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Observation of Coherent Reaction
Dynamics in Heme Proteins

Leyun Zhu, J. Timothy Sage, Paul M. Champion*

Femtosecond laser pulses, resonant with the Soret band of the nitric oxide complex of
myoglobin (MbNO), were used to probe coherent, low-frequency nuclear motion of the
heme group after photolysis. Distinct oscillations with periods of 430 and 150 femto-
seconds were observed and are attributed to heme doming and iron-histidine motion,
respectively. These results verify that the nuclear motion of the heme is strongly coupled
to the ligand binding reaction and demonstrate that such motion is not determined by
overdamped (diffusive) dynamics. The relative phases and frequencies of the nuclear
motion of the photoproduct suggest that the coherence arises from impulsive electronic
forces associated with the spin-state change of the heme iron atom and the depopulation
of its d,2 orbital during the bond-breaking event.

Heme proteins play a crucial role in nu-
merous biological reactions. In this report,
we focus on the elementary electronic and
nuclear events associated with diatomic li-
gand binding and dissociation in myoglobin
(Mb). Femtosecond coherence spectroscopy
(1), which has only recently been applied to
biological systems (2, 3), is used to probe
the low-frequency nuclear motion of the
heme group, subsequent to the photolysis of
nitric oxide from the ligated protein (de-
noted as MbL or MbNO). The experiments
(4) probe coherent nuclear motion induced
by the forces that develop in response to the
rapid electronic rearrangements taking
place during ligand photolysis. This motion
involves the nuclear coordinates that are
most strongly coupled to the reaction, and,
as such, these experiments reveal contribu-
tions to the “reaction coordinate” that are
directly associated with the heme group. For
example, we observe a robust, low-frequen-
cy oscillation near 2.3 THz (75 cm™!) that
is assigned to the heme doming motion
(V4ome)» @ coordinate believed to be impor-
tant for the quantitative understanding of
the ligand binding reaction and the optical
properties of the heme (5). In addition to
heme doming, we observe a strong oscilla-
tion of the covalent iron-histidine linkage
(Vpepyis) at 6.6 THz (220 cm™1).

Earlier time-resolved resonance Raman
studies (6) have probed a transient photo-
product population (Mb*) that is created
upon ligand photolysis. Such studies use
relatively high-energy laser pulses (~1 to
10 m]), and three photons are involved in
the preparation-interrogation process (7).
In contrast to the “reaction-specific” modes
selected by the femtosecond coherence ex-
periments reported here, the time-resolved
resonance Raman studies probe only those
modes coupled to the resonant absorption
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bands of Mb* and have not directly re-
vealed the low-frequency heme doming mo-
tion.

The observation of heme doming and
iron-histidine coherence, subsequent to the
photolysis of MbNO, demonstrates that
models based on diffusive (8) or dispersive
(9) transport do not adequately describe the
subangstrom motion of functionally impor-
tant degrees of freedom of the heme. These
results strongly suggest the need for models
that treat the heme group quantum me-
chanically (10) yet “dress” it with the sur-

Fig. 1. A simplified representation
of the multidimensional potential
energy surface for ligand binding to
and dissociation from the heme of
myoglobin (Mb). (A) A cut along the
Fe-L coordinate (). (B) A two-di-
mensional contour plot of the excit-
ed-state (MbL*) and ground-state
(Mb) potential surfaces and the nu-
clear motion subsequent to photo-
excitation. In principle, the coordi-
nate g can represent any mode A

MbL*
T
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rounding larger-scale protein motion,
which is more properly described by classi-
cal diffusive or dispersive transport.

We sketch in Fig. 1 views of the poten-
tial energy surfaces along three of the key
nuclear coordinates. When a ligand is
bound to the heme (MbL), the six d elec-
trons usually pair up to form a spin singlet
(S = 0) state (for a spin-triplet iron ground
state, which may be a better approximation
for NO ligation, simply replace S = 0 by S
= 1 in Fig. 1). As the Fe-L distance, r,
increases from its equilibrium value (r = 0
in Fig. 1A), the iron undergoes electronic
rearrangement to form a spin quintet (S =
2), corresponding to the ground state of the
deligated heme (Mb). Thus, the coordinate
r can be viewed as the traditional “reaction
coordinate.” The intersecting curves above
r = 0 in Fig. 1A represent an oversimplified
picture of the optically accessible excited
state, MbL*, and of its mixing with the
intervening charge-transfer or d electron
excited states (11) that evidently facilitates
the rapid intersystem crossing to the spin-
forbidden S = 2 level.

