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ABSTRACT:. Nanosecond time-resolved absorption and magnetic optical rotatory dispersion (MORD)
measurements of photolyzed myoglobi@O visible bands (500650 nm) are presented. These
measurements reveal a 400 ns process, spectrally distinct from ligand recombination, that accounts for
7% of the observed spectral evolution in the visible absorption bands and 4% in the MORD. The time-
resolved MORD, more sensitive to heme coordination geometry than absorption, suggests that this process
is most likely associated with protein relaxation on the distal side of the heme pocket, perhaps accompanying
rehydration of the deoxymyoglobin photoproduct or accommodation of protein side chains to ligand escape.

Myoglobin (Mb) is a monomeric protein that transports However, studies of myoglobin mutants indicate that steric
O, from hemoglobin to the terminal mitochondrial oxidase interference by His64 with ligand binding plays only a minor
in muscle by reversibly binding molecular oxygen at an role in differentiating the affinities for CO and,0and most
embedded heme covalently attached to the protein at theof the discrimination arises from electrostatic interactions
proximal histidine, His93. Mb has an affinity for oxygen between His64 and the bound ligar&] 7).

nearly 100 times larger than that of model heme compounds  X-ray crystallography reveals a water molecule in the
(1). Conversely, the protein has a substantially reduced pocket of WT SW deoxyMb that is hydrogen bonded to the
affinity for carbon monoxide compared with free heme. The N, of His64 with about 80% occupancy (Figure 1). This
ratio of the binding affinitiesico/Ko,, is ~20000 for simple  water must be removed from the pocket before a ligand can
protoheme complexes in benzene compared wi® for bind to the distal side of the heme, as X-ray structures of
Mb (2). This differentiation of ligands allows myoglobin to  CO-ligated myoglobin show a lack of hydratiof)( The
act as a biological oxygen transport protein in the presencewater inhibits the binding of both CO and, @ompared to
of minute levels of exogenous and endogenous CO, the lattefmodel heme complexes in organic solveris Conversely,
resulting from heme catabolism and cellular signalifg ( because the Fe(O—0) complex is highly polar, hydrogen
5). Because the binding affinity of ligands differs in free ponding toN. of His64 stabilizes oxymyoglobin by at least
heme and model compounds relative to those of heme~.2 kcal/mol @). Since it forms a less polar bond with the
proteins, the protein matrix must affect ligand binding and heme iron of Mb, any favorable interactions between the
does not simply serve as a hydrophobic pocket to protecthound CO and His64 are thought to be weak compared to
the heme from autoxidation. those for oxygen. These mechanisms are supported by
In the past decade, X-ray structures of myoglobin site- general trends in myoglobin mutants in which His64 was
directed mutants, combined with kinetic and equilibrium substituted with apolar residues. Apolar substitutions with a
ligand binding measurements, have provided insight into the dehydrated pocketl] yield an increase in binding rates for
nature of ligand binding in myoglobin (for reviews, see refs poth CO and @due to the removal of the hydrogen-bonded
6 and 7). In particular, mutant studies have shown that water molecule, but a dramatic decrease in the affinity of
electrostatic interaction between the distal histidine, His64, O, (2, 6, 7) resulting from the loss of favorable electrostatic
and the bound ligand serves to distinguish myoglobin affinity interactions. Although the rate of CO association is limited
for Oz, NO, and CO from the ligand affinities of simple py bond formation, the displacement of the distal water
protoheme model2( 7). Steric interactions between His64 molecules affects the overall rate constant by modifying the
and the bound ligand were traditionally thought to increase equilibrium between CO in the distal pocket and the final
the energy of the CO-bound complex by preventing an binding site 6, 10—12). For oxygen, the distal water effects

energetically preferred linear binding geometry, @). the binding by obstructing access to the heme pocket by the
O, ligand ).
" Supported by NIH Grant GM38549. X-ray structures also reveal that there is no major pathway
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Ficure 2: Visible (Q) band absorption spectra of MbCB)(and
deoxyMb (---). Q and @ denote vibronic and vibration-less
transitions for MbCO, respectively. Italicized, @nd @ denote
Mb transitions.

These relaxations were explained by the X-ray structure of
HMb, which shows a salt bridge between Lys45 (Arg in SW
Mb), Asp60, and a heme propionaté5( 17). Further
mutagenic studiedld, 16, 18) of HMb showed that this salt
bridge does not influence the rate-determining step, and a
more complicated picture of residue motion is needed to
explain the control of ligand association and dissociation.

