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Direct Observation of Cooling of Heme Upon
Photodissociation of Carbonmonoxy Myoglobin

Yasuhisa Mizutani and Teizo Kitagawa*

The formation of vibrationally excited heme upon photodissociation of carbonmonoxy
myoglobin and its subsequent vibrational energy relaxation was monitored by picosec-
ond anti-Stokes resonance Raman spectroscopy. The anti-Stokes intensity of the v,
band showed immediate generation of vibrationally excited hemes and biphasic decay
of the excited populations. The best fit to double exponentials gave time constants of
1.9 = 0.6 and 16 = 9 picoseconds for vibrational population decay and 3.0 = 1.0 and
25 * 14 picoseconds for temperature relaxation of the photolyzed heme when a Boltz-
mann distribution was assumed. The decay of the v, anti-Stokes intensity was accom-
panied by narrowing and frequency upshift of the Stokes counterpart. This direct mon-
itoring of the cooling dynamics of the heme cofactor within the globin matrix allows the
characterization of the vibrational energy flow through the protein moiety and to the water

bath.

Internal conversion processes after optical
excitation or photoreactions leave the ex-
cited molecules or reaction products with
excess energy. For small molecules the en-
ergy distributions in a molecule can be de-
termined by transient absorption measure-
ments (1), and these have provided consid-
erable insight into intramolecular vibra-
tional redistribution and vibrational
cooling. For large molecules in condensed
phases, however, the optical spectra are
usually broad and featureless as a result of
overlapping Franck-Condon transitions.
For such systems, more direct monitoring of
vibrational populations can be obtained, in
principle, from time-resolved Raman (2, 3)
and infrared spectroscopy (4). Time-re-
solved resonance Raman (TR?) spectrosco-
py is particularly suited for probing the vi-
brational state dynamics of colored mole-
cules in solution phases. The ratio of the
integrated areas of anti-Stokes and Stokes
scattering, corrected to first order for reab-
sorption and cross section differences (3, 5),
is expected to yield the most direct infor-
mation about relative vibrational popula-
tions. Here, we applied this technique to
explore the heating and cooling dynamics
of heme in the globin matrix upon photol-
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ysis of carbonmonoxy myoglobin (MbCO).

Myoglobin (Mb) is an oxygen-storage
protein containing a heme prosthetic group
(Fe'-protoporphyrin IX). The heme is em-
bedded within the globin and is linked to it
through the proximal histidine. Small li-
gands such as O,, CO, and NO bind revers-
ibly to the sixth coordination site of Fe'l.
These ligands are photodissociated on a
femtosecond time scale by visible light (6—
8). Although it was pointed out from sub-
picosecond time-resolved infrared (TRIR)
absorption of D,0O (9) that some excess
energy remains in the photodissociated
heme shortly after the photolysis, there has
been no direct observation of vibrationally
excited populations of the photodissociated
heme in the picosecond time regime.
Therefore, we constructed a system for pi-
cosecond TR? measurements (10) and ap-
plied it to MbCO (11).

Stokes TR? difference spectra of photodis-
sociated Mb with 2.3-ps resolution were ob-
tained for various delay times of the probe
pulse from the pump pulse (Fig. 1). The frac-
tion of photolyzed MbCO was estimated from
the intensity loss of the Raman bands of
MbCO to be about 30%. The TR? spectrum
in the 600 to 1500 cm™ region for O-ps delay
(Fig. 1) shows bands arising from the in-plane
vibrations of heme at 1351, 1115, 781, and
672 cm™, which are assigned to Vg Vs, V3
and v,, respectively (12). These bands exhib-
ited appreciable narrowing and frequency up-
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shift in the first few picoseconds, but no fur-
ther changes occurred after that. The TR?
spectrum for a 10-ps delay closely resembles
the spectrum of deoxyMb, indicating that the
photodissociated heme has relaxed to the
equilibrium structure within a few picosec-
onds. This is consistent with the observations
by Franzen et al. (6).

