
tween ferromagnetic MnOz bilayers through 
(La,%) blocking layers. There is also a sig- 
nificant out-of-plane magnetoresistance of 
200% in low fields (< 1 kOe). 

These layered manganites are in many 
ways much more complicated than metallic 
multilayers, and much work needs to be done 
to develop a complete physical picture of their 
behavior. A full understanding will involve 
consideration of interplay between compli- 
cated electronic, magnetic, and structural fea- 
tures. As an example, neutron scattering stud- 
ies of La,,Sr,.,Mn20rl by the Argonne group 
have revealed structural changes associated 
with the onset of ferromagnetism (8). 

Certainly there is a long way to go before 
oxide manganites are technologically com- 
petitive with metallic magnetic multilayers. 
The synthesis of single crystals of a com- 
pound with strong anisotropy in the trans- 
port properties, with the out-of-plane trans- 
port being determined by spin-dependent 
tunneling between magnetic metallic layers, 
is an important advance. Technological ap- 
plication will require the compound in thin- 
film form and certainly an increase of the 
temperature at which low-field magnetore- 
sistance is found. Another aspect of this work 
that should be recognized is the effective use 
of the floating-zone method for the growth 

Nanosecond Crystallographic 
Snapshots of Protein 
Structural Changes 
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Srajer et al. report in this issue on a dramatic 
development in protein science ( I  )-they 
have virtually "watched" a protein function. 
This group, led by K. Moffit and M. Wulff, 
has developed time-resolved x-ray crystal- 
lography to obtain nanosecond-long snap- 
shots of the complete three-dimensional 
structure of a protein as it changes in re- 
sponse to ligand dissociation and rebinding. 
The new technology, made possible by the 
very intense x-ray pulses at the European 
Synchrotron Radiation Facility, opens the 
way to understanding the kinetics and dynam- 
ics of protein function in atomic detail. With 
this x-ray source it will be possible to deter- 
mine the structure of intermediates with life- 
times as short as a few hundred picoseconds. 

To take advantage of this enormous im- 
provement in time-resolution, Srajer et al. 
examined the ~hotodissociation of the car- 
bon  monoxide]^^) complex of myoglobin, 
a protein reaction that can be rapidly trig- 
gered. Light dissociates CO from the heme of 
myoglobin in less than a picosecond (2), and 
the subsequent ligand rebinding and struc- 
tural changes have been studied extensively 
by various time-resolved spectroscopies. The 
study of Srajer et al. not only is a technologi- 
cal tour de force, but also addresses fundamen- 
tal issues in understanding how proteins work. 
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National Institute of Diabetes, Digestive and Kidney 
Diseases, Building 5, National Institutes of Health, 
Bethesda, MD 208924520, USA. E-mail: 
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All proteins undergo some structural 
changes while carrying out their biological 
function (3). Enzymes alter their structure as 
part of the catalytic mechanism. Antibodies 
change conformation upon binding antigen. 
Ligand binding to cell surface receptors in- 
duces conformational changes that transmit 
the signal across the membrane. Viruses use 
conformational changes of their coat pro- 
teins to enter cells. Measuring and under- 
standing the kinetics of conformational 
changes in proteins is, however, a largely 
unexplored area. Hemoglobin and myoglo- 
bin have been the paradigms for such studies. 
To facilitate oxygen unloading in the tissues, 
hemoglobin undergoes conformational 
changes that are coupled to the rearrange- 
ment of its four myoglobin-like subunits. 
The structure of myoglobin also changes 
upon oxygen dissociation. How fast does the 
protein conformation respond to oxygen dis- 
sociation? What is the seauence of structural 
changes? These and other questions have 
motivated a large number of time-resolved 
spectroscopic investigations since the initial 
observations of structural changes in hemo- 
globin and myoglobin on the microsecond 
(4), nanosecond (5, 6 ) ,  and picosecond (7) 
time scales. 

