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ABSTRACT: Laser photolysis techniques have been employed to investigate the internal electron transfer
(eT) reaction withirPseudomonas aeruginosdrite reductaseRa-NiR). We have measured thei{~ )

internal eT rate for the wild-type protein and a site-directed mutBatNiR H327A) which has a
substitution in thed;-heme binding pocket; we found the rate of eT to be fest= 2.5 x 10* and 3.5

x 10* s~ for the wild-type and mutarPa-NiR, respectively. We also investigated the photodissociation

of CO from the fully reduced proteins and observed microsecond first-order relaxations; these imply that
upon breakage of the Fe-CO bond, botlPa-NiR andPa-NiR H327A populate a nonequilibrium state
which decays to the ground state with a complex time course that may be described by two exponential
processeskf = 3 x 10* s~ andk, = 0.25 x 10* s™1). These relaxations do not have a kinetic difference
spectrum characteristic of CO recombination, and therefore we concludeghiR undergoes structural
rearrangements upon dissociation of CO. The bimolecular rate of CO rebinding is 5 times fé&er in

NiR H327A than in the wild-type enzyme (14 10° M~ s compared to 2« 10* M~1 s71), indicating

that this mutation in the active site alters the CO diffusion properties of the protein, probably reducing
steric hindrance. CO rebinding to the wild-type mixed valence enzygfid,f*) which is very slow k =

0.25 s'1) is proposed to be rate-limited by tlee— d, internal eT event, involving the oxidizedi-heme

which has a structure characteristic of the fully oxidized and partially oxidPzdliR.

Nitrite reductases (NiR%)play an important role in the  heme donates an electron to the substrate, and it is postulated
dissimilative denitrification chain of facultative anaerobic that two histidine residues (His327 and His36%FaNiR;
bacteria where they catalyze the reduction of nitrite to NO see Figure 1) are involved in a protonation reaction coupled
(NO,™ + 2HY + e — NO + H,0). These enzymes fall to the removal (as water) of one oxygen atom from nitrite
into two distinct classes depending on the cofactor em- (6, 7). At this stage of the reaction, NO is bound to the
ployed: one class containing copper (Cu-NiRs) and the other oxidizedd;-heme, and its dissociation before the rereduction
containing two heme centersdi-NiRs). Enzymes of the  of the d;-heme (by thec-heme) is a critical step in the
latter class are homodimers (subunit molecular mass 60 kDa),catalytic cycle, which if not completed results in a “dead-
each subunit containing onetype heme and one unique end” FEt—NO complex as NO is able to bind ferrodg
d:-heme; thec-heme accepts electrons from external donors heme with an extremely high affinity3( 8, 9). Another
(such as cytochromeb51 and azurin) whereas thg-heme interesting property ofdi-NiRs is that they are also able to
is the site of nitrite binding and catalysis (see r&fs4 for catalyze the four-electron reduction o @ water, albeit
reviews). Afterc-heme reduction, one electron is transferred with a lower efficiency {0, 11).
in a slow intramolecular electron transfer (eT) process (0.25 The three-dimensional structures Bf aeruginosaNiR
s 1) to the d;-heme B). Following NOQ,~ binding, thed;- (PaNiR) (6, 12) andP. denitrificansGB17 (formerly known
as T. pantotropha NiR (Pd-NiR) (7, 13) have provided
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Ficure 1: Molecular graphics representation of oxidiZzeaNiR
(depicted in black) superimposed on the structure of reduced
unliganded”a-NiR (depicted in gray). The lettering A and B refers
to monomer A and monomer B &a-NiR. Panel A: Thed;-heme
active site; the side chains His327, His369, and Tyr10 are shown,
and the movement of Tyr10 upah-heme reduction can be seen.
Panel B: The conformational change in thedomain 56A-62A
loop and the movement of Tyr10 upon reduction of théheme.
Met88 coordinated in both redox states. The fediidhieme

