
the complex index of refraction of the ma- 
terial. The spatial pattern, or fringe spacing, 
of the diffraction grating is dependent on 
the excitation beam geometry (2) 

Direct Observation of Global Protein Motion in 
Hemoglobin and Myoglobin on Picosecond Time Scales 

Picosecond phase-grating spectroscopy is highly sensitive to density changes and 
provides a new holographic approach to the study of protein dynamics. Photodisso- 
ciation of carbon monoxide from heme proteins induces a well-defined transition from 
a ligated to a deoxy structure that is important to hemoglobin and myoglobin 
functionality. Grating spectroscopy was used to observe protein-driven density waves 
on a picosecond time scale after carbon monoxide dissociation. This result demon- 
strates that global tertiary structure changes of proteins occur on an extremely fast 
time scale and provides new insight into the biomechanics of deterministic protein 
motion. 

T HE ENERGETICS AND DYNAMICS OF 

protein motion are key issues in un- 
derstanding proteins. Hemoglobin 

(Hb) and myoglobin (Mb) have been stud- 
ied extensively in this regard, because their 
structural and spectroscopic features are well 
characterized. These proteins exhibit large 
amplitude-correlated structural changes that 
are associated with the binding and release 
of small ligands. These processes are partic- 
ularly amenable to ultrafast optical probes, 
because the dynamics involved in these pro- 
cesses can be optically triggered. One of the 
main questions remaining in these systems is 
the mechanism of energy transduction from 
a stimulus, such as the dissociation of a 
ligand, to the specific protein motions asso- 
ciated with the function of the molecule and 
the dynamics of the protein motion. Because 
specific motions of proteins necessarily in- 
volve the correlated action of a considerable 
number of atoms, the energy must be direct- 
ed and distributed over several coordinates 
in order for the motion to occur. In the 
heme proteins, the motion to the deoxy 
structure is triggered by the displacement of 
the central Fe atom from the porphyrin ring 
and doming of the ring after ligand disso- 
ciation. The resulting change in atom-atom 
interactions creates potential energy gradi- 
ents that supply the force to displace the 
atoms from one structure to another. 

In the strain model for this motion ( I ) ,  
the whole process is envisaged as a fairly 
localized change in the potential energy 
gradients. On going from a ligated to a 
deoxy structure, the heme doming pushes 
on the proximal histidine, which rotates and 
moves away from the ring after dissociation. 

Depamnent of Chemistry and Institute of Optics, Uni- 
versity of Rochester, Rochester, NY 14627. 

This motion in turn creates a force that 
pushes the a helix into the deoxy position. 
This time-dependent shift in the spatial po- 
sition of the potential energy gradient is 
analogous to the sequential falling of dom- 
inoes. However, the exact length scale over 
which the potential energy gradient is delo- 
calized is unknown and needs to be deter- 
mined by dynamical studies of the protein 
motion. 

The ideal tool for investigating this prob- 
lem is phase-grating spectroscopy, which 
has high sensitivity to density changes and 
picosecond time resolution. In a transient 
grating experiment, two time-coincident ex- 
citation pulses of the same wavelength are 
brought into the sample and crossed at an 
angle 0 to form an optical interference pat- 
tern. This pattern is holographically encod- 
ed in the sample through photoprocesses 
induced by the excitation pulses that change 

Fig. 1.  Probe pulse intensity as a 
function of delay time under low 
excitation condition, 1.5 rnJ/crn2 
(- 10% photodissociation); (top) 
deoxy-Mb; (bottom) MbCO. 

where A is the grating fringe spacing and A, 
is the excitation wavelength. A variably 
time-delayed probe pulse is brought into the 
sample at the correct angle for Bragg difiac- 
tion from the grating image. For probe 
wavelengths well off resonance, the diffrac- 
tion efficiency (7) of the grating is deter- 
mined by changes in the real part of the 
index of refraction (3). A phase grating 
develops with 

an ( T d  An)'; An = - 6p (2) 7 =  - 
Ap cos 4 a~ 

where Ap is the probe wavelength, 4 is the 
Bragg diffraction angle, d is the grating 
thickness, An is the grating peak-null varia- 
tion in the index of refraction, and p is the 
density. 

