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ABSTRACT. We use laser flash photolysis and time-resolved Raman spectroscopy of CO-bound heme
complexes to study proximal and distal influences on ligand rebinding kinetics. We report kinetics of CO
rebinding to microperoxidase (MP) and 2-methylimidazole ligated Fe protoporphyrin IX in the 10 ns to
10 ms time window. We also report CO rebinding kinetics of MP in the 150 fs to 140 ps time window.
For dilute, micelle-encapsulated (monodisperse) samples of MP, we do not observe the large amplitude
geminate decay at100 ps previously reported in time-resolved IR measurements on highly concentrated
samples [Lim, M., Jackson, T. A., and Anfinrud, P. A. (1997Biol. Inorg. Chem. 2531-536]. However,

for high concentration aggregated samples, we do observe the large amplitude picosecond CO geminate
rebinding and find that it is correlated with the absence of the iron-histidine vibrational mode in the
time-resolved Raman spectrum. On the basis of these results, the energetic significance of a putative
distal pocket CO docking site proposed by Lim et al. may need to be reconsidered. Finally, when high
concentration samples of native myoglobin (Mb) were studied as a control, an analogous increase in the
geminate rebinding kinetics was not observed. This verifies that studies of Mb under dilute conditions are
applicable to the more concentrated regime found in the cellular milieu.

Heme proteins bind small diatomic ligands (CQ, @nd influences the geminate ligand rebinding rate by constraining
NO) to fulfill their roles in respiration, signaling, and orientationally and spatially the diatomic ligan@8{-30).
catalysis. The investigation of ligand binding kinetics is thus  On the other hand, the proximal histidine residue (His-
essential for the understanding of heme protein biological 93) binds directly to the iron and also influences the trans
function. Numerous studies have been performed on the O binding of diatomic ligands. Protein modulation of the heme
binding proteins, myoglobin (Mb),and hemoglobin (Hb)  affinity through the proximal linkage plays a central role in
(1—4), but due to the complexity of protein structure, the Perutz mechanism for cooperative oxygen binding in
function, and dynamics relationships, the detailed mechanismhemoglobin 81, 32). This modulation may involve control
of ligand binding to these proteins is still not fully under- of the iron displacement perpendicular to the heme plane
stood. (33). In certain cases, a proximal ligand switch can influence

The shape, volume, and polarity of the distal heme pocket the binding of diatomic ligands3¢—37). Extensive work
(where the diatomic ligand binds) can affect the migration on model compounds38—42) has also provided strong
and stability of the ligand when it bind8<{12). The distal evidence for proximal effects on diatomic ligand binding
histidine residue (His-64) plays a particularly significant role (vide infra).
in discriminating between £and CO by providing a much In previous work, we have quantitatively delineated
stronger hydrogen bond to,@12—18). Moreover, His-64  energetic contributions to the rebinding barriers and parti-
probably plays the role of a “gate” allowing small molecules tioned them into proximal and distal terms, which were
to enter or escape from the solvent-inaccessible ligand-estimated to be roughly equal in magnitu@8)( Neverthe-
binding site (1, 19—-25). The distal protein residues have less, it remains controversial which side (proximal or distal)
also been proposed to form a docking sig8,(27) that plays the dominant role in diatomic ligand binding and in

determining the distribution of barriers observed at low
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! Abbreviations: Mb, myoglobin; Hb, hemoglobin; MP, microper-  heme pocket on ligand rebinding. We probe the distal effects

oxidase; MP(11), microperoxidase-11; MP(8), microperoxidase-8; Fe- i ; ; _ma.
(PPIX), Fe protoporphyrin IX; 2-Melm, 2-methylimidazole; CO, carbon by examining samples of microperoxidase (MP) and 2-me

monoxide; Q, oxygen; NO, nitric oxide; CTAB, cetyltrimethylammo- thylimidazgle-ligated iron.protoporphyrin IX [Fe(”)(me)'.
nium bromide. (2-Melm)] in detergent micelles, where the globular protein
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Ficure 1: The structures of MP8 and MP11 showing the heme and the covalently attached amino acids (left). The 3D structure of the
MP11 is also shown (right). The three extra amino acids in the peptide chain of MP(11) are shown in stick and ball models (right).

is partly or completely stripped away. Microperoxidase is buffer pH 8.5 with 0.1 M 2-Melm and 1% (w/v) CTAB.
prepared by enzymatic digestion of cytochrom?2). As (Unlike 1-Melm, the methyl group in 2-Melm sterically
shown in Figure 1, MP has a “basket handle” peptide chain hinders the formation of the bis-2-Melm complex so that
whose histidine binds to the heme iron and mimics the competitive binding between CO and a second 2-Melm
hemeprotein structure in absence of a distal pocket. Thereligand is not observed.) Typical sample concentrations for
are two basic variants of MP: one with 11 amino acids, MP- the kinetics measurements were-3M0 M. The CTAB
(11), and one with eight amino acids, MP(8). These structuresdetergent present in the MP(8), MP(11), and Fe(ll)(PPIX)
are depicted on the left side of Figure 1 and a 3D sample solutions forms micelles that encapsulate the model
representation of MP(11), based on the cytochrome compounds and inhibit aggregatio®5( 56). A highly
structure, is shown on the right (the three extra amino acids concentrated MP(11) sample solution-(¥5 mM) was used

in the peptide chain of MP(11) are shown in stick and ball as a control and prepared in the same way, but without
representation). When dissolved in detergent micelles, bothCTAB, to reproduce the condition used in previous IR
the MP system and the Fe(Il)(PPIX)(2-Melm) compound experiments Z9).