of PA-NIR is liganded by two protein residues, namely,
His200 and Tyr25, the latter being part of the N-terminal
arm of the same monomer. HoweverHRe-NiR, the ligands
are His182 and a hydroxide ion; the Tyr residue (Tyr10) in
the active site of the oxidized enzyme belongs to the
N-terminal arm of the other monomer due to “domain
swapping” 6). Reduction oPd-NiR is accompanied by very
large structural rearrangements3); for Pa-NiR, the struc-
tural alterations are not so extreme, but (as illustrated in
Figure 1) there is a concerted movement in whickdmmain
loop moves 6 A, Tyrl0 rotates (4.2 A) away from thg
heme, and the sixtth-heme ligand, a hydroxide ion, leaves
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the active site, thereby “opening” the distal pocket of the
di-heme (2). Recent crystallographic work on a redox

intermediate oPaNiR has shown that the reduction of the

c-heme is not associated with these structural charig®s (

Our aims have been to investigate the internal electron
transfer reaction ircd;-NiRs using laser photodissociation
of the CO complex15), a far reaching approach which can
be extended to initiate eT reactions within enzymes in the
crystalline state.cd;-NiRs represent ideal candidates for
intramolecular eT studies, as they are well characterized from
a structural and functional viewpoint. However, the internal
eT event inPa-NiR is known to be complex. Under many
experimental conditions, the intramolecular electron transfer
is slow (5, 9); but it is variable, and, for example, when O
is the final electron acceptor, intramolecular eT rates in
excess of 100 8 have been reportedl). Indeed, the
structures oPa-NiR andPd-NiR demonstrate that the two
hemes are relatively close to one another (edge-to-edge
distance is 11.4 A iPa-NiR) and therefore distance alone
does not account for the low rate constant assigned to the
intramolecular eT. Moreover, it has been demonstrated that
intramolecular eT can be very fast when induced under
nonphysiological conditions, for example, by photoexcitation
of an enzyme derivative containing a Zn-protoporphyrin IX
in the place of thel-heme (7), or by pulse radiolysisig).

To probe thed; — c eT event inPaNiR, we have
investigated the valence hybrid derivativd™d,>t—CO,
which upon photolytic breakdown of the F€0O bond yields
the species®"d;?". This is able to transfer an electron to
the oxidizedc-heme, but as the- and di-hemes, in the
absence of external ligands, share similar redox potentials
(approximately+-280 mV) (L9, 20), the eT reaction produces
a mixture of the valence hybrids*d;?" andc®td;**. Using
this approach, we have measured for the photolytic inter-
mediate a fast internal eT at 2:610* s, and discuss this
result with reference to the various redox statePaiNiR
(6, 12, 14). Preliminary to this approach, we investigated
the relaxations, which follow photodissociation of CO bound
to fully reducedPa-NiR. The time evolution of the photo-
product proved to be complex, due to microsecond relax-
ations which, on the basis of spectral analysis, are not
geminate rebinding but assigned to structural changes of the
reducedd;-heme active site. We extended our investigations
to a site-directed mutant &fa-NiR (H327A), in which one
of the two histidine residues in thtle-heme pocket possibly
involved in the protonation and dehydration of bound nitrite
(Figure 1) has been mutated to Ala. As demonstrated below,
Pa-NiR H327A displays a different kinetic behavior from
wild-type Pa-NiR, which makes it more suitable to the study
of photoinduced intramolecular eT and allows us to postulate
a role for H327.