Most time-resolved absorption studies of myoglobin have
focused on the Soret band (38060 nm), but the visible,
or Q, bands (486650 nm) can provide additional informa-
tion. The Q bands consist of two bands, the Q(0,0) (Q or
Q.) and Q(1,0) (Qor Q) bands, corresponding to transitions
to the origin and to the first vibrationally excited level,
respectively, of the lowest excited electronic stdi8, @0).
In low-spin ferrous hemes (e.g., MbCO), these transitions
are separated and have relative intensities and energies that
vary with ligand species. In high-spin five-coordinate ferrous
hemes (Mb), the Qappears as a small shoulder on the more
dominant Q transition 0—23). Figures 2 and 3 give the
equilibrium absorption, MORD, and ORD spectra of Mb and
MbCO in the visible bands. Although the one-electron orbital
zf;?g)la ;ige%iey?o‘gihhﬁrdigf;' gg‘fﬁag SSV:h(gavﬁairr?olTsoneoéi)ce transitions associated with the visible bands are forbidden
with lighter sk)llad)i/ng indicati%g distance. Residues are ghoven with by symmetry in a simple non-|nterac_tlng_-electron fnhg m_odel
carbon (and iron) atoms in gray, oxygen atoms in white, and Of conjugatedr-systems, a model which includes interactions
nitrogen atoms in black. Hydrogen atoms on the distal pocket water between electrons breaks this symmetry restriction and mixes
molecule are shown as sticks. Structures for panels a and b werethese transitions with the strongly allowed transition associ-
taken from Brookhaven Protein Data Bank files 2mgk and 2mgl, o104 with the Soret bandsl9). This mixing is called
respectively €3). configuration interaction (Cl), and the Q bands can be said

regulation in biological heme proteins such as myoglobin. t0 borrow intensity from the Soret band via this mechanism
Mutations of other distal residues in SW Mb have provided (19—21), in analogy to the intensity borrowing that is often
insights into the protein’s role in ligand binding, (6) and associated with vibronic coupling between weakly and
a better understanding of the role of distal residues. strongly allowed transitions in polyatomic molecules. More-

In addition to the mutations of sperm whale myoglobin oVer, the relative intensity of vibronic transitions compared
described above, human myoglobin (HMb) has been the to that of the vibration-less electronic transition for the Q
focus of many mutation studie$4—18). These studies also  bands is much larger than in the Soret ba?tH23), making
show a complicated relationship between the binding of the vibrational structure of the Q bands more sensitive to
ligands and the nature of the substituted residues. Time-heme changes which affect vibronic coupling than the Soret
resolved absorption studies in the Soret band of HMb and band. Hence, spectroscopic studies of the electronic origin
site-specific mutants of HMb reveal a microsecond process and vibronic transitions of the visible bands may provide
that is attributed to protein relaxations allowing the escape information about protein dynamics not available from Soret
of ligand from the protein matrix to the solvert5-17). band studies.
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v ' as the Faraday effec®).] With the advent of modern

a | circular dichroism instrumentation based on photoelastic
modulators and phase sensitive detection, the use of MCD
has eclipsed MORD as a probe of the magnetic optical
activity of chromophores. In principle, however, they contain
identical information 29). In practice, they may be inter-
converted with reasonable accuracy using approximate
Kramers-Kronig transforms that are limited to particular
absorption bands when these are well separated from
neighboring bands, such as the visible bands in porphyrins
and heme proteins being separated from the higher-energy
Soret transitions. The general transforms are
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Although the integrals in egs 1 and 2 run over all frequencies,
we limited the transform calculations to frequencies within
the visible bands (506650 nm). We previously found that
such an approximate transform procedure worked well for
the natural Soret CD and ORD of hemoglob80)

As magnetic and natural optical activity are sensitive to
complementary aspects of protein structu?d—-26, 31—
s . 33), time-resolved measurements of both properties in
500 3 owavelength (nm)6°° 650 biological chromophores are useful in upderstanding th.e
FicUre 3: MORD and ORD spectra for MbCO-) and Mb () structural changes that occur while proteins perform their
measured on the near-null MORD instrument with a sample Piological fu.nctions. To this enql,we have developed methods
concentration of 120M, a path length of 5 mm, and a field strength  for measuring nanosecond time-resolved optical rotatory
of 1 T: (&) MORD and (b) ORD. dispersion spectra, both natural and magne; 84—35).
) o _ The basic optical principle of the TRORD and TRMORD
The nanosecond time-resolved visible band magnetic iochniques is a near-null polarimetric method, first described
optical rotatory dispersion and absorption mea_surementsby Keston and Lospalluto3g). A full derivation of the
presented here show spectral c_hanges occurring In hunqre_dﬁptical basis of the TRMORD technique and an investigation
of nanoseconds _after photoly_5|s that are not chara_ctensﬂcof possible artifacts and their amelioration, particularly those
of ligand reeomblnatlon. We discuss these changes in termsassociated with photoselection-induced ordering of the
of the protein structural changes that occur as photolyzedsampla have been presented elsewt@4e35, 37). Briefly,

