and slower time resolution were used.

The potential surface for ligand rebinding in Mb should
incorporate the changes in spin that occur during the reaction
(7, 41—-43). For the moment neglecting sphorbit coupling,
the recombination in CoMb is a spin-allowed process from
a doublet cobalt and doublet ligand to a singlet ceblaand
complex @2, 43). Quintet iron and a doublet ligand yield a
doublet iror-ligand complex upon recombination in iron Mb
(42, 43) in a process requiring a change of one unit of spin
angular momentum7( 21). These spin changes can result
in electronic barriers arising from the crossing of potential
surfaces 1, 44). This effect was suggested to contribute to
the differences in recombination rates for CQ, énd NO
ligands 7). We have found that for both the isoleucine and
phenylalanine mutants as well as for WT proteins the fraction
of the recombined molecules at any given time is somewhat
larger in cobalt Mb than in iron Mb (Figure 3 and Table 1).
The reactivities of Fe and Co to NO binding show up in
other types of experimentd$). The association of NO with
the Cd mesetetraphenylporphyrinate complex (CPP) in

where for clarity only the recombination parts of the fits are solution occurs slightly faster than that with"Fé&P. The
shown). The high-resolution crystal structures of cobalt bimolecular rate constants in benzene solutions at room
myoglobin derivatives have revealed that the cobalt atom temperature were 7.% 10° and 5.2 x 10°®° M™! s,
does not undergo as large a displacement as iron from therespectively 45), with both values being slightly lower than
porphyrin plane when the ligand dissociatgd)( although expected for a diffusion-limited proces&dj. Moreover, the
the overall structure of cobalt Mb is very similar to the activation barrier estimated from the temperature depend-
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ences of the rate constants in these porphyrin reactions isbination in isoleucine mutants is the lowest and in phenyl-

slightly larger for iron than for cobalt4y). These data

indicate that the recombination could be kinetically con-
trolled. Our data on NO recombination in iron and cobalt
Mb also suggest greater intrinsic reactivity toward NO for
cobalt than for the iron porphyrin. This may be a result of

alanine mutants is the highest, with recombination in WT

and alanine proteins being intermediate (Figure 3 and Table
1). This difference is presumably because the distal water
molecule is not present in the structures of liganded myo-
globins (@4, 39). Therefore, in contrast to bimolecular

there being some spin selectivity remaining, notwithstanding binding, the water molecule is not involved in the experi-

the rather large spinorbit coupling of iron and cobalt.

ments on light-induced geminate recombination. Molecular

Proximal energetics effects associated with bringing the metaldynamics simulations were also used to estimate the number

closer to the heme plane to facilitate ligand bindid®)(
might also contribute to the difference in reactivity in cobalt
and iron proteins.

Our data indicate that single point mutations lead to

and time distribution of metalligand collisions after ligand
dissociation from the hemé4). The collision dynamics for
the V68A mutant are similar to those found in some of the
trajectories for the WT protein. In other WT trajectories, the

significant changes in the recombination (Figure 3 and Table ligand moves quickly to the back of the distal pocket (for

1). The extent of recombination at a given time in phenyl-

details, see Figure 4 in réf4). This ligand behavior results

alanine and isoleucine mutants is much larger and muchin slightly more efficient recombination on the sub-

smaller, respectively, than in the WT protein containing the nanosecond time scales in the alanine mutant compared with
same metal. The recombination dynamics for the V68A the WT Mb (Figure 3 and Table 1). The volume of the distal
mutant are similar to those for the WT Mb. These results pocket that is accessible to the ligand in the WT mutant is
are qualitatively similar to the previous results obtained after reduced 2-fold in the phenylalanine mutant by the presence

Q-state excitation of this set of irodg, 14, 18) and cobalt
mutants {3). An explanation of the difference in recombina-
tion between WT and the V68F, V68I, and V68A mutants
is suggested by molecular dynamics (MD) simulatioh® (
14).

of the bulky benzyl side chainl4). The diffusion of the
photodissociated ligand away from the metal of the heme is
thereby obstructed in the V68F mutant, resulting in a faster
geminate recombination (Figure 3 and Table 1). In the V68I
mutant, on the other hand, the NO molecules can leave the

