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The initial structural evolution of carboxymyoglobin (MbCO) following photodissociation of CO is studied
using optically heterodyne-detected (OHD) transient grating (TG) spectroscopy. This method provides detailed
dynamical information on the electronic and structural states of the heme protein following photoexcitation.
The phase anisotropy of MbCO is found to develop on subpicosecond to picosecond time scales and is much
greater than can be attributed to the symmetry of the heme dipole transition. Control studies of carboxy-
protoheme and deoxymyoglobin were used to identify the components due to protein structural relaxation
and thermal relaxation, respectively. A geometric decomposition of the MbCO grating signals into contributions
relative to the molecular axes provides evidence that the protein effectively changes its shape within 500 fs
following ligand dissociation. These anisotropic mass displacements are a signature of functionally important
motions since they imply a certain degree of directionality or mode selective coupling to the response. The
anisotropic relaxation and observed dynamics provide further evidence that the low-frequency collective modes
of proteins play an important role in transducing reaction forces into functions.

I. Introduction substates that can be ordered in terms of relative importance
with respect to particular observables. For example, there are
distinct CO binding sites within the heme pocket at low
temperaturé that persist to room temperatUrélhe barrier
distributions to geminate CO binding also show implications
of modal behaviof. The most marked illustration of this effect
has recently been observed in optical hole-burning studies of
myoglobin where tiers in the temperature dependence are clearly
observed in the line widtHsThere are also “open” and “closed”
conformational substate distributions with respect to the distal
side of the Feligand binding sité that may be important to
dissociative such that it is possible to photoinitiate the oxy to ligand escape and entry into the protein. Fo_r systems as °°f_“p'ex
deoxy structural relaxation within 50 fs with essentially unit as proteins, there must be aproad d|str|bl_1t|qn Of conformatlons.
quantum efficiency.By the use of CO as the ligand rather than The rela}t|vely new concept is that the dlstrlbuno_n IS strong_ly
Oy, itis also possible to avoid geminate recombination processestlered .W't.h respect to the various obseryables. Thls hierarchical
from complicating the relaxation dynamigghus, the carboxy- behavior is undoubtedly related to the distinctly different length
myoglobin (MbCO) system is unique in thlat it,gives access to Scales of motion encoded in the protein structure. Glasses and
the full range of protein relaxation processes to a single other strongly associated homogeneous systems also hgve a
perturbation (ligand dissociation) without complicating side broad range Of. length scales, but _the activation ba”'e.rs
reactions and associated population dynamics. For this reason,separatmg the different Iength scales_ IS a continuous function
an enormous body of work has accumulated on myoglobin of the length scale. In proteins, there is a significant difference

relaxation processes that has helped establish general principle%ﬂ f;[he d?glree%f corrtlalatlor; and fbarnfer dﬁtrl!buflon siparat!ng
related to protein dynamics. ifferent length scales of motion for helical sections in

The following provides a brief summary of the most salient comparison to loops in the structure. The correlations of atomic

general features relevant to the present study. We know the_mOtionS are much more pronounced in the helical regions than

protein’s potential energy landscape is much more coarse grain!n the loop regions due to the additional attractive interactions

than other highly associated systems such as glasses and ca'H“PO_Sed by the secondary structure. The barrier contours
be described within a hierarchical model for the conformational .def'”'”g.rF’c?‘ mean square (rms) motions about the minimum
distribution? It is possible to identify classes of conformational N the vicinity of a helix are much steeper than in the loop
regions. Since the number of helices or other secondary features
t Current address: TRW Space and Electronics Group, Redondo Beach,iN @ny protein structure is discrete, this effect leads naturally to
CA 90278. a coarse grain distribution function. It is this strong variation

As a first step in understanding the mechanics behind the
spatial coupling of reaction coordinates inherent in molecular
cooperativity! it is important to understand the tertiary structural
changes of individual proteins. With respect to the classic
cooperative response of hemoglobin, myoglobin provides a
model system for the tertiary relaxation processes. It is structur-
ally very similar to the subunits of hemoglobin and is involved
in oxygen transport in muscles. Equally important, it has nearly
ideal optical properties for optically based dynamical studies.
Notably, the excited-state surface of the ligated heme is
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in different length scales of motion and associated barrier (deoxyMb). PHCO is the bare ligated heme without a protein
distributions (i.e., structural heterogeneity) that is the greatest wrapper and provides a control system for the electronic-state
distinguishing feature between proteins and glasses. The questiorthange of MbCO following photodissociation. DeoxyMb is
is how to map the conformational substate distribution onto the myoglobin without a ligand, and it serves as a control for
functional response of the protein. In a paradoxical fashion, the relaxation of excess photon energy in the heme protein without
protein relaxation dynamics are found to exhibit stretched any long-lived electronic or structural changes. The work below
exponential behavior [exp{(kt)’]] with stretch parametergj illustrates that MbCO executes significantly anisotropic motion
close to 0.6, which is characteristic of glasé@$e hierarchical on picosecond to subpicosecond time scales. The protein
behavior does not obviously manifest itself in the relaxation effectively changes its shape on time scales consistent with the
dynamics. Detailed studies of solvent viscosity have shown the displacement of collective modes coupled to the heme doming.
protein motion to be “slaved” to the surrounding solvéfihe In essence, we have observed the inertial component to the
fluctuations must displace solvent and most likely involve conformational switching mechanism in directing the reaction
changes in effective volume. Some of the glasslike behavior in forces. This fast initial motion is the dominant anisotropic
the relaxation dynamics may reflect frictional interactions with response within the 810 ns dynamic window accessible
the surrounding solvent. However, there is also evidence that (rotational diffusion limited) and provides further evidence that
the exact behavior depends on the probe transition used to followthe collective mode mechanism is responsible for directing the
the dynamics. Transitions sensitive to the out-of-plane iron System response.

motion show more strongly correlated behavior in the stretch

factor (3 ~ 0.1 that is more consistent with a hierarchical Il. Sample Preparation and Handling

description of the relaxation process. . .
) ; ) For the myoglobin samples, horse heart myoglobin from