mimic the heme protein structure in the absence of a

specifically organized distal pocket.
Prior work, over a decade ag84, 53), established quite

clearly that little or no CO geminate rebinding takes place
in heme model compounds. This, along with detailed pH

titrations involving the proximal histidine ligan@4, 39, 54),

revealed that proximal ligation effects played a significant

role in determining the barrier to CO rebinding. In contrast,
the recent infrared studies of Anfinrud and colleagus; (

Nanosecond flash photolysis experiments were performed
on samples with a concentration0.1 mM prepared in
cuvettes with a 1-mm optical path length. Samples were

degassed by repeatedly evacuating the cuvette headspace and

flushing with Ar gas. A small amount of degassed dithionite
solution was used to reduce the samples. The CO adduct
was formed from the reduced samples by flushing with CO
for 30 min. Samples with a concentratier0.1 mM used

for the ultrafast kinetics and Raman experiments were made

30) demonstrated a 90% geminate rebinding amplitude in in gastight vials in a similar way and were transferred into
the MP11 system and were interpreted as evidence that aeither a spinning sample cell with 1-mm optical path length

distal pocket “docking site” plays an overwhelming role in
determining the barrier to CO rebinding. In this study, we
show that elimination of the putative distal “docking site”
does not lead to the reported®46ld increase in the geminate
CO rebinding rate 29, 30). In contrast, we observe that

for ultrafast kinetics or into a stationary 1-mm cuvette or
10-mm diameter cylindrical spinning cell for Raman experi-
ments. High concentratior-(L mM) samples were prepared
in vials in a similar way and transferred into a spinning
sample cell with 15- or 5@sm optical path length for kinetics

perturbations of the proximal heme ligand (associated with measurements.

intermolecular interactions) are strongly correlated with the Sample pH values were measured by a Beckman Instru-
dramatic aggregation-dependent changes observed in thenents®40 pH meter. Sample static absorption spectra were
ligand rebinding kinetics. obtained using a Hitachi U-3410 spectrophotometer.
EXPERIMENTAL METHODS Experi_mental _Setup and Procedureshe laser flash
photolysis experimental setup and procedures have been
Sample PreparationHorse heart myoglobin, microper- described in detail previously29). Briefly, a cw beam
oxidase-8 (MP(8)), and microperoxidase-11 (MP(11)) were produced by a universal arc lamp (Oriel Instruments, model
purchased from Sigma Chemical Co. Horse heart myoglobin 66021) and a 0.25 m monochromator (Oriel Instruments,
was prepared in 0.1 M phosphate buffer, pH 7. The MP(8) model 77200) are used to probe the kinetic response of the
and MP(11) samples were prepared in pH 7, 0.1 M phosphatesample at selected wavelengths. The signal is detected by a
buffer with 1% (w/v) hexadecyltrimethylammonium bromide high-linearity, low noise, photomultiplier (Hamamatsu, H6780)
(cetyltrimethylammonium bromide, CTAB, also from Sigma). and recorded by a transient digitizer (LeCroy 9420). A laser
Fe(Il)(PPIX)(2-Melm) was prepared by dissolving hemin pulse (10 ns, 532 nm), produced by a 10 Hz Nd-doped
purchased from Aldrich Chemical Co. into 0.1 M phosphate yttrium—aluminum-garnet (YAG) laser (Continuum, Inc.),
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is used to photolyze the sample. The pump pulse energy isshifted laser light at 435.8 nm. A dichroic mirror and a blue
typically 25 mJ. glass filter are used after the Raman shifter to filter out the
The ultrafast kinetics measurement setup and experimental532 nm light and the first red-shifted Stokes line, respec-
procedure are described in detail elsewhés@ 6£8). An tively. The scattered Rayleigh light from the sample is
amplified 250 kHz Ti:sapphire laser (REGA 9050, Coherent, attenuated at the monochromator entrance slit by a 442-nm
Inc.) system generates50 fs laser pulses at800 nm with interferometric notch filter (Kaiser Instruments) angle tuned
an average power of1 W. These fundamental pulses are to 435.8 nm. Depending on the details of the scattering
used to pump an optical parametric amplifier (OPA, Coherent geometry, three sharp additional lines sometimes appear in
9400) and to generate white light continuum. The white light the time-resolved resonance Raman spectra, especially when
continuum, which is used as a sample probe, is created byhigh concentration samples are used or if the laser beam
focusing the 800 nm fundamental into a spinning fused silica scatters off the cuvette surface. These spurious features are
disk, and its spectrum extends from 390 to 800 nm. A positioned at 237, 587, and 1084 chand, when necessary,
monochromator (Triax 320, Spex) is used to disperse theare removed from the spectra.
probe light after the sample. The OPA (50 fs, 250 kHz) is  Measurement of Rate Constant®s simple three-state
also driven by the 800 nm fundamental and the resulting kinetic model 62) that is widely used to describe the biphasic
pulses, used to photolyze the samples, can be tuned fromligand rebinding process in heme proteins is
about 520 to 650 nm. The time delay for the probe (white
light continuum) with respect to the pump (OPA pulse) is MbCO — Mb:COg Mb + CO (1)
controlled using a precision translation stage (Melles Griot, kea kin

