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Rotcin Response to Ligation Reactionsin Myoglobin

Timothy P. CausgrOvc and R. BriaIlD@

Photochemistryand PhotophysicsGroup (CLS4, Mail Stop J567)
Universityof California,LmsAlamos NationalLaboratory, Los Alamos, NM 87545

ABSTRACT

The protein responseto the photodkxiation, escape and subsquent rebindingof carbon rtmnoxidc
in inyoglobinis studied using tirm-rcsokd infrared (TRIR) spcmoscopy. All phases of these reactions
are investi~atcd, fi’omukrafast phenomena (picoscconds) to relatively slow processes (milliseconds).
Conformauona.1changesin myoglobin (Mb)arc dctcctc.dby tirnc-resolvedinfiarcd abs+oqxionchanges in
the amide I band. On the hundreds of nanoseconds to milliseconds timcscalc, a ‘real-time’apparatus is
used. ~is apparatus is based on a tunable diode laser operating in the region of 1650cd. The time
course of changes in the amide I band arc shown to follow the recombination of CO with photolyzcd
Mb. On the basis of the rise times of the amide I and Fc-CO signals, it is concluded that protein motion
is complete within 1(K)ns. A time-resolveddifference spccaum in the amide 1region is generated from
single wavelengthtransients taken throughout the amide I envelope. A static diffcrcncc spectrum is also
generated by subtracting FT’IRspectra of carbonmonoxy and dcoxy myoglobin. The two diffcrcncc
spectra arc mnparcd and are intcrprctcd in tcnns of the tkce-dimensional structtwcs of dmxy and
carbonmonox Mb. Rcliminary picosecond TRIR data arc also given for the ultrak: ?esponzcof the

lmrnclprotein” “atelyfollowingphotodissociationof CO.

L INTRODUCTION

The structure and dynamics of confirmational changes in hcmog~obinresulting in coopcrativity in
ligand binding has been a long-standing problem in biophysics, The usc of myoglobin (Mb) as a
simpler,non-coopcmtivcmale] protein has been established through spccuoscopic and crystallogm hic

fexamination. A central question in Mb ligand bindin is the d namics and energetic of motion o the

i
“f tmtein relative to the hemc. This problem has kcn II ustratcd y examining the carefully charactcrimd

-ray crystal structure of Mb. If this compact stmcture remained fixai in solution, no pathway would
exist for small ligands such as CO and 02 to diffuse from solution into the heme binding site.1 Ckarly,
fluctuationsof the protein in solution must play an important role in the function of the enzyme Timc-
rcsolvcd infrared (TRIR) spcctroscap is uniquely suited as a probe for these proccsscs, articularly the

J’ ibehaviorof the protein, which gencr Iy is not observableby other spectroscopies.2 TRI spcc~scopy
also has the capacity to study protein motions with minimal intcrfercncc from the hanc, in contrast to
techniquesbad on visible light such as resonanceRamanand circular dichroisrn

The usc of time-resolved difference spectra in the amide I region provides a werful tool for the
rstudy of protein dynamics, It has Ion &en known that infrared spectrain the ami region arc sensitive

to protein secondaryconformat.on.q k eccnt advances in quipment andtechniques,including difference
spectroscopy and various resolution enhancement techniques have permitted researchers to
quantitatively ~rcdict secondary structures from infrared spcctra,4~$G~T$particular in the amide I

/’region.h~~ In hght of these rcsuhs, it is now possible to study secondary structures n time-resolved
experimentson proteindynamics and function

The ligation reactions of small molecules such as CO with the hemc site of Mb exemplify the
mechanismsav~ilabk to 02, potentially revealingthe molccuhirdetailsof the enzyme function. CO is em
ideal cnndidatc for initial umc-resolved IR experiments in the amide I region because it is easily
photol zed and the stmcture of both MbCO and unligamd Mb have been extensively studied by

rcrystal ographic methods,~~loIn addition, CO ligation is often prcfmed in time-rcscdvedspectroscopic
studies due to the stability of MbCO in solution and because CO exhibits little geminate
recombination.11112Photo]ysis of CO from Mb and its recombinationprocesses have Lwclcstudied by a



large may of tcchni ues,
Y

time-molvcd
~,ls TR.IR,1617.18s1timc-rcsoIvd rcsonmm R&m~-md Dhotoacoustic &dObW.21~ ~ these

including UV-Vis absormion;l 1s13molecular dYnamics,14

techniques,TRIR holds the most promise for providing”detail~ information on dynami& of the protein
itself.