ORD Signal (mdeg)

w

myoglobin relaxes to equilibrium deoxyMb. a MORD measurement is made by placing a sample between
two crossed polarizers and then rotating one polarizer, first
MATERIALS AND METHODS clockwise (facing the probe source) and then counterclock-

wise, by a small anglg3, from the crossed position. (The

Time-Resaled Natural and Magnetic Optical Rotatory effect of any Faraday rotation contributed by the solvent and
Dispersion Measurementsagnetic optical activity results  cell windows is canceled from multichannel measurements
from the chirality induced in a chromophore by a magnetic of the sample’s MORD by an additional optical device, a
field and is sensitive to environmental perturbations of Faraday compensator, placed between the polarizers.) The
chromophore electronic energies, in contrast to natural opticalsignal is defined as the difference of the detected intensities
activity, which arises from the inherent chirality of the for the clockwise and counterclockwise positions, normalized
chromophore structure or environment. Magnetic optical to their sum,
activity has proven to be a particularly valuable tool in
understanding coordination geometry and its relationship to 0 — 1_4(t)
the protein environment near the heme chromophore in heme sst)=——"""=
proteins R4—26). Magnetic optical activity consists of an |+ﬁ(t) T Lﬁ(t)
absorptive part, magnetic circular dichroism (MCD), and a
dispersive part, magnetic optical rotatory dispersion (MORD). Where the subscript D denotes the direction of the magnetic
The absorptive and dispersive parts, being the imaginary andfield, parallel (P) or antiparallel (A) with respect to the probe
real parts, respectively, of a complex index of refraction for propagation direction. Using the small angle approximation,
circularly polarized light, are related by the Krameksonig the intensity transmitted through crossed polarizers is
transforms 27, 28). [Magnetic optical rotation is also known  proportional to the square of the total rotatioHMORD =+

3)
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B)?, for a parallel field of strengtid. Thus (10 mm diameter). After passing through the first polarizer,
the probe light passes through the poles of the magnet (12
—2BHMORD  —2HMORD @) mm gap), entering both the sample and the compensator with
ﬁz + HMORD p a beam diameter of about 7 mm. A third polarizer was used
to ensure horizontal polarization of the pump beam. The
whenHMORD < 3. orientations of the probe polarizers before and after the
Sample Preparation and Data Collectiodyoglobin from sample were horizontal and vertical, respectively. The probe
horse skeletal muscle (Sigma) was diluted with 0.1 mM and pump propagation vectors were perpendicular. This
sodium phosphate buffer (pH 7.3) to give a final concentra- crossed-excitation geometry eliminates photoselection-
tion of about 12Q«M. The sample was reduced with excess induced linear birefringence and dichroism contributions to
sodium dithionite (1 mM) and anaerobically sealed under 1 the signal 84, 35, 37).
atm of CO in a 5 mnpath length S1-UV quartz cell. The Analysis Each time-resolved spectral scan, comprising 250
time-resolved optical absorption (TROA) measurements (128 wavelength points between 500 and 650 nm, was smoothed
scans) were taken at 62 different times, spaced logarithmi-using a 15-point SavitzkyGolay algorithm. The smoothed
cally (ten per decade) from 25 ns to 10 ms after laser data were placed in amx mmaitrix, A(4,t), wheren is the
photolysis, using a 16 ns detector gate. The TRMORD number of wavelengths amdis number of time points, and
(TRORD) measurements (2048 scans) were taken using adecomposed using the method of singular value decomposi-
150 ns detector gate at 45 different delay times (eight per tion (SVD) (40, 41) into three matrixes,
decade) ranging from 90 ns to 10 ms after laser photolysis.
The laser timing was defined relative to the center of the ALY =UR)SV'(t) (5)
detector gate. The sample temperature wa8QeEquilib- ] ) o
rium absorption measurements were taken on a Shimadzyvhereu is ann x mmatrix (n > m) containingm orthogonal
UV-2101 spectrophotometer wita 1 nmbandwidth and a basis spectra as columnég! is anm x m matrix tha}t is the
0.2 nm sampling interval. Absorption spectra taken before ranspose oV, each column oW giving the amplitude of
and after the photolysis experiments were indistinguishable, the corresponding column &f at each time point, an8 is

indicating that there was no significant sample decomposi- 21M x mdiagonal matrix containing the singular values of
tion. A, which weight the contributions o) and V. In this