Inc.). The pump and probe beams are focused into a speciaIIyHere, MbCO is the CO-bound state, Mb:CO is an intermedi-

designed spinning sample cell using an achromatic lens. Theyye gtate with the dissociated CO in the distal pocket, and

sample cell haa 2 in. diameter titanium frame that spins at Mb+CO is the state when the photolyzed CO is in the

a rate of over 7000 rpm to ensure that every pupmbe g5 ent Within this model, the absorption change as function
pulse pair detects fresh sample. This ensures that problem%f time can be expressed &8

like thermal lensing and build-up of product state population
are eliminated. Care was also taken to make the pump beam _ —(kgt)? _ _

completely overlap the probe beam at the sample. The timeAA(t) AAO(Ige +k(tl Ig)(l MbYICO])/

resolution of 200 fs is determined by pumprobe cross- (e — [MbJ/[CO])) = AAN() (2)
correlation. The kinetics measurements employ synchronous .
detection, where the pump beam is modulated by a mechanWith 0 < < 1. The absorbance changéA(t), is

ical chopper (3 kHz), and the pump-induced change in the proportional to _the population of t.he ligand dissociated he.me
probe signal is detected at each time delay using a PMT and(N(t)) andAA, is used to normalize the data. The quantity
a lock-in amplifier. Variations in probe power within the o iS the geminate rebinding amplitude, akgand ks are
monochromator-selected bandwidth are compensated using@€ constants for the geminate and bimolecular phases of

a feedback circuitg9). Data points are displayed for> rebinding, respe_ctively. [Mb] is the initial concentration of
600 fs, after which the contribution from the coherence Photolyzed protein (and photolyzed CO) so that the total free
coupling and oscillations are negligible. CO concentration after photolysis is [C&][CO]Jeq+ [Mb],

The cw resonance Raman setup and data processing havi® Which [COJq is the equilibrium CO concentration dis-
also been reported elsewheff), The excitation source is ~ SOved in solvent prior to photolysis. o
the 413.1 nm line generated by a Kr ion laser (Innova 300, The relation between the fundamental rates defm_ed in thg
Coherent, Inc.). Light scattered in the right angle geometry three-state model (eq 1) and the observed rates in eq 2 is
(90°) from the sample is collected by lenses and focused 91Ven by
into a single grating monochromator (1870B, Spex Indus- Kep = | kg
tries). An interferometric notch filter (Kaiser Instruments) A
rejects the intense Rayleigh scattered light. A liquid-nitrogen- Koyt = kg(l —1)
cooled CCD detector (Princeton Instruments), interfaced to ut 9
a personal computer, records the frequency-resolved intensity Ky, = Ko,/
of the scattered light. The Raman spectra are calibrated using g
fenchone as a frequency standard, with a resulting 2'cm k,, = kJ([CO] — [Mb]) (3)
frequency uncertainty.

The 10-ns transient resonance Raman sei(lpig similar wherek,n, is the CO concentration-independent bimolecular
to the cw resonance Raman setup. The excitation used toCO rebinding rate. When using eq 2 to fit the experimental
generate time-resolved resonance Raman spectra is derivedata and eq 3 to calculate the fundamental rates, the total
from 10 ns, 532 nm laser pulses produced by a 10 Hz Nd: concentration of photolyzed protein, [Mb], has to be ac-
YAG laser (Continuum, Inc.) and a homemade 50-cm long curately determined. In the low concentration samples, [Mb]
Raman shifter filled with 185 psi high purity hydrogen gas. is calculated from [CQ}, (assuming~1 mM CO solubility
The resulting anti-Stokes shifted light results in 10-ns pulses in water ©3)) and the value of [CO] found using eq 2). To
at 435.8 nm. Care is taken to eliminate uneven stress on theaccurately determine the concentration [Mb] of photolyzed
1-cm-thick quartz windows at both ends of the Raman shifter protein in the high concentration samples, we assume that
cell so that effects due to birefringence are reduced. Two the extinction coefficient changes upon CO photolysis are
watts of the 532 nm beam are focused with a 30-cm focal the same for both the low and high concentration samples.
length lens into the Raman cell to generatBd mW Raman Then the photolyzed protein concentration for the high
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Ficure 2: CO recombination upon flash photolysis at 293 K for
horse heart Mb@), MP(11) (), MP(8) (x) and Fe(ll)(PPIX)(2-
Melm) (O), detected at the Soret peak of each sample. Note the
absence of geminate CO recombination in MP(11), MP(8), and Fe-
(I (PPIX)(2-Melm). These three samples were prepared at low
concentration in the presence of CTAB to prevent aggregation.

Table 1: Rate Constants for CO Rebinding to Horse Mb, MP, and
Model Compounds at 293K

lg Ky 1-1g Kon
(%) (10°s™) B (%) (1ICPs'™™M™) B
horse MbCO 55 6.0 0.91 94 0.65 n.a
MP(11)CO 0 né& na 100 2.5 0.89
MP(8)CO 0 n.a n.a 100 3.7 0.94
Fe(PPIX) 0 n.a n.a 100 1.6 1.0

(2-Melm)(CO)

a2 The MbCO data are fit with eq 4, while the bimolecular phase for
CO rebinding to MP(11) and MP(8) is slightly nonexponential. The
actual fitting function for the CO-bound MP and model compound is
AA = AAe &1 0 <B; <1."n.a.= not applicable.

significance of a distal “docking site26, 27) on the kinetics

of diatomic ligand rebinding. Figure 2 shows CO recombina-
tion upon flash photolysis at 293 K for horse heart Mb, MP-
(11), MP(8), and Fe(Il)(PPIX)(2-Melm). Apparently, so long
as the model compound samples are prepared at low
concentration in CTAB micelles (to prevent aggregation),
there is no CO geminate recombination in the nanosecond
to millisecond region. The kinetic parameters of horse MbCO
and the various CO model compounds obtained from fits

concentration sample can be calculated from the absorbancesing eq 4 are listed in Table 1.

changes, [Mh] = [Mb] (AAW/AA)(IL/In), where [Mb] is

the photolyzed protein concentration for the low concentra-
tion sample,l. andly are the optical path lengths for the
low and high concentration samples, respectively. Ahey

Since there is no CO geminate recombination in MP and
Fe(I)(PPIX)(2-Melm), the kinetic data of these model
compounds are fitted only by the bimolecular (second) term
in eq 4. However, the bimolecular phase for MP(11) and

are the experimentally observed absorbance changes for IOV\MP(8) deviates slightly from a perfect exponential and the

and high concentration sampleg at 0. This procedure leads
to estimated uncertainties of 20% for [Mpand 19% for
kon, mainly due to uncertainties in the path length of the high
concentration sample.