On shorter time scales, there is now a growing body of sjgma was mixed with aqueous Tris buffer solution to 1 mM
evidence for the importance of collective mode coupling in - concentration. The solution was centrifuged for 10 min at 10 000
efficiently directing the reaction forces into functionally relevant rpm to eliminate clumps of undissolved protein. Then the
motions. By monitoring the acoustic waves generated in the so|ytion was decanted into the sample cell reservoir to be
relaxation process of MbCO, it was shown that there are global degassed in situ. The sample was stirred gently~f@r4 h
motions occurring on picosecond time scaf&$he collective while either CO (for MbCO) or N (for deoxyMb) gas was
nature of these motions was established by the observedfowed over the sample. After degassing, Fe was reduced from
dynamics for an acoustic-like displacement of the protein and the +3 to +2 oxidation state by adding a 10 times molar excess
the degree of correlation of this displacement with relaxation of sodjum dithionate. At all times, the samples were kept on
of the protein near the point of bond dissociattérthe two- ice to keep the protein from denaturing prematurely and to retard
point spatial correlation in dynamics defines a collective oxidation. After passing through the tubing and sample cell,
response. Assuming linear response, the protein strain iSthe sample’s temperature in the excited volume was ap-
quadratically proportional to the relaxation energetics and proximately 15°C. The PHCO samples were handled similarly
indicates that over 50% of the tertiary relaxation occurs through to MbCO, except that the solvent used for this species was 75%
the displacement of collective modes in the 10 émange. It ethylene glycol. This solvent was chosen in order to prevent
was argued that this collective mode coupling mechanism is dimerization of the heme in solutidf The UV—vis absorption
the primary director to the functionally relevant protein spectrum of the heme was monitored after preparation to ensure
motions?®~*2 Since the collective modes in this range are that the sample was in monomeric fotfn.
defined by correlated motions of the secondary structure The protein solution was flowed through the sample cell using
elements, this finding indicates that structure elements such asy peristaltic pump at a rate fast enough to turn over a sample
helices play a critical role in guiding this system through the yolume every few laser shots. This prevents accumulation of
reaction saddle point of an otherwise very complex surface. This heat in the bulk solution. At the concentrations used in these
concept is consistent with the analysis of Seno and Go whereexperiments, bimolecular recombination to regenerate the fully
they found that greater than 60% of the oxy to deoxy structural relaxed protein occurs on submillisecond timéat the 1 kHz
changes could be reconstituted by the displacement of the lowes{aser repetition rate of the experiments, both flowing the sample
frequency collective modes in the-82 cn! range™® These  and recombination enable each laser shot to probe a fully
workers expounded on the view that the helices behave as rigidequilibriated sample volume. The sample flask (with 20 mL
structure elements compared to the less rigid loops that act asexcess volume) in the ice bath and the peristaltic pump were
hinges for directing the motions in such a conserved style. The placed outside the box that enclosed the diffractive optical
time scale is not implicit in this work. From the above element (DOE) and sample cell optics. This separate enclosure
experimental studies, these collective displacements appear tavas necessary in order to eliminate air currents generated both
be occurring predominantly in the inertial phase of the relax- by mechanical motions of the pump and by thermal gradients
ation. Most recently, there has been a much higher resolutionfrom the cold ice bath and the pump. The sample was degassed
determination of the carboxymyoglobin and deoxymyoglobin within the reservoir with the cell and tubing attached to remove
structures than previously report&drlhis latter work found an any residual @inside the closed-loop.
exceptionally strong degree of conservation of the helical  The optical path length through the sample cell was G50
sections. The correlation is so strong that it is evident that the and the transverse dimensions werg0 x 5 mm. The optical
helices are simply displaced as a unit (collectively) with heme density at the 400405 nm excitation wavelengths for most of
doming“in a process that could be likened to a conformational the 1 mM protein samples was about 2, so that most of the
switch. This new structural information is consistent with the excitation light was absorbed within the first 2@@n of the

picture drawn from earlier dynamical studi€s? cell surface. The cell windows were 2 mm thick fused silica,
In this second paper of a two-part series, we present andclamped to the stainless steel cell with rubber O-rings.
analyze the OHD TG signdifrom three related molecules: After ~200 s of exposure to the excitation beams, it was

MbCO, carboxyprotoheme (PHCO), and deoxymyoglobin noticed that a background grating signal from the cell windows
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Figure 1. Overview of the OHD grating signals for all three heme species studied using the experimental setup and conditions described in ref 1.
The top plots show the real componentggfii(t) (solid curves) ang112At) (dotted curves), and the bottom plots show the corresponding imaginary
components. The signal amplitudes between species are arbitrary. The Im components have been multiflliet byclearer comparison with

the Re components (i.e., the absorption increases following photoexcitation in all cases).

began to contribute to the overall signal. This background of the formys°'s[1 + cosact)] + ¥°*"[1 — cosact)], where
reduced the S/N but otherwise did not contribute to the recorded ys°'s is the peturbation of the solvent susceptibility owing to
dynamics. We observed this effect with just the solvent, but it changes in the protein straifys°'T is the change in the solvent
was more pronounced with protein present. Owing to the high susceptibility from changes in the temperature, angd is the
phase stability of the heterodyne setup, even very small quantumacoustic frequencs? Impulsive signal contributions that follow
yield processes and weak multiphoton processes lead to acthe cross-correlation of the applied pulse envelopes (so-called
cumulation of a permanent grating on the windows. This “coherent coupling” artifacts) are ubiquitous in transient grating
problem was never observed in the absence of the phase-lockedneasurements owing to the third-order electronic hyperpolar-
excitation pulses. Without phase-locking the random phase shiftsizability.2* These effects are both well understood and can be
between the grating excitation pulses on a shot-to-shot basisremoved from the data with good precision, simplifying the
causes the optical interference pattern to spatially fluctuate andinterpretation of the remaining contributions.

average out over time. In an analogous fashion, we were able The complete OHD TG signals from each of the species
to overcome this problem by simply rocking the cell back and  inyestigated (MbCO, deoxyMb, and PHCO) are shown in Figure
forth along the grating wavevector with an amplitude~30 1. The nanosecond acoustic modulation of thedatas fit to

#m to smear out the accumulated pattern. A similar effect has {he appropriate functional fofhand removed (insets to Figure
been explored as a mechanism for writing permanent diffractive 1y 14 simplify inspection of the data out to nanosecond time
elements in glasses using high-intensity ultrafast pi¥S.  go41e5 and longer. The acoustics were subtracted so as to keep

While rocking the cell eIiminatgd the grating pattern, the ihe amplitude of the Re component néar 0 unchanged. This
background scatter was found to increase beyond an acceptab'%rocedure eliminates the thermal solvent contributjof™,
level after 5 min. This effect could arise from a number of | hich is zero at = 0 and peaked at= 7/wac.

photophysical or photochemical processes activated through The Re parts of the arating response contain significant
multiphoton processes that are unavoidable with the high peakcontributiong from thermalgand c%nforr%ational rotein regl;axation
power of femtosecond pulses. To completely avoid this problem, . - . . P

in addition to electronic-state relaxation. As a result, the Re

the cell was shifted to a fresh spot after every few minutes of . X . e
- part of the time-dependent response is complicated and difficult
exposure to the excitation beams. . . . ; .
to immediately interpret. The electronic-state relaxation can be
isolated by examining the Im signals, shown in the bottom plots
in Figure 1. Conformational relaxation of the protein couples

The goal of the heterodyne-detected grating experiments on©nly weakly to the absorptive properties of the hetigs*so
heme proteins is to separate the dynamics of the exciteqthat to a good approximation the evolution of the Im signals
electronic states from thermal and conformational relaxation. Provides information about the excited electronic-state dynamics
Different physical events can be separated by adjusting experi-Only-
mental parameters such as the protein species, excitation power, A.Imaginary Grating Signal. The simplest of the Im grating
and field polarizations. In addition to these experimental signals is from deoxyMb, which provides a control for photo-
parameters, the previously known time dependence of certainexcitation without photodissociation. After absorbing a photon
features of the grating signals (photoacoustics and hyperpolar-from the excitation field, the heme occupies a very short-lived
izability contributions) can be fitted to the experimental data. excited electronic state that exhibits stronger absorbance (in the
The signal contributions from photoacoustic effects are generally near-IR) than ground-state Mb. The time dependence of the

Ill. Results and Discussion
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excited state(s) can be determined by fitting the imaginary 2.5 .
grating signals (equivalent to the pumprobe signal) to a _
biexponential function convoluted with the pulse cross- 204
correlation?>-27 A delta-function term is added to the fit function )
to account for the impulsive third-order hyperpolarizability
respons@! The major signal features are decays of 20@0 ~ 5
fs and 2+ 0.2 ps, along with a small constant offset whose = .
amplitude is a few percent of the total decay. Each of these S 1.0
features is in reasonable agreement with ptimwbe measure- ]
ments reported by Lim et &4 which have shown that the decay

of the pump-probe signal from deoxyMb in the near-IR is
predominantly due to relaxation of electronic excited states, with
only secondary (although measurable; see below) effects arising
from thermal relaxation.

