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ABSTRACT. We use laser flash photolysis and time-resolved Raman spectroscopy of CO-bound H93G
myoglobin (Mb) mutants to study the influence of the proximal ligand on the CO rebinding kinetics. In
H93G mutants, where the proximal linkage with the protein is eliminated and the heme can bind exogenous
ligands (e.g., imidazole, 4-bromoimidazole, pyridine, or dibromopyridine), we observe significant effects
on the CO rebinding kinetics in the 10 ns to 10 ms time window. Resonance Raman spectra of the various
H93G Mb complexes are also presented to aid in the interpretation of the kinetic results. For CO-bound
H93G(dibromopyridine), we observe a rapid large-amplitude geminate phase with a fundamental CO
rebinding rate that is-45 times faster than for wild-type MbCO at 293 K. The absence of an iron proximal
ligand vibrational mode in the 10 ns photoproduct Raman spectrum of CO-bound H93G(dibromopyridine)
supports the hypothesis that proximal ligation has a significant influence on the kinetics of diatomic ligand
binding to the heme.

In myoglobin (Mb)! diatomic ligand binding takes place migration of diatomic molecules. In contrast, relatively few
in a highly organized environment formed by surrounding studies involving proximal ligand perturbations have been
amino acid side chainsl(2). The proximal side protein  carried out 28—33). As a result, ambiguities remain
residues of Mb, which include the sole covalent attachment concerning which residues (proximal or distal) play the
between the heme iron and protein through His-93, are dominant role in determining the barriers that control
thought to have a major influence on the ligand binding diatomic ligand binding as well as the distribution of these
kinetics 8—10). The proximal ligand affects both the barriers observed below the protein dynamical transition (near
electronic structure of the high-spin ferrous irdri,(12) and 180 K), when the protein conformational fluctuations have
the heme geometry [through protein conformational changesbeen quenchedL6, 19, 30, 33—40).

(7, 8, 13)], allowing the proximal side residues to exert In this work, we use laser flash photolysis and resonance
control over the energetics of diatomic ligand binding, which  Raman spectroscopy to investigate the effects of the heme
takes place on the distal side. proximal ligand on CO rebinding kinetics. We study adducts

In previous work, we have presented a simple mod@gl (  of the H93G Mb mutant, where the proximal histidine is
that quantitatively treats the energetics of diatomic ligand replaced by glycine so that imidazole, 4-bromoimidazole,
binding to heme proteins by partitioning the rebinding barrier pyridine, or dibromopyridine can bind to the proximal side
into proximal and distal terms, which (for CO binding to of the iron in the cavity created by removal of the native
Mb) were estimated to be roughly equal in magnitude. His-93 residue41—47). The measurements presented here
Extensive studies, involving the effects of distal pocket demonstrate that perturbations associated with the proximal
mutations on diatomic ligand binding, have been reported heme ligand can dramatically influence the diatomic ligand
by Olson and collaboratord4—26) and by Sugimoto etal.  rebinding kinetics.

(27). These studies demonstrate that the distal pocket residues
in Mb play a major role in controlling the dissociation and EXPERIMENTAL PROCEDURES
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concentration range. Horse heart myoglobin and wild-type The scattered Rayleigh light from the sample is attenuated

sperm whale myoglobin were purchased from Sigma Chemi- at the monochromator entrance slit by a 442 nm interfero-

cal Co. and were prepared in 0.1 M phosphate buffer, pH 7. metric notch filter (Kaiser Instruments) angle tuned to 435.8

Typical sample concentrations for all measurements werenm. Depending on the details of the scattering geometry,

50—100 uM. three sharp additional lines sometimes appear in the time-
Nanosecond flash photolysis experiments were performedresolved resonance Raman spectra, especially when high-

on samples prepared in cuvettes with 1 mm optical path concentration samples are used or if the laser beam scatters

length. Samples were degassed by repeatedly evacuating theff the cuvette surface. These additional lines are positioned

cuvette headspace and flushing with Ar gas. A small amount at 237, 587, and 1084 crhand are removed from the spectra

of degassed dithionite solution was used to reduce thewhen necessary.

samples. The CO adduct was formed from the reduced Measurement of Rate Constan®. simple three-state

samples by flushing with CO for 30 min. Samples used for kinetic model §1) that is widely used to describe the biphasic

the Raman experiments were made in gastight vials in aligand rebinding process in heme proteins is

similar way and were transferred into either a stationary 1

mm cuvette or a 10 mm diameter cylindrical spinning cell MbCO — Mb-CO*i’—m— Mb + CO 1)

for Raman experiments. kea kin

Satqu’L%p':l vall:es évere Ime?s;lredbby at_Beckma? InStru'Here, MbCO is the CO-bound state, MID is an intermedi-
ments pH meter. sample static absorption SPectra Were oiq state with the dissociated CO in the distal pocket, and