For low protein concentrations, [Mb} 0.1 mM < [CO],
the normalized absorption chang¥t), in eq 2 and the CO
concentration independent observed bimolecular rebinding
ratekon in eq 3 reduce to

N(D) =16 & + (1 1)e ™
Kon = KJ[CO]

In this case, [CO¥ [COJeqand it is appropriate to set [CEJ]
equal to the concentration of dissolved CO in water: 1.0
mM at 293 K and 1.56 mM at 273 K60).

In summary, the experimental kinetics data for low
concentration samplesQ.1 mM) are fitted using eq 4. For
high protein concentrations, the CO concentration in the
solvent cannot be treated as a constant during the rebindin

(4)

mental kinetics data.

RESULTS

Kinetics of Model Compoundg§.o evaluate the overall
influence of the distal side protein residues on binding of a
diatomic ligand, we study CO rebinding to MP and proto-
porphyrin IX complexed with 2-Melm. The globular protein
material of MP and Fe(ll)(PPIX)(2-Melm) has been partly
or completely stripped off, but the proximal side of the iron
is still bound with histidine (MP) or 2-methylimidazole [Fe-
(IN(PPIX)(2-Melm)]. We use these samples to radically
modify the distal side of the heme and thus evaluate the

actual fitting function used iAA = AAe~ (™ with 3; close

to unity. Previous investigations of CO rebinding to ag-
gregated MP(11) at 293 KR, 64) and in mixed solvents at
298 K (52, 65) reported a bimolecular rate for CO rebinding
kon = 2 x 10’ M~1s71, one order of magnitude faster than
the value 2.5x 10° M~ s! that we observe for monodis-
perse MP(11)CO in aqueous solution (Table 1). We also
observed about one order of magnitude faster CO bimolecular
rebinding in the CO complex of aggregated MP(11) at
millimolar concentrations in the absence of CTAB (cf. Figure
4). The bimolecular CO binding rate observed for Fe(ll)-
(PPIX)(2-Melm) in CTAB ko= 1.6 x 10° st MY is in
reasonable agreement with previous work on 2-Melm ligated
and 1-Melm ligated mesoheme dimethyl ester in CTAR (

= 4.8 x 1P and 5.8x 10 s M1, respectively 40).

Clearly, an important issue for preparing aqueous MP and
protoporphyrin IX samples is preventing molecular dimer-
ization or aggregations5@, 56, 66—68), which takes place
even for the CO complex6@). Efforts must be made to

. .gprevent sample aggregation because the intermolecular
process. For these samples, we use eq 2 to fit the experi;

nteractions due to dimerization or aggregation complicate
the CO rebinding measurement. We use detergent (CTAB)
and low sample concentrations@.1 mM) to prevent the
samples from aggregatind®, 66, 67, 70, 71). Figure 3
shows examples of the absorption spectra of the high
concentration¥1 mM) aggregated MP(11) samples (without
CTAB) and the low concentrationr<Q0.1 mM) nonaggregated
MP(11) samples (with CTAB). The spectral differences are
particularly pronounced for the ferrous form, where the
presence of two distinct bands in the 58800 nm range in
the spectrum of the high concentration aggregated sample
is characteristic of a six-coordinate low-spin heme. In
contrast, the spectrum of the low concentration sample
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Ficure 4: CO rebinding kinetics of aggregated and nonaggregated
MP(11)CO samples. In the picosecond region, monodisperse MP-
(11) samples (56100 uM in the presence of CTAB) were
N i sans monitored at 415 nm with a bandwith of 0.5 nm. The MP(11)CO
300 400 500 600 700 data was rescaled according to the average value around 100 ps
and deoxy MP(11) was rescaled to compare with MP(11)CO. The
wavelength (nm) ultrafast data for aggregated MP(11)CO (2.6 mM, no CTAB) was

FIGURE3: Spectroscopic signatures for aggregation of MP(11). The monitg_red at ;125 rllm with a ban?]with of 0.5 ngw and rescale;j
figure shows the absorption spectra for the aggregated (solid line, 2cording to the value at 3 ps. In the nanosecond region, samples
~2.6 mM, without CTAB, 5(um path length) and nonaggregated Weré measured at their Soret peaks, 423 nm for MbCO, 415 nm
(dashed line~1004M, with CTAB, 1-mm path length) MP(11) for monodisperse MP(11)CO. The aggregated MP(11)CO data in
samples. In each case, the 5GD0 nm region is expanded by a  the nanosecond region was rescaled to match the aggregated MP-
factor of 5 MP(11y denotes ferric MP(11) (11)CO data in the picosecond region. The IR kinetic data of Lim
' ' et al R9) are plotted for comparison (sample concentratior 20

. . . mM, no CTAB). In the absence of aggregation, photolyzed MP-

resembles that of deoxyMb, and is characteristic of a high- (11)cO lacks the~100 ps geminate recombination previously

spin five-coordinate species. Spectral changes attributed toattributed to removal of the distal pocket. In contrast, most CO

aggregation are also evident in the reduced CO-bound andrebinds geminately when aggregation occurs. On the basis of
oxidized forms at high concentration in the absence of comparison of the ultrafast absorbance changes of MP(11)CO and
detergent. The sixth axial ligand present in the high deoxy MP(11), the 6-ps decay shown in the figure is assigned to