Instrumentation The time-resolved absorption measure- decomposition, important spectral evolutions are associated
ments were performed with the instrumentation described With the largest singular values whereas the singular values
previously 88, 39). A xenon flash lamp produced unpolar- asspmated with noise are usually found to fall bgloy\{ a well-
ized white light that was collimated (8 mm diameter) through defined cutoff value41—43). If the number of significant
the sample. It was then focused through a 280slit into \{alues above this _cutoff is then the truncated and noise-

a Jarrel Ash spectrograph (150 grooves/mm, 800 nm blazefiltered data m_atrlx,AS, is constructed from the matrix
grating) and detected with an EG&G OMA Il detector. A Product of the firsts columns ofU, thes x s subset ofS,
Stanford Instruments DG535 delay/pulse generator controlled@nd the firsts rows of AT. This is the best least-squares
the timing of the detector gate and the firing of the flash representation oA, where the sum of squares difference
lamp with respect to the laser pulse. A frequency-doubled PetweenA andAs is given by summing the squares of the
(532 nm) Quanta Ray DCR-2A Nd:YAG laser produced 8 discarded singular valued). _

ns excitation pulses at 2 Hz (10 mm diameter). The pulse 1he SVD-filtered data matrix was fit to a sum of
energy was 40 mJ/pulse. The excitation beam was po|arizeaexponent|als using a nonl|r_1ear Ieast-squares simplex f|tt||_'1g
vertically by a Glan-laser polarizer and propagated &t 90 procedure as a means to give a model-independent examina-
with respect to the probe propagation direction. A second tion of the data41-43). The set of wavelength-dependent
Glan-laser polarizer was placed in the path of the probe beam_amphtudes associated with each exponential time constant
before the sample at magic angle, S4ith respectto the 1S called a b—spectr_um. The root sum of squares of each
polarization axis of the laser polarizer. Magic angle polariza- P-SPectrum, normalized to the total for all the spectra, was
tion of the probe beam minimizes any distortion of the used to measure the relatlvg con_trlbqtlon of gach b—spgctrum
observed kinetics due to artifacts associated with photose-to the overall spectral evolution, i.e., its (relative) amplitude.
lection and rotational diffusiord4@).

The TRMORD instrument was the same as the time- RESULTS
resolved absorption instrument except for the addition of a Time-Resaled Optical Absorption (TROA)Figure 4
matched pair of electric dipole magnets (GMW Associates, shows the TROA difference (transient minus prephotolysis)
model 3470, Redwood City, CA) and a second polarizer. spectra of the Q band of myoglobin after CO photodisso-
The sample was placed between the crossed polarizers andiation (85% net photolysis yield). The basis spectra and time
magnetized parallel to the probe propagation direction with courses for the largest three singular values of the data are
a field of 1 T. A solvent blank magnetized in an opposite shown in Figure 5. The first basis spectrubhS,, is the
field of equal strength served as the Faraday compensatorpest one-component least-squares fit to the phototransformed
which distinguishes the rotation of the probe light polariza- MbCO (41), andV; corresponds to the time evolution of
tion vector due to the sample from that due to the Faraday this spectrum. As ligand rebinding is responsible for most
effect 28) of the solvent and cell window. 4 value of of the spectral changes in this MbCO photolysis experiment,
1.26> was used as the small reference rotation angle in thethis basis spectrum and its time evolution are associated
near-null polarimetric measurements (see eq 4). The 532 nmprimarily with CO recombination. As expected, thaS,
actinic beam energy was approximately 40 mJ/pulse at 2 Hzspectrum closely resembles a deoxyMb minus MbCO dif-

SH(t) =
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Ficure 4: Three-dimensional plot of TROA difference spectra
(transient minus prephotolysis) at 62 logarithmic times (ten per
decade) from 25 ns to 10 ms after laser photolysis.
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Ficure 5: First three SVD basis spectrd;S (left panels), and
time amplitudesy (right panels), for the data depicted in Figure
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Ficure 6: The band shape of the first SVD basis spectriin,
(—), is similar to that of the equilibrium deoxyMb minus MbCO
difference spectrum (---).
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Table 1: Exponential Decay Time Constants and Amplitudes from
Kinetic Analysis of MbCO TROA, TRMORD, and TRORD

process 1 process 2
method 71 (NS) amp 72 (MSs) amp
TROA 370+ 30 6.5£0.2 1.3+0.04 94.0+£0.1
TRORD? - - 1.0+ 0.2 93+ 1
TRMORD 580+330 3.6+15 1.2+0.1 96+ 1

a2 One-exponential fit.
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FIGURE 7: b-Spectra from a two-exponential fit of the time-resolved
absorption data. (Note that the 36800 ns process is multiplied
by 5.) The dissimilarity of the spectra indicates that the first process
is not entirely due to ligand rebinding.