obtaineq using a Hitachi U-3410 spectrophotometer. Mb + CO is the state when the photolyzed CO is in the
Experimental Setup and Procedureshe laser flash solvent. Within this model (under the condition [Mk§

photolysis experimental setup and procedures have bee ; ; ;
described in detail previously4®). Briefly, a cw beam lc):(gr]ésied Zl:;g)rptlon change as a function of time can be

produced by a universal arc lamp (Oriel Instruments, Model
66021) and a 0.25 m monochromator (Oriel Instruments, AAD = AALT e & & (1 — [ )e ™ = AAND) (2
Model 77200) probe the kinetic response of the sample at ® Ad o ( g)e } AND ()
selected wavelengths. The transmitted beam is detected byyith 0 < g < 1, accounting for short time scale relaxation

a high-linearity, low-noise, photomultiplier (Hamamatsu, processes. The protein concentration is denoted by [Mb], and
H6780) and recorded by a transient digitizer (LeCroy 9420). [CO] is the dissolved CO concentration in water: 1.0 mM
A laser pulse (10 ns, 532 nm), produced by a 10 Hz Nd- 4t 293 K and 1.56 mM at 273 K59). In eq 2, the absorbance
doped yttrium-aluminum-garnet (YAG) laser (Continuum,  changeAA(t), is proportional to the population of the ligand-
!nc.), is used to photolyze the sample. The pump pulse energyjissociated hemeN(t), and AA, is a time-independent
is typically 25 mJ. . normalization factor. The quantity is the geminate rebind-
The cw resonance Raman setup and d.ata. processing haVﬁ]g amplitude andk, and ks are rate constants for the
also been reported elsewhe#9). The excitation source is  geminate and bimolecular phases of rebinding, respectively.
either the 413.1 nm line generated by a Krion laser (Innova = The relation between the fundamental rates defined in the

300; Coherent, Inc.) or the 441.6 nm line from a HeCd laser {hree-state model (eq 1) and the observed rates in eq 2 is
(Omnichrome 456XM). Light scattered in a right angle given py

geometry (90) from the sample is collected by lenses and
focused into a single grating monochromator (1870B; Spex Kgp = ngg
Industries). An interferometric notch filter (Kaiser Instru-
ments) rejects the intense Rayleigh scattered light. A liquid Kout = Ky(1 = 1)
nitrogen cooled CCD detector (Princeton Instruments),
interfaced to a personal computer, records the frequency- Kin = Korllg
resolved intensity of the scattered light. The Raman spectra
are calibrated using fenchone as a frequency standard, with kon = kJ[CO] )
a resulting 2 cm! frequency uncertainty. ) o )

The 10 ns transient resonance Raman s&iQjpig similar Wherek?n is the CO concentration-independent bimolecular
to the cw resonance Raman setup. The excitation used toCO rebinding rate.
generate time-resolved resonance Raman spectra is derivengSULTS
from 10 ns 532 nm laser pulses produced by a 10 Hz Nd:
YAG laser (Continuum, Inc.) and a homemade 50 cm long  Kinetics of H93G Myoglobin MutantsProximally de-
Raman shifter filled with 185 psi of high-purity hydrogen tached” H93G(L) mutants, where the proximal linkage with
gas. The resulting anti-Stokes shifted light results in the 10 the protein is ruptured and various heterocyclic nitrogenous
ns pulses at 435.8 nm. Care is taken to eliminate unevenligands (L) bind to the iron in the cavity created by removal
stress on the 1 cm thick quartz windows at both ends of the of His-93, facilitate the study of proximal influences on
Raman shifter cell so that effects due to birefringence are diatomic ligand binding 3, 41—47). Figure 1 shows the
reduced. Two watts of the 532 nm beam was focused with CO recombination kinetics following flash photolysis for
a 30 cm focal length lens into the Raman cell to generate wild-type Mb, H93G(Im), H93G(4-Brim), H93G(Pyr), and
~10 mW Raman-shifted laser light at 435.8 nm. A dichroic H93G(BKLPyr) in buffer. Table 1 lists results from fitting
mirror that rejects 532 nm light in a 9@eometry and a  the data in Figure 1, together with the fundamental rkggs
blue glass filter were used after the Raman shifter to filter ko, andki, calculated using the three-state model in eq 2
out the 532 nm light and the first red-shifted Stokes line. and the expressions in eq 3. The bimolecular phase of CO
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Table 1: Kinetics of MbCO and Mutant H93G-CO with Various Proximal Ligands