In addition to the grating measurements of the transient
absorption in the near-IR, pumprobe studies using a probe
wavelength centered at 422 nm were conducted on deoxyMb.
This probe wavelength is slightly blue-shifted from the peak of
the 25 nm wide Soret band (433 nm) of the unligated hé&me.
The bleaching and recovery of the Soret band absorption
provides information complementary to the near-IR absorption
dynamics. In the near-IR, there are a number of overlapping i
transitions that are susceptible to temperature-dependent spectral 0.5 |
shifts2428s0 that the transient absorption dynamics are sensitive i
to both electronic-state relaxation as well as thermal relaxation 0.0
of the heme. In comparison to the near-IR, the Soret transition PRRS SRR VS N R E—
is extremely strong and less sensitive to temperateité?so -2 0 2 4 6 8 10
that the recovery of the ground-state absorption at 422 nm should .
provide a clearer probe of the excited electronic-state lifetime, Time delay (ps)
independent of thermal relaxation. Figure 2. Pump-probe signals (open circles) from deoxyMb/jat

The pump-probe signals at 422 nm from deoxyMb are ?ZZI_C?m for)both t;he excitat!olndand probe ;l)ulzes_. hThhe signalsbare fit

; N I ; f solid curve) to a biexponential decay convolved with the ptimmpbe
dlsplc’_;lyed in Figure 2 along with fits to a _bleXponent'al de_cay cross-correlation. The resulting decay equationsvaf = 0.82 exp-
function. These results are comparable with those of Petrich et(_yq 10 ps)+ 0.17 expt-t/3.6 ps)+ 0.009 (top data set) aneh(t) =
al.2 who performed an extensive series of measurements ofg.77 exp{t/0.12 psy+ 0.17 exp(-t/3.6 ps)+ 0.010 (bottom data set).
transient bleaching in the Soret band on a number of heme These data show the bleaching and recovery of the Soret band, which
species. At a probe wavelength of 434 nm, they extracted provides a measure of the time scale for the heme to return to its ground
relaxation time constants of 300 fs and 3.2 ps for deoxyMb. electronic state. Insets: Longer time dynamics with the baseline offset
These decay components were taken to represent the decay ratééjbtracted, showing a very small, isotropic decay. The dotted curves

S . . . are modifications of the biexponential fits to include an additionhb
of two distinct excited states of the heme into the unligated ps relaxation component (1% of the total relaxation). The best fits for

ground state, based on their ubiquitous presence in a variety ofthe two faster decay components are not significantly changed when
species at various wavelengths throughout the Soret band. Theifitting to a triexponential.

3.2 ps decay rate is in reasonable agreement with the 3.6 ps
decay measured here, but the data in Figure 2 do not supporiof 3.4 & 0.4 ps?* This ground-state recovery manifests itself
the presence of a 300 fs decay component. A possible explanain the near-IR as an increase in the area of band Ill, a weak
tion of this discrepancy is that the earlier studies of Petrich et in-plane transition of deoxyMb centered at 760 nm. Simply
al? had insufficient time resolution and signal-to-noise (S/N) monitoring the transient absorption at a single wavelength in
to resolve the fast 100 fs decay rate. The instrument responsethe near-IR does not provide a clear indication of this ground-
for the Soret band studies of Figure 2 was measured to be 75state recovery, since the tail of the band Ill transition overlaps
fs fwhm (55 fs deconvolved pulse widths), which is sufficient with a number of other distinct spectral features in the near-IR
to accurately determine decay rates at the 100 fs level. It is (see Table 1 in ref 1), all of which are sensitive to the heme
possible that the short time constant might be even faster thantemperature as welt-31 The slow~2 ps decay of the transient
that measured here, so that the 100 fs rates determined fromabsorption at 800 nm is thus affected by electronic as well as
Figure 2 should be viewed as an upper limit. The other possible thermal relaxation. However, the recovery of the strong Soret
difference is the probe wavelength. The difference in probe band absorption in Figure 2 occurs within the experimental
wavelength is small and both 422 and 434 nm address the Soretincertainty for the reappearance of the ground state. Since the
band; however, it is possible that an intermediate state may makeSoret band is spectrally well isolated from other transitions, it
a larger contribution to the signal at 434 nm than at 422 nm. provides a reasonably good probe of the ground-state population.
The dua]-Wave|ength transient absorption data in Figures 1 It can thus be inferred from Figure 2 that the heme returns to
and 2 are not sufficient in themselves to deterministically assign its equilibrium unligated state with a 36 0.2 ps time constant.
physical mechanisms to the decay parameters. A complete set Taking a closer look at the decay of the punagyobe signals
of time- and frequency-resolved transient absorption spectrain the Soret band, it can be seen that in addition to the 100 fs
throughout the near-IR (760L000 nm) were measured by Lim  and 3.6 ps decays, there is a small amplitude decayI®ps
et al., from which the recovery of the heme electronic ground time scales. This can be clearly seen from the insets of Figure
state was incisively determined to occur with a time constant 2, where the data are plotted on a log scale with the static

intensity
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component subtracted from both the fit function and the data 0.10———————— 71—
to clarify the discrepancy between them for- 10 ps. To :
eliminate this discrepancy, the Soret absorption signals were 1 4 800 nm probe
fit to a triexponential decay function, shown in the insets to 0.05
Figure 2. The addition of a third relaxation component did not
significantly affect the fitted amplitudes or time constants of .
the first two components owing to the clear separation of time S 0.004—
scales between thefd.The new term was found to have an g
amplitude of about 1% of the total decay and a time constant 2
of 16 + 4 ps for both parallel and perpendicular polarizations. 2 0.05
This slow isotropic relaxation most likely reflects the last g
vestiges of cooling of the heme that occurs through diffusive g“ 0.20 |
coupling to the surrounding globin and solvent. At high 2 o5l
temperatures the Soret band broadens and red shiftlyym = I
(~200 K increase}? Since the 422 nm probe wavelength is on 0.10 |
the blue edge of the Soret transition of deoxyMb, the absorption 1
will be a decreasing function of temperature. The observed 0.05 - 422 nm probe
decrease in transmission seen in Figure 2 is thus consistent with 0.00 1
the effects of thermal relaxation of the hot heme. This decay T R R T M R
component was not observed in previous studies that probed at 5 0 5 10 15 20 25 30 35 40 45 50
the 434 nm peak of the Soret band of deoxyMBwhere the Time delay (ps)
signature of heme temperature shifts is expected to be lessgijgyre 3. Absorption anisotropy for deoxyMb (open circles) con-
pronounced. structed from the data in Figures 1 (800 nm probe, grating geometry)

The 16 ps diffusive thermal relaxation rate measured here isand 2 (422 nm probe, pumpprobe geometry). The solid lines show
in qualitative agreement with the rates determined from earlier 1€ anisotropy constructed from the fits to the data in Figures 1 and 2.
grating studies €20 ps)1°3 time-resolved resonance Raman Ihe near-IR absorption anisotropy clearly shows the recovery of the

. 35 . . - : eme ground state.
studies (25t 14 ps)® transient mid-IR absorption studiesZ0
ps)3 and molecular dynamics simulations 280 ps)3’ It
should be noted that the cooling process is multifaceted, with
the bulk of the heme thermal relaxation taking place on faster

t'm? Scale:t(vhz_? pt;'s%;ng;oslérlflrl]ngtf(f)hlgh-zrthu?ncgl colleclltlve measured here. This predominantly in-plane polarizability is
motions o the giobir. € etlects ot tis 1aster cooling = congistent with an earlier suggestion that the excited-state