EXPERIMENTAL PROCEDURES

MutagenesisMutagenesis of His327 was performed on
the nirS gene which has been cloned into the vector pUC
19 (pUC-NR). The introduction of the mutation was achieved
by PCR methods; three oligonucleotides were synthesized:
[I, 5'- GCGGCGCCGTTCCTCGCCGACGGCGGCTGGG-
3; [Il], 5'- GCCACGCCCCGGGGCCGGGGTCTTGC-
CCACGTCG-3; and [lll], 5- CCCCGAGTTCATCGT-
CAACGTGAAGAAGACCGG-3. Oligonucleotide [I] is the
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mutagenic oligonucleotide. A 160 bp fragment was synthe- Laser Photolysis ExperimentBhe laser experiments were
sized by PCR using oligonucleotides [I] and [Il] as primers carried out using two different laser apparatuses; however,
andpfu polymerase (Stratagene) (annealing temperature 65both instruments used are very similar, and we describe one
°C); then this fragment was used as a primer in a secondexperimental setup. The light flash emitted by a pulsed Nd:
PCR step along with oligonucleotide [lll]. The second PCR YAG laser (200 mJ at 532 nm in 5 ns half-width duration
step synthesized a 250 bp fragment using Zyme polymeraseGaussian pulses) is focused onto a fluorescence cuvette
(Finn Zyme) (annealing temperature 36). The 250 bp sealed to a modified Thunberg tube containing 2.5 mL of a
fragment was digested withcaRV andBsn¥I and following 8—10uM solution of the enzyme equilibrated with 1 atm of
purification was subcloned into pUC-NR in place of the pure CO. The transmittance of the sample is continuously
corresponding wild-type region. The putative mutants were monitored using the light beam of a 300 W lamp collimated
screened by dideoxy DNA sequencing using Sequenase 2.®nto the sample cuvette at O@ith respect to the laser light
reagents (US Biochemicals), and after positive identification, pulse. Opposite the lamp a Spex 1680 monochromator
the region between the restriction sitesoRV and Bsni| removes scattered laser light and transmits monochromatic
was completely sequenced to ensure that no PCR errors werdight to a Hamamatsu R1398 fast response photomultiplier
present. The entire mutant gene was then subcloned into theube connected to a Hamamatsu C1053 current to voltage
expression vector pNM-185 leadrl digestion, yielding the  amplifier. The output of the amplifier is read by a Tektronix

construct pNM-H327AZ21). TDS360 digital oscilloscope, and the trigger for the oscil-
Preparation of Protein Samples. R was purified loscope is provided by a fast photodiode transiently il-
according to the method of Parr and co-workezg)( The luminated by the laser light pulse transmitted through the

preparation was judged pure when the oxidized enzyme hadsample cuvette. The crude voltage readings are converted
a 411 nm/280 nm ratiez 1.1, and the protein concentration into absorbance changes with respect to the pretrigger level
was determined usingsi; nm = 141 mMt cm! for the (absorbance oPa-NiR—CO) and further analyzed by a
oxidized protein (which refers to the concentration of active nonlinear least-squares minimization routine using either
sites). The expression and purification of mut&asNiR MATLAB (The Math Works Inc.) or Facsimile (AEA
enzymes have been described previougll).(The recom- Techology, UK). The described experimental setup has a
binant protein is isolated as a “semi-apo” enzyme, in which dead time of approximately 250 ns; therefore, no geminate
the c-heme is incorporated but thig-heme is lacking. The  ligand rebinding such as that seen with myoglobin (Mb) or
“semi-apo” PaNiR H327A was judged pure when the hemoglobin (Hb) 24) can be observed. The recovery of
reduced enzyme had a 417 nm/280 nm ratic=df3, and photolyzedPa-NiR can be calculated to be 30% of the total
an €417 nm = 139 mM cm™! was used to determine the enzyme (see the results below).

“semi-apo” protein concentrationPa-NiR H327A was

reconstituted wittd;-heme which had been extracted from RESULTS

the wild-type protein using the method of Walsh et aB)(
Concentrated samples &a-NiR H237A contained in 50
mM potassium phosphate buffer, pH 7.0, were incubated with
a 1.5 stoichiometric excess df-heme fo 1 h at 16°C. The
samples were then eluted through small G25 columns
equilibrated with the same buffer to remove the exahss
heme.