T lg kg Kon Kea Kout Kin
K) (%) (10°s7Y) B (10s MY (10557 (10°sY) (10°s M)
293 wt Mb 6.9 8.3 0.64 0.65 0.58 7.7 9.4
H93G(Im) 13 5.3 0.78 15 0.69 4.6 11
H93G(4-Brim) 18 5.9 0.64 1.8 11 4.8 10
H93G(BrPyr) 77 34 0.67 19.6 26 7.8 25
H93G(Pyr) 20 8.1 0.58 3.4 1.62 6.5 17
273 wt Mb 11 25 0.53 0.27 0.28 2.2 25
H93G(Im) 21 1.7 0.67 0.52 0.36 1.3 25
H93G(4-Brim) 28 1.9 0.67 0.55 0.53 1.3 2.0
HI93G(BrPyr) 87 22 0.60 5.3 19 2.9 6.1
HI3G(Pyr) 26 2.4 0.57 0.87 0.62 1.8 3.3
1.0 Table 2: Comparison of CO Bimolecular Rebinding Rdtgsin
—_— This Work for Various H93G Mutants with Previous Measurements
0.8 kon (10°S™1M~2)
’ this work other groups
WT MbCO wt Mb 0.65(293K)  0.77 (296 K3,0.51 (293 K)P
0.6 . A 0.51 (298 Ky
— x CO-H93GHm YA H93G(Im) 1.5 (293 K) 1.7 (296 K3,1.2 (298 K¥
N s CO-H93G+4-Brim} X H93G(4Brim) 1.8 (293 K) 2.0 (296 K)
Z 0.4 CO-H93G+Pyr . HI3G(Pyr) 3.4 (293K) 2.3 (296 K)
CO-H93G+Br,Pyr aDecatur et al. Z8).  Springer et al. §4). Kundu et al. 83).
0.21 0.8
Br,Pyr 2 saturated (~200uM)
00 14 o 70uM
E T — ] . 0.6 - o 0uM
10'8 107 10'6 105 10‘4 10'3 102 superposition of ZOOMM (82%)
and OuM (18%) data
t(s)  04- -
FiGure 1: CO recombination kinetics for wild-type Mb, H93G-
(Im), H93G(4-Brim), H93G(Pyr), and HO3G(BRyr), measured at 7,
423,422,421, 419, and 415 nm respectively, near the peaks of the 0.2
reactant Soret bands. The,Byr dramatically changes distal ligand :
rebinding. The data are normalized according to eq 2.
rebinding to the H93G mutant was sometimes found to 0.0 -
deviate slightly from a perfect exponential. To improve these |} Ty,
fits, we sometimes supplemented eq 2 by an additional
exponential in the long time tail of the bimolecular rebinding B BN i B B TN A P A AL
10° 107 10° 10° 10" 10° 10% 10"

or used a maximum entropy (MEM) fitting procedufss).
These three different methods for fitting the kinetic rates and
the geminate amplitude were all in excellent agreement. For Ficure 2: CO rebinding kinetics of H93G with various dibro-
example, when two exponentials were needed to improve mopyridine concentrations measured at 415 nm. The negative

the fit to the bimolecular phase [as was the case for H93G- g]bstorﬁtiontchanggdi_? thel bitrr;olecutl_a_r p?ase Ct’rf] HQ:E)C_B((?) indicates

_ : at at least one adaitional state partucipates In the repinding process.
(4-Brim) _and H93G(Im)], the amplitude of _the second This state must absorb more strongly at 415 nm than the CO-bound
exponential was always<20%, and the additional rate

) ! H93G(0) starting materiallf,x= 419 nm). The open circles show
constant varied by only a factor of2 from the primary rate.  the kinetics of an~40 uM H93G protein solution containing 70
The geminate amplitude was not affected. The MEM

uM BroPyr. This kinetic response is very well fit using a
approach yielded a bimolecular rate distribution with a single SUP€rposition of the H93G(0) (18%) and the H93G(saturated Br
well-defined peak positioned between the two bimolecular

Pyr) (82%) kinetics. This demonstrates that a 1:1 complex of H93G
A - . . and BgPyr accounts for the enhanced geminate CO rebinding
exponential rates. Moreover, the fits obtained with only a opserved in the 20@M Br,Pyr complex.
single exponential for the bimolecular phase (i.e., eq 2) gave

results that were within 10% of the MEM-determined Modest variations in geminate CO rebinding for differing

bimolecular rates (which are presented in Table 1). The proximal ligands in H93G were reported in previous

bimolecular CO rebinding ratek,,, at or near 293 K have
been reported previously for some of these muta2Bs33,

54) and for wild-type myoglobinZ8, 33, 54). Table 2 lists
the CO bimolecular rebinding rates for various H93G mutants
and wild-type myoglobin along with our measurements for
comparison.

measurements, both in water and in 75% glyce?8| 32,
42). However, of particular note in the present study is the
observation thakga in CO—H93G(BLPyr) is 45 times (at
293 K) and 68 times (at 273 K) larger than in wild-type
MbCO.