However, as pointed out by Agmon and
Hopfield (12), the heme ligation reaction is
more complicated than indicated by the
potential surface of Fig. 1A. Other func-
tionally important coordinates can coexist
along axes that are “perpendicular” to the

coupled to the reaction, but here it 0
is taken as the Fe-His mode (the

absence of Raman activity in the c
Fe—His mode of MbNO indicates
that it is not displaced upon photo-
excitation). (C) A ground-state cut
along the heme doming coordinate,
Q, where the dashed curves repre-
sent changes in the equilibrium po-
sition induced by rapid protein fluc-
tuations. The slower evolution of
the equilibrium position, (a(t)), as a
result of relaxation of the protein
material is shown both at early
times (a,%) and at equilibrium (ay).
(D) The upper curves show the de-
velopment of coherent nuclear mo-
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tion along the displaced Fe-His co-
ordinate of Mb at t = 1, when the

system crosses into the ground electronic state along r. The lower curves depict the preparation of a
ground-state vibrational (Raman) coherence along the Fe—His mode of Mb brought about by resonant
excitation of a shifted (Franck-Condon active) electronic-state surface. The coherence signals associated
with the upper and lower pairs of curves in (D) should be nearly  out of phase, if the laser pulse width (r,))
is much longer than 7_ and is one-half the oscillatory period.
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coordinate r. For example, Fig. 1B depicts a
two-dimensional potential surface involv-
ing both the optically prepared initial elec-
tronic state, MbL*, and the fully dissociated
electronic state, Mb. The evolution of the
optically prepared nuclear wave packet is
strongly perturbed at time ¢ = 7, during the
barrierless electronic transition from MbL*
to Mb, because it encounters a new poten-
tial surface that is displaced along q. The
forces associated with this displacement
lead to damped oscillatory motion of the
product-state mode as shown by the thick
solid line. The long lifetime of the electron-
ic ground state allows observation of the
product-state vibrational coherences.

In Fig. 1C we show a harmonic approx-
imation to the ground-state potentials of a
significantly displaced (~0.45 A) product-
state mode, Q, describing heme doming.
The dashed curves indicate the possibility
of dynamic changes in the equilibrium po-
sitions, induced by rapid conformational
fluctuations of the globular protein material
(5). The quantity a, represents the mean
value of the equilibrium position when the
protein is completely relaxed. Similarly, ay*
represents the mean value at some early
time subsequent to photolysis or at low
temperature when the protein coordinates
are “frozen” and not completely free to
relax. However, within a simple linear har-
monic cross-coupling model (5), the curva-
ture of the potential remains fixed and the
oscillations corresponding to heme doming
are unaffected as the protein relaxes (13).

Figure 1D presents a view along the Fe—
His coordinate, which is also coupled to the
dissociation reaction. The upper pair of po-
tentials is a cut of Fig. 1B at 7_. The crossing
to the ground-state surface evidently occurs
very rapidly along r (17, << 75 fs), and the
net loss of electron density in the antibond-
ing d,2 orbital leads to a contraction of the
Fe-His bond during the laser pulse (14).
Thus, the product-state wave packet prop-
agates to the left during the duration of the
pump pulse, and a phase shift of ~m is
expected (15) to appear when the reaction-
driven coherence of the photoproduct spe-
cies is compared to a ground-state photon-
driven vibrational coherence of Mb. The
lower pair of potentials in Fig. 1D depicts
the preparation of such a ground-state Ra-
man coherence by the electric field inter-
ventions of a laser pump pulse. The bra (or
ket) wave packet propagates during the
pulse (Tp) so that the nonstationary wave
packet created after the second electric field
intervention (short downward arrow) leads
to a maximum absorbance (zero phase shift)
when probing is done at wavelengths to the
red of the absorption maximum (to the
right of the long arrow). When probing is
done to the blue (to the left of the long
arrow), the absorbance is maximized after
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about one-half of the vibrational cycle, so
that a relative phase shift of ~m should
appear in the time-dependent signals rela-
tive to those probed in the red.