. ‘ h b vibrational cooling.

concentration deoxy form (the fifth being provided by the
imidazole nitrogen of His18) is proposed to be theitrogen geminately with a time constant of about 100 ps. The kinetics
of a valine or a lysine residue resulting from aggregation of CO recombination measured at 425 nm in the aggregated
with another MP(11) molecul&’(, 72). Itis noteworthy that ~ sample matches the result reported previously in the IR
the conversion from high-spin to low-spin spectra with measurement9, 30), where very high concentrations (0
increasing MP(11) concentration (Figure 3) is inconsistent 20 mM (73)) are required to monitor the recovery of the IR
with the assignment6@) of the low-spin spectrum to a C—O stretching band with acceptable signal-to-noise.
monodisperse solution of MP(11) with water as a strong sixth  High protein concentrationr=(1 mM) might conceivably
ligand (i.e., water binding should not depend on MP(11) influence solvent properties, such as CO solubility and water
concentration). activity. For example, the 32 nhvolume of hydrated Mb

To probe the kinetic consequences of MP dimerization or (74) accounts for 25% of the entire sample volume at the
“aggregation”, we compare in Figure 4 the optical (Soret 13 mM concentration employed in transient IR measurements
band) measurements of CO rebinding in “aggregated” andon MbCO (3). Moreover, the CO concentration in the
“nonaggregated” MP(11) samples. The infrared (IR) mea- solvent is no longer constant during CO rebinding. Conse-
surements of MP(11)CO by Lim et al2g, 30) (sample quently, we also investigated the effects of high protein
concentration 1620 mM, without CTAB {3)), which use concentrations on the CO rebinding kinetics of Mb, to help
the IR intensity of the €0 stretching vibration as a measure clarify interpretation of the IR measurements of MP(11)
of bound state population, are also shown. It can be seenobtained at high concentratio9, 30). Figure 5 compares
that aggregation dramatically influences the observed CO CO rebinding kinetics to horse Mb at high (9.1 mM) and at
geminate rebinding kinetics. The transient absorption signal low (96 «M) concentration. The data in Figure 5 were fitted
from the low concentration, micelle-encapsulated MP(11) using eq 2, and the results are listed in Table 2. Note that,
sample shows no geminate CO binding. The only ultrafast in the high concentration sample, the bimolecular rebinding
response in the transient spectra of MP(11)CO is a smallkinetics are primarily determined by the protein concentration
~4—6 ps decay, which we attribute to a cooling procé&ss, ( [Mb], rather than by the free CO concentration [GQWvhich
rather than CO rebinding, since a similar signal is also seenis reduced compared to the low concentration sample due
in deoxy MP(11) (Figure 4). In contrast, when aggregation to reduced CO solubility in the presence of high concentra-
occurs at high concentration, most of the CO rebinds tion protein. It is clear from Table 2 that both the geminate

absorption
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Ficure 5: The CO rebinding kinetics of horse Mb in phosphate B\ ‘:}2
buffer pH 7 at room temperature. ‘A v x
S: ¢ Fe-CO
Table 2: Protein Concentration Dependence of the CO Rebinding 8 d ;
Kinetics in Horse Myoglobin at Room Temperature S .I
sample g kg Kon [Mb]  [COleq < I
conc (%) (ACsH B (@AEsIMY)  (mM) (mM) 1(')0 3(')0 5(')0 7(')0 9(')0
high 51 6.7 1 0.53 9.1 0.27 . -1
low 52 61 1 0.61 0.096 1 Raman shift (cm )

FIGUuRe 6: The cw resonance Raman spectra of deoxy MP(11) and

and bimolecular CO rebinding rate constarisandkon) of MP(11) CO complexes: (a) deoxy (no aggregation), spherical

. . ) v focusing lens, static cell, 17 mW; (b) deoxy (aggregated), spherical
Mb are independent of the protein concentration within the ¢ocsing lens, static cell, 17 mW: (c) CO photolyzed (aggregated),
experimental uncertainty. Thus, high transient CO concentra-spherical focusing lens, static cell, 47 mw; (d) CO partially

tions following photolysis at high protein concentration are photolyzed (aggregated), cylindrical focusing lens, static cell, 5 mW;
sufficient to explain the differences between the high and 223 (1‘37) r%\?v'b?#gdé%g%éegsgﬁg%’tf%lgﬁ”;?2! ‘;g'%l“s',rt‘ﬁo'et“é% spinning
: H H H y . S P 1ons Wi u
low concentration blmolecular processes shown in Figure "7 4o aggregated samples andl00 M with CTAB for
5. These results confirm that the concentration dependencéonaggregated samples. The doubletgbands in the Raman
of MP(11) (shown in Figure 4) reflects sample dimerization spectra of the high concentration (aggregated) deoxy MP(11) (b)
or aggregation, rather than effects due to time-dependentand CO dissociated MP(11) (c) indicates mixture of high-spin and
ligand (CO) concentration. low-spin species. There is no sign of the220 cnt! Fe—Ny;s
) ) stretching mode in the high concentration (aggregated) deoxy MP-
Resonance Raman Measurements of Microperoxidase. (11) (b) and CO photolyzed MP(11) (c). The asymmetrie-E©

probe aggregation-induced structural perturbations so thatstretching band of the high concentration (aggregated) MP(11)CO
we could better understand the rapid CO geminate recom-(€) and the upshift of the FeCO stretching band in the CO partially
bination, we measured cw and time-resolved resonancePotolyzed MP(11) sample (d) suggest that two overlapping Fe