As indicated in Eq. 2, the dominant con- 
tribution to changes in the index of refrac- 
tion for liquids is photoinduced changes in 
the material density. Generally, density 
changes arise from the thermal expansion of 
the lattice (which decreases the density) that 
accompanies the deposition of energy 
through nonradiative relaxation of excited 
states (3-5). This feature of the spectroscopy 
has been exploited to study vibrational en- 
ergy relaxation (5 ) ,  the energetics of photo- 
reactions (4, and weak optical absorption in 
solutio~l (4). However, density changes can 
also be induced by optically triggered 
changes in molecular volume or conforma- 
tion. This work takes advantage of the high 
sensitivity and time resolution of holograph- 
ic techniques to density changes to follow 

Time (ns) 
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the dynamics of protein motion. As detailed 
below, the density changes arise from mate- 
rial displacement that occurs during the 
course of the optically triggered structure 
transition of the heme protein. In this case, 
the dynamics and amplitude of the grating 
image replicate the protein motion and give 
a direct measurement of this process. 

We conducted picosecond transient 
phase-grating studies on the ligated-to-de- 
oxy structure transition for both carboxyhe- 
moglobin (HbCO) and carboxymyoglobin 
(MbCO) by using 532-nm excitation and an 
off-resonant probe at 1.064 pm. The exper- 
imental setup has been described elsewhere 
(5 ) .  Excitation at 532 nm dissociates the CO 
ligand in less than 300 fs (7, 8). A fraction of 
the dissociated CO recombines with the 
central heme Fe in - 100 ns, and the remain- 
ing CO diffuses out of the protein matrix to 
recombine on a slower time scale (9-11). 
Intermediate to these time scales, the pro- 
tein undergoes large-amplitude motions 
that drive the system toward the deoxy heme 
structure. 

Experimental transient phase-grating 
studies of this structure change in Mb are 
shown in Fig. 1. The upper curve shows the 
control study of deoxymyoglobin (deoxy- 
Mb). These data reflect a purely thermal 
response. Earlier studies of deoxy-Mb and 
analogous heme proteins have shown that 
the absorbed photon energy is deposited 

into the aqueous bath in less than 20 ps (5),  
in agreement with molecular dynamics cal- 
culations (12). The optical excitation energy 
is uniformly redistributed into the large 
density of vibrational modes of the protein. 
This prevents coupling to a particular struc- 
ture coordinate and changes in tertiary 
structure. The subsequent energy transfer to 
the water layer and ensuing thermal expan- 
sion excites a standing acoustic wave, which 
beats in time with the acoustic period that 
depends on A and the speed of sound in 
water. The first maximum in the signal in 
this case is observed at one-half an acoustic 
period from t = 0, as expected for a purely 
thermal response. 

In contrast, the lower curve in Fig. 1 
shows the data observed for MbCO under 
identical conditions. There is an extremely 
fast rise time in the density-induced change 
in the index of refraction, and the generated 
acoustics are 180" out of phase with the 
strictly thermal response. The observed pi- 
cosecond dynamics are attributable to 
changes in the protein structure. The time 
scale for this density or volume change is 
determined by the speed at which the pro- 
tein motion changes the effective volume of 
the protein. This result gives direct evidence 
for large-scale global protein motion on a 
picosecond time scale. 