To test the possibility that more than oneByr ligand is

Table 1 demonstrates clear quantitative differences in the binding to the H93G mutant protein, we varied themr

geminate CO rebinding for different proximal ligands.

concentration as shown in Figure 2. When theFyr
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] FicurRe 4: Resonance Raman spectra of deoxy (a) H93G(Pyr), (b)
FIGURE 3: A.bsorptlon spectra of .the (e{0) complex. of H93Gi-Br H93G(BRPYyr), (c) H93G(4-Brlm), (d) H93G(Im), (e) horse wt Mb,
Pyr) (solid line) and H93G(0) without heterocyclic nitrogenous and (fy H93G(0). The wt Mb, H93G(Pyr), HI93G(#tyr), and
ligand (dashed line). The Soret peaks are at 415 and 419 nm forH93G(0) samples are excited at 413.1 nm, while H93G(Im) and
H93G(BrPyr) and H93G(0), respectively. H93G(4-Brim) are excited at 441.6 nm. The concentrations of the
o ] excess free imidazole, 4-bromoimidazole, and pyridine in buffer
concentration is reduced to 7OM, so that not all proteins  solution are 10 mM. The concentration of the excess free dibro-
have a BsPyr ligand bound, the observed CO rebinding mopyridine in the buffer solution for HO3G(Byr) is saturated,
kinetics are well described by a simple linear superposition @PProximately 0.2 mM.

of the H93G(0) and H93G(saturated,Byr) kinetics. [We : - -
use H93G(0) to denote no added exogenous heterocyclicmtt’fnfs' vﬁt";‘]”:f‘a’}igl:‘éﬂl_‘i’fa%‘;x% ':r?gssrg’)'gﬁglogg‘vﬁcd HI3G
ligand, although it has been suggest&d, (55) that CO 9

binding to H93G(0) leads to proximal ligation by His-97.] shift (cm™)
The titration kinetics shown in Figure 2 demonstrate that Kre-L?
nonspecific binding by BPyr to alternative sites on the _lgand  veer  va V3 v2 MW (N/m)
mutant protein does not occur. We also note that the H93G- Im 226 1359 1474 1566 68 92.6
(0) kinetics shown in Figure 2 are multiphasic and display a 4-Brim 200 1359 1474 1566 147 95.8
sign change in the transient signal observgd .at 415 nm " 208 1365 1}13;"'(62)3) 1%38%2)3) 9 83.6
(—AA45). Such complex behavior may be indicative of pr,pyr nd 1361 1475(HS) 1565(HS) 237 nd
changes in the proximal ligation3{, 55) during CO 1497 (LS) 1589 (LS)
rebinding to H93G(0) (vide infra). 0 nd 1357 1473 1566 nd  nd
Absorption and Raman Measurements of H93G Myoglobin His(Mb) 222 1356 1474 1566 68 89.3
Mutants. The ligation geometry of H93G(BPyr) is un- aKee-L is the force constant between the heme iron and proximal

; f : ligand in a simple two-body oscillator modédge— = (27CVre-1)%u.
known, which raises the question of whethesfBr actually b nd = not determined< 0 = no added heterocyclic nitrogenous ligand.

enters the heme pocket and binds to the heme iron. If S0,d Takes account of the mass of the imidazole ring only.
does it bind to the proximal or distal side of the heme (or
both)? To help to address this question beyond the kineticsiron and the proximal ligand approximated by using a simple
shown in Figure 2, we compare the absorption spectra of two-bodv oscillator model

the CO complexes of H93G with saturated,Byr and of y

CO—H93G(0) in Figure 3. The blue shift of the Soret band

from 419 nm in H93G(0) to 415 nm in the presence of KoL = (21C7ge )

saturated BPyr in Figure 3 indicates that BPyr is in close

proximity to the heme and probably bound to the heme iron. U= _MedM (4)
Other experimental result81, 55, 56) indicate that CO Mee + M,

binding to H93G(0) acidifies the iron so that an internal
histidine (His-97) binds on the proximal side of the iron. where u is the reduced mass of the heme iron and the
Generally, it has been found2§, 42) that heterocyclic proximal ligand. It can be seen that the irgoroximal ligand
nitrogenous ligands bind to the proximal side of the heme stretching mode in Figure 4 and Table 3 is sensitive to the
in H93G mutants, and we expect that this applies tgPBr proximal ligand, as also observed by Franzen e&4). (Note
as well. that the Fe-proximal ligand stretching mode intensity is
Figure 4 shows cw resonance Raman measurements in theveak for H93G(Pyr) (trace a) under the solution conditions
high- and low-frequency region for deoxy ferrous Mb of Figure 4 and absent for HO3G@yr) (trace b) and H93G-
mutants H93G(Im), H93G(4-Brim), H93G(Pyr), H93G{Br  (0) (trace f). The core-size markers for deoxy H93G(Im),
Pyr), and H93G(0) together with deoxy horse myoglobin for H93G(4-Brim), and H93G(0) have no significant shift
comparison. The ironproximal ligand stretching mode (Fe relative to horse deoxy Mb. This indicates that even deoxy
L) and some core-size markers, v3, andv, are listed in H93G(0) has a five-coordinate high-spin iron. In contrast,
Table 3, along with the force constant between the hemethe iron atom in four-coordinate ferrous heme l&as 1
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T L}
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L FIGURE 6: cw resonance Raman spectra of CO-bound (a) H93G-
of the resonance Raman spectra (413.1 nm excitation) of deoxy(Pyr), (b) HI3G(BsPyr), (c) H93G(4-Brim), (d) H93G(Im), (e)
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Ficure 5: Exogenous proximal ligand concentration dependence