The basic idea of the time-resolved x- 
ray crystallographic and spectroscopic ex- 
periments is very similar. A laser pulse 
breaks the covalent bond between the 
heme iron and CO. (CO is used instead of 
oxygen because of the higher quantum 

of high-quality single crystals of complex 
compounds. This approach to crystal growth 
will impact many areas of materials research. 
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yield of photodissociation.) In the spectro- 
scopic experiment, the probe is a second 
laser pulse that interrogates the photolyzed 
portion of a myoglobin solution at a series 
of time delays after the photolysis pulse. 
Theoretical methods and empirical corre- 
lations are th3n used to interpret the 
changes in the electronic and vibrational 
spectra in terms of structural changes. In 
many instances, however, interpretation is 

Partial structures of myoglobin (blue) and the 
myoglobii+carbon monoxide complex (MbCO) 
(red) (8). Blue spheres, the iron and dissociated 
CO of photolyzed MbCO at 4 ns; red spheres, 
the iron and CO of MbCO. The two static x-ray 
structures have been superimposed by rninirniz- 
ing the differences in positions of backbone at- 
oms in the A, B, D, G, and H helices. Residues in 
green (Leuz9, ValGB, lle107) contact the dissociated 
CO. The displacement of the F helix is only 
-0.05 nm, but its motion is detected in the elec- 
tron density difference maps. 

SCIENCE VOL. 274 6 DECEMBER 1996 



difficult. -In the crystallographic esperi- 
ment of Srajer e t  al . ,  the probe is a very 
intense s-ray pulse of 159-ps duration (or a 
949-11s bunch of such pulses), which is useL{ 
to collect Jiffraction patterns of a myoglo- 
bin crystal at various time Llelavs after nho- 

formatiollal relaxation. The  difference elec- preting the x-ray results (13, 15. 18, 19). 
Finally, it is clear that ultrafast time-resolved 
crystallography call be applied to Inany more 
ohotoactive sl-stems than the well-known 

troll Jensity map suggests that the F helix 
has already moveJ by 4 ns, in agreelnellt 
~ i t h  the interoretation of solution kinetics 
that this col~forrnational relasation is 
mostly a subllanosecond process (1 4) .  Holy- 

heme protein complexes, bacteriorhodopsin, 
and ~hotosvnthetic reaction centers. The 

tolvsis' with an 8-11s laser pulse. ( T h e  ;ime 
resolution of the esperiment is therefore 
either 5 or 949 ns ) .  T h e  ilifference In the 

rate-limiting step for extenJing this technol- 
ogy to other proteins will he the Jevelop- 
tnent of rapid triggers. One could, for ex- 

ever, in contrast to the solution studies. 
there is also an indication in the difference 
electron ilensitv mans that the F helix con- 

electron Jensity between the photo1y;ed 
anJ  unphoto1y:ed crystal is then computed 
from these diffraction patterns. The three- 
Jimensional maps of the electron density 
differences directly shon. the changes in 

, L 

tinues to move until at least 1 L I ~ .  The  slon-- 
inp of the conformatiollal relasation in the 

ample, use a laser pulse to photochetuically 
triener catalvtic events in the active site of an 

crystal n-auld immeJiatelv explain the in- 
creaseil geminate rebinding. If this motion 
is confirmeJ bv more iletaileJ anall-sls of the 

"- 
enzyme or the release of ligal~ds from recep- 
tors. For reactions with large enthalpy 
changes, triggering coulJ also be carrieil out 

x-ray data, it ~ ~ ~ o u l d  provide the mbst direct 
eviilence so far for the mechanism of oro- 

atomic positions that occur at each time 
dela1- after lieand dissociation. 

bv j~lrnpillg the temperature with a laser 
pulse. There are nulnerous nossibilities for 

By static x-ra1- crystallography, it has been 
shown that ilissociation of CO disulaces the 

tein col~forlnati?l~al control of gemillate 
reb i l~d i l~e  (13) .  Sraier et al, attribute the 

iliscovery with time-resolved crystallogra- 
phy, and we expect this new technology to 
produce major ailvances in our understanL1- iron frorn the heme plane, Jomes the porphv- 

rill ring, anL{ allo\\rs the Jistal histidine 
(Hisc" to relas into the space I-acateLi by the 
CO (8) (see figure). These changes are al- 
ready present in the first structure at 4 11s. as 
expected fro111 time-resolveil optical spec- 
troscopy (7) anL{ molecular ilyl~atnics simula- 
tions of ohotociissociation (9) .  The dissoci- 

u 

sloil-ing of the co~lforlnational relaxation in 
the crystal to the constraints of the lattice 
contacts, a phenomenon previousl\- ob- 

ing of proteins. 
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change of hemoglobin (15) .  