Although not completely discernible from 
Fig. 1 for MbCO, there are acoustic waves 

Time (ns) 

Fig. 2. A power dependence of the 
grating signal for MbCO at a 1064- 
nm probe wavelength with 0 = 
10": (A) high-excitation conditions 
(39 mJ/cm2); (B) intermediate 
power (6.5 mJ/cm2); and (C) low- 
excitation conditions (1.5 mJ/cm2). 

generated by both the protein motion and 
the thermal expansion. The thermalization 
of the excess energy above that needed to 
break the Fe-CO bond and the induced 
tertiary structure changes are independent 
processes, and the two contributions are 
separable on the basis of the grating dynam- 
ics. One can determine the sign of the 
density change driven by the protein transi- 
tion by comparing the sign of the acoustic 
strain amplitude to the known positive ex- 
pansion of the thermal response. We accom- 
plished this comparison by increasing the 
relative magnitude of the thermal response 
over the protein wave through two-photon 
processes (Fig. 2). At high power (Fig. 2A) 
with - 100% CO dissociation, two-photon 
absorption processes deposit excess thermal 
energy into the lattice over the protein re- 
sponse through fast nonradiative relaxation 
of short-lived, highly excited MbCO and 
deoxy-Mb electronic states (5,  13). The nor- 
mal thermal acoustic grating response dom- 
inates the signal under these conditions. As 
the excitation conditions are lowered (Fig. 
2B), a double beating is observed between 
the thermal response and the protein wave. 
This double oscillation in the signal and 
narrowing of the peak widths demonstrates 
that the two acoustic responses are opposite 
in sign in their effect on the water density. 
At low-excitation conditions, with less than 
10% photodissociation (Fig. 2C), the pro- 
tein-driven wave dominates, as shown in 
Fig. 1. The opposing behavior of the pro- 
tein-driven wave relative to the thermal 
wave is consistent with the protein spring- 
ing open as it undergoes its tertiary structure 
change. 

In addition to the above evidence: the 
magnitude of this protein response differs 
between the Mb and Hb proteins (Fig. 3). 
Relative to MbCO, HbCO has a 1.5 to 2 
times smaller amplitude for the protein dis- 
placement wave under the same excitation 
conditions per heme, and the thermally driv- 
en acoustics dominate. The protein-driven 
acoustics are discernible as the small-ampli- 
tude oscillations in the signal that have the 
same rise time and phase as the MbCO 
acoustics. The difference in the amplitude of 
the protein-driven acoustics is attributed to 
the difference in quaternary structure of the 
two proteins. The tetrameric structure and 
subunit interaction of HbCO constrain the 
motion of a single subunit as it undergoes its 
tertiary structure change. This interaction 
would be absent for the monomeric MbCO 
proteins. The inertial mechanical constraint 
imposed by the quaternary structure is an 
important component to the strain model of 
cooperativity in Hb (1, 14). 

In addition to the deoxy-Hb studies, oxy- 
hemoglobin (HbO,) was also used as a 
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control. This svstem serves as a better con- 
trol, because there are negligible structure 
differences and both ligands undergo pho- 
todissociation. Earlier work has established 
that 0, photodissociates with -100% 
quantum yield like CO, but most (-70%) 
of the 0, recombines with the central Fe 
atom in less than 5 ps (7). Of the remaining 
photoproduct, approximately one-half gem- 
inately recombines on the 200-ps time scale 
(6, 15). This rapid recombination would 
return the to the ligated structure 
and thereby turn off the protein displace- 
ment before it could contribute to the sig- 
nal. If we take into account the 
scaling of the signal and note that the 0, 
recombination dynamics are convolved to 
the laser pulse durations (100 ps), the pro- 
tein signal should be reduced by more than 
an order of magnitude relative to that of 
HbCO. The HbO, results are shown in the 
upper part of Fig. 3 as a dashed curve. In 
this case, the protein wave was not observed, 
which, within our signal to noise ratio, 
indicates that the protein wave driven by 0, 
photodissociation was only 117 the ampli- 
tude of that for CO, as expected. In addi- 
tion, the amount of energy thermalized is 
increased by the 0, recombination. This 
further increases the response of the thermal 
grating component by approximately a fac- 
tor of 4 over that of the protein-driven 
component such that only the thermal grat- 
ing response is observed. 