H93G(Pyr) and H93G(BPyr): (a) 0.2 mM Pyr, (b) 10 mM Pyr,
(c) 4 uM Br,Pyr, and (d) saturated B?yr (~0.2 mM). The low-
concentration pyridine and dibromopyridine samples are reduced

by a factor of 50 from the high-concentration samples. The deoxy . . S .
H93G(0) spectrum is also shown for comparison (e). However, the linear superposition of the kinetics shown in

Figure 2, along with the low-spin species revealed by the
and shows distinctive values for the high-frequency marker Raman spectra in Figure 5d, strongly suggests one-to-one
bands and a Soret absorption near 383 B8).(The axial BroPyr ligand binding at the heme.
heme ligand of the five-coordinate heme iron of the H93G-  As shown in Figure 5, the low-concentration dibromopyri-

horse Mb, and (f) H93G(0). The experimental conditions are same
as in Figure 3.

(0) has been proposed to be a water molec8le %5). dine sample (trace c) displays spin markersandvs) that
On the other hand, for H93G(Pyr) and H93G{Byr), v4 are clearly characteristic of five-coordinate high-spin species,
upshifts 5-9 cm ! relative to horse Mb, whiler; and v, but the Fe-N(Br,Pyr) mode is absent at both low (trace c)

show a mixture of high-spin and low-spin species. The and high (trace d) dibromopyridine concentration. However,
absorption spectra of deoxy H93G(Pyr) and H93GPBr) the mode at 150 cm is stronger for the low-concentration
also have double peaks in the 58800 nm range, a signature  dibromopyridine sample than for the (presumably water-
of the six-coordinate low-spin species6{. The low-spin ligated) heme in H93G(0) (trace e). Previous studigk (
feature in deoxy H93G(Pyr) and H93G(Byr) Raman 60) suggest that the 150 crhmode arises from torsional
spectra indicates binding of Pyr or Byr to both proximal motions of heterocyclic ligand adducts, which would imply
and distal sides of the heme iron (vide infra). The Raman that BrPyr is bound as an axial ligand in the five-coordinate
spectra in Figure 4 also show some other minor differencesspecies (note the similarity of traces a and c in Figure 5,
for pyridine-based ligands, reflecting an altered iron spin- with the exception of the absence of theffemode in trace
state equilibrium. This can be seen particularly in the-300 c).

400, 706-800, 9506-1000, 1166-1220, and 16061640 The cw Raman spectra of CO- bound H93G mutants and
cm ! regions. When CO is introduced to deoxy H93G(Pyr) horse MbCO are shown in Figure 6. The Raman spectra for
or H93G(BgPyr), it evidently binds to the heme by displac- all CO-ligated H93G mutants and horse MbCO are similar
ing the distal Pyr or BPyr ligand, if present. in the 906-1650 cn1? region except that COHI3G(Pyr)

A recent DFT calculation on a five-coordinate Fe(ll) (trace a) and COH93G(BKkPyr) (trace b) show a peak at
porphyrin—pyridine complex reported by Liao et ab9) ~1635 cmt. This peak is typical for the;o mode of a CO-
predicts that (in contrast to histidine ligation) the ground state ligated heme, but it is found to be much weaker in imidazole-
is low spin. Consequently, we also considered the possibility based samples and H93G(0). Thebands near 1475 and
that H93G(Pyr) and H93G(BPyr) are singly ligated (five- 1500 cn! also show a variation in relative intensity. This
coordinate) low spin in the deoxy state. However, when the effect is consistent with the expected resonance Raman
five-coordinate species is formed, as the pyridine and enhancement patterns that arise from the differing excitation
dibromopyridine concentrations are reduced in the respectivewavelengths and the Soret band maxima of pyridine (415
samples, the low-spin marker bands disappear in Figure 5nm) and imidazole (419 nm) ligated heme. All samples in
(traces a and c¢). The Raman spectrum of deoxy H93G(0) isFigure 6 display the-250 cnt! mode that is associated with
also presented in Figure 5 for comparison. Note that H93G- the histidine-heme coordination in Mb when CO is ligated
(Pyr) retains one Pyr ligand when the Pyr concentration is (60). This is also consistent with BPyr binding to the heme
reduced to 0.2 mM. We know this because the-R¢Pyr) in the H93G(BsPyr) sample. The similarity of H93G(0)
mode is clearly visible at 208 crhin trace a (0.2 mM Pyr),  (trace f) with the other spectra in the core size marker band
while it is absent in H93G(0) (trace e). We conclude from region shown in Figure 6 declares that the CO adduct of
Figure 5 that the five-coordinate complex of H93G with Pyr H93G(0) is also a six-coordinate low-spin species. Note,
is high spin, in disagreement with the DFT predicti®d)( however, that two FeCO stretching bands are resolved in
The ligand coordination state for yr is more difficult to the Raman spectrum (trace f) in the left panel. Table 4 lists
assess because there is no obvious N¥@r,Pyr) mode. the iron—CO stretching mode/f.-co) for the samples shown
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Table 4: Raman Shift of the F&CO Stretching Mode of
CO-Bound Ferrous Horse Myoglobin and H93G Mutants with
Various Ligands in the Proximal Cavity