Stopped-Flow and Equilibrium Experiment8oth the
stopped-flow and equilibrium CO binding experiments were
carried out under anaerobic conditions in 100 mM potassium
phosphate, pH 7.0, containing 1 mM EDTA at 20. For
stopped-flow experiments, protein samples were prepared b
reducing the enzyme (®&M) with sodium ascorbate (1 mM
final concentration) in a tonometer. Following complete Model 1
reduction, the protein sample was rapidly mixed with buffer
contai_ning various cqncentrations c_)f CO—{0.1 mm), reduced NiR+ Cog reduced-NiR-CO
ensuring that all reactions were carried out under pseudo- Kott
first-order conditions. The reaction was monitored using
either a diode array detector (TN 6500 Tracor Northern, This analysis yielded & = 0.12 s and a calculated
Madison, WI) or an Applied Photophysics stopped-flow equilibrium K4 of 6 M. Equilibrium CO binding experi-
apparatus; when single wavelength acquisition was used, thements revealed that the Hill coefficient is approximately 0.8
reaction was generally followed at 460 nm. Time courses and the dissociation constant isgM. The kinetic and
were analyzed using the computer program MATLAB (The equilibrium results agree well with each other, and the kinetic
Math Works Inc., South Natick, MA). For the equilibrium constants determined are in good agreement with those
CO binding experimentRaNiR (7 uM) was placed in a  previously published?b, 26). However, the observations that
capped cuvette, and the gas phase was excluded. Buffeat all studied CO concentrations ligand binding is monoex-
containing 1 mM CO was introduced with a Hamilton ponential and that the Hill coefficient is below unity are at
syringe through the septum of the cuvette, and the absorbance/ariance with previously published resul5); the reasons
spectrum of the sample after each addition was measuredor these discrepancies are unknown. CO binding experi-
using a Jasco V-550 spectrophotometer. ments were also carried out ®aNiR H237A; at the studied

Stopped-Flow and Static Titration Experiments the
stopped-flow apparatu®a-NiR (2.5uM after mixing) was
rapidly mixed with various concentrations of CO under
anaerobic conditions (56600 uM after mixing). The time
courses were monoexponential at all CO concentrations
studied, and the rate was linearly dependent on the ligand
concentration. At high CO concentrations, the full expected
absorbance change was observed, and the data were fitted
to a single-exponential function yielding a second-order rate
constank,,= 2 x 10* M~* s, At lower CO concentrations,
the enzyme was not fully saturated, and therefore the data
Ywere fitted to Model 1.
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FIGURE 2: Transients seen in laser photolysis experiments of FIGURE 3: Optical difference spectra of the transients. Panel A:
reduced CO-boun®a-NiR. The reactions were carried out under The combined amplitude of both microsecond phases seen after
anaerobic conditions in 50 mM potassium phosphate buffer, pH CO photodissociation from fully reduced wild-tygea-NiR (a)

7.0, containing 1 mM CO and at ambient temperature. Panel A: and PaNiR H327A (@) is plotted as a function of wavelength.
Microsecond relaxations monitored at 460 nm after photolysis of The concentration oPaNiR was 8uM, that of Pa-NiR H327A

the fully reduced CO complex. The pre-trigger absorbance repre- Was 10uM, and the concentration of CO was 1 mM. Panel B:
sents that of the fully reduced CO-bouRe-NiR (8 xM), and this The static difference spectrum of redudeaNiR minusreduced
value has been set to zero. The reaction was initiated by photo-CO-bound PaNiR (solid line) is compared with the kinetic
dissociation of CO with a laser pulse at 532 nm (denoted by the difference spectrum of the recombination reaction of CO with
arrow). With the experimental design used, approximately the first reduced wild-typePa-NiR (see Figure 3, panel B) after normaliza-
500 ns after the laser pulse is prone to artifacts and should not betion for protein concentration and for the extent of photolysis. We
considered part of the transient. Panel B: Time course of CO estimate that we have approximately 30% photolysis as determined

recombination to fully reduceBaNiR (8 «M). The reaction was from comparison between the static and kinetic difference spectra.
initiated by photodissociation of CO (panel A); the laser flash is Experimental conditions are reported in the legend of Figure 2.
denoted by the arrow and recombination from the bulk was

monitored at 460 nm. protein, these kinetic processes must be assigned to events

wavelengths, the time courses were monoexponential, andocceurring as a result of t_he photodi_ssociation of CO. Figure
the corresponding second-order rate constig) (vas 11 2 (panel A) shows the time evolut|o_n of absorbance _at the
x 10* M~1s1, which is significantly higher than that of the di-heme Soret band after photolysis. At least two kinetic
wild-type protein. constants are needed to fit the time course, and their values,
Laser Photolysis on Fully Reduced CO-Bound Pa-NiRs. Which are independent of ligand concentration, are reported
Laser flash photolysis experiments conducted on the fully in Table 1. The numerical analysis of these processes
reduced CO-bounBa-NiR revealed that upon CO dissocia- revealed that the rate constants are significantly correlated
tion the enzyme undergoes fast relaxations on a microsecondo each other; as a consequence, all fitted parameters are
time scale. Since no absorption changes were observed orassociated with significant errors (up to 30%; see Table 1)
photoexcitation of the oxidized or unliganded reduced which are not independent of each other. Therefore, we did