To illustrate the differences between the
Mb and the photolyzed MbNO samples, we
display in Figs. 2 and 3 some representative
time-domain signals at various pump and
probe wavelengths. Figure 2A shows the
absorption spectra of the two samples along
with the pump-pulse spectral envelope
(dashed line). The diamond near 429 nm
represents the isosbestic point between
MbNO and its photoproduct (Mb), whereas
the analogous point near 440 nm corre-
sponds to the isosbestic point between the
ground and excited states of Mb. If we probe
close to these wavelengths (Fig. 3), the
signals associated with the differential ab-
sorption of the ground- and excited-state
populations are diminished and the oscilla-
tory components, due to coherent nuclear
motion, are enhanced. However, in Fig. 2B
we have detuned slightly to the red of the
429-nm isosbestic point so that the anti-
bleach of MbNO (change in transmittance,
AT < 0) can be contrasted with the bleach
(AT > 0) of Mb. Thus, the signals we
associate with the MbNO sample do not
arise from a residual population of Mb,
which has not rebound the ligand between
the laser pulse pairs. More importantly, the
samples display out-of-phase oscillatory sig-
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Fig. 2. (A) The optical absorption spectra of Mb
and MbNO along with the laser pulse envelope
(dashed curve with center wavelength of A,) and
the detection wavelength (arrow, A.) used in ob-
taining the signals shown in (B), which depicts the
change in the transmittance (AT) as a function of
probe pulse delay when Mb and MbNO are used
as starting material. The dashed line is the auto-
correlation trace of the laser pulse.
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nals with periods of 150 fs that correspond
to the 220-cm™! Fe-His mode of Mb.
[MBNO does not have a resonance Raman-
active mode associated with the Fe-His mo-
tion; the closest Raman-active vibration is
due to pyrrole tilting (16) at 255 cm™ 1]

The signals in Fig. 3 show the relative
phase relations more clearly. The lower two
panels in Fig. 3 depict the experiments on
Mb, and the phases of the oscillatory absor-
bance signals (corresponding to —AT), de-
termined (17) by linear predictive singular
value decomposition (LPSVD), are plotted
in the inset (the circles and the squares are
for Vg, 1y, and vy e Tespectively). We can
refer to the lower part of Fig. 1D to see that
the phase associated with the Mb absor-
bance signal (—AT) should occut near zero
when probed in the red and near ™ when
probed in the blue. Although the absolute
phases are not in perfect agreement (nor
should they be) with the simple picture
given in Fig. 1D, the general trend is cor-
rect. Both the Fe-His and the doming
modes show a phase shift of ~m as the
monochromator probe wavelength, N, is
tuned from red (solid symbols) to blue
(open symbols).

The signals and relative phases associat-
ed with the photolyzed MbNO sample are
found in the upper two panels of Fig. 3. For
the Fe—His mode, the phases are shifted by
~r with respect to the Mb signals shown in

Ap=435nm

—

AT (arbitrary units)
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Fig. 3. A more detailed study of the relative phase
of the signals as a function of sample state and
probe wavelength, \,,. The symbols are a polar
plot of the phases extracted from the data by the
LPSVD fitting procedure. The circles and squares
represent the Fe—His and heme doming modes,
respectively. The solid (open) symbols corre-
spond to probe wavelengths in the red (plue). The
phase of the low-frequency mode in the MbNO
sample could not be reliably extracted at 440 nm.



the lower panels. This shift occurs because
the 75-fs pulse width is just one-half the
oscillatory period of the Fe-His mode, and
the impulsive forces are acting in opposite
directions over the duration of the pulse
(Fig. 1D). On the other hand, the low-
frequency doming oscillation has a period
(430 fs) that is much longer than the pulse
width, and its relative phase shift is much
smaller when the two samples are compared
at 429 nm (open squares).