ligand

Cao et al.

photoproduct is high-spin five-coordinate, rather than the
mixture of high- and low-spin forms found in its resting
deoxy state (Figure 5d). The very broad peak (in Figure 7b)
centered at~180 cn1t in the CO-dissociated photoproduct

of H93G(BrPyr) is difficult to assign. Its frequency is
roughly consistent with the expected-He stretching band
due to the mass increase whenmyr replaces Pyr in deoxy
H93G (a simple two-body oscillator model predicts an-Ee
mode downshift to 175 cm). On the other hand, the 180
cm ! feature seems too broad to be a single-RéBr,Pyr)
stretching mode. It is also noteworthy that the cw Raman
measurements of deoxy H93G derivatives reported previ-
ously 67) show that the Feligand band remains almost
unshifted as the mass changes in the series of pyridine-based
proximal ligands (L= Pyr, 3-FPyr, 3-MePyr, 3-BrPyr, etc.).

In contrast, the FeL mode shifts with the expected inverse
square root mass dependence for the imidazole-based
proximal ligands. The prior assignments involving pyridine-
based ligands suggest that if there is an—R¢BrPyr)
stretching mode in the photoproduct of CO-bound H93G-
(Br,Pyr), it should be found near207 cni! (57). Overall,
these observations appear to rule out the brea80 cm'!
feature in the CO-dissociated photoproduct of H93G{(Br
Pyr) (Figure 7b) as the FeN(Br,Pyr) stretching mode.

— T T T T T T T In summary, we emphasize that all of the transient Raman
200 400 600 800 1000 120_(1) 1400 1600 spectra in Figure 7 are very similar except for the—Fe
Raman shift (cm ) proximal ligand stretch mode. The absence of the-Fe
FIGURE 7: Transient Raman spectra of CO-ligated (a) H93G(Pyr), mode in the BiPyr sample reflects a significant proximal
(b) H93G(BkPyr), (c) H93G(Im), and (d) horse Mb excited by 10  perturbation in the photoproduct structure that correlates with
ns, 435.8 nm pulses. a significant increase of the CO geminate rebinding rate in

S ) ) the H93G myoglobin mutant (cf. Figure 1).
in Figure 6. The FeCO stretching mode in CO-bound

H93G(BrPyr), in which the very fast CO rebinding occurs, DISCUSSION
appears at 500 cmi, a lower frequency than found in the
other samples (Table 4). Figure 1 and Table 1 show clearly that the proximal ligand

A situation analogous to the H93G(0) sample may occur significantly influences both geminate and bimolecular
in Mb when it is taken to low pH. For example, a previous rebinding kinetics. Comparison of the CO rebinding param-
study 68) of low-pH MbCO suggests that a fraction of the €ters in Table 1 reveals thaf, in H93G(Im) is about the
sample is ligated by a weak ligand, possibly water, as the same as in wild-type Mbke, is slightly larger, andy: is
proximal ligand. This is consistent with the proposal of @almosta factor of 2 smaller. Structurally, the only differences
Franzen et al. that His-97 can become a proximal heme between the wild-type Mb and the H93G(Im) mutant are that
ligand in the CO complex of H93G(0) and that His-97 H93G(Im) lacks the covalent linkage between the proximal
switches p|ace with a water molecule during the CO Ilgand and the protein F-helix. These facts Imply that the
dissociation and rebinding process&4, (55). The kinetics ~ covalent linkage to the protein backbone has only a small
measurements at 415 nm, shown in Figure 2, reveal €ffect on the CO rebinding to Mb at room temperature. The
a complicated multiphasic process for CO rebinding Raman active irortligand stretching mode of H93G(Im) is
to H93G(0) 66), with a change of sign ir-AA4;s beyond slightly upshifted compared to Mb (Figure 4, Table 3), which
~100us. The change in sign indicates that CO binding to has been attributed to the absence of strain from the protein
H93G(0) involves an additional species with a larger applied to the proximal imidazole in H93G(Im§1). The
absorbance at 415 nm than is present in the CO-boundcore-size marker bands for deoxy H93G(Im) and horse Mb
equilibrium material (which has its Soret maximum at 419 are almost the same (Table 3), suggesting that the heme
nm). The additional species arises naturally within the “ligand €lectronic environment is similar for both samples. This is
switch” scenario31, 55) and the Soret band of the transient consistent with the observation that the covalent linkage to
(e.g., water-bound hemeCO) species is blue shifted from the protein backbone has a minimal influence on ligand
that of the starting material so that the observed negativerebinding to Mb. This conclusion is also supported by the
transmission change at 415 nm can be explained. early work of Franzen and Boxe29).