Infraredspcc~oscopy has alrcad laycd a large role in investigating the Iigandbinding dynamics in
A!Mb andHb from the subpicmccond I 8 to rnill.isccond16119time scale. These studies probed the Fe-CO

bleachat 1943cm-l and in somecases, the 2135 cm-l absorption of photolyzcd CO trapped in the heme
pocket. Dynamics of the protein, however, have yet to be probed by TRIR spectroscopy of the ~rotein
vibmtions themselves. Here wc report results on the motions of the protein in response to llgation
reactions,monitoredin the amideI region ccntcrcd about 1650cd.

2. MATERIALS AND METHODS

Carbonmonoxymyoglobin (MbCO)was prepared b dissolving Iyophilizcdsperm whale myoglobin
1(SigmaM-0380) or horse skeIetd muscle myoglobin ( igma M-0630) in 50 mM pho h ~tebuffer, pD

%7,4 (in D20). The heme was reduced with 5 rnlvfsodium dithionitc and ligandcd wi fJO by several
cycles of degassing and back-filling with CO. Find samples were 0.8-2,0 mM MbCO held in 50pm
scaledcells with CaFZwindows. Samples used in the picosecond experiments were more conccntrat~
(4.6 mM) and pathlengths were either 50 or 100 ~. FI’IR spectra of the samples were taken on a
MattsonGalaxy Series FI’IR XXIO.

Real-time TRIR measurements (108 to 10I s) were obtained using m apparatus that has been
dcscribcd previously with the following minor mod.if~cations.The InSb detector was rcplaccd with a
HgCdTcdetector and biased am lificr (risctirnc -3(M)ns). The laser diode used as a prolx source was

Jtemperature tunable bctwccn 1 5 and 1725cm 1with a mode spacing of about 4.5 cm-l. Each male
was tunableb about 1cm-l, leaving small gaps inaccessible to the probe source. ‘Ile laser pump pulse

[was supplied y the 532 nm second harmonic of a Nd:YAG laser, with :ypical pulse energies of about
120@. ~e measureddecay wasgenerated by subtracting traces taken with the Nd:YAGlaser blocked
from thosewith the laser unblocked.

Ultrafast TRIR measurements were obtained by means of a pump-probe experiment, shown
schematicallyin Fi~urc 1, in which the time resolution is accomplished by optical delay.~ The visible
pump ( hotodissmation) pulse (1.7 ps, 595 nm, 3-10@) is generated by a dye laser synchronously
PumJbY.* /uenc doubled,mode-lcwktxiNd:YAG ll~er (Coherent Antarcs 76) then amplified in a
three stage dye ampli mr pumped at 30 Hz and 532 nm by a Nd:YAG regenerative amplifier (Quantcl
RGA60). The infkarcdprobe pulse is generated in a two step nonlinear mixing process. In the fmt step,
the difference frequency between the 1064nm pulses from the rcgcncrativc amplifier and the amplified
dyc UISCis ~cncratrd in a potassium titanyl phosphate (KTP) crystal cut at 65° for type 11phase

\rnatc ing. Tlus generates a near infrared UISCat 1.3 m, The mid-iti probePUISCis generated in a
! rsecond step by diffcrcncing the rcsidua 1064 nm ight with the 1.3 pm light m a silver thiogallatc

(AgGaS2)crystal cut at 46° for
r

11diffcrcncc frequencymixin
!