Table 1: Rate Constants for Conformational Relaxations, CO Binding, and Internal eT for WildPByN&R and Pa-NiR H327A%

enzyme us structural us structural CO binding useT
PaNiR redox state relaxation 1 10 s™) relaxation 2 ¢ 10°s™) (x10*M~1s™ (di?2F — %) (x10*s™)
wild-type fully reduced 3.6t 0.45 2.5+ 0.75 2(2)
wild-type mixed valence 25+03
H327A fully reduced 3.6: 0.45 2.5+ 0.75 14 (11)
H327A mixed valence 3.5£03

@ The numbers in parentheses were determined by stopped-flow; all others were calculated from laser photolysis experiments. The reactions were
carried out under anaerobic conditions in either 200 mM or 50 mM potassium phosphate buffer, pH 7.0.
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Ficure 4: Static and kinetic absorption spectra of wild-typa- Time (s)

NiR (panel A) andPaNiR H327A (panel B). The solid line g pe 5: Transients seen in laser photolysis experiments of
represents the spectrum of the fully reduced protein, the dotted line ;o qced CO-bounBa-NiR H327A. The concentration of enzyme

is the fully reduced CO-bound protein, and the open circles represent,y a5 10,M, and all other experimental conditions are reported in
the spectrum of the intermediate populated immediately after the e |egend of Figure 2. Panel A: Microsecond relaxations monitored
photodissociation of CO. In panel A, the vertical dotted line is at 41 620 nm after photolysis of the fully reduced CO complex of
460 nm while in panel B it is at 466 nm, indicating a red shift of pg NjR H327A. The reaction was inifiated by laser photodisso-
the reducedd;-hemey band in PaNiR H327A. Experimental  ¢iation of CO from the protein (laser flash is denoted by the arrow).
conditions are reported in the legend of Figure 2. The inset graph shows the same reaction monitored at 460 nm.

PR ; ; +1Panel B: Time course of CO recombination to fully reduéd
not attempt to assess the individual amplitude associated WIthNiR H327A. The reaction was initiated by the photodissociation

each phase of the reaction, and only the total amplitude of 5t co from the protein (panel A), the laser flash is denoted by the
the microsecond kinetic phases has been plotted as a functiorarrow, and the recombination from the bulk was monitored at 460
of wavelength (Figure 3, panel A). Clearly the kinetic nm.
difference spectrum shows that the microsecond kinetic
processes do not represent CO recombination to the reduced
di-heme (Figure 3). An alternative approach to the data
analysis would be the use of a “stretched” exponential ;
expression to describe the data. The rationale behind this;']SZ?'A(‘]I mut(;nth(Flgure ﬁ) (r:]lgar% shq\lléstthat thé)ta_nd_of i
assumption is that the photolyzed sample is made up of many € reducedii-héme, which in the wiid-type protein Is a
nonequivalenPa-NiR molecules each assuming a slightly 460 nm, is red-sh|fteq by about 6 nm, to 466 nm, presumably
different structural conformatior2¢, 28). This hypothesis a result of the mutation.
suggests that the observed kinetic phases cannot be correlated The time courses after CO dissociation from fully reduced
to a process where all tHea-NiR molecules undergo two ~ PaNiR H327A were complex, and two phases were again
distinct conformational changes; rather, a large number of observed in the microsecond time regime (Figure 5, panel
unrelaxed “substrates” converge, each with its own rate A). A good description of the time course was obtained in
constant, to a smaller number of (or single) equilibrium a global fit of the microsecond relaxations for both the wild-
unliganded states. Although we have not analyzed our datatype PaNiR and PaNiR H327A, using the same rate
with a “stretched” exponential, we acknowledge that this constants [(3.Gt 0.45) x 10* s™* and (2.5+ 0.75) x 10°
approach may be of interest when more extensive data ares !; see Table 1]. The kinetic difference spectra of the
available. microsecond processes are shown in Figure 3, panel A;
Following the microsecond phases, a much slower and although the difference spectra of the wild-type and mutant
second-order process is seen (Figure 2, panel B). Both thePa-H327A are rather similar in shape, there are some clear-
second-order rate constant 2 10* M~! s71), which is cut differences, notably at 420 nm and more significantly at
identical to that measured for CO binding in the stopped- 460 nm. However, inspection of the absolute spectra of the
flow experiments, and the kinetic difference spectrum of this unrelaxed species of both the wild-type and the mutant
phase (Figure 3, panel B) indicate that it corresponds to protein shows that they are very similar (Figure 4). Therefore,
rebinding of the unliganded reduced enzyme with CO the differences observed in the difference spectra (Figure 3,
diffusing from the bulk. panel A) are presumably a consequence of the reduced