Direct observation of the complete three- 
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aced CO appears in a pocket in the protein a 
few angstroms fro111 the heme iron at 4 11s (see 
figure) and Jisappears bv 1 us. This site, hon-  
ever, appears to be only partially occupied by 
CO at 4 ns, suggesting multiple paths from 
the heme to the solvent (12). 

The  ilifterence electron density maos and 

conformational changes raises interesting is- 
sues 011 exactly how they occur. Although 
there are as yet no x-ray data in the inter\-a1 
betn.een 4 11s awl 1 L I ~ ,  the present res~llts 
suggest that the col~forlnational relaxation is 
complex. It is not a process with a sinyle 
exponential time course, but is exteniled in 
time, Konexponential spectral kinetics are 
also observeJ in the solutioll experilnents 
(14). This behavior coulil result from a se- 

, L 

optical spectra of the same crystal show 
much more geminate rebinding than occurs 
in solution (1 1).  "Geminate" signifies re- 
binding of the dissociated CO to the herue 
before it escaoes into the solvent, and it oc- 

quence of a felv discrete structural events or 
fro111 a sinele con t inuo~~s  orocess silnilar to 

curs in the crl-stal on both a subnanosecond 
and  lan no second time scale. The clue to un- 

" 
iliffusion ( 1  6) .  With innovative refinement 
procedures the x-ray results may eventually 
~Iistinguish between these tn-o mechanisms. 
Conformational kinetics in response to 
geminate ligand rebinJing have also been 
observed In solution bv infrared spectroscopy 
( 1  7). Describing these changes 111 the crystal 
is yet another challellge for time-resolveil x- 
ray crystallography. 

What can we exoect in the f~lture fro111 

derstanding the increaseJ geminate rebin& 
ing 111 the crystal is the structural response of 
the protein to liganil photodissociation. 
Static s-raj- crystallography hail shown that 
alnone the conforlnatlol~al Jifferences be- " 

tlveen liganileil anJ  unliganded myoglobin 
there is a very small displacemellt of the F 
helix (8) (see figure). The F helix colltains 
the proxin~al histidine (His")) anJ its posi- 
tion 1s believed to be critical for nrotein con- 

this poll-erful new technique? Once the 
problem of timing the x-ray pulse with a 
picoseconJ laser pulse is solveil, we can look 
forwarJ to 159-ps snapshots. This will permit 
ilirect comparison of the time depenJence of 

trol of the geminate rebinJing rate (see fig- 
re re). T o  reach the transltlon state in forming 
the iron-CO bonil, the histidine and iron 
must move toward the heme plane, requiring 
lnotion of the F helix and presumably an 
overall adjustment in protein confortnation 
in the direction of the lieandeJ conforma- 

atomic positions determined by x-ray crys- 
tallography and molecular d y ~ ~ a n ~ i c s  calcula- 
tions. Time-resolveJ crystallography should 
have a major impact on time-resolved spec- 
troscopic studies, not only by aiding in struc- 
tural interpretations, but also by pinpointing 
regions of the protein for iletailed kinetic 
investigations. O n  the other hanLl, in cases 
where protein conforinational channes are 

" 

tion ( 6 ,  12) .  This explains n~hy geminate 
rebinJiny is several thousand times faster if 
the protein is alreaJy in the liganiled confor- 
mation, as it is ~mmediatelv after photo~lisso- 
elation and hefore relaxation to the structure 
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of unllganileJ myoglobin ( 13). 
The lnost exciting result from the x-ray 

work is the Jirect l-isualization of the con- 

small and complex, as they are in myoglobin, 
time-resol\~ed spectroscopy in crystal and so- 
lution xi11 be necessary for completely inter- 
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