. Tuning the dyc laser yields infrared
Pulses(1.?,ps, 100 nJ) tunable mm 1200 to 2500 cm-l. The in rarcd light is split into “.sample”and
‘reference UISCS.The time of arrival of the pump pulse is adjusted usin~a computercontrolled optical

1?del~vline ( Iingcr). It is then made colincar with the infrared “sample’ pulse usin a dichroic minor
!and both arc focused to ~ 100#m spot on the sample. The infrared “sample”and “rc cmncc” intensities

are then detcctcd with matched H CdTc detectors and a dual channel boxcar integrator and ratiocd to
fWKCCIfar shot-to-shotump]itudc actuations, Tk. adverseeffects of long tcnn hiscrdrift m minimized

by synchronouslychop mg the pump at hnlf the repetition rate (15 Hz) to yield altematmg “light”and
R“dark” signals from w ich M is dctcrrnincd at ench optical delay, Before and after each protein

mcusurerncnt, the zero-of-me and the instrument temporal rcs onsc (dependent SOICIVon the
fpump/prohc~ross-correlationwidth) are determined by substituting or the swnplc a Si wafer in which

the pumpCIIUSCStin instnntancou~decrease in transmissionof the prohc,~ The temporal response varies
with kcr conditions but generally is well dcscribcd by a scchz functionof FW {M= 3,5 ps,
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3. RESULTS

3.1 Myoglobin dynamics from 100 ns to 10 mk

Typical decay traces of infrared absorption chan~ :: M 1943 and 1660 cm-l, following laser
photodissociationof CO, arc shown in Figure 2, The aa~ w taken under identical conditions (i.e.,
using the same amplifier and H CdTe detector) and wcw tmmmlized to :hc same peak amplitude.

FAlthou h the signal at 1660 cm- is smaller, the si~nal-to-~oiac ratitx am similar due to greater laser
!power mm the ~owerfrequency diode as well as hlghcr Nspi sivity of the de:cctor. Analysis of the

aaccs wasdone usingthe OCallcd A+B secondorder kinc@, fitting thedata to the equation

M u el[Mb](l-[Mbu[CO])/(exp(kt([Mlh]*[COl))-[MbUCOl ) + b

where [Mb] is the concentration of unligandc.dMb im~mcly after the flash, [CO] is the initial
concentrationof free CO, and k is the second-order rate c~$unt, ‘k initial concentration of CO was
taken as [Mb] + 0.8 mM, the concentration of saturatedCO SOIution. The second-order rateconstant
was a variable in the fittin , and the extinction coefficient,lG,wns fixed at 1920M=lcm-1as determined

tby Dixon,et al.lb The pat length, 1,was fixed w SOpm, ‘l%cadditional parameter b was requireddue
to a small baselineoffset. This offset is a small fraction of& total signal and i%probablydue to thermal
effects since both its mngnitudcand sign arc independentoif

M@
bc wavelcrigth. The resulting fits gave

second-order rate constants of 3.8 (1943 cm-l) and 4.1 (1 - cm-l) x I@ M-is-l, within cxpcrimcntal
error of each other, but slightly lower than the value of’ M) x 10$ M-ls.l determined by UV-Vis
spectroscopy(Gibson et al. 1986). The best fit at 1943cm-~was obtained with an initial concentration
of unligandcdmyoglobin of 0,46 mM, comcspondingto -~ hotolysis, For fittingof data ac uired at

# 11660cm-l, [Mb] was fixed at 0.46 mM and the extinctionw cicnt detcnnir,cd by fitting was. 67 M-1
cm.1. Emws may be introduced in this analysis by the a@umption of a saturated CO solution or by
slightlydifferent photolysiscfflcicncics betweenthe two mtu!wtcsncnts,
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Transientswere also taken at several wavelengths using faster emplifkrs in an attempt to resolve
kineticsdue to the motion of the protein in response to CO photodi,ssociation.The rise of the transient at
1660cm-l is compared in F@rc 3 to the Fe-CO bleach at 1943 cm-l, which is instantaneous on this
timcscalesince the Fe-CC)bond is broken within 3(X)fs.18 Clearly the risctimes of these two transients
arc indistinguishableand thereforetrothinstrument limited,
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For all wavelengths probed in the amide I region, the rise of the transient absorption was limited by
the responseof the system, all showing a 10-90%rise time of 300 ns; with deconvolution,changes on a
time scaledown to about 1(N)ns would be obse~able with ‘he present system. We conclude that protein
motion,or at least the portion observable in the amide I IF.band, is complete within 100ns.