We have extended these experiments to the mRant
NiR H327A. The static spectrum of fully reduc&i-NiR
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b panir H3274 " mixed valence B derivative of wild-typePa-NiR, followed at 560 nm. The reaction
was triggered by laser photodissociation (denoted by the arrow) of
CO from the ferrousd;-heme, thec-heme being ferric. The
o0} whly i concentration of enzyme was 10/, and all other experimental
g conditions are reported in the legend of Figure 2.
<
_% fully reduced were prepared by the addition of a 4-fold excess of potassium
3 oot § ferricyanide to the CO-bound fully reduced derivative. Due
to the large redox potential difference between the CO-bound
d:-heme and thes-heme, only thec-heme was oxidized,
002 : - s which leads to population of the species d;**—CO, as
000 008 _ ("‘:S’)" o 020 observed spectrophotometrically. Unfortunately, in the wild-

typePa-NiR this derivative is somewhat unstable (since CO
F'fG‘é:RS 6: d Ki”‘t*tigst?f i?rt]ernaldl — CfeT trig%ered b%/ photoITyﬁis is a reductant), and within some minutes it reverts back to
O 0 enoted oY e atow, o itk eme. 1, the fully reduced CO-bound state. Therefore, he experimerts
conditions are reported in the legend of Figure 2. Panel A: Must be carried out rapidly after addition of ferricyanide.
Microsecond absorbance changes monitored at 420 nm after laseiThe rate of eT from the unliganded ferrodsheme to the
photodissociation of CO, either fr_om the mixed val_ence or from ferric c-heme was followed by monitoring absorbance
the fully reduced wild-typePa-NiR. Panel B: Microsecond changes at 420 nm (a wavelength wheredtheme mainly
absorbance changes monitored at 520 nm after laser photodisso- ; : .
ciation of CO, either from the mixed valence or from the fully cqntrlb_ut_es) ona microsecond time scale af_ter CO photo-
reducedPa-NiR H327A. dissociation. Figure 6 (panel A) shows the time course of
the absorbance changes observed after photolysis for the fully
reduced and mixed valence hybrid; the latter displays an
increase in absorbance at 420 nm indicativecdieme
reduction (rate constant 2.5 x 10* s 1), while the fully
reduced protein exhibits the fast structural relaxations with
an amplitude of opposite sign.

The mixed valence experiments were repeated oPthe
NiR H327A mutant, which yielded a markedly more stable
mixed valence state. The absorbance changes at 460, 520,
and 550 nm followed on a microsecond time scale after CO
photodissociation are consistent with synchrondubeme
oxidation ancc-heme reduction (Figure 6, panel B), and can
be fitted with a single exponential (at all three wavelengths)
yielding a rate constant of 3.5 10* s

Laser photolysis experiments of mixed valence wild-type
E&NiR showed that CO rebinding from the bulk was

spectra of the two proteins at equilibrium being different (as
shown in Figure 4).