contribution from this SVD component within the first
microsecond, which remains relatively constant for about 100
us and then decays with a lifetime of about 1 ms. The third
basis spectrum)s;S;, appears to contain some real spectral
features; however, its magnitude is less than 0.5% of the
first basis spectrum, and its time coursk, appears to be
nearly random. The higher-order basis spectra are smaller
in magnitude and contain no recognizable spectral or kinetic
information. The matrix products of the first three basis
spectra with their corresponding time courses were thus used
as a truncated SVD representation of the time-resolved
optical density measurements.

A global kinetic fit of the SVD-filtered data to a sum of
exponential decays reliably produced two time constants:
= 370 ns andr, = 1.3 ms (Table 1). The corresponding
b-spectra are shown in Figure 7. The b-spectrum for the
millisecond processf) closely resembles the optical changes
expected for bimolecular recombination of CO. The b-
spectrum forry, on the other hand, is clearly distinct from
that expected for ligand recombination and measures protein
relaxation after photolysis. This spectral change appears to
correspond to a small blue shift and loss of intensity of the
560 nm deoxyMb band in combination with a growing in of
a shoulder or broadening at about 600 nm. [We also tried
modeling the first process with a stretched exponentiél)e
sometimes used to represent relaxation from a distribution
of conformational states. We found that this did not effect
the shape of the spectral change or significantly change the

ference spectrum, as shown in Figure 6. The second basigate or amplitude of this process compared with the simple

spectrumlU,S;, has a magnitude of about 5% of thatlbfS,

and is very different from a deoxyCO difference spectrum.

The corresponding time vectoy,,, reflects an increasing

exponential model.] Fits of the data to three exponentials
led to less reproducible analyses and were thus determined
to be unwarranted.
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Ficure 8: TRMORD spectra at 45 logarithmically spaced delay - gepicted in Figure 8.

times (eight per decade) from 90 ns to 10 ms after ligand
photolysis: (a) TRMORD and (b) difference TRMORD.

@ 40 | 560 nsx 25 ' a
Time-Resaled Magnetic and Natural Optical Rotatory 3 sooms NN
. . ce . . e . = ns H
Dispersion As both sensitivity and interpretability with g 20 R
respect to the heme environment are greater for magnetic 5 ¢ 7 Y .
optical activity than for absorption, further insight into the %
dynamics of photolyzed myoglobin can be gained from g
TRMORD measurements. MbCO complex8s+0) exhibit %

MCD spectra with simple A terms arising from porphyrin
Dan (x—y degeneratey—x" transitions, similar to the spectra
of metalloporphyrins. High-spin ferrou$ & 2) deoxymyo-
globin shows both A and C terms in the visible bands. The " 50015 x 25 b
C terms are of particular interest because they arise from ;

spin—orbit coupling with the iron and are sensitive to iron
coordination chemistry. The corresponding MORD spectra
comprise the KramersKronig transforms of these A and C
terms.

The TRMORD spectra and the difference spectra obtained
at delay times from 90 ns to 10 ms are shown in Figure 8.
The data were baseline offset in regions where the signal -80
was near zero (720750 nm). The offsets applied were less
than 4% of the absolute signal. The basis vectors and the
time courses of the time-resolved difference MORD spectra

are shown in Figure 9. As was the case for absorption, the FIGURE 10: b-Spectra from a two-exponential fit to the TRMORD
difference spectra: process 1, 500 ns (---); and process 2, 1 ms