’ . CO stretching modes are present.
Raman spectra of MP(11) and MP(8). Figure 6 shows cw

resonance Raman spectra of aggregated am?' nonaggregat%qign of an Fe-N;s stretching mode in the high concentration

deoxy MP(11) and MP(11) CO complexes. Figure 7 shows (3gqregated) deoxy MP(11) sample or in its CO photoproduct

the 10-ns transient resonance Raman spectra of the a9(Figure 6).

gregated and nonaggregated MP(11) CO complex. (In " Fqr the high concentration (aggregated) samples, the Fe

Figures 6 and 7 and throughout the text, we use the termcq giretching mode in the partially dissociated MP(11)CO

“aggregated” to refer to samples with high sample concentra- (trace d in Figure 6) is upshifted about 10 thtompared

tion without CTAB and the term “nonaggregated” to refer 4 the Fe-CO stretching mode (495 cr) of the fully ligated

to samples with low sample concentration in the presencesample (trace e in Figure 6). The asymmetric—E©

of CTAB.) stretching band (trace e in Figure 6) and its upshift in the
In traces b and c of Figure 6, thg doublet in the spectra  partially photolyzed sample (trace d in Figure 6) suggest

of the high concentration (aggregated) deoxy MP(11) and overlapping contributions from more than one-F&O

the CO dissociated form suggests a mixture of high-spin and stretching mode in the high concentration (aggregated) MP-

low-spin species. The upshifteg (~1590 cm?) relative (11)CO samples. The higher frequency—&0 vibration

to the low concentration (nonaggregated) sampi&573 (~505 cml) is difficult to photolyze and may relate to the

cm™Y), along with the ratio of the intensities of the high- very fast CO geminate rebinding observed in the aggregated

spin and low-spirvz bands, indicate that the high concentra- MP samples. We previously observed changes in the relative

tion sample is predominantly low-spin. This suggests that intensity of two Fe-CO bands in partially unfolded MbCO

dimerization or aggregation takes place between MP(11) at low pH under continuous illuminatior84), which we

molecules in the high concentration samples. There is nomodeled as a photostationary equilibrium between differing
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MP(11) .

g
)
w)
en
—

'

is a five-coordinate high-spin species, even for the aggregated
samples in Figure 7. Nevertheless, there is still neRgs
stretching mode observed in the 10-ns transient spectra of
the aggregated samples. The very similar Raman spectra for
the aggregated MP(11)CO using both a static and spinning
cell (trace b and c in Figure 7) confirm that the 10-ns Raman
spectra represent the photoproduct of the aggregated MP-
(11)CO sample. The 10-ns transient Raman spectrum of the
nonaggregated MP(11)CO in Figure 7 (trace a) is very similar
to the cw Raman spectrum of the nonaggregated deoxy MP-
(11) in Figure 6 (trace a). This is consistent with previous
work on Mb (75) and means that five-coordinate high-spin
deoxy MP(11) is the transient photoproduct in the low
concentration (nonaggregated) MP(11)CO samples. One
significant difference between the high concentration (ag-
— 7 gregated) MP(11)CO cw Raman spectra in Figure 6 and the
200 400 600 800 1000 1200 1400 1600 transient Raman spectra in Figure 7 is the different ratio of

Fe-His

16v
-685v,
1--1497 6-c v, 1

--1467 S-cv

intensity

. -1 high and low spin species. The 10-ns transient photoproduct
Raman shift (Cm ) of the aggregated MP(11)CO sample is primarily five-

FIGURE 7: The 10-ns transient resonance Raman spectra of MP- coordinate high spin (traces b and c in Figure 7) with no
(11) CO complex: (a) MP(11)CO (no aggregation), (b) MP(11)- Fe—His mode, while the long time transient photoproduct
CO (aggregated), and (c) (MP(11)CO (aggregated) in spinning cell. 5, 3heq by the cw Raman experiment is primarily a low-
The excitation pulse energy is about 10D The sample concentra- : . . - .
tions are similar to the sample concentrations in Figure 6 for the SPIN species after CO photolysis (trace c in Figure 6). This
aggregated and nonaggregated samples. The third spectrum (c)ndlcates that on time scales much longer than 10 ns, another
shows the high-frequency region of MP(11)CO as a control Fe ligand replaces the photolyzed CO in the aggregated
measurement (b and c are the same). The singleand at 1355 samples.

cmtin all Raman spectra indicates CO has been totally dissociated. .
The core size marker bands;(and v;) suggest that most of the The 10-ns transient resonance Raman spectra of MP(8)-

sample is five-coordinate high-spin species in the high concentration CO at high and low concentration are shown in Figure 8.
(aggregated) samples (b and c). However, there is still reNeg “Nonaggregated” MP(8)CO (trace a in Figure 8) can be
stretching mode in these samples. There is a broad quartz bandstudied at low concentration without CTAB, since the
o e Py 200TEGEION Of MP(E) i lss severe than fo MP(1L), The
is positioned near the sample surface to avoid strong self-absorptions'[rong Fe-Nwis mode and core size marker bands indicate
in high concentration samples. that the photoproduct of the “nonaggregated” MP(8)CO
sample is a five-coordinate, histidine ligated high-spin
proximal ligands. Similar proximal ligand switch models species. The ultrafast kinetics measurements of CO rebinding
have been proposed for model heme compounds and the MB0 low concentration MP(8) without CTAB also show no

H93G mutant 85, 37) and may be operative in these Ppicosecond geminate CO rebinding6). This observation
aggregated model systems as well. is consistent with the concept that the picosecond CO

geminate rebinding somehow arises from the sample ag-
gregation process. Similarly, the transient Raman spectrum
of aggregated MP(8) shows no FHy;s stretching mode
following CO photodissociation (trace b in Figure 8) even
though the core size marker bands indicate that the dominant
species is five-coordinate high-spin. This appears to be
correlated with the observation of picosecond CO geminate
rebinding {6).