{Eechanlsrln ?n th(fattr:ar%slent albs?rptl_on S|gn3Ista{e ob;czrtei byabsorption in the near-IR corresponds to the tail of a higher-
€ repopulation orthe heme electronic ground state, which ta esenergy, in-plane-polarized — z* porphyrin transitior?2° It

place on a similar time scale. is possible that there is some contribution to the decay in the
Additional information on the structure and dynamics of the jpitial anisotropy from cooling of the herfeas well.
excited heme state is provided by the absorption anisotropy for At 5 = 800 nm,1m(t) decays from 0.06 to about0.01 within
deoxyMb, shown in Figure 3 for both the near-IR and the Soret 10 ps as the heme excited state returns to ground. This final
band. After some fast initial dynamics in the first picosecond, yajye of—0.01 4+ 0.01 is due to the small (about 3%) constant
the anisotropy in the Soret band remains approximately constantapsorptive offset from Figure 1. The small value of the final
(to within the S/N) aim(422 nm)~ 1/10. This is the limiting  anisotropy shows that to within the S/N of the measurement,
value that is expected for a circular absorbgsi (= 0 and  the constant absorbance is isotropic with respect to the heme
x22 = y3s for both the excited and ground states in eq 32 of ref pjlane. The long-lived offset in the near-IR absorption was
1) and is consistent with the eXpeCted values in the Soret bandattributed by Lim et al. to tWO_photon absorption based on its
from Figure 2 of ref 1. The lack of any significant dynamic  gptical power dependenéélf the heme absorbs more than one
change imim(422 nm) indicates that the final product state has photon, the temperature jump of the heme protein is sufficient
the same symmetry as the initial ground state, providing further t cause the system to sample conformational minima well above
evidence that the absorption dynamics correspond to a repoputhe global minimum, where it may become trapped in these
lation of the ground state. Since the bleaching of the Soret higher energy conformations. There is previous evidence for
transition of deoxyMb at 433 nm overwhelmingly dominates this effect with higher photon energy excitation (355 nm)
the pump-probe signals, there is no clear indication of the consistent with this interpretatidf34 This conformational
geometry of the excited heme state from the data at 422 change could then lead to a long-lived change in absorption, as
nm. observed. The lack of any strongly preferred orientation of the
In the near-IR, the absorption anisotropy is very different than change in the absorption ellipsoid suggests that the constant
at 422 nm. At 800 nm probe wavelengths, the induced excited- offset is more likely due to multiphoton heating of the protein
state absorption dominates the bleaching of the ground state than to the reaction Mb— deoxyMb, which would indicate
so thatr;n(800 nm) contains information on the excited-state oxygen contamination of the sample.

contributions from the hole burned in the ground state (which
has an out-of-plane absorption component at 800 nm); the true
anisotropy of the excited state of deoxyMb is likely higher than

symmetry. The initial anisotropy of 0.06 just after 0 implies Since the ground state recovers on a multipicosecond time
that the heme excited-state absorption is strongly polarized scale, it is not immediately clear what gives rise to the
within the heme plane. Using the valug(t ~ 1 ps)= 0.06 in subpicosecond dynamics measured in both the near-IR and in

eq 32 of ref 1 tells us the ratio of in-plane to out-of-plane the Soret bands. Lim et al. discounted the possibility of a short-
absorption strength for the intermediate heme excited state islived electronic state based on the absence of a clear spectral
at least 3:1. This ratio is a lower limitowing to the nonneg-  signature in the near-IR. However, the presence of an
ligible bleach fraction (estimatee10% peak) as well as bleach intermediate electronic state was inferred by the discrepancy in
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Figure 4. Comparison of the scaled pumprobe signals (dotted curves; and V) and TG signals (solid curves; Imf1q and Imy1124) for
PHCO and MbCO. The agreement between the two different experimental methods shows that they both are proportional to the transient change
in absorption of the sample.

the time constants for disappearance of an excited-state featurare quite similar between PHCO and MbCO. There is a large
(~1.0 ps) and reappearance of the ground-state band Il featureconstant offset at long time delays due to the difference in
(~3.4 ps). This treatment does not negate the conclusionsabsorption of the ligated and deligated species. The dynamics
reached by Petrich et al. from the Soret band dynamics, namely,at 800 nm are well-described by a fast 2850 fs decay
that upon photoexcitation there are two distinct electronic statescomponent, followed by a slower-2 ps decay. The small
that are occupied, with 300 fs and 3.2 ps decay rates back todifferences in the time constants extracted from these data can
ground staté.Should the 300 fs relaxation rate correspond to be attributed to the slightly different beam geometries and to
the <100 fs decay based on the improved time resolution in uncertainties in fitting the large instantaneous contribution to
the studies presented here, the conflicting pictures set forth inthe TG signals. In all cases, the absorption anisotropy is
refs 2 and 24 can be reconciled. TRel0O fs decay is fast  approximately constant afte= 5 ps atr;,(800 nm)= 0.04+
enough that it could indicate the relaxation of a primary 0.05. This is in agreement with the expected limiting values in
photoexcited state, which has been postulated to occuvith Figure 2 of ref 1 determined from the equilibrium difference
fs time scaleg:3If this is the case, the subsequent relaxations spectra.
observed could correspond to decays of secondary “bottleneck” |f PHCO is a valid control for the electronic-state relaxation
electronic states. This pOSSIbIlIty was noted by Lim et al. but of MbCO, the Im Components of the grating Signa]s should be
could not be verified by them as their experimental time virtually identical between the two species. This comparison is
resolution was limited to~300 fs?4 made in the left-hand side of Figure 5, which shows the
Both pump-probe as well as transient grating measurements difference of the Im grating signals from MbCO and PHCO
were performed on the two CO-ligated species, MbCO and (with the PHCO data scaled by a constant factor). The only
PHCO. The results at 800 nm probe wavelengths are comparedsignificant difference between the two signals occurs hear
in Figure 4. It can be seen from this figure that the time 0 and approximately follows the pulse cross-correlation, sug-
dependence of the Im grating signals is very similar to the gesting that it corresponds to the instantaneous contribution to
pump—probe signals for both PHCO and MbCO, except near the grating signals. The relative magnitude of the instantaneous
t = 0 where there are large deviations due to the hyperpolar- contribution with respect to the molecular responses could
izability contribution. This observation provides a check on the change on the basis of a number of experimental issues. For
validity of the OHD TG experimental procedure, showing that example, small differences in the pulse widths between col-
the measured imaginary component of the grating signal is lecting data sets could change the peak intensity at the sample,
equivalent to the transient absorption. The signals were fit to increasing the impulsive response while not affecting the
biexponential decays as with the deoxyMb data, and the resultsamplitude of the time-delayed response. If the excitation fluence
were found to be consistent with earlier puagrobe studieg? were high enough to dissociate a macroscopic fraction of the
The gross features of the signals at 800 nm probe wavelengthssample, then changes in the 400 nm pulse energy would cause
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Figure 5. Difference between the PHCO and MbCO absorptive dynamics: (left) imaginary grating signals; (right)- e signals. The

residuals for the TG signals approximately follow the pulse cross-correlation, indicating the only major difference is in the impulsive oontributi

to the signals. For the pumiprobe case the residuals are much lower owing to the smaller impulsive component in this experiment. These results
show that the electronic-state dynamics are very similar between the two species, so that PHCO should be a reasonable control for the electronic-
state dynamics of MbCO.

TABLE 1: Fit Parameters of the Re Grating Signals Fitted to the Convolution of the Pump-Probe Cross-Correlation with a
Triexponential Decay of the Form Py + Y P, exp(—t/T;), Wherei =1, 2, 3

species/element Po P T1 (ps) P, T2 (ps) Ps Ts (ps) Ps
MbCO Ref1111 0.061 —0.186 0.20 0.359 0.09 0.04 7.1 0.862
MbCO Refy1124 0.023 0.084 0.31 0.189 0.13 0.039 6.1 0.225
PHCO Ref1111 0.105 —0.27 0.30 0.268 0.27 0.051 8.5 0.926
PHCO Ref1124 0.072 —-0.327 0.24 0.384 0.20 0.040 7.7 0.264
deoxyMb Ref1111] —0.009 —0.05 0.42 0.701 0.09 0.098 5.0 0.546
deoxyMb Ref1124 —0.008 —0.216 0.29 0.294 0.22 0.096 5.1 0.414

a A hyperpolarizability responsBsd(t) is also included in the decay function. Since the dynamics at short times are clearly nonexponential, the
uncertainties on the fast decay compon&htandP, are on the order of 100%. These two fast components simply provide a very rough parametrization
of the dynamics and are not expected to directly relate to underlying physical processes. The uncertainties on the other decay times and amplitudes
are generally about 10%. The relative scaling between species is arbitrary, but the fit parameters for each species are on the same scale.