first basis spectrumU;S;) resembles a deoxyMb minus " e . .
MBCO difference specirum and is time course)(decays (T 200 1S b-spectuum multpled by 20 s shoun for easier
in milliseconds. The magnitude of the second basis vector difference b-spectra calculated from the Kramefsonig transform
(U,S,) is a few percent of that of the first basis spectrum. of TRMORD in panel a.
U,S; does not entirely resemble a deoxy minus CO difference
spectrum, but rather contains information about the protein spectrum in MORD (Figure 10a) and MCD (Figure 10b).
dynamics around the heme that appear as spectral changeBrocess 1 has a lifetime of 500 ns and an amplitude of about
in the MORD of photolyzed deoxyMb. The time course of 4% in the TRMORD data, with spectral features that
this second basis spectrum rises to a constant level in aboutlistinguish it from the deoxy minus CO difference spectrum
500 ns and falls to zero in about 1 ms. Although some higher- characterizing process 2. As expected from the equilibrium
order basis spectra suchldgS; have spectral features, their  spectra (Figure 3), the absolute and photolysis difference
magnitudes are smaller than that G$S,, and their time TRORD spectra are much smaller in magnitude than the
courses seem random. corresponding TRMORD spectra and thus have lower signal-
Global kinetic analyses of the SVD-filtered TRMORD and to-noise values. Only the time course associated with the
TRORD (data not shown) spectra are summarized in Tablefirst singular value appears to be nonrandom. Global analysis
1. As expected from the TROA results, process 2 closely yields only the millisecond bimolecular rebinding process
resembles the equilibrium deoxyMb minus MbCO difference seen in the TRMORD and TROA analyses. The relative

o
(=

B
=)

MCD difference (mdeg)
(=]

500 550 600 650
wavelength (nm)
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N

1:2 and 1:12 for TRMORD and TRORD, respectively. N

signal-to-noise values compared to TROA are approximately
‘J\>
The millisecond bimolecular recombination processes in k

N
both TROA and TRMORD (TRORD) agree in rate and ﬁ hy

amplitude with other studies on humalb(-17), horse 44), 6 ) —_—>

and SW Mb 45) using TROA spectroscopy in the Soret < (i)

band. The time constant for the TROA data in Table 1 N7 . 100ns-10ps
corresponds to a bimolecular rate constant of #0.8) x 5\,/ \ )

10° Mt st (26 °C). This agrees well with the value of 7.2 N

(£0.1) x 1 M1 s treported for SW Mb (22C) by Henry prephotolysis C

et al. @6), for instance, particularly given the differences in

species and temperatures. The spectral shapes in absorption _

and MORD are both consistent with bimolecular recombina- Tlé?o

tion. The MORD recombination b-spectrum is more struc-

tured than its absorption counterpart, as is apparent from
Figures 7 and 10.

N“\\
DISCUSSION N H!

Geminate and Bimolecular CO Recombinati®nevious ﬁ_
Soret band TROA experiments on SW myoglobin revealed
a 180 ns, 4% amplitude process assigned to geminate Nﬁ ’
recombination on the basis of its CO concentration inde- S\JN ms
pendence and spectral shagé)( Results of TROA spec-
troscopy in the Soret and near-UV bands of horse myoglobin S
have also been interpreted in terms of a geminate pr0cess![:r']‘;JrRﬁé#;nesgh:g?“garﬂgggég;('jV'bﬁ(()?[o'?ins?sﬁcIirr]‘tiggdgteé g“?s
W'.th a S'T“"ar lifetime and amplitudedd). The klnetlcs of dissociated from the heme but remra)lins inythe heme pockét. In state
this geminate process are clearly nonexponential at tempers "co has migrated into the solvent.
atures below about 200 K, this kinetic complexity being