In Fig. 4 we present a more detailed anal-
ysis of the oscillatory signals associated with
the MbNO sample. Traces a and b show the
raw data and the LPSVD fitting function,
respectively, whereas trace d is the oscillato-
ry component arising from the Fe—His vibra-
tion at 220 cm™!. Trace c is the residual of
the raw data, after the component in trace d
has been subtracted. It shows a robust oscil-
lation with a period (430 fs) that we assign to
the doming motion of the heme photoprod-
uct state. The power spectrum derived from
the LPSVD analysis is given in trace e,
where it can be compared to the continuous
wave (cw) resonance Raman spectra of Mb
(trace f) and MbNO (trace g) taken in sta-
tionary sample cells with the same average
power (10 mW) as in the femtosecond co-
herence experiments. The presence of the
mode at 220 cm™! in the power spectrum
provides definitive evidence that the time-
domain experiment probes the coherent mo-
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Fig. 4. The oscillatory data (curve a) and the
LPSVD fit (curve b) for MbNO. The residual show-
ing the heme doming mode (curve c) is obtained
by subtraction of the 220-cm~" oscillatory com-
ponent (curve d). The power spectrum from curve
b is shown in curve e so that it can be compared
with the cw resonance Raman spectra of Mb
(curve f) and MbNO (curve g).

tion of the heme reaction product rather
than a ground-state impulsive scattering pro-
cess associated with MbNO.

The reason that the ground-state scatter-
ing of MbNO s difficult to observe in the
present experiments can be traced to the
rapid inter-system crossing that takes place
at 7, in Fig. 1A. If the crossing occurs in
<<75 fs as suggested by the relative phase
shift of the Fe-His oscillations (15), spin
selection rules will greatly diminish the elec-
tric dipole coupling between the MbNO ex-
cited and ground-state surfaces when t = T_.
This effect reduces the strength of the
ground-state coherence signals because the
propagation time on the excited-state surface
becomes limited by T, with correspondingly
small coordinate displacements on the
ground-state surface. In contrast, the propa-
gation time is less important for coherences
prepared directly on a displaced excited-state
(or product-state) surface. However, the co-
herences of MbNO* are damped much too
rapidly by electronic population decay to be
observed. ,

The assignment of the low-frequency os-
cillation observed near 75 cm™! to the dom-
ing motion of the heme is consistent with
predictions based on analysis of the optical
spectra and the ligand binding kinetics (5) as
well as with recent normal-mode calcula-
tions (18). The dephasing time (=0.5 ps)
associated with the doming oscillation is typ-
ical for vibrational modes of the heme, as
estimated from their Raman linewidths. This
result emphasizes the need for models (10)
that incorporate a fully quantum mechanical
description of the heme doming motion and
shows' that such motion is not overdamped
and rendered diffusive by the protein, as
recently implied (8). The simple linear cross-
coupling model (5, 10) used previously to
describe the Mb ligand binding kinetics and
optical absorption spectra appears to work
well in the current context. At this level of
analysis, the oscillation frequency of the
heme doming mode is independent of time,
and only the linear coupling and equilibrium
position of the potential well are changing as
the protein relaxes on slower time scales (see
Fig. 1C).

In summary, the relative phases of the
coherence signals and their dependence on
the initial sample state (Mb versus MbNO)
and the period of the oscillation being ex-
amined suggest that photolysis takes place
promptly (1, << 75 fs) and is followed by
rapid Fe-His compression (T/4 = 37 fs,
where T is the period) and heme doming
(T/4 = 107 fs). These experiments demon-
strate that the technique of femtosecond
coherence spectroscopy has the capability
to select out and identify important low-
frequency “reactive” modes in complex bi-
ological systems and that such modes are
not necessarily overdamped.
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Simulations of Atmospheric Variability Induced
by Sea Surface Temperatures and
Implications for Global Warming

Arun Kumar,” Ants Leetmaa, Ming Ji

An atmospheric general circulation model was forced with observed interannual changes
in the global sea surface temperatures (SSTs) for the period 1982 to 1993. The simulated
seasonal surface air temperature patterns over land areas closely resemble the observed.
Over most of the globe, the patterns also resemble those associated with El Nifio events
and are also reproduced in simulations with weak warm tropical SSTs near the date line.
An exception is northern Asia, where the mechanisms for the observed warming are
unclear. The results suggest that enhanced air-sea interactions resulting from recent,
more persistent warm oceanic conditions in the tropics contributed to the observed global

warming trend during this period.