Detailed spectral changes of the v, and
v, bands after photodissociation are shown
in Fig. 2. At a delay of 1 ps, the center of
the v, band is located at 1351 cm™ and the
band is broadened with a full width at half
maximum (fwhm) of 37.9 = 0.6 cm™.. The
band shifts to 1355 cm™ and becomes nar-
rower (fwhm = 28.4 * 0.6 cm™) at 50-ps
delay. Time constants of the band shift and
narrowing were 2.1 = 0.7 and 1.4 = 0.8 ps,
respectively. Similar trends are observed for
the v, band, which is centered at 672 cm™
and is broadened (fwhm = 29.7 = 0.7
cm™!) for 1-ps delay, but is shifted to 676
cm™' and becomes narrower (fwhm =
264 = 0.7 cm™) for 50-ps delay. Similar
features have also been observed for nickel
octaethylporphyrin in toluene (13).

Anti-Stokes Raman intensity is expect-
ed to be the most direct probe of the extent
and dissipation rate of excess vibrational
energy. No bands of MbCO were recogniz-
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Fig. 1. TR3 spectra on the Stokes side of photo-
dissociated MbCO for time delays from —5 to 50
ps. The TR? difference spectra were obtained by
subtracting the probe-only spectrum from the
pump-probe spectra with an appropriate factor.
Spectral intensities were corrected for absor-
bance changes by using the intensity of the 980
cm~! band of sulfate ions present in the solution.
Stokes spectra of the equilibrium deoxyMb and
MbCO are depicted for comparison.
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able in the raw anti-Stokes spectra in con-
trast to the raw Stokes spectra. This means
that the high-frequency vibrations of the
heme are not excited unless CO is photo-
lyzed. In the anti-Stokes TR? difference
spectra between -5 and 50 ps (Fig. 3), in-
tensities are highest at 1-ps delay, when the
Vs, Vs Vs, and vy, bands are observed at
1461, 1350, 1112, and 779 cm™, respective-
ly. These bands lose intensity as the delay
time increases and have completely disap-
peared at 50-ps delay. It should be noted
that no peak was observed in the v, region.
Although a weak v, band is compatible
with reported results (14), the v, band
could be expected to have comparable in-
tensity to that of v, on the basis of the
Stokes spectra in Fig. 1 and under the as-
sumption of a statistical distribution of vi-
brational energy, if Raman cross sections for
v (vibrational quantum number) = 0«1
(anti-Stokes) and v = 1<—0 (Stokes) tran-
sitions are alike (15). Even if their differ-
ences are not negligible, the anti-Stokes v,
band is too weak, suggesting the occurrence
of a mode-specific relaxation of vibrational
energy.

Investigation of the temporal behavior of
the Raman intensities (Fig. 4) shows that the
Stokes intensity (Fig. 4A) develops within
the instrument response and remains con-
stant. This is consistent with the fact that
the photodissociation of CO from the heme
takes place within a few hundred femtosec-
onds (7) and that recombination of CO to
the heme takes place in the time regime of
hundreds of microseconds (16). The tempo-
ral behavior of Stokes intensity is compara-
ble with the transient absorption spectrum
(Fig. 4B). The anti-Stokes intensity (Fig.
4C) develops within the instrument re-
sponse time. The instrument response was

deconvoluted from the decay of the anti-
Stokes intensity by using a Gaussian fit (2.3-
ps fwhm) to the cross correlation signal. The
solid and broken lines in Fig. 4C denote the
best fit double- and single-exponential de-
cays, respectively. The former can reasonably
reproduce the observed points, whereas the
latter fails to reproduce the observations in
the range from 10 to 30 ps (17). This analysis
gave the decay constants of 1.9 * 0.6 ps
(93%) and 16 = 9 ps (7%), the former of
which is compatible with the time constants
of the Stokes band shift (2.1 = 0.7 ps) and
narrowing (1.4 = 0.8 ps). Because there is no
intensity change in the Stokes v, band in the
3- to 50-ps time range, the observed inten-
sity decay in the anti-Stokes v, band can be
ascribed to vibrational energy relaxation.

A 540-nm photon excites the heme into
the mm" state ['Q(1, 0)], thereby depositing
221 KkJ/mol of energy. The mm*-excited
heme is believed to relax to a level having an
antibonding character of the Fe-CO bond,
although the energy of the Fe—~CO antibond-
ing level has not yet been determined. The
absorbed photon energy is significantly high-
er than the energy required to break the
Fe-CO bond, and therefore excess energy is
left on the photolyzed heme. The enthalpy
difference between Mb + CO (gas) and
MbCO is ~90 kJ/mol (18), so that the heme
and CO share ~130 kJ/mol of excess energy.
Partitioning of this excess energy depends on
a relaxation mechanism. If the °T, or T,
state of Fe'! were involved, as was suggested
for hemoglobin-CO (HbCO) (19), the heme
would have an excess energy of 50 to 100
kJ/mol right after the photodissociation.