attributed to the existence of a hierarchy of nonequilibrium eyent, as this protein relaxation occurs on the time scale
conformational substates from which photolysis and geminateexpected for geminate recombination, the b-spectrum may
rebinding occur 47, 48). Although the relaxation kinetics  actually be a mixture of ligand recombination and protein
are expected to become more exponential at higher temperye|axation contributions. The exact description of this mixture
atures, as the interconversions between substates becomegould then depend on the detailed kinetics of geminate ligand
more rapid, previous workers have modeled nonexponentialescape and entry, information that is not presently available.
rebinding to room-temperature solution myoglobin with two g p-Microsecond Conformational Changetrafast tran-
exponentials or with a stretched exponent&) ( The kinetic sient absorption spectroscopy shows that a deoxy-like
data obtained. in this study, however, did not show significant absorption spectrum appears within hundreds of femtosec-
nonexponential character. onds following photolysis50). This suggests that most of
The Soret transitions are strongly allowed and relatively the heme-localized structural differences between ligated and
insensitive to perturbation by protein conformational relax- unligated myoglobin are relaxed on a sub-picosecond time
ation at the heme pocket, so the spectral changes within thescale. The TROA and TRMORD spectra seen at the earliest
first several hundred nanoseconds afterMID photolysis  nanosecond times presented here also appear to be very much
are dominated by the effect of geminate recombination. The deoxy-like. However, some spectral differences are observed
visible bands, on the other hand, are weakly allowed, andwhich appear to monitor relaxation of the protein to its
the absorption and MORD spectral changes associated withequilibrium deoxy state.
71 should have a larger contribution from protein relaxation  These observations are discussed with respect to a
effects. preliminary model shown schematically in Figure 11. The
Because the spectral signature of the earliest process irprephotolysis Mb has a planar heme with CO bound. Several
this study shows clear differences from that expected for nanoseconds following ligand photolysis, CO migrates away
ligand recombination, it most probably involves an intra- from the now domed heme into the distal pocket; this is
protein relaxation after photolysis that is distinct from any called the C state [sub-nanosecond states are generally
heme ligation change, such as geminate recombination. Theraeferred to as A and B7f]. The escape rate of CO has been
is precedent for the proposed relaxation process in that smallmeasured to be on the order of hundreds of nanoseconds in
shifts that are consistent with spectral differences associatedSW myoglobin 45, 46). After an estimated lifetime of 100
with conformational change have been observed in geminatens to 10us for state CT), CO escapes into the solvent and
recombination Soret spectré4, 46) in human Mb (8) and water migrates into the heme pocket and forms a hydrogen
SW Mb @9) in glycerol. The larger spectral signature for bond with His64. It seems plausible that both ligand escape
protein relaxation seen in this study suggests that structuraland hydration of the heme promote protein rearrangements
relaxations rather than geminate ligand recombination to within the heme pocket. The sub-microsecond process seen
heme may be the dominant contributor to the sub-microsec-in these absorption and MORD measurements should monitor
ond visible band spectral evolution of myoglobin. In any ligand escape or hydration directly through associated protein
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conformational changes. The observed sub-microseconddisruption or formation of a salt bridge near the heme would
process is thus discussed below with respect to (1) hemeperturb the local electronic environment of the heme, the
hydration, (2) protein structural changes on the distal side visible band TROA and TRMORD data are consistent with
of the heme, and (3) structural changes on the proximal sidesuch a conformational change.

of the heme. Time-resolved Soret band absorption using a double-pulse

Hydration of the Distal PocketX-ray structures of WT method combined with Raman spectroscopic studibs4)

SW deoxyMb reveal a water molecule hydrogen bonded to reveals two forms of Mb in equilibrium, the “open” and
N. of His64 that is absent from the heme pocket of the CO “closed” forms, with different bimolecular rebinding rates.
complex @). Thus, at some time after the photolysis of These forms interconvert with a time constant between 1
MbCO, a water molecule must hydrate the heme pocket. and 10us and have been assigned to the rotation of the C
Because this water molecule must be displaced before COCgs bond of the distal histidine. Additionally, time-resolved
binds, it affects the overall rate constant by changing the X-ray structures of photolyzed MbCO crystals with nano-
equilibrium between CO in the distal pocket and the final second resolution56) show that His64 rotates toward the
binding site 6, 10—12). Whether hydration precedes or iron about 4 ns after photolysis and the CO migrates away
follows ligand escape, it may play an additional role in from His64 toward the E helix. This residue motion may
preventing heme religation as the CO migrates out of the both inhibit geminate rebinding and be necessary for ligand
protein. escape. His64 motion following photolysis may explain the

The spectral changes for the nanosecond process in visiblesub-microsecond conformational changes evident in the
absorption resemble spectral changes associated with hemeisible band absorption and MORD.
hydration. The spectroscopic effects of heme dehydration Proximal RelaxationChemical constraints on the proximal
have been studied in His64-substituted SW deoxyBs;( side of the heme pocket can greatly modify the reactivity of
the visible band absorption spectra of polar (His64Tyr) and heme proteins. The R and T quaternary states of hemoglobin
apolar (His64Phe, His64Leu, and His64Gly) deoxy mutations differ in ligand affinity by nearly 2 orders of magnitudgq),
lacking a distal water molecule sioa 4 nm redshift and and the geminate recombination observed in the R state
broadening in band shape compared with those of the wild disappears in the T stat64). The R and T states differ by
type. (These spectral changes are contrary to those expected relative motion of the dimeric subunits making up the
for the solvent effect associated with decreasing polarity upontetramer that tenses the F helix and tilts the proximal
water removal, indicating that the interaction between the histidine—Fe bond relative to the heme plane. The resulting
water molecule and protein is more complicated.) The small steric interaction between the proximal histidine and por-
(3—6 nm) blue shift seen in process 1 is thus consistent with phyrin ring impedes motion of the heme iron into the heme
hydration. Moreover, the loss in intensity of the 560 nm band plane, inhibiting the coordination of a sixth ligan88].
and the peak broadening around 600 nm that accompanySoybean leghemoglobin shows a higher affinity for both O
process 1 closely resemble the peak broadening and correand CO than SW Mb. This has been attributed to a greater
sponding peak intensity loss (the oscillator strengths remainmobility of the proximal histidine that facilitates in-plane
nearly constant) seen in the visible band spectra of dehy-motion of the heme iron and, hence, a higher reactivity to
drated mutants51), although it is not clear if they are ligation (59).
affected to the same extent. The possible role of dynamical changes in proximal heme