The CO rebinding ta-NiR H327A as observed in laser-
flash experiments (Figure 5, panel B) was 7-fold faster than
that observed in the wild-type protein. The agreement
between the stopped-flow experiments and the photolysis
experiments was fairly good; however, the rate of CO
rebinding after photolysis was slightly faster than that
observed in the stopped-flow (see Table 1). It was also noted
that at a number of wavelengths the CO recombination
transients were best fitted using a double exponential with
rate constants of 190 and 50'sthe reason for this biphasic
behavior is not known and was not investigated further.
Following CO rebinding to the mutant protein, an additional
very slow phase was observed. At the wavelengths that the
measurements were done, this phase represented approx X . .
mately 10% of the total amplitude apart from at 420, 460, ?ggkiq;y biphasic, see Figure 7 (rate constants are 11 and
and 580 nm where the amplitude was more significant = '

(approximately 35%). This reaction has not been aSSigned'DISCUSSION

but it could represent a number of processes, such as a slow

structural alteration after CO rebinding, as previously  CO Binding to Fully Reduced Pa-NiR&he CO recom-
observed irPa-NiR (21). Other possibilities are that a small  bination with the fully reduce®a-NiR reported in this study
fraction ofc-heme is able to bind CO and the slow phase is is second order and slow, with= 2 x 10* M~' s, as

the recombination of CO to theheme after photolysis, or  obtained both by stopped-flow and by laser photolysis, and
that we have a heterogeneous population of protein moleculesn good agreement with previously published res 2t 26).

due to the reconstitution d?Pa-NiR H327A with d;-heme. Moreover, the kinetic difference spectrum is the same in the

Photolysis of the Mixed Valence Hybrid§he mixed two experiments and compares well with the static spectrum.
valence hybrids of wild-typé*a-NiR and Pa-NiR H327A The fact that the rate constant for CO recombination is the
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same regardless of the method used to initiate the reactionScheme 1
is important as it shows that the photoproduct of the laser

hv k
photolysis has relaxed to a species indistinguishable from & dP-Cco — Fd ——— M4
equilibrium reduced unligande®ia-NiR prior to recombina- s relaxations

tion with bulk CO. As discussed below, this is fully T
consistent with the microsecond conformational relaxations.

The recombination of CO with the mutaRe-NiR H327A

is at least 5 times faster than with the wild-type protein. We

correlate this increase with the removal of the bulky histidine Scheme 2

residue sitting just above tlile-heme (Figure 1). Site-directed

mutagenesis of Mb has shown that the nature of the distal

residues alters both the extent of geminate rebinding and the . “”/'
second-order rate con;tant_for Ilg_and re_comblnatlon from the ¢ d7-CO Fap ket
bulk (29). The almost invariant distal His (E7) gates access L

to the heme and is a major determinant of the second-order \

rate constant for recombination which increases 10-fold by Hs relaxations s
substitution of His with Ala or Gly. Therefore, a decreased CI !
barrier to ligand diffusion in th®a-NiR H327A mutant may
well explain the 5-fold increased second-order rate constant co

for CO recombination. The crystallographic structure of o

reducedPaNiR (12) shows that His327si4 A away from  di-heme pocket, thereby diminishing its influence on the
the iron atom of thed;-heme and may be responsible for SPectrum. The spectrum of the kinetic intermediate and its
some hindrance to ligand diffusion to and from the heme, decay are very similar for both proteins, suggesting that the
even though this residue is somewhat further away from the microsecond relaxations cannot be attributed solely to His327
heme iron than His E7 is in Mb. relaxing back into position (see Figure 2, panel A).