2

1

0

-1

-2

-3

0.5

0.0

-0.5

-1.0

-1.5

B

\
\

u

I I I I I I
w 1620 1640 1660 1680 1700 1720

Wavenumber
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By tuning the frequency of the prohc source, transients such as those shown in Figure 3 were
generntedmoss the amide I band from 1608cm-l to 1723cm-l. The initial amplitude of each of these
transicnt~wusrecorded and plotted against frequencyto cmme n Mb,MbCOdifference spectrum (Figure
4B), T%cspectrum contnins several fentures, the most prominent uf which is peaked at 1664cm-l with
an nbsorhancc change of 1.5 x 10.3(using 1.6 n~MMbCO), compared to an absorh~n~eOf (’~~ for the



total amide I peak. The spectrum shows several other features, all of which are reproducible. The width
of most peaks in the difference spechum appears to be about 8-10 cm-l. ‘Ihe TRIR difference spectrum
wasalsoexaminedfor horse skeletal muscle Mb, which has a slightly different amino ac~dsequencethan
spermwhale Mb. The largest difference between the two samples is in the high frequencyregion, where
horse Mb shows a shmper 1680crrrl peak than sperm whale myoglobin with no signals observable in
the 1700-1720crml range. Figure 4A shows the static difference spectrum (Mb-MbCO) obtained by
subtracting FI’IR spectra of carbonmonoxy and deoxy Mb for sperm whale Mb. While the baseline is
clearly not flat in this re$on, all of the major features in the TRIR spectrum arc reproduced in the static
FT’IRspectrum. This M convincing evidence that the spectrum obtained for MbCO 100 ns after
photodissociationof CO is essentially identicalin the amide I region as the static spectrumof dcoxy Mb.

3.2 Ultrafast Myoglobin dynamics.

We havedirectly obsenwl the photodissociationof CO tim the heme binding site in a picosecond
TRIR experiment. The time-resolved bleaching of the Fe-CO absorption at 1943 cm-1 is
indistinguishable fiwmthe instantaneous instrument response, determined before and after the protein
measurementusing a Si wafer. This observation is consistent with femtosecond UV-Vis]a and TRIR18
measurements which indicate that CO photodissociation occurs in less than 150 fs, probably on the
timescaleof one vibrationalperiod of the Fe-CO stretch (520 cm], 64 fs). me Fe-CO infmmd uansient
was recorded for 100 ps following the pump pulse with no observable decrease in the bleach which
could be attributed to geminate recombination. indicatinjzthat the bttrrier to recombination must form
rapidly. The absence df rapid geminate recombination o~CO is typical for heme proteins and has been
atrnbuted to electronic (spin) barricrsl 3 and frictional forces due to iron displacement opposing
rebinding,~

~-rJ-+
-50 0 50 100 .

Time (ps)
Flgurc 5. PicosecondTRIR absorptional 1666cm.1, togcllwrwith the muumrcdinsirumcnlmspon.scfunction(dnqhcd
Iinc) and tic bcsl tit 10 Ihc dam of a convolutionof Ibis function wilh an cxponcnlial function(’CE I 5 ps).

The protein response immediately following the photodissocimionof CO was probed in additional
picosecond TRIR experiments. Tim infrared transient monitored at 1666 cm-1, the peak of the largest
amide 1difference band in the lMspectrum, is shown in mown in Figure 5. The intensity of this signal



is about onc thid that of the CO bleach at 1943cm-l, exactly what is expected based on the nanosecond
difference spectIum. ‘Ihe experimentally determined insm-ment (Si) r&ponae, which is best fit with a
sechzfunction of FWHM =20 ps, is also shown. The best fit to the transient, the convolution of dw 20
ps sech2 instrument respme function with a 15 ps exponential function, is also plotted in Figure 5.
Positive transients(absoxptions)weR also observedat i645 and 1680cm-l, although the signal-to-noise
at these probe wavelengh was insufficientto permit fitting the data to extractdynamics.