To completely rule out any type of ther- 
mal acoustic artifact unrelated to the protein 
dynamics, we performed control studies 
near PC,  the zero thermal expansion point 
for pure water, on all of the proteins (Fig. 
4). For the protein solutions, the freezing 
point of water is lowered and the zero 
thermal expansion point is shifted to -0°C 
(10). At -0.3"C, the thermal acoustic wave 
amplitude for deoxy-Mb is reduced by more 
than a factor of 100. In contrast, the ampli- 
tude of the protein-driven displacement 
wave remains relatively constant as the sys- 
tem goes from room temperature to 
-0.3"C. Similar results were obtained for 
the Hb proteins, although the amplitude of 
the thermal component to the HbCO data 
did not reduce as much as that of the 
deoxy-Hb control. These results demon- 
strate that the acoustics associated with the 
CO photodissociation of heme proteins are 
not thermal in nature and must be assigned 
to material displacement driven by the opti- 
cally triggered-structure changes. 

The time scale over which these global 
motions occur is important in establishing 
the mechanism for- the protein motion. 
These results demonstrate that a large-am- 
plitude correlated structure change occurs 
within 30 ps after CO dissociation (inset to 

Fig. 3. Amplitude of protein dis- 
placement for HbCO (top curve, 
solid line) with a 1064-nm probe at 
low-excitation energy conditions 
(1.5 mJ/cm2); the dashed curve is 
for HbO,. The bottom curve is the 
response for MbCO under the same 
experimental conditions. 

Time (nsj 

Fig. 4. Reduction of the thermal 
acoustic wave as a function of tem- 
perature for Mb. The top curve is 
for MbCO under intermediate ex- 
citation conditions (15 mJ/cm2) at 
-0.3"C. The bottom curve is for 
deoxy-Mb under the same experi- 
mental conditions. The inset shows 
the expanded rise time of MbCO at 
an excitation angle of 2" at room 5 
temperature. 

Fig. 4). Earlier work by a number of groups 
has demonstrated that tertiary structure 
changes in the vicinity of the heme group, 
involving the proximal histidine or porphy- 
rin ring, occur in less than 30 ps for Mb and 
a fast component (less than 30 ps) followed 
by slower relaxation components for Hb (7, 
9, 16, 17). Our studies are in agreement 
with the results of this earlier work. The 
present study demonstrates that not only has 
the protein undergone local structure 
changes near the epicenter for the structure 
transition but also global, collective changes 
on this time scale. 

These results reveal that dissociation of 
CO leads to a large change in the potential 
energy surface of the protein. The nature of 
the observed response gives direct evidence 
that this change sets up potential energy 
gradients that act as a uniform force to 
collectively displace a large number of at- 
oms. This observation supports the model 

Time (ns) 

of stored strain energy as the driving force of 
protein motion. However, the potential en- 
ergy gradients would have to be extensively 
delocalized over the protein structure in 
order to account for the observed dynamics. 
Collective modes, similar to solid-state lat- 
tice phonons, appear to be excited by the 
doming of the heme ring and play the 
central role in propagating the tertiary struc- 
ture changes. There is evidence for a 25- 
cm-' phonon mode in Mb crystals that has 
the correct wavelength to match an intramo- 
lecular collective protein mode and the right 
frequency to account for the observed dy- 
namics (1 8). With higher time resolution, 
the effective frequency of the collective 
mode responsible for the observed global 
protein motion can be determined, which 
should resolve this issue. In addition, studies 
that use site-directed mutagenesis in the 
vicinity of the heme should provide impor- 
tant information with respect to the micro- 
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Reduction of Deepwater Formation in the Greenland 
Sea During the 1980s: Evidence from Tracer Data 

Hydrographic observations and measurements of the concentrations of chlorofluoro- 
carbons (CPCs) have suggested that the formation of Greenland Sea Deep Water 
(GSDW) slowed down considerably during the 1980s. Such a decrease is related to 
weakened convection in the Greenland Sea and thus could have significant impact on 
the properties of the waters flowing over the Scotland-Iceland-Greenland ridge system 
into the deep Atlantic. Study of the variability of GSDW formation is relevant for 
understanding the impact of the circulation in the European Polar seas on regional and 
global deep water characteristics. New long-term multitracer observations from the 
Greenland Sea show that GSDW formation indeed was greatly reduced during the 
1980s. A box model of deepwater formation and exchange-in the European pol& seas 
tuned by the tracer data indicates that the reduction rate of GSDW formation was 
about 80 percent and that the start date of the reduction was between 1978 and 1982. 