larger changes in the instantaneous response than in the saturateshow that the electronic-state evolution of PHCO following
molecular response. Additionally, since the 400 nm excitation photodissociation provides a reasonably good control for that
wavelength is absorbed more strongly by PHCO than by of MbCO fort > 300 fs. This means the real parts of the PHCO
MbCO/1628 the effective grating thickness and pulse overlap and MbCO signals can be directly compared to isolate dynamics
geometry is different for the two cases. This would be expected due to thermal and conformational relaxations of the globin.
to have a strong effect on the instantaneous contribution, which  B. Real Parts.|t is expected that changes in the temperature
arises from interactions throughout the window thickness as well and geometry of the globin will manifest themselves more
as in the sample itself. Finally, it is likely that the absolute strongly in the Re component of the grating signals than the
magnitude of the change in absorption at 800 nm between thelm component. From Figure 1 it is clear that for all species,
ligated and deligated forms is different for the PHCO and MbCO the Re and Im signals exhibit very different dynamics. A
species. Since the instantaneous response has nonnegligiblaiexponential fit to the Re grating signals for PHCO, deoxyMb,
contributions from the windows and solvent, this will obviously and MbCO generates the fit parameters listed in Table 1. The
result in different ratios of the instantaneous/molecular contribu- general features of these signals are (1) a large spiketrrear
tions between PHCO and MbCO. 0 that follows the pulse correlation and is most probably a

The similarity of the electronic-state dynamics between PHCO hyperpolarizability contribution, (2) a small delayed rise in the
and MbCO can be seen more clearly from a comparison of the signal ~200-300 fs aftert = 0, (3) a slower 58 ps decay,
pump—probe signals, shown on the right-hand side of Figure and (4) a constant offset. The triexponential form provides a
5. The pump-probe signals are less susceptible to the impulsive somewhat better fit to the data than a biexponential, but it is
nonresonant contributions that dominate the initial OHD TG not clear whether the additional relaxation component is
signals. The only significant difference between the two species physically meaningful. This additional componéhtis needed
occurs within~300 fs about = 0. This constitutes less than in order to cancel the negative amplitude compori@nhear
20% of the pump-probe signal and is again most likely due to t = 0 to avoid distorting the falling edge of the spike. The small
a small instantaneous window/solvent contribution. These resultsdifference in the time constants of tik and P; components
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results in a slowly rising signal, as observed. However, it is ] T T
more likely that the initial signal dynamics are nonexponential. I I

Close inspection of the fits reveals that the Re components 04r H
cannot be perfectly fit with a multiexponential decay. The time- ‘
delayed rise in the signal after about 300 fs is clearly
nonexponentiatthe triexponential fits exhibit systematically
slower dynamics that start too closette 0. Since this feature

is present for all species studied, it is possible that it may
correspond to a nonresonant, Raman-active nuclear contribution

o
W
T

Phase anisotropy
=
[\o3

01f
from the solvent, sample cell window, or the heme itself. If
Raman effects contribute, it is doubtful that they arise from the 00k
glass windows of the sample cell since the peak amplitudes of
the OHD time-delayed nuclear and instantaneous electy&hic ol oy L
responses in glasses have been found to have a ratio of less i 0 10 20 30 40 50
than 1/200% far too small to explain the observed rise in the Tire delay (ps)

TG signals. Similarl_y, Raman c_ontributions from the_sol\_/ent Figure 6. Phase anisotropy of MbCO (solid curve), PHCO (heavy
can be ruled out since the ratio of nuclear:electronic signal solid curve), and deoxyMb (dotted curve) constructed from the Re
contributions for water is only about 1/50, and the dephasing grating signals of Figure 1.

time is much too fast to yield &1 ps rise, as observed héfe. o
In addition, since the 400 nm excitation pulses are nearly on- fre@tt =15 ps occurs when the contribution from the hot heme/

resonance with the extremely strong Soret transitions, the Protein has decayed almost to 0 and the small contribution from

effective cross-section for processes driven by linear absorptionthe long-lived, negative offset in the deoxyMb Re signal
(i.e., triggered by photodissociation) is expected to be far larger P&comes dominant (see Figure 1). On the basis of the lack of
than the Raman cross-section. Thus, a more likely explanation@1V Significant phase or absorption anisotropy at long times
is that the~1 ps feature may be due to heating of the heme as LRt > 20 ps)~ 0 to within the S/N in Figure 6, antm(t >

the excess photon energy is thermalized. Additional evidence 20 PS)= —0.01+ 0.01 in Figure 3], itis likely that this offset

supporting this interpretation is provided by the power-depend- &/es from multiphoton excitation populating higher energy
ent results below. components in the conformational distribution, with accompany-

The longer time scale decay in the signals is somewhat moreing small shifts in the spectra, as discussed above.
interestin ! From the reviou¥5 sectiong it was found that the The phase anisotropies of PHCO and MbCO are also shown
ng. Previous ’ in Figure 6. The phase anisotropy of PHCO is virtually constant
electronic-state evolution is virtually complete after 5 ps;

thus. this sianal . t likel tdue to d ; atrre= 0.13+ 0.02. This is consistent with the expected long-
us, this signal component 1S most fikeély not due to decay ot ;o limiting value for the anisotropy of the dipole transition
an excited electronic state. Since it is present within all species

e . ; .—~of MbCO displayed in Figure 2 of ref 1. In contrast to the
studied, it is possible that this corresponds to thermal relaxation behavior of PHCO, the phase anisotropy of MbCO is much
of the initially hot heme. From Table 1, it can be seen that the '

L larger than can be attributed to the change in the electronic state,
Ts decay component is slightly faster for deoxyMb and MbCO with rre = 0.354+ 0.03 aftert = 20 ps. The initial smaller value

(5=7 ps) than for PHCO (89 ps). This is consistent with the of the phase anisotropy at short times is due to the isotropic

known dyna_mlc_s of the heme COOI'”Q: the h(_eme relaxes to signal contributions from the hot protein, which decay to nearly
thermal equilibrium with the surrounding protein and solvent o 7qar 15 ps

both through normal diffusive processes and through coupling |+ ~ouId be possible that this large final value of the phase

to Iow-frequency_collectlve modes of the_prott_aln. Itis thought anisotropy of MbCO is simply due to addition of a large negative
from earlier studies that thermal relaxation via the collective isotropic signal to the positive anisotropic signal contributions

modes of thg globin is both the faster and more efficient cooling ¢,om the electronic-state change. It was shown in Figure 5 that
channef? with up to 90% of the excess heme thermal energy e electronic-state evolution is nearly identical between PHCO
routed this way’® The time scale for thermal relaxation via 5,4 MbCO. Since PHCO does not have the globin present, it is
collective motions has been estimated to be between 1 and 7, 4404 control for the electronic-state relaxation of the heme.
ps3>S7 The interpretation of theTs decay component as  accordingly, the Re grating signals of PHCO and MbCO can
reflecting the cooling of the heme is consistent with these earlier ;o compared to find the dynamic response that arises from the
observations. The observed rafg is noticeably slower in  rotein part of the molecule. In Figure 7, the Re grating signal
PHCO, where the globin is not present to efficiently channel ot pHcO is subtracted from the MbCO signal, with the scaling
thermal energy into collective mechanical motions. determined by the Im grating signals of Figure 5. The remaining
DeoxyMb provides the clearest picture of thermal decay in signal components in Figure 7 should be predominantly due to
the protein, since there is no long-lived change in the electronic- protein relaxation dynamics. Clearly, there is a very large
state configuration to obscure the grating signals. The phaseanisotropic contribution to the real component of the MbCO
anisotropy constructed from the Re deoxyMb grating signals signal that does not arise from electronic-state dynamics. This
of Figure 1 is shown in Figure 6. Clearly, all the dynamics after anisotropy is most likely indicative of the highly anisotropic
the initial spike att = 0 are completely isotropic. This is as change in the protein conformation upon photodissociation.
one might expect for diffusive thermal relaxation in the globin, A caveat regarding the method used for subtraction of the
where a large number of vibrational modes of the protein are electronic-state contributions to the Re grating signals should
populated thermally. These modes are evenly distributed be mentioned here. This procedure is based on the observation
throughout the highly folded, helical protein structure, with no that the time-dependent Im grating signals of MbCO and PHCO
preferred orientation; i.e., vibrational modes are not preferen- exhibit virtually identical dynamics at a probe wavelength of
tially populated on the basis of their orientation with respect to 800 nm. This observation is not sufficient to argue that the
the heme plane. The seemingly abrupt change in the value ofcorresponding phase evolution of the electronic-state change is
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Figure 7. Difference between the real grating signals from MbCO 0
and PHCO. The relative scaling factor between the two species is the
same as that used in Figure 5 to eliminate the difference between the
Im grating signals. Clearly, there is a large anisotropic contribution to
the real component of the MbCO signal that does not arise from 010
electronic-state dynamics.
identical between PHCO and MbCO. To make this connection 3
rigorously, it is necessary to show that the absorptive dynamics < 005F
are the same between PHCO and MbCO at all probe wave- %
lengths, so that eq 35 of ref 1 for the time-dependent Kramers E
Kronig (KK) relationship between the Re and Im signals is S g
identical for the two species. Unfortunately, the transient o
absorption dynamics of the two species are not the same, ass
can be seen by comparing the frequency-resolved ptprgbe P
signals in the Soret band. While the spectral shapes and time_%’ 005+
dependence are similar, for PHCO the Soret band and the An_ ()
associated transient bleaching/absorption are blue shifted by g out
nm from those of MbCG%28 However, probe wavelengths in oo
the near-IR are far enough off-resonance from the strong Soret -1 0 1 2 3 4 5
and Q-band transitions of the heme that the value of the KK Tine delay (ps)