4. DISCUSSION

One of the main complications inm specboscopy is anifacts b thermalchanges in the sample
due to heating by the pump pulse. In our experience, these artifacts normally appear as a bleach and
have a lifetime of several milliseconds, lon er than the hemc-CO recombination in myoglobin. The

Aobservation in Figure 2 that the kinetics of c heme-CO bleach md the amide I changes are the same
indicates that the signals are free tim thermal artifacts. his is also evident fi’om F@,we 4 in that the
changein absorption tends to zero at the highfkcquencyendof the spectnm Figure 3 also indicates that
any changes in protein conformation are slower than the time scale of the measurement if the kinetics
were limited by protein moLon, the decay of the 1660 cm-~trace would be slower than the CO
recombination.

The assignment of infisred band shapes and subbands fkom steady-state FI’JR spectra to specific
secondary structures is currently an active area in the literature. The main techniques for resolving
subbandsin the amide I region have been resolutionenhancement by Fotier self-deconvolution8~ and
generationof second derivatives

r
tm4~ It should be noted that lmh of these techn” ues require vay

%high signal-tonoisc and careful e irninationof water vaptx bands. Recentlycriteria for e subtrwxionof
water and water vapor backgrounds have allowed consistent bands bneath the amide I envelope to be
assignedto specific secondary structures.

‘I%= am manycomplications in the comparisonof these assignments to the features seen in the Mb
difference spectra shown in Figure 4. First, the difference spectrum is the sum of edlchanges in the
protein, which may involve a complex supe~sition of bands. Also, there may be contributions to the
difference spectra from amino acid side chain vibrations. These are generally considered small when
measuring the overall amide I spectrum; however, the difference spectrum is srnsitive to only those
vibrationsthat change, which may increase the relative contribution of specific side chain vibrations th~.~
undergolargeconfirmational changes. Comparisonof the area of the overall amide I peak to thatof th
1664Cnr] bleach in Figure 4 (corrected for photolysis efficiency) gives a ratio of 350:1, come riding

Eto a bleachof less than one backbone CO vibration. llwrefore, the contribution of side chain vi tions
in the difference spectrum must be considered. The role of Arg45 (CD?) in articular has been the

fsubjectof several examinations.$@S7 X-ray structures have shown that Arg45 omm a salt bridge with
one of the propionategroupsof the hemc and that the baking of the salt brid e is an important (andone

!?of the largest) stnctural differences betweenthe CO and deoxy forms of Mb. This may be important in
the interpretation of the IR difference spectra as arginine is one of the amino acids likely to show side
chain vibrations in the 1600-1700 cm-l region. Horse Mb dcmsnot have ~inine; this may be reflected
in the hi h fitquency end of the horse TRIR difference spectrum, which 1svw different from sperm

\whale M (Figure 4B).
Tables of amide I band assignments have been made by Dong, et al.4 for proteins in H@ solution

and by Susi and Byle# for a standard protein set in D20. Although there is general agreement between
the two assignments, there are some differences in ttle exact frequency assignments. The most
straightforward assignment is that for a-helix, which shows only a sin lCnarrow band at 1653-1656

Jcm-’. Mb, which is 80% a-helix, is dominated by a single peak at 16 cm-l.4 Interestingly, the Mb
differences

r
tra have an isosbestic point near this tlequency, consistent with the finding that the helix

stmcturcso Mb are quite similar betweenthe CO and deoxy fcmm, but only shift relative to each other.g
The blectchat 1664cm.1 in Fi ure 4 is in the region assi nd to turn structures; bands at 1676cm-l (a