Figure 7 shows the 10 ns transient Raman spectra of CO- In contrast to Mb, there is a large change in ligand binding
ligated H93G(Pyr), H93G(BPyr), H93G(Im), and horse Mb.  affinity and cooperativity in the analogous proximally
For CO-bound H93G(Pyr), H93G(Im), and Mb, the transient detached mutants of human hemogloktd, @7). The well-
spectra indicate that their photoproducts are the correspondknown Perutz model 3) for hemoglobin cooperativity
ing deoxy forms. In contrast, the frequencies of the core size suggests that the protein F-helix strongly controls the distal
marker bands,, vs, andv; indicate that the H93G(BPyr) ligand affinity through the covalent bond between the

Im  4-Brim Pyr BrPyr (02 His(Mb)
Veeco(cm™®) 510 512 505 500 510,522 510
20 = no added heterocyclic nitrogenous ligand.

=C)

intensity (a.u.)
1624 v(C
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proximal ligand and the heme iron atom. This concept has reason for changes in the CO rebinding kinetics. For example,
been supported by a variety of experiments, (44). In it is conceivable that the larger proximal ligand makes it
myoglobin, the relatively nonspecific role of the proximal more difficult to achieve a significant iron out of heme plane
ligand (covalent) linkage to the F-helix suggests that, if the displacementAx) and that this leads to faster geminate CO
proximal ligand-helix linkage does affect the distal ligand rebinding because the proximal contribution to the rebinding
affinity, it must affect the distal ligand dissociation, not the barrier {Hp) will scale quadratically with this displacement
rebinding. In fact, measurements by Kundu et aB) Show (i.e., Hp ~ YkAX?) (7, 10).

that proximal ligand detachment from the helix in Mb  Most importantly, the rapid geminate rebinding is strongly
decreases the oxygen dissociation rate by a factor of 4 butcgrrelated with the absence of the-RA¥(Br.Pyr) stretching
does not affect the CO dissociation rate. band as seen in the CO-dissociated 10 ns transient Raman
The crystal structure of wild-type myoglobin shows that spectra (Figure 7). Such a correlation may occur if the heme
the imidazole ring of His-93 nearly eclipses the pyrrole jron stays in plane following CO dissociation and the
nitrogens of the hemd@ On the other hand, the imidazole Franck-Condon Coup"ng needed for resonance Raman
ring in H93G(Im) is staggered relative to the heme pyrrole activity is reduced2). Another possibility is that the Fe
nitrogens 41). The different orientation of the proximal  N(Br,Pyr) stretching band is located within the broad80
imidazole ring in wild-type Mb and H93G(Im) apparently cm! feature seen in Figure 7. However, in comparison to
has only a small effect on diatomic ligand rebinding. Prior other assignments of pyridine-based ligands in H938, (
studies of geminate recombination in the H93G mutant such a mode frequency would also reflect a significant
system are in very good agreement with this observa@n ( proximal perturbation. The downshift of the FEO stretch-
However, other studies have suggested that the proximaling mode to 500 cmt in CO-bound H93G(BPyr) (Table
histidine orientation may play a more significant roR2( 4) also indicates a change in the hempeoximal ligand
33). Nevertheless, the reported bimolecular rebinding and geometry or electronic structure. This is because the only
ligand affinity measurement&2, 33), comparing the eclipsed  difference between the CO-bound H93G4Byr) and H93G-
(Mb) and staggered [H93G(Im)] forms, do not actually show (im) is the different proximal ligand. The changes on the
effects that can be used to strongly support this suggestion.proximal side of the heme appear to be strongly correlated
We have previously suggested that the geminate rebindingwith both the Raman spectra of the axial ligands and the
rate depends on a barrier that can be partitioned into afaster CO rebinding kinetics.
proximal and distal contributiori7f. The distal contribution Finally, we note that a proximal ligand switching mech-
presumably involves docking and/or steric barriers that are anism, s’imilar to an explanation put forward to explain