integral over these transistions will not be greatly changed by ) o )
a~15 nm shift of the line centers. Thus, despite the different Figure 8. Nonelectrgnlc contributions to the in-plane and out-of-plane

bsorption dynamics between PHCO and MbCO, at 800 nm index changes relative to the heme plane fo_r Mk_)CO. These traces are
a . ’ constructed from the residuals of the Re grating signals shown in Figure
probe wavelengths a KK connection between the Re and Im 7 ang show the very anisotropic contributions of protein strain to the
dynamics of the two species should be a reasonable approximaobserved signals. The dotted curves in the top plot are single-exponential
tion. fits to the data fot > 1 ps, with time constants of 74 2 and 4.9+

The nonelectronic contributions to the grating signals shown 2 ps for the in-plane and out-of-plane decays, respectively. The initial

in Figure 7 contain information primarily about the solvent and development of the in-plane and out-of-plane index changes on a 300
fs time scale is suggestive of the possible time scale over which global

the globin part of the protein=! andxﬁ"f’b ineqs 21and 22 grain may develop in the protein.

of ref 1]. To relate these signals more directly to the geometry

of the protein, they can be decomposed into effective changeseq 1 into eq 25 of ref 1, the index changes displayed in Figure

in the index of refraction along directions in the heme plane g can be written,

and along the heme normal as per eq 28 of ref 1. This

decomposition is shown in Figure 8. These residual index AN, = A + (A3 + AyID)/2

changes can be analyzed in terms of their functional dependence

on the molecular contributions to the grating signals. From eq Ang, = AXS°|'S+ A%%Ob 2)

14 of ref 1, the change in susceptibility of a protein molecule

upon photodissociation is It can be seen from eq 2 that both the in-plane and out-of-plane

ol . : glob index changes contain equal contribu_tic_)ns fror_n the solven_t, as
Ay = Ay 05 + xi(@p) — xi(@p) + %5 1) expected since the solvent response is isotropic. The remaining
contribution is from the globin, along the heme normal for

Here the molecular susceptibility changg is written in the Ang,(t) and averaged over the two in-plane directionsAog(t).

basis relative to the heme axes, so that the laboratory coordinate€learly, every microscopic contribution to the index changes

Q2 do not contribute. Since the thermally driven photoacoustics in Figure 8 arises from conformational relaxation of the protein,

make essentially no contribution to the signal within the first either through a direct interaction with the proteitayp'ob(t)]

50 ps, the tern\y*°'in eq 1 contains only the contribution from  or through the effect on the solvent densityfs). It is

the structure chang&ys°'s. The contributioryi‘f(wpr) - Xﬁ(wpr) apparent from Figure 8 that the globin contribution is highly

from the electronic-state change is eliminated through subtrac-anisotropic, since the in-plane and out-of-plane index changes

tion of the PHCO response. Inserting the remaining terms from are positive and negative, respectively. Given this observation,
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is it possible to infer the signs of the globin contributions in-

J. Phys. Chem. A, Vol. 103, No. 49, 19980639

to the dynamics seen in deoxyMb, suggesting that this remaining

plane and out-of-plane? From earlier studies of the acousticscontribution arises from isotropic diffusive cooling of the heme

generated by photodissociation of MbCO, the initial solvent
contribution to the change in indgge!s is opposite the sign of
the thermally launched acoustic way&!".1011This assignment

protein.

These results should be compared to previous studies that
employed direct-detected grating methégls.-344243The con-

was based on the comparison of different heme and hemeformational dynamics revealed through heterodyne detection of

proteins with nearly identical optical properties, as well as
absolute diffraction efficiencies at different probe wavelengths
that indicate the protein strain dynamics were adding to the
underlying electronic phase grating term (increased diffraction).
The sign of the thermal grating is well-known. Heating the

the grating signals have now been fully resolved with 100 fs
time resolution. The improved time resolution of the current
studies over previous efforts is in part due to the use of shorter
pulsed®4243and in part due to the enhanced information content
of the OHD signals over the previous direct-detected studies.

solvent leads to thermal expansion and a decrease (negativet was inferred earlier on the basis of fits for the phase shifts of
change) in the solvent density, so that the associated indexthe generated photoacoustics and fits to residuals between

changeys°'T < 0, implying »%°s > 0. With this information,
x*°'s> 0 in eq 2 impliesy?™ < 0 in order for the sign of the
net out-of-plane index changkny, to be negative, as seen in
Figure 8.

The globin contribution can be interpreted as being propor-
tional to strain (relative atomic displacements) induced in the
protein. For any material, the sign of the molecular strain is

MbCO and heme-octapeptide (a control for the electronic
contributions similar to PHCO used above) that the protein
conformational relaxation takes place with a time constant of
~1-2 pstt A relaxation component in this range is not observed
in the present work. Error estimates were not explicitly reported
in the previous work for the fitted time constant of the protein-
generated acoustics. From inspection of the reported data, the

opposite the sign of the index change; positive strain correspondscalculated phase shift for an instantaneously driven acoustic
to material expansion, with a concurrent decrease in both densitywave provides a comparable fit to the data (Figure 4 of Deak

and the index of refractioft So it can be inferred from Figure

et al.)! Thus, the results presented here are consistent with

8 that the protein is expanding along the direction perpendicular the data presented by Deak et al. The argument presented in

to the heme plane. However, the sign of the net strain within
the plane of the heme cannot be definitively determined from
Figure 8 and eq 2. The observed signAtfi, > 0 could be
attributed to the positive contributigyf'sfrom the solvent as
discussed above. It is possible th&f® + Xg';b > 0, so that the
protein may be contracting within the heme plane with an overall

ref 11 for a -2 ps conformational relaxation time was based
primarily on the observation of a1 ps dynamic relaxation
component to the difference between the direct-detected grating
signals from MbCO and heme-octapeptide. This result from ref
11 is similar to that constructed in Figure 7, except that since
the grating signals were quadratic in the nonlinear polarization,

magnitude that is less than the out-of-plane expansion in ordercross-terms between various relaxation components prevented

to conserve the net volume occupied by the protein. This would
make intuitive senseif stress is applied to an elastic medium
along one direction, the resulting strain along the direction in

complete removal of electronic-state dynamic contributions in
this earlier work. The-1 ps relaxation of ref 11 is quite similar
to the delayed rise observed in the residuals of Figure 7.

which the stress is applied would be opposite the sign of the However, the more fundamental quantities with regard to the

induced strain along the perpendicular directions in order to

underlying molecular dynamics are the non-electronic-state

keep the density constant. But since there is a nonzero changeontributions to the in-plane and out-of-plane components of

in the volume occupied by the globlAthe possibility that the

the index ellipsoid, shown in Figures 8 and 9. At low power,

protein may be expanding within the heme plane as well as there is very little evolution of these index changes after the

perpendicular to it cannot be ruled out definitively. Nevertheless,

first few hundred femtoseconds (Figure 8). It is only at higher

even if the in-plane and out-of-plane strains have the same signspump powers (Figure 9) where there appearsgs component
their magnitudes are greatly different. Thus, it can be concludedto these index changes (vide infra). The slightly higher bleach

that the shape of the protein is changing on extremely feS00
fs) time scales.