The transient Raman spectra of MP(8)CO in Figure 8 are
very similar to those of MP(11)CO shown in Figure 7. They
are also in good agreement with the previously reported
Raman measurements of deoxy MP(8))( However, the
Fe—Ny;s stretching mode in the (honaggregated) MP(8)CO

hotoproduct is upshifted to 225 cin(trace a in Figure 8)

ompared to~216 cnt?! for nonaggregated deoxy MP(11)

The Fe-CO stretching band for low concentration (non-
aggregated) MP(11)CO is at 491 chand also asymmetric
(76). However, in contrast to the high concentration (ag-
gregated) MP(11)CO, the Raman spectra of the partially
photolyzed low concentration (nonaggregated) MP(11)CO
show that the Fe CO stretching band has reduced intensity,
but is not shifted 16). The Raman spectrum of the low
concentration (nonaggregated) deoxy MP(11) (trace a in
Figure 6) shows a strong Fé&\y;s band at 218 cmt and the
core size marker bands,, vs, and v, indicate that the
nonaggregated deoxy MP(11) is a five-coordinate high-spin
sample. The cw Raman shifts of the MP(11) samples in
Figure 6, along with the low concentration (nonaggregated)
MP(11)CO sample, are summarized in Table 3. These Rama

shifts agree well with previous Raman measurements of (trace a in Figure 6) and its CO photoproduct (trace a in
aggregated and nonaggregated deoxy MP(8) sampls (  Figyre 7). By studying the CTAB dependence of the-Fe
The Raman shifts of the deoxy and CO complexes of MP- \5_Meim) stretching band in the nonaggregated five-
(11) listed in Table 3 do not agree with the measurements .4 dinate high-spin Fe(PPIX)(2-Melm) samples, Kitagawa’s
of Laberge et al.§8). group (77, 78) concluded that the upshifted £&l(2-Melm)

For all 10-ns transient Raman spectra of MP(11)CO in mode (220 cm? (79) in the absence of CTAB compared to
Figure 7, the presence of a singlg band at 1355 cmi 207 cm? (80) in the presence of CTAB) is due to the
indicates that CO is completely dissociated. The core size hydrogen bonding between the heme proximal 2-Melm and
marker bands; andv, suggest that most of the photoproduct solvent water. Similar effects could conceivably be involved
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Table 3: Raman Shifts of MP(11) Complex Measured by cw Laser Line Excitation

sample VEe-His (CMT™Y) Vre-co (cM™Y) vz (cm™) va (cm) vz (cm?) vz (cm™h) v1o (cM)
deoxy (HS) (monodisperse) 218 n.a. 688 1354 1470 1573 1605
deoxy (LS) (aggregation) na. n.a. 688 1358 1473(HS) 1593 1621
1494(LS)
CO photolyzed (aggregation) n.d. n.a. 686 1359 1470(HS) 1594 n.d.
1495(LS)
CO bound (aggregation) n.d. 495 688 1374 1498 1592 1631
505
CO bound (monodisperse) n.d. 491 689 1372 1499 1591 n.d.
an.d. = not determined. n.a= not applicable.
1 T T 1 1 geminate CO recombination was observed for Fe(PPIX)-
% MP(8) (His)(CO) in 80% ethylene glycol solution8%), although
o S at extreme viscosity (98% glycerol), CO geminate rebinding
N G N was observedsd).
3 noo® These results, combined with the present kinetic results
¥ = = on CO rebinding to MP and Fe(ll)(PPIX)(2-Melm), suggest

that, in low viscosity solvents, the CO escape latein eq

1 is much larger than the CO geminate binding raig,
i.e.,kout> ksa. This means that, within the three-state model
a described in eq 1, the geminate yietga/(kea + Kou) is
negligible andkga cannot be obtained.

In contrast, the significant CO geminate rebinding that is
observed following photolysis of Fe(Il)(PPI1X)(1-Melm)(CO)
in 98% glycerol 63) demonstrates that when the CO escape
rateko,t is slowed by highly viscous solvents or distal protein
e e residues, the geminate yield is increased to an observable
200 400 600 800 1000 120(1) 1400 1600 |E\I/t53!- ear that the distal et sianificantly infi

: - is clear that the distal pocket significantly influences

Raman shift (Cm ) the kinetics of ligand rebinding. Numerous prior studies of
FIGURE. 8: Th_ehlo—ns transient resonanc;eh Raman spectra of MP- heme proteins3, 5—11, 14—17, 82) have shown that the
e e ki lse Tebinding Kinetics are dependent on the polariy and size o
energy is about 10@J. There is no FeNys stretching mode in  individual residues in the distal pocket. However, what we
the CO dissociated aggregated MP(8) sample (b) even though thewant to emphasize here is that the elimination of the putative
core size marker bands indicate that most of the hemes are five-“docking site” in the distal pocket of Mb does not result in
coordinate high-spin. the 10-fold increase in the geminate binding rate proposed
by Lim et al 9, 30).