sensitive to the distal residues, while the proximal contribu- e CO rebinding kinetics of Mb at low pHs8, 64), has
tion has been suggested to depend on the displacement Og:so been propose®Z, 55) to describe CO rebinding in

the high.-spin iron from. the heme plang~10). The . H93G(0). This concept is supported by the resonance Raman
observation that Fhe ethsed or. staggereq .conformatlon spectra in Figures 6 and 4. In Figure 6, all CO-ligated species
mrgkedg onll(y a minor d|ffererr110e k|1n dftefm"."”g the Cof[including the H93G(0) sample] have very similar Raman
rebinding Inetics SUQQEStS.t at the e ectrqmc structure o spectra. This suggests that a similar proximal ligand is present
the iron atom, and the relative str_ength of its _bonds to _the in all species when CO is bound. The binding of CO acidifies
porphyrin nitrogens and the prox!mal |_|gand, IS the major yq jron in H93G(0) and leads it to coordinate to an internal
factor that determines the photodissociated heme geometrypmtein residue (e.g., His-9731, 55, 56). In the absence of
and the proximal contribution to the geminate rebinding -5 the Raman ép.éctrum of 'dec’)xy HQBG(O) in Figure 4

barrier for CO. For examplﬁ, the fgemina;e rebinding rate, gpq\\s no Fe His mode, indicating the presence of a different
Ke, is increased by more than a factor of 2 in HI3G(PY) qyima) ligand (probably water) in comparison to Mb

compared to H93G(Im). The observed changesinshow or H93G(Im). This exchange of proximal ligand in the

that small perturbations in the chemical structure of the H93G(0) sample is the likely reason for the complex CO
proximal ligand can definitely affect the CO rebinding. rebinding kinetics displayed in Figure 2. The proximal ligand
The Raman spectra of the CO adducts in Figure 6 are all g isching mechanism is also consistent with the negative

very S|m|Iar_ except for the FeCO stretching band. I_t is going—AAuxsat 100us. This unusual negative going feature
noteworthy in the above context that the ReO stretching iy arise if the putative transient (e.g., water bound) species
band falls into two classes depending on whether the o 5 strong absorption near 415 nm, where the kinetics are
proximal ligand is pyridine-based or imidazole-based. The . itored [note that monodisperse Eprotoporphyrin IX

fact that the in-plane core-size marker bands are so similar;, micelles absorbs at 414 nrb&)]. Since the CO-bound

(Table 3) suggests that the different chemical structure of H93G(0) sample absorbs at 419 nm, the appearance of a
the proximal ligand mainly affects the Faxial ligand modes . hsjent (water bound) species will lead to stronger absor-
along with the distal ligand rebinding kinetics. | nc G 415 nmand a negative goindAs;sas is observed.

On the other hand, comparing the CO rebinding kinetics 1,5 the kinetics displayed in Figure 2 is strongly supportive
among the H93G mutants with the same proximal ligand f the |igand switch mechanism and clearly demonstrates

chemical structure [i.e., H93G(Im) vs H93G(4-Brim) and o importance of proximal ligation on the distal ligand
H93G(Pyr) vs H93G(BPyr)] suggests that the CO geminate rebinding kinetics.

rebinding rateksa increases with the size of the proximal

ligand. When BsPyr is ligated to H93G Mb, a very large  cONCLUSION

amplitude, fast CO geminate rebinding phase is observed.

Therefore, a steric perturbation associated with the size of In myoglobin, the linkage connecting the proximal ligand
the proximal ligand can be put forward as one potential to the F-helix of the protein appears to have only limited
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effects on the CO rebinding. On the other hand, the size and

chemical structure of the proximal ligand demonstrate a
substantial effect on the CO rebinding rate. The rapid

rebinding kinetics and Raman spectra associated with the
BroPyr ligand suggest that steric perturbations of the heme

geometry, associated with the size of the proximal ligand,
are important; however, proximal ligand-induced electronic

perturbations cannot be ruled out as an alternative explana-

tion. The proximal effects on the kinetics described in this

work are of the same order as those seen in certain distal 17.

pocket double mutants2{). This reinforces our original
assertion 7) that both proximal and distal effects contribute
significantly to the CO rebinding barrier at the heme in
myoglobin.

Within the set of H93G Mb derivatives presented here,

there is a clear correlation observed between the absence of

the iron—proximal ligand stretching mode in the photoprod-

uct Raman spectra and very fast CO geminate rebinding.

Similar correlations have also been obsengs) (n studies

of microperoxidase (a heme digest of cytochrooheThe
very fast CO geminate rebinding observed in the H93G(Br
Pyr) Mb mutant is another direct demonstration that proximal
perturbations can play a significant role in controlling the
geminate phase of ligand rebinding in heme proteins.
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