Dominant interannual changes in the SST
in the tropical Pacific Ocean are related to
the quasi—periodic evolution of El Nifio phe-
nomena. These changes can have apprecia-
ble impact on the tropical and mid-latitude
atmospheric temperatures (1). Although the
impact of tropical SSTs on the tropical at-
mosphere has long been well simulated in
atmospheric general circulation models
(AGCMs) (2, 3), the impact on the mid-
latitude atmospheric flows is only beginning
to be realized (4, 5). Recent advances in the
AGCMs have reached a stage where the
impact of tropical SSTs on the global atmo-
spheric flows can now be simulated.

To assess the capability of the National
Meteorological Center (NMC) climate
AGCM for seasonal prediction, we carried
out several extended-range integrations
forced with observed SSTs. This AGCM has
a spectral triangular truncation at horizontal
wave number 40 (T40) and has 18 levels in
the vertical direction. The grid resolution of
T40 is about 3° in latitude and longitude. It
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is a-lower resolution and differently tuned
version of the AGCM used routinely at
NMC for global short-range weather fore-
casts (6). We consider four model integra-
tions. Integration (i) is 20-year integration
with a climatological annual cycle of SSTs;
the SSTs are an average of those observed
for the period 1950 to 1980 (7). The atmo-
spheric statistics resulting from this integra-
tion serve as the reference state from which
anomalies in the other integrations are cal-
culated. Model (ii) combines nine integra-
tions all starting from 1 February 1982 with
slightly different initial conditions and ex-
tending to 31 December 1993 in which the
observed global SSTs (7) serve as the bound-
ary conditions. Multiple runs are necessary
to minimize the influence of atmospheric
internal variability, which for a single run,
can dominate the SST influence. Integra-
tion (iii) is a 20-year integration in which
the global SST anomaly for the month of
January 1992 was superimposed on the cli-
matological annual cycle of SST used in (i).
This represents conditions at the height of
an El Nifio. Integration (iv) is a 10-year
integration similar to case (iii) but with SST
anomalies as the mean of those for January,
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February, and March 1991 reduced in ampli-
tude by a factor of 2. This represents a weak
tropical warming in the vicinity of the date
line similar to that generally preceding a
mature warm event.

All other boundary conditions—for ex-
ample, ground wetness and snow depth—
were treated as prognostic variables. All
integrations used a CO, content of 330
parts per million. The monthly mean statis-
tics for all the runs were generated by aver-
aging the respective month over all years of
integration. For example, the January mean
for (i) would be the mean of 20 Januarys
resulting from 20 years of integration.

The observed temperature anomalies av-
eraged from December to May for the years
1982 to 1992 show regions of warming lo-
cated over North America, Africa, Austra-
lia, northern Europe, and Asia (Fig. 1A) (8).
Regions of cooling are located over Green-
land, Mexico and the southwestern United
States, northern India, and southeast Asia.
The winter and spring period were chosen
for the averaging because this was the period
that shows warming as documented in the
Intergovernmental Panel on Climate
Change (IPCC) report (9). Globally, the
AGCM-generated response in integration
(ii) (Fig. 1B) closely resembles the observed
anomalies. Although the match is not per-
fect, the comparison implies that the ob-
served continental air temperature anoma-
lies result from anomalous air-sea interac-
tions because the only externally specified
forcing in this simulation was the SSTs.

The main interannual climate variation
associated with air-sea interactions is the El
Nifio-Southern Oscillation (ENSO) phe-
nomenon. It is thus relevant to ask whether
the observed global air temperature anoma-
lies (Fig. 1A) are in response to this. To
estimate the ENSO-related signal, we com-
posited the observed air temperatures for
those years between 1950 and 1993 when
either major warm or cold events occurred.
This period included a total of 18 events,
nine of each sign. The air temperature
anomalies for the cold ENSOs were almost
everywhere of the opposite sign than those
for the warm ENSOs. The structure of the
composite anomaly, the average for the
warm minus the cold ENSOs (Fig. 1C), is
almost everywhere identical to that of Fig.
1A. The main discrepancies are the region
around and poleward of 60°N in central
Asia—where in contrast to Fig. 1A, the El
Nifio composite shows anomalies of opposite
sign—and the northeast region of North
America, which is not as cold. A similar
compositing for integration (ii) indicates
that the model response resembles the ob-
served composite in Fig. 1C except (i) it is
too strong in the tropical eastern hemisphere
(10) and (ii), poleward of 70°N, it has tem-
peratures that are too high. The anomaly