! itr.nsient absorption in Figure ) have been assignedm eit er turn or extended chain conformations, The
other main absorption at 1(M5cm.1 is ill the iuca ossigncd to unordered structure. Bands at lower



frequency have been assigned to both either &shce~ or general f3-typ# structures. In the case of Mb,
the lower frequency si nals must represent bleaching of the small regions of ~-tums since the protein
containsno &sheet .9s$ In order to make specific assignments to each ULthe spectral features in Fi~
4, additionaldata is required. Further information on the intczpret.ationof these spectra could be gamed
from perturbed systems. For example, the conrnbution of some ionizable side chains is in principle
available fim pH-dependent studies; other side chain vibrations can be addressed through selective
i’ mpic labelingand site-directd mutagenesis.

l%c most important result of this study is the measurement of the protein dynamics associated with
the photodissociation of CO from the heme. What is clear horn the previous discussion is that the
dynamics measured are associated with the changes in protein backbone conformation to which the
amide I vibrations are most sensitive, and possibly the motion of specific side chains which also have
absorption in this

r
ual region. lle ‘real-time’lRIR rneasu.rernentsindicate tha: the confomnational

change from the car nmonoxyto thedeoxy form is over within 100nsof thephotodissocitttion.
The picosecond TRIR experiments give information on the initial stages of protein motion, md

provide a connection between molecular dynamics simulations and actual protein motion. Preliminary
results for Mb at 1666 cm-l suggest that at least part of the confirmational change occurs in 15 ps.
These dynamics can be compared to indirect measurements which used ~sonance Raman spectroscopy
to probe heme pocket relaxation.ao These studies suggest that the tertiary structural changes in the
position of the pmxirnal histidine am complete within less than 30 ~s. In these experiments, the Fe-
N(his) stretching frequency reaches its equilibrium deoxy value wnthin the 30 ps pulsewidth of the
resonance Raman probe pulse. Another indirect measure of the ~rotem response to CO
photodissociationwas obtained by Miller et. al. fkompicosecond phase grating specIToscopy.~ These
results suggest that a global change in the protein structure is occuring in less than 30 ps. In contrast,
Simon ec.u/. report that relaxation of the transient circular dichroism spectrum probed at 355 nm of
photodis~iated MbCOto the equilibriumdeoxy spectrumrquims 300 ps.]s The differencesamong all
of these measmments may be due to the differences in what is being probed. In our TRIR
measurements at 1666 cm-1 we are probin a specific part of the rotein backbone suucture.

J iMeasurementsat other frequencies may reveal ynamics which correspon to the processes obsetved in
other txansientexperiments.

In conclusion, we have demonstrated that TRIR in the amide I region gives structural information
regarding protein confirmational changes in refil time. Assignment of ninny of the amide I peaks to
specific amide or sidechain structures will require much additional effort. It is clear, however, that
enormouspotentialexists for elucidatingstructuralrelaxationdynamicsand energetic with a highdegree
of structuralspecificity using this approach. In addition, our work demonstrates that TRIR difference
spectra avoidmany of the difficulties associated with steady-state ~IR spectm explicit sub~tion of
water and water va~r backgroundsis unnecesswy, as are mathematical enhancement techniques. This
is an advantage because enhancement of steady-state FI’IR spectra is only likely to be useful for small,
water-soluble proteins, where criteria for subtraction of water background have been developed. In
addition, TRIR difference spectra are sensitive only to the active parts of the protein rather than all
infraredabsotirs, and are thereforemore generally applicable.

5. ACKNOWLEDGMENTS

Suppo~ for this work by LANL Institutional Supporting Research GraIlt X15B and by National
: ~stitutcsof Health Grant GM 48509 is acknowledged. TPC acknowledges supportfrom the Director’s
~ellowshipprogram at LANL. This work was perhned at Los Alamos National l-uborato~ under the

auspicss of the U. S. Departmentof Energy.

6. REFERENCES

1, Perutz, M.F.; Kendrew, J. C.; Watson, H. C. J, Mol. Biol, 1965, 13, 669-678; Brooks, C. L.;
Karplus, M.; Pettitt, B. M. Adv. Chem, Phys. 1988, 7f, 111.



.