Fast Absorbance Changes after Photolysis of CO from Internal Electron Transferln the mixed valence deriva-
Pa-NiRs.The microsecond relaxations observed after pho- tive, thed; — c intramolecular eT is observed both Re-
tolysis of the fully reduced CO complex do not have the NiR H327A and in wild-typePa-NiR (Figure 6). Since this
kinetic difference spectrum characteristic of CO binding and reaction overlaps in time with the structural relaxations
are independent of CO concentration. Our interpretation is described above, it is likely to involve a partially or totally
that the photoproduct is an unstable intermediate which unrelaxed derivative, rather than the equilibrium state. Two
decays to its equilibrium conformation with perturbations €experimental observations emerging from the interpretation
of the optical spectrum of thel-heme. It may be an  of the time courses of the photolyzed mixed valence hybrids
oversimplification to assume that these structural changeswill be discussed: i.e., (i) the rate and absorbance changes
can be assigned to motions of individual residues within the associated with the fast eT; and (ii) the biphasic time course
di-heme distal pocket. They may well reflect more global for CO rebinding from the bulk. Schemes 1 and 2 illustrate
structural changes, for example, involving thdomain loop our proposed mechanism for the photochemically induced
which moves upordi-heme reduction and is coupled to a reactions in fully reduced and mixed valenéaNiR
rotation of Tyr10 6, 12) (Figure 1). Our interpretation is  derivatives. For both the fully reduced and mixed valence
that the microsecond transients observed WitiNiR are ~ PaNiR derivatives, photolysis yields an unliganded active
protein conformational relaxations similar to those proposed site (denoted ag;?**) which undergoes structural relaxations
for the much better characterized structural relaxations before CO rebinding from the bulk. We propose that in the
observed in photolyzed Hb and M7 28, 30, 31). As mixed valence species (Scheme 2) only the transiently
reported for these proteins, the structural relaxation of the populatedd;*"* form of the enzyme is able to rapidly reduce
photoproduct oPa-NiR is complex as it cannot be described the ferric c-heme (microsecond eker) and this reaction
by a single-exponential process (Figure 2). We have refrainedcompetes with the conformational relaxations occurring
from analyzing the decay using a stretched exponential modelwithout changes in redox state distributide) (The scheme
(27, 28), without necessarily implying that the two rate assumes that the eT reaction is essentially irreversible,
constants used to describe the time course reflect separatémplying a large driving force between the spea&sd,***
physical events. and c?"d;®*. Also for simplicity we have illustrated that

The wild-type PaNiR and Pa-NiR H327A exhibit dif-  c**di®*"* decays toc?*di*" in a single processr) involving
ferent optical spectra since the 460 nm band characteristicthe €T event, although we may envisage two elementary
of the wild-type reduced protein is red-shifted by 6 nm in processes (i.e., €T transfer and structural relaxations).
Pa-NiR H327A (Figure 4). Red shifts of the visible spectra  The rate constant of the microsecond procesdges>(c)
of hemes have been explained in terms of a decrease ineT (Scheme 2) has been estimated asx2BY s ! and 3.5
polarity of their binding pocket32), which is consistent with x 10* st in wild-type PaNiR and PaNiR H327A,
the case oPa-NiR H327A where the polar His327 has been respectively. This corresponds to the sum of the rate constants
replaced with a hydrophobic Ala side chain. More impor- for eT and structural relaxations (Scheme 2). For both
tantly, the spectrum of the transiently populated species proteins, the direction of the absorbance change implies
recorded after photolysis is the same for the wild-type and synchronousc-heme reduction and;-heme oxidation;
mutant proteins (Figure 4). These results suggest that in CO-however, it is difficult to assess whether the experimentally
ligandedPa-NiR, His327 is somewhat displaced from the observed absorbance changes correlate well with the extent

CO

A

slow
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of eT dictated by the difference in redox potentials and equilibrium conformation &, 12). Therefore, we postulate
extinction coefficients between the two species. Apart from that the transient species is able to transfer an electron very

the complexity due to the unrelaxeg?™* state (as shown

rapidly, while the equilibrium form, due to a lower driving

in Scheme 2) being able to decay by two pathways, the force and/or to an increase in the reorganizational energy
driving force for the reaction is unknown, and only partial term linked to structural changes, transfers an electron slowly.
photolysis &30%) was obtained. Nevertheless, the data very The data reported above suggest that photodissociation
clearly show that at key wavelengths, the mixed valence experiments in single crystals of CO-boum-NiIR, if
photolyzed species displays a kinetic behavior different from possible, may provide direct evidence for the dynamics of
that of the fully reduced protein and consistent with eT from the ligand-linked structural changes by time-resolved X-ray

the reducedl;-heme to the oxidized-heme.
Following the microsecond eT and structural relaxations

diffraction (34).
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