Other structural changes in the heme pocket resulting from geometry in modulating the reactivity of Mb is an open
hydration may also contribute to the observed spectral question. Itis feasible that after ultrafast doming of the heme,
changes. Because the Leu29Phe mutant does not have thtéhe proximal histidine is not yet completely relaxed to its
same red shift as the other dehydrated heme mutants, its shiffinal, equilibrium position, this relaxation occurring more
was assigned mainly to irerheme displacemens). It thus slowly as the protein chains overcome hydrophobic contact
appears that a water near the heme plane can both affecbarriers to reach a tertiary conformation that better accom-
iron—heme displacement and interact electrostatically with modates the out-of-heme-plane histidine motion. Such a
the heme and surrounding chromophores to give rise to mechanism may play a role in modulating geminate recom-
spectral red shifts at the heme through simultaneous mech-bination. Spectral changes in the deoxy photoproduct of SW
anisms. This issue is discussed further below in light of the Mb observed in high-viscosity solvent have been interpreted
MORD results, which provide a diagnostic of the heme+iron as protein conformational changes on the proximal side of
pyrrole environment. the heme 49).

Distal Heme Pocket Relaxatiohleme pocket rearrange- The absorption spectrum of T-state deoxyHb, with a tensed
ment accompanying ligand escape after photolysis andheme, shows that both the main peak at 556 nm and a small
hydration of the deoxy pocket may give rise to the spectral shoulder at 510 nm are blue shifted (by about 2 nm) and
changes observed in the visible band absorption and MORD.that a shoulder at 590 nm gains intensity compared with the
In HMb, X-ray structures show a salt bridge between Lys45 proximally relaxed R state5(Q). These spectral changes are
(Arg in SW Mb), Asp60, and a heme propionalel(17). It somewhat similar to the sub-microsecond spectral evolution
was suggested that this bridge or a similar residue motionin Mb observed in this study. This would imply a transition
could modulate binding to the heme by providing a kinetic from an “R-like” to a “T-like” state after ligand photolysis.
barrier to ligand escape and entry (the barrier height being The MORD of deoxyHb is particularly sensitive to tertiary
controlled by the protein conformation}4, 16, 18). Pho- structure changes at the heme that accompany a change in
toacoustic spectroscopic studies on SW and horse skeletathe quaternary state. There is 5850% increase in the
Mb show a 700 ns restructuring of the protein that culminates magnitude of the 585 nm band for the T state compared with
in reformation of this bridge52, 53). To the extent that R state 61, 62). The presence in Mb of an out-of-heme iron
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displacement and proximal histidine motion paralleling that

seen in Hb should thus have a pronounced effect on the

MORD. However, the sub-microsecond TRMORD spectral
evolution observed in photolyzed horse Mb is smaller with

respect to the changes seen in TROA than would be expected
on this basis, and a proximal relaxation similar to thatin Hb  13.

is not indicated in Mb. Any similar conformational change

that directly affects the heme, in particular those associated

with lengthening or shortening of the pyrrole nitrogéron
or histidine-iron bond, is also unlikely because they would

again have relatively large effects on the MORD data that
are not observed.

In conclusion, the visible band TRMORD and TROA data

show a sub-microsecond protein relaxation after CO pho-

tolysis, but the MORD data do not support a major role for
iron—histidine or iron-pyrrole bond relaxation on the

proximal side of the heme in explaining the associated
spectral changes. On the basis of the comparison of the
MORD spectral changes observed here with those associated2?-

21.

with the relaxation of proximal histidine geometry in Hb,

the Mb spectral changes are found to be more consistent

with a conformational change on the distal side of the heme 22.
pocket. In particular, this distal relaxation may be associated

with protein residue accommodation to ligand escape, salt 23.
bridge rearrangements, or heme hydration. The similarity of
the visible band spectral changes observed as the protein ~
relaxes to its deoxy state with those expected for hydration

of the heme pocket suggests that the protein relaxation that 25.
can be detected in both the visible band absorption and 26.
MORD results most probably correlates with heme pocket
hydration. This assignment for the fast relaxation process
observed in the visible bands can be tested by measuring
the spectrokinetics after CO photolysis from Mb mutants 29.
lacking a water in the heme pocket, as these are predicted

not to show the sub-microsecond relaxation observed here. 30
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