2. Dyer, R. B.; Einamd6ttir, ~.; Killough, P. M.; L6pez-Garrig& J. J.; Woocbuff, W. H. J. Ant.
Chem. Sot. 1989,111, 7657-7659.

3. Elliottt A.; Ambrose. E. J. Nature 1950,165,921-922.
:. DoI::g ~uan , P.; Caughcy, W. S. Biochemist) 1990,29, 3303-3308.

. & let, M. Biochemisny 1990,29,8771-8779.
6: Dong, A.: &ng, P.; Caughey, W. S. &ochen”shy 1392,31, 182-189.
7. Ksidcn, K.; Matsui, T.; Tanaka, S. A@. S&cfrOS.1987,41, 180-184.
8. Susi, H; Bykr, D. M. Meth. Enzynd. 1986,130,291-311.
9. ~UriyIUl,J.; Wilz, S.; KIU’@IS, M.; pCtskO,G. A. J. hfof. Bwl. 1986,192, 133-154.
10. Takano. T. J. Mol. Bwl. 1977,110, 569-584.
11. Hmuy, E. R.; Sommcr, J. H.; H&ichter, J.; Eaton, W. A. J. Molec. BwL 1983,166,443-451.
12. Gibson, Q. H.; Olson, J. S.; McKinnie, R. E.; Rohlfs, R. J. J. Biof. Chem. 1986,261, 10228-

10239.
13. Pctrich, J. W.; Poyart, C.; Martin, J. L. Biochemistry 198S, 27, 4049-406(k Pctich, J. W.;

Martin, J. L. Chem. Phys. 1989,131,31-47.
14. Kottalam, J.; Case, D. A. J. Am. Chem. Sot. 1988,110, 7690-7697.
15. Xie, X.; Simon, 1. D. Biochemisrv 1991,30,3682-3692.
16. Dixon, A. J.; Glyn, P.; Hcaly, M. A.; Hodges, P. M.; Jenkins, T.; Poliakoff, M.; Turner, J. J.

Spectroddm. Acts 1988,44A, 1309-1314.
17. Jcdju, T. M; Rothkg, L4 Labrie, A. Opt, Len. 1988,13, %1-963.
18. Anfhrud, P. A.; Han, C.; Hochstrasscr, R. M. Proc. Natl. Acad. Sci. USA 1989,86, 8387-8391.
19. G- IL; Rodriguez-Gonzsleq R.; Sie~ F., inTime-.esolved iqlhwed spectroscopy qpplied

& photobiological q?stw, Laubcrcau,A; Stockburga, M., Eds.; Springer-Veriag: Berlin, 1985,
~P 263-268.

20. mdscn, E. W.; Friedman, J. M.; Ondrias, M. IL; Simon, S. R. Science 1985,229,661-665.
21. Wcstrick, J. A.; Goodman, J. L.; Peters, K. S. Biochemisny 1987,26, 8313-8318.
22. Wcstrick, J. A.; Peters, K, S.; Ropp, J. D.; Sli ar, S. BiochemhtgJ 1990,29, 6741-6746.

F!23. Stout.land,P. O.; Dyer, R. B.; Woodruff, W. . Science 1992, 2S7, 1913-1917.
24. Yen, R.; Shank, C. V.; Hirlimann, C. Mater. Res. Sot. Symp Proc. 1983, 13, 13- !6; Ma, H.

M.; Liu, Y. X.; Fci, Y.; U, F. M. J. AppL Phys. 1989,65, 5031-5034.
25. Chance, M. R.; Courtney, S. H.; Chavez, M. D.; Ondrias, M. X.; Friedman, J. M. Biochemistry

1990,29, 5537-5545.
26. Surwicz, W. K.; Mantsch, H. H. Bioddm. Biop@s. Acts 1988,952, 115-130.
27. Lambright, D. G.; Balasubramanian, S.; Boxer, S. G. J, Mol. Biol. 1989,207, 289-299.
28. Richani, L.; Gcnbcrg, L.; De& J.; Chiu, H.-L.; Miller, R. J. D. Biochemistry 1992,31, 10703-

10715.