On the other hand, the data in Figure 4 do confirm the
observation of a large amplitude100 ps CO geminate
rebinding process for MP(11) when a high concentration
DISCUSSION (aggregated) sample is used. Our extensive rebinding, cw

Ultrafast optical measurements of CO-bound MP(11) Raman, and transient Raman studies of these high concentra-
(Figure 4), MP(8) 76), and Fe(Il)(PPIX)(2-Melm)&1), all tion (aggregated) MP samples suggest that the fast CO
of which lack an organized distal pocket structure, provide geminate rebinding is associated with proximal perturbations
no evidence for rapid geminate CO rebinding when the Of the aggregated molecules. The different ratio of high-
monomer forms are studied. The results in Figure 2 and TableSPin and low-spin species detected in the cw and transient
1 demonstrate that the elimination of the distal heme pocket Raman spectra of the high concentration (aggregated) MP
(and more specifically, the protein residues proposed to form Photoproduct (Figures-63), combined with kinetic studies,

a ligand “docking site” 26, 27) in Mb) do not influence ~ Suggests the scheme

geminate CO rebinding as dramatically as previously claimed
(29, 30). The prior conclusions were based upon IR
measurements using highly concentrated (and aggregated)
samples, which lead to anomalous CO rebinding kinetics. for CO photolysis in the aggregated MP(11) and MP(8)

The results presented here are completely consistent withsamples, where L is the proximal ligand of the heme iron.
a previous report 53) that there is no observable CO When a high cw flux of photons drives CO from the heme
rebinding to imidazole-ligated protoheme complexes on iron, a different ligand L(perhaps the-nitrogen of a valine
picosecond time scales in low viscosity solvents. It is worth or a lysine from another MP moleculgX 72)) can bind to
noting that analogous measurements of CO rebinding kineticsthe distal coordination site of the heme iron on millisecond
in organic solvents and in aqueous CTAB preparations agreetime scales. Thus, continuous illumination in cw Raman
well, suggesting that the use of either solvent condition will measurements creates a photostationary equilibrium domi-
generate self-consistent resu€); Similarly, no significant nated by the EFe—L' state. To account for the observation

intensity

S _--3%.14675-cV

in upshifting the Fe-Nys transient Raman band in the
nonaggregated MP(8) samples.

~1ms

L—Fe-CO==L—Fe

L—Fe-L' (5)
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of multiple Fe-CO bands with differing behavior under The absence of the iron-proximal ligand stretching mode
photolysis, the simple reaction scheme in eq 5 could be in the transient Raman photoproduct is an unambiguous
expanded to include CO-ligated states with alternate proximal signature of the proximal perturbations, which are clearly
ligands. In contrast, the 10-ns transient Raman spectracorrelated with fast CO geminate rebinding in both the MP-
measure the CO photodissociated e state denoted ineq (8) and MP(11) samples. Thus, the very fast CO geminate
5. rebinding that is observed in both of the high concentration

Assuming that the 10-ns transient Raman spectra shown(2ggregated) MP(8) and MP(11) samples strongly suggests
in Figures 7 and 8 reflect the initial photoproducts e of that proximal perturbations play a significant role in control-

the aggregated MP(11) and MP(8) samples, the absence ofing the geminate ligand rebinding rate. Finally, the lack of
an Fe-Nyis mode in these spectra suggests three straight-Similar concentration-induced effects in native Mb verifies

forward possibilities: (i) L is not the histidine residue, (ii)
there is no proximal ligand (L) present, or (iii) intermolecular the
interactions keep the heme iron in plane following CO
dissociation. In cases (i) and (ii), there is no-Hé.s mode

coupling to the resonant Soret band may be too small to allow
detection of the FeNy;s mode 83). All of these possibilities
are consistent with fast CO geminate rebinding. However,
infrared studies of the highly concentrated (aggregated) CO-
bound MP(11) samples find a CO vibrational frequency of
1952 cm! (76). This, along with the observation of the 505
cm ! Fe-CO Raman mode, is in agreement with the well-

established back-bonding correlation betweg@fe—CO) and 4.

v(C—0) in ferrous histidine bound FeCO adducig-{ 86).

This observation suggests that proximal histidine ligationin 5
a planar heme geometry (possibility (iii)) is most consistent
with the experimental results. However, the question of the
spin state of the iron atom in a five-coordinate in-plane
geometry remains open and is potentially inconsistent with
the Raman marker bands, which indicate & 3 state under
these conditions. Therefore, a more complex scenario,
involving a rapid proximal ligand switch mechanisi®4(

35, 37), may ultimately need to be invoked to consistently g
explain all of the experimental observations and simulta-
neously account for the geminate rebinding of CO to the
heme on the 100 ps time scale.

CONCLUSION

Our study finds no observable CO geminate rebinding in 10

monodisperse MP or Fe(Il)(PPIX)(2-Melm) samples where
the distal pocket has been removed. At high concentrations
of MP(11)CO, when aggregation occurs, we observe that

most of the CO rebinds geminately in about 100 ps, which 12

is in agreement with previous infrared studiez9,(30).
However, contrary to previous suggestior9,(30), the
kinetics and cw and transient Raman studies presented here
demonstrate that this rapid geminate rebinding arises from
perturbations of the proximal heme-ligand structure, rather
than from the absence of a distal pocket “docking site”. The
proximal perturbations do not allow detection of the-+e

His Raman mode and are potentially due to a planar, (rather 1°-

than a domed) histidine ligated hen&3) or to a loss of the
distal histidine ligand following CO dissociatioB%). Either

of these scenarios would enhance the CO geminate rebinding
rate. We conclude that the IR rebinding studies of Lim et
al. (29, 30) do not imply that distal pocket docking effects
are of primary importance in controlling CO rebinding. This

is because the IR studies must be carried out at high sample
concentrations and cannot distinguish distal pocket docking
effects from other molecular dimerization or aggregation-
induced phenomena that affect the proximal ligation.

17
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14.

16.

18.

19.

that studies of Mb under dilute conditions are applicable to

more concentrated regime found in the cellular milieu.
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