Pioneering work on the energy flow from
the heme into the protein matrix was re-
ported bysHenry et al. (20), who carried out
molecular dynamics simulations for Mb and
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Fig. 2. Close-ups of time-resolved Stokes Raman spectra in the v, (A) and v, (B) region.
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cytochrome ¢ with initial energy deposits
corresponding to optical excitation at both
532 and 355 nm. The simulation predicted
a fast initial relaxation phase with decay
constants of 1 to 4 ps followed by a slower
relaxation phase with decay constants of 20
to 40 ps. To compare our results with these
predictions, it is necessary to estimate the
temperature decay rate of the heme. The
anti-Stokes/Stokes Raman intensity ratio is
determined by the Boltzmann factor for the
vibrational mode in question under the as-
sumption of a statistical distribution of the
vibrational energy. When the observed ki-
netics of population decay in vibrationally
excited states are converted to temperatures
by assuming a Boltzmann distribution, the
time constants of 1.9 = 0.6 and 16 = 0.9 ps
for the population decay give rise to time
constants of 3.0 = 1.0 and 25 * 14 ps,
respectively, for the temperature decay.
These values appear to be close to the value
predicted by Henry et al. (20). However, the
molecular dynamics simulations suggest a
ratio of 50:50 for the magnitudes of the fast
and the slow components, whereas the am-
plitude ratio in Fig. 4C is 93:7. It is noted
that the simulation was conducted in vacuo
and neglected the effect of the water bath,
which would serve as an extensive thermal
sink. In fact, fast heating of water with a
time constant of 7.5 = 1.5 ps was observed
for Mb in D,0O (21). Neglecting the effects
of the water bath may decelerate the cool-
ing rate of heme, resulting in a larger con-
tribution of the slow component. Anfinrud
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Fig. 3. TR® spectra on the anti-Stokes side of
photodissociated MbCO for time delays from —5
to 50 ps. The spectra are represented as differ-
ence spectra relative to the probe-only spectrum.
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and co-workers (22) analyzed the temporal
behavior of band III of photoexcited de-
oxyMb (763 nm) with femtosecond near-
infrared absorption and obtained 6.2 * 0.5
ps for a cooling time constant of the heme
in the ground electronic state. The cooling
rate from the band III behavior corresponds
to an average of relaxation rates of various
vibrational modes and is presumably longer
than the cooling rate of the high-frequency
v, mode (3.0 ps).

Hopkins and co-workers have measured
TR3 spectra of deoxyHb with a time reso-
lution of 8 ps (23). Intensity changes of
both negative transients in Stokes and pos-
itive transients in anti-Stokes showed pop-
ulation changes with time constants of 2 to
5 ps, to which the 1.9-ps decay of Fig. 4C
obtained with higher time resolution is
comparable, despite the differences in the
globin (Mb versus Hb) and in phenomena
(CO-photodissociation  versus electronic

Stokes band intensity

AA x 103

Anti-Stokes band intensity

Delay time (ps)

Fig. 4. (A) Temporal profiles of intensities of the
Stokes v, (circles) and v, (squares) bands. The
solid and broken lines are the best fit to a step
function (assuming instantaneous rise and very
slow decay) for the v, and v, bands, respectively.
(B) Temporal profile of absorbance AA of de-
oxyMb at 435 nm after excitation at 540 nm. The
cross correlation traces between the pump and
probe pulses are depicted by a dotted line. (C)
Temporal profiles of anti-Stokes intensity of the v,
band (circles). The solid lines are the best fit to a
double-exponential decay convoluted with the in-
strument response function, and the obtained de-
cay time constants were 1.9 = 0.6 (93%) and
16 = 9 ps (7%). The broken line is the best fit to a
single-exponential decay convoluted with the in-
strument response function, and the obtained de-
cay constant was 2.3 = 0.8 ps.
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excitation). Petrich et al. studied vibration-
al relaxation of heme-containing proteins
indirectly using femtosecond Stokes reso-
nance Raman spectroscopy and estimated
the temperature of heme in HbCO from the
band shift of the v, (8). They concluded
that the heme in the HbCO photoproduct
was substantially cooled within 10 ps, in
agreement with our results on the time scale
of vibrational cooling.