HE NORTHERN SOURCE OF DEEP 

water in the world ocean is fed by 
water flowing over the sills separat- 

ing the European Polar seas from the Atlan- 
tic Ocean. The overflowing waters are pro- 
duced in the European Polar seas through a 
complex circulation system that links the 
Greenland-Iceland-Nonvegian seas to the 

atmosphere forms the densest part of the 
potential temperature-salinity sequence ob- 
served in the deep waters of the European 
Polar seas. Recent investigations (S5) indi- 
cate that the formation of GSDW was con- 
siderably changed during the 1980s. Quan- 
tification of the reduction rate has been 
difficult because of the small signals in tem- 

Arctic Ocean (1, 2) .  ~ e e p w a t e r  formation perature and salinity data.  racer measure- 
in the central Greenland Sea plays a key role ments provide a better tool for estimation of 
in this system. Direct contact in this region the reduction rate of GSDW formation and 
betwee; the cold water domain and-the the time when the GSDW formation rate 

changed. 
P. Schlosser, Lamont-Doherty Geological Observatory Tracer data tritium, 
of Columbia University and Depamnent of Geological 3He, and the CFCs F11 (CC13F) and F12 
Sciences, Palisades, NY 10964. 
G. BBnisch and R. Bayer, Institut fiir Umweltphysik der (CC12F2)1 have been On several 
Universitat Heidelberg, Im Neuenheimer Feld 366, cruises to the European Polar seas between 
D-6900 Heidelberg, Germany. 
M. Rhein, Institut fiir Meereskunde an der Universitat 1972 and 1989 (Fig. 1). These data provide 
Kiel, Diisternbrooker Weg 20, D-2300 Kiel, Germany. sufficient time resolution to study trends in 

the formation rate of GSDW (6-12). For 
each cruise, we averaged all data below a 
depth of 1500 m from stations located in the 
central Greenland Sea. As the hydrographic 
parameters and the tracer concentrations are 
homogeneous below this depth (5, 7, 12, 
13), such a procedure yields a good estimate 
of the mean tracer concentration of GSDW 
even in cases where data are available only 
from single stations. The most remarkable 
features in the data (Fig. 2) are the increase 
of the t r i ~ u m - ~ H e  age with time which, for 
the veriod between 1979 and 1988. was not 
sig&cantly different from the one expected 
for a stagnant water body (indicated by the 
line in Fig. 2C), and the constant F11 level 
between 1982 and 1989. Both the linear 
increase of the t r i ~ u m - ~ H e  age and the 
constant level of F11 directly indicate that 
renewal of GSDW slowed considerably dur- 
ing this period. This conclusion is in agree- 
ment with the tritium observations between 
1979 and 1988. which follow more or less 
directly the radioactive decay curve cakulat- 
ed for a stagnant water body (Fig. 2A). 
However, addition of near-surface water is 
not the only process renewing the deep 
waters in the Greenland Sea. Exchange with 
the Arctic Ocean and the Norwegian Sea 
also contributes to GSDW renewal (1. 13). , ,  z 

Therefore, we simulated the tracer data with 
a model designed to estimate the rates of 

Fig. 1. Locations of tritium and 3He stations 
occupied on several cruises (6) between 1972 and 
1988. The Greenland Sea data used in this study 
are from cruises GEOSECS, Me42, Me52, ?TO, 
Me62, Me71, and Me8. Only some of the avail- 
able samples have been measured from Me71 and 
Me8. Station maps for the CFC stations are in (5, 
11, 12). 
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