The most recent MD results, based on the structuresimmediate neighborhood of the iron atom more readily, and
determined by high-resolution X-ray crystallography( the C atom of isoleucine 68 can then move across the face
suggest possible explanations for the difference betweenof the heme, preventing recombinatiod3( 14). This
bimolecular binding and geminate recombination behavior. mechanism explains both the inefficient recombination and
There apparently is a water molecule hydrogen-bonded tothe large amplitude of the offset in the V68| mutant (Figure
the Nf atom of the distal histidine in the structures of WT, 3 and Table 1). In addition, in the isoleucine mutant several
V68A, and V68F deoxy MbX4). The space for this water  discrete sites are available to the ligand, only one of which
molecule in the case of the WT and V68A proteins is made is typically occupied in a given simulatiot4). This finding
available by the small size of the residues at position 68. In is consistent with our experiment; the large proportion of
the case of V68F, the benzyl side chain points away from the slow phase in recombination could correspond to the slow
the ligand binding site, again leaving enough space for a return of ligands from sites distant from the iron atom.
water molecule. The water molecule restricts bimolecular  Relaxation of the distal pocket has also been proposed to
binding of the ligand to equilibrated deoxy Mb in both the account for nonexponential geminate rebinding of A, (
WT and the V68A mutant and may be more important in 17). In broad terms, the photodissociation is assumed to
regulating the Mb function than direct steric interactions generate a nonequilibrium distribution of Mb substates which
between the ligand and heme pocket residues. This resultghen relax. Distal residue mutation is expected to alter these
in similar rates of bimolecular binding in these two proteins. substates and hence the relaxation they control. In the
The phenylalanine mutant exhibits an unusually low rate of experiments described here, a microscopic picture of the
NO bimolecular binding which was explaineti} 14) by a distal residue dynamics is presented that is not inconsistent
reduction in the speed and extent of ligand movement into with these general features of CO recombination. In any
the distal pocket due to both the large size of the benzyl event, the importance of distal effects in controlling geminate
side chain and the necessity to expel the water molecule.NO recombination is evident. This result is in contrast to
The X-ray structure of V681 Mb1(4) shows that thé methyl the strong proximal effects that are seen for MbNO under
group of the isoleucine residue is located close to the metallow-pH conditions where the iron is four-coordinat&0y
atom in both deoxy and liganded proteins. In fact, the distal It is important to understand whether a higher excitation
pocket water molecule in the deoxy V68l mutant Mb is energy (Soret-state pump vs Q-state pump) leads to the
displaced by the isoleucine side chai), so bimolecular release of a ligand with a higher kinetic energy, and therefore
ligand binding in the isoleucine mutant does not involve results in different ligand dynamics after photodissociation
water. The ligand binding is, however, directly hindered by (altering in this way the observed time course of recombina-
the terminal carbon atom of the isoleucine side chain. The tion) or whether the excess energy simply leads to hotter
net result is that in the simulation the isoleucine mutant reaction products which then undergo vibrational cooling.
exhibits a rate of bimolecular NO binding which is similar Comparison of our results following Soret-state excitation
to that in the WT Mb 13, 14) but faster than in the V68F  with the previous results1@, 18, 22) indicates that the
mutant. amount of excess energy initially deposited by the excitation

Our results for recombination after NO photodissociation
from both cobalt and iron proteins do not follow the above
predictions for bimolecular kinetics; the degree of recom-

does not affect recombination dynamics significantly for
either iron WT Mb or mutant and cobalt myoglobins. This
observation suggests that the ligand dissociates with similar
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kinetic energies in both cases. Therefore, the additional
energy Esoret— Eg)/hc (6000 cmt) remains in the reaction
products, suggesting that there is a significant fast intramo-

lecular energy redistribution before the dissociation to deoxy o

heme and NO occurs.

Although we found that recombination dynamics in the
WT sperm whale iron Mb (Figure 3 and Table 1) are similar
to those found for the WT human MIR22), there is a
significant difference between our data and the results
reported for the V68A iron mutant of human MB2)j. The
recombination in the V68A mutant of sperm whale Mb
following Soret-state excitation (Figure 3 and Table 1) is
significantly slower than recombination in the V68A mutant
of human Mb following Q-state excitation (see Figure 2 and
Table 1 in ref22). There are a number of differences between
the primary sequences of human and sperm whale proteins

(51). Further experiments are needed to identify those sites 14.

that are responsible for the evident difference in the
recombination dynamics.

SUMMARY

We have shown that changes in the detailed structure of
the heme pocket achieved by the single point mutations at
position 68 lead to profound changes in the recombination
of NO in both iron and cobalt Mb; the amount of recombina-
tion at a given time in isoleucine and phenylalanine mutants
is much smaller and much larger, respectively, than in the
WT protein containing the same metal. This finding supports
the results of MD simulations of NO recombination in Mb.
Comparison of the recombination in the set of mutants of

iron and cobalt Mb shows that the metal substitution 20.

influences the course of recombination much less than does

amino acid substitution. Therefore, our results are consistent 21.

with the primary role of NO diffusion as determined by the

details of the distal heme pocket structure and dynamics and =

thus suggest that the proximal protein relaxation is not the
limiting factor in the recombination process.

Recombination in cobalt derivatives is somewhat more
efficient on the sub-nanosecond time scales than in corre-
sponding mutants of iron Mb. This finding is consistent with
the results from studies on NO binding to metal porphyrins
in protein free solutions in which a greater intrinsic reactivity
of cobalt than of the iron heme was found.

Qualitatively, our results for NO recombination after Soret
band excitation are similar to those where Q-state excitation
was used. This suggests that the ligand dissociates with
similar kinetic energies in both cases. The excess energy,
therefore, mainly influences the reaction product internal
states, suggesting fast intramolecular energy redistribution
before dissociation.
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