The fast energy dissipation from the glo-
bin to the water bath has also been noted by
femtosecond TRIR studies, which monitor
the heating of water that results from pho-
toexcitation of deoxyMb (21). The observed
kinetics was fitted with a model having two
time constants. The fast component was best
fitted by a Gaussian rise function with a time
constant of 7.5 = 1.5 ps, and the slow com-
ponent was described by a time constant of
~20 ps with 40% of the total amplitude. We
emphasize that the ratios of the contribu-
tions of the two components differ between
the water heating (TRIR) and heme cooling
(TR?) studies, although both exhibit bipha-
sic responses. Therefore, the two compo-
nents observed in the heme cooling may not
directly correspond to the heating of the
water bath; rather, it suggests that most
(93%) of the heme excess energy dissipates
into the globin in the fast component, but
that there are two channels of energy dissi-
pation from the protein to the water bath.
One is through a classical diffusion process
and is responsible for the slow component;
the observed time constant is in reasonable
agreement with that calculated from classical
diffusion theory. The other channel is
through the collective motions of the pro-
tein (21) and is responsible for the fast com-
ponent. The time constant of heme cooling
(3.0 ps) is shorter than that of water heating
(7.5 ps). This time lag may correspond to the
time taken for energy propagation through
collective low-frequency modes of the pro-
tein. It should be possible in the near future
to obtain mode-specific dynamical informa-
tion, thereby allowing determination of the
rates of intramolecular vibrational redistribu-
tion and vibrational cooling processes in so-
lution or protein matrices.
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DNA Solution of the Maximal Clique Problem
Qi Ouyang,* Peter D. Kaplan, Shumao Liu, Albert Libchaber

The maximal clique problem has been solved by means of molecular biology techniques.
A pool of DNA molecules corresponding to the total ensemble of six-vertex cliques was
built, followed by a series of selection processes. The algorithm is highly parallel and has
satisfactory fidelity. This work represents further evidence for the ability of DNA com-
puting to solve NP-complete search problems.

Computer scientists rank computational
problems in three classes: easy, hard, and
uncomputable (1). Recently, Adleman (2)
showed that DNA can be used to solve a
computationally hard problem, the Ham-
iltonian path problem, and demonstrated
the potential power of parallel, high-den-
sity computation by molecules in solution.
This parallelism allows DNA computers to
solve larger hard problems such as NP-
complete problems in linearly increasing
time, in contrast to the exponentially in-
creasing time required by a Turing ma-
chine. The trade-off is that DNA comput-
ers require exponentially increasing vol-
umes of DNA. The ultimate success of
DNA computing will be found in the de-
tails of algorithms taking advantage of
massive parallelism. Despite valuable the-
oretical work (3, 4), experiments of simi-
lar complexity to Adleman’s have been
few (5). Here, we present a molecular
biology—based experimental solution to
the maximal clique problem. We show (i)
the solution to a problem in the same class
(NP-complete) as the Hamiltonian path
problem, (ii) a functional demonstration
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of improved design principles for DNA
computing, and (iii) the use of living or-
ganisms (Escherichia coli) to read the an-
swer of a computation.

Mathematically, a clique is defined as a
set of vertices in which every vertex is
connected to every other vertex by an edge.
The maximal clique problem asks: Given a
network containing N vertices and M edg-
es, how many vertices are in the largest
clique? The graph of six vertices and 11
edges in Fig. 1a defines such a problem. The
vertices (5,4,3,2) form the largest clique;
thus, the size of the largest clique in this
network is four. Finding the size of the
largest clique has been proven to be an
NP-complete problem (6). We designed the
following algorithm to solve it:

1) For a graph with N vertices, each
possible clique is represented by an N-digit
binary number. A bit set to 1 represents a
vertex in the clique, and a bit set to O
represents a vertex out of the clique. For
example, the clique (4,1,0) is represented
by the binary number 010011, whereas
(5,4,3,2), the largest clique in Fig. 1a, is
represented by the number 111100. In this
way, we transform the complete set of pos-
sible cliques in an N-vertex graph into an
ensemble of all N-digit binary numbers. We
call this the complete data pool.

2) We find pairs of vertices in the graph
that are not connected by an edge. The
graph containing all edges missing in the
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