The initial development ofAniy(t) and Ang(t) in Figure 8
can be seen to be substantially complete witk500 fs after
photodissociation. The initial rise in Figure 8 is suggestive of
the time scale for global strain to develop in the protein.
However, this initial rise should be viewed cautiously, since
the electronic-state dynamics of PHCO and MbCO do not
precisely cancel within a0.5 ps window surrounding= 0
(see Figure 5). At any rate, after this initial rise the in-plane
and out-of-plane index changes are fully formed. This implies
that the mechanical modes of the protein involved in the
conformation change are in the range of a few 10’s of tm

fraction in this earlier work and inability to separate the different
components to the signal likely account for the noted difference.
These differences are within confidence limits such that the
studies are in relatively good agreement.

C. Pump Power Dependence.The grating signals are
expected to vary as a function of the applied excitation intensity.
Obviously, increasing the pump power will increase the number
of photodissociated molecules and thus lead to an increase in
the overall signal amplitudes. But, in addition to this, when the
pump power becomes large enough that a significant fraction
of the molecules in the illuminated volume are excited, the shape
of the signals can change as well. Specifically, multiphoton
absorption leads to substantially more excess energy in the

This frequency range corresponds to collective motions of large protein and may access other relaxation pathways. The experi-

portions of the globin. The lack of any substantial oscillations

ment on MbCO was repeated at a higher pump powernd2

in the index change shows that these collective modes arerather than 4uJ, corresponding to a peak bleach fraction of

strongly dampeetthe protein very quickly relaxes to its
deligated configuration.

The only remaining dynamic contribution after the first 500
fs is well described by a-57 ps decay of approximately the
same amplitude for both the in-plane and out-of-plane index
changes, as shown by the fits in Figure 8. This is very similar

30% rather than 10%). It was difficult to go to much higher
excitation levels than this, as higher bleach factors wash out
any of the details pertaining to the anisotropic response of
interest.

The OHD grating signals from MbCO at this higher excitation
energy of 124J (3 times the level used normally) are shown in
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0.10 . — T 77— this figure. After the first~0.5 ps, the Im signal dynamics from

‘ the two traces cancel each other reasonably accurately. This
suggests that the electronic-state dynamics are not strongly
affected by the higher pump power, and thé& ps dynamic
evolution of the in-plane and out-of-plane index changes
observed in Figure 9 is due to a nonelectronic effect.

The most straightforward explanation for this decay compo-
nent is that it is due to multiphoton excitation of MbCO. After
absorption of the first photon, subsequent absorption events will
only contribute to processes such as heating of the heme and
excitation of Raman-active modes. One explanation for the
picosecond dynamic in Figure 9 is that it may indicate the phase
effects of increased heating of the heme. If this were the case,
the fast 1 ps time scale of the index evolution suggests that the
-0.10 . - thermal decay channel is strongly coupled to collective modes
i of the globin—relaxation of the excess photon energy via thermal

Time delay (ps) diffusion would be expected to occur on approximately 1 order
0.10 T— of magnitude slower+{5—20 ps) time scale¥ 3 It is interest-
ing that no~10 ps decay component is observed in Figure 9.
This implies that the amplitude of the diffusive thermal
relaxation channel is not increased nearly as much as the
amplitude of the collective mode relaxation channel. This
observation is consistent with the physics underlying the
collective mode relaxation mechanism. The rate of energy
transfer between modes depends on the nonlinear coupling
between ther* At higher temperatures, the nuclei in the protein
oscillate further from their equilibrium positions than at lower
temperatures, so that modes sample more of the anharmonic
part of the potential surface and are in effect more strongly
coupled. Thus, as the temperature increases, it is expected that
a greater fraction of the excess thermal energy will be transmit-

005 - -

0.00

-005

005 | 4

0.00

-005

010 — 1 ted from the protein to the solvent via the collective modes rather
0 10 20 30 40 30 than through diffusion processes, as suggested by the fast
Tire delay (ps) dynamic contribution to Figure 9.

Figure 9. Nonelectronic contributions to the in-plane and out-of-plane It can also be seen from Figure 9 that the magnitudes of both
index changes for MbCO afle, = 12 1J. The dotted curves indicate  the in-plane and out-of-plane index changes are much smaller
the uncertainties in this construction owing to power saturation of the than in the low-power case. (The magnitudes of the index
absorption anisotropy. changes in Figures 8 and 9 can be directly compared since they

Figure 10. The nonelectronic contributions to the in-plane and &€ Poth scaled relative to the same PHCO data set.) This

out-of-plane index changes constructed in the same manner a§l€créase in the magnitudes Afi, and Anou is a clear-cut
for the low-power data are shown in Figure 9. There is some CONS€qUENCE of the large bleach fraction. As the pump power

degree of ambiguity in this construction owing to the saturation ?S increased a larger fraction of unfavorably aligned molecules

of the absorption anisotropy at high powetbe correct scaling 'S €xcited, and t?e dlfferencse between the parallel and perpen-
factor to subtract the PHCO response from the MbCO responsedicular signalsy{?:(t) andxi3,{t) becomes less. This in turn

is less certain. The smaller absorption anisotropy at high power causes the constructéa, andAnqy to become less dissimilar,

can be seen by the incomplete cancelation of the Im grating @ observed in Figure 9. This effect can also be seen in the
signals at long timest & 5 ps) in Figure 11. The effects of this Power dependence of the phase and absorption anisotropies at
scaling uncertainty on the nonelectronic contributions to the in- nigh power, shown in Figure 12. The decreases;ift) and
plane and out-of-plane index changes are indicated by the dotted re(t) @s the pump power is increased is consistent with the
curves in Figure 9. expected bleaching behavior.

As in the low power case of Figure 8, the initial dynamic It is interesting to compare the dynamics of the phase
evolution of the index changes in Figure 9 is dominated by a anisotropy of MbCO at high power from Figure 12 to those at
residual hyperpolarizability contribution &t= 0, followed by low power in Figure 6. Qualitatively, the two traces exhibit
a fast~500 fs rise of the index changes as described above. similar features, with an initial spike near= 0 owing to the
There is also an additionall ps relaxation component in Figure hyperpolarizability contribution followed by &15 ps rise to
9 that is not present at low powers. Because the PHCO andthe final value near 0.35. The 15 ps rise can be primarily
MbCO data were collected under different excitation conditions, attributed to the diffusive thermalization of the excess photon
it is not immediately clear whether the-l ps dynamic energy, as discussed earlier. Diffusive cooling of the heme and
contribution to the index changes indicates different underlying protein results in an isotropic decrease in bothyRgl(t)] and
physics or whether it is merely an artifact of incomplete Re[y1124t)] (the ~5—10 ps decays in Figures 1 and 10), with a
cancelation of the electronic-state dynamics. The question canconcurrent increase in the anisotropy. The clearest power-
be addressed by inspection of the residuals of the Im grating dependent feature seen by comparing Figures 6 and 12 is the
signals between MbCO at 12 and PHCO at 4J, shown in initial spike in the anisotropy peaked neas= 500 fs, when
Figure 11. The scaling uncertainties are also shown clearly in thermal activation of collective motions of the protein is most
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Figure 10. OHD TG grating signals from aqueous MbCOWy4, = 12 uJ, about 3 times the usual excitation energy. In comparison to the low
power data in Figure 1, the Im grating signals are relatively unchanged, but the Re signals exhibit a more pronounced nonexponential rise in the
first ~1 ps. This may point toward an increased involvement of collective motions of the globin in transmitting thermal energy from the heme to

the solvent at high temperatures.
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Figure 11. Residuals for Im grating signals of PHCO &g = 4 uJ
and MbCO alex = 12 uJ. The electronic-state dynamics more or less
cancel outside the 0.5 ps window surroundirg 0 except for a small
remaining offset that is due to power saturation of the anisotropy.

powers that is less prevalent at low powers. It has already been
shown that the protein strain is highly anisotropic; thus it is not
surprising that the thermally activated collective motions of the
globin are anisotropic as well. This observation of a large
dynamic change in the phase anisotropy~ahps time scales

is consistent with a recent suggestion by Hochstrasser and co-
workers that cooling of the heme may proceed in part via
coupling to highly anisotropic collective motions of the gloBin.
Their estimate of 0.232.3 ps for the relevant time scales of
energy flow from heme to solvent via collective modes was
based on the estimated group velocities in the globinl@
nm/ps) and the global dimensions of the proteir2{-4 nm
diameter)!® The increase in the phase anisotropy frggg500

fs) = 0.2 at low pump powers tord500 fs)= 0.4 at high
powers points toward the increased role at higher temperatures
of collective, highly directed protein motions in transferring
thermal energy from the heme to the surrounding globin and
solvent.

D. Directed Structural Relaxation in Proteins. The protein
strain contributions displayed in Figure 8 show that the protein
undergoes a clear change in its shape within less than 500 fs
following photodissociation. Decomposing the residual grating
signals into in-plane and out-of-plane components indicates that
the protein lengthens along the normal to the heme plane. This
observation is consistent with the known differences in the
equilibrium X-ray structures of MbCO and deoxyMbRelative
to MbCO, the atoms comprising the EF helices in deoxyMb
are globally displaced away from the proximal side of the heme
plane (the side of the heme plane opposite the CO binding site).
This motion is driven by the out-of-plane motion of the iron
and the ensuing repulsive interaction between the iron and the
proximal histidine and adjacent contacts to the F helix. The
mechanics of this motion can be likened to tipping the fulcrum

strongly evident. The increased phase anisotropy of MbCO at (heme doming site) of a lever (the EF helical section). There
t =500 fs at higher powers is completely opposite the expected are other motions involving other regions closely coupled to
bleaching behavior. This clearly shows that there is an additional the heme (e.g., C, H helical regions), but it is this motion of
physical mechanism contributing to the grating signals at high the EF helical sections that constitutes the allosteric core in
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0.5 ———— 17— primarily the distal sidé.Time-resolved diffraction experiments
 lnginay Gabscrption) With.picosecor.]d resolution yviII be required to determilje the
04k — Real(phuso) i domlnan.t motions responsible for the present experimental
| ] observations. The main point is that the potential energy surface
of the protein is poised to drive atomic displacements that would

. 03 lead to a change in shape of the protein.
5 The fast time scale of these motions points toward the
=] . . : L
g o02r involvement of collective mechanical modes of the globin in
g transducing the energy liberated by the initial bond break into
N .pe
o1k specific displacements of atoms within the molecule. An analysis
of the differences in structure between the deoxy and oxy tertiary
00 structures of myoglobin illustrated that the two structures could

be reproduced to within 60% accuracy by the displacement of
the lowest frequency collective modes in the range ofl8
01 —_— L L cm 113 From studies of energy relaxation in heme proteins, it
is clear that modes in this frequency range are very strongly
Time delay (ps) damped?1235The results from the studies of deoxyMb (and
——— T 7T comparable relaxation components for MbCO) are in agreement
— Imnginary (absorption) ; with earlier work that has determined that large amounts of
— Real(phase) excess energy>10 000 cnt!) can be dissipated into the
surrounding solvent on picosecond time scales. Under high
excitation conditions, MbCO is found to exhibit a power-
dependent feature with subpicosecond components that was
attributed to increased anharmonic coupling between the col-
lective modes of the protein and increased spatial dispersion of
the larger amount of excess energy. Thus, proteins are strongly
01k i anharmonic systems in which energy dispersion and dissipation
| L% W Mk ] processes occur on time s_cales comparable to the periods of
i LW\/V \ /AV«V\M Ll ”\M ﬂ“\/\mv i v n AU ”“»M the lowest frequency collective modes, so that most of the driven

0.5

03

02

anisotropy

00 ! motion occurs within a half period for these strongly damped

modes. In this regard, the half-period motion of the 12°&m
0.1 " 1'0 . 2'0 . 3‘0 . 4'0 — m_ode is within a fgctor of 2 of the experimentgl observa_tions.
Given the approximate nature of the potentials used in the
Time delay (ps) analysist3 this degree of agreement is relatively good. Similar
Figure 12. Phase and absorption anisotropies for MbCO at high arguments could be made on the basis of speeds of sound within
excitation energyex = 12 uJ). The magnitudes of the high-power the protein. Motions driven by a central force involving
anisotropies are consistently lower than in the low-power case (Figures collective displacements over the protein radius (15 A) could
3 and 6), following the expected saturation behavior. occur on subpicosecond time scales within a range of suitable

directing the forces. In concert with this lateral motion of the SPund velocities (t0and 5x 10° cmis), as observed. Thus,
EF helices, there is also a slight outward displacement alongth_e _observed time scale is _understandable almost exclusively
the normal to the heme plane. To help make the connection of Within a_collectlve mode basis. More rele\_/ant may be the close
the observable to microscopic processes, schematic representgz0nnection between the observed dynamics for the development
tions of the most important motions have been given else- of the protelnsgnlsotropm straln'and the damping time forthe
where!l4These various displacements would lead to a change conerently excited Raman active modes of the heme
in shape in the protein. Motion of the EF helices parallel to the Particular the heme doming modieThe near coincidence in
heme plane would increase the number of protein atoms perdynamlcs indicates th.at the heme doming co.ordlnfate is d_|rectly
unit area projected along the heme plane and the slight outwardcPUpled to the collective modes of the protein. This provides a
motion would decrease the number of protein atoms per unit Simple mechanical model for understanding how the reaction
area along the heme normal. The corresponding change in theforcgs are so efflc_lently channeled into funct|c_)nally relevgnt
index of refraction requires information on the change in volume Motions. On the time scale of the heme doming, the helical
element and summing over contributions from both solvent and Structures behave rigidly and as such are displaced as a unit by
protein polarizability contributions. Irrespective, the net effect this force; i.e., the constituent atoms of the secondary structures
would be to change the shape of the protein in a manner Move collectively.
consistent with experimental observations. The dynamics for the anisotropic protein strain, acoustic
It should be born in mind that the differences in equilibrium nature of the motion&'* and close correspondence to the
structures between MbCO and deoxyMb do not involve CO relaxation dynamics at the heme &#t& indicate the initial
within the heme pocket, whereas the photogenerated deoxyMbstructural relaxation is largely derived from the coupling of the
has the CO within the heme pocket/protein for several hundred reaction forces to the collective modes of the protein. This
nanoseconds. The ligand is not an insignificant perturbation. relaxation phase results from the larger net displacement of the
By extending the time base of the grating studies, we have inertial modes of the protein along the reaction coordinate, in
recently determined that the CO diffusion out of the protein response to the reaction forces, than the spurious motions
leads to a comparable change in protein strain as the initial bondorthogonal to this coordinate. The relative importance of the
breaking event’ The structural changes associated with ligand inertial response to relaxation dynamics has now been well
diffusion in and out of the protein are thought to involve established for the liquid staté#°So it might be expected that
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