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Time-resolved infrared studies of the dynamics of ligand binding to cytochrome ¢ oxidase.
R. Brian Dyer*, Knistcn A. Peterson, Page O. Swoutland and William H. Woodrff*

Photochemistry and Photophysics Group (C1L.S-4, Mail Stop J567)
Isotope and Structural Chemisuy Group (INC-4, Mail Stop C345)
University of California, Lus Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Time-resolved infrared spectroscopy (TRIRS) has been employed to study the reactions of smali molecules with the
cytochrome a3-Cup site of cytochrome ¢ oxidase (CcO). All phascs of these reactions have beer. investigated, from
ultrafast phenomena (hundreds of femtnscconds) to relatively slow processes (milliscconds). The ligation dynamics
immediately following photodissociation have been studied using a TRIR technique with time resolution of less than 1 ps.
Tte rate of photoiniuated transfer of CO from Fea32" 1o Cug* was mcasured directly by monitoring the development of
the transient Cug*-CO absorption. The development of a stationary Cug*-CO spectrum which is constant until the CO
dissociates from Cupg* occurs in less than 1 ps, indicating that the photoinitiated transfer of CO is remarkably fast. This
unpreccdented ligand transfer rate has profound implications with regard to the structure and dynamics of the cytochkrome a3-
Cup site. the functional architecture of the protein and coordination dynamics in general. The photodissociation and
recombination of CN- has ulso been studicd using a real-time TRIR technique. The CN” recombination rate of 430 5!
consictent with a recombination pathway similar to the one we have previously proposed for CO. We suggest the ratc
determining step for CN* recombination is the thermal dissociation of the Fe‘32*'-l.. bond.

1. INTRODUCTION

Cytochrome ¢ Oxidase (CcO or ferrocytochrome ¢:  dioxygen oxidoreductase, EC 1.9.3.1) is a complex
transmembrane protein which catalyzes the rapid reduction of dioxygen o water by cytochrome ¢, a key reaction in aerobic
energy production in all eukaryotes and many prokaryotes. The considcrable energy produced in this reaction (neasly 0.5 V
or 40 kJ/mole) is .onscrved by the ~nz/me as a transmembrane proton gradient which it produces via uptake of protons in
the course of the reduction of 07 to H2 and by active translocation of protons in a redox-linked proton pumping proot:ezs.l
A detailed understanding of the molecular basis of these functions, including the relevant structures and mechanisms, is
generally lacking despite the enormous effort dirccted iowards this end.2 The dioxygen reduction site is accepted (0 be the
bimetallic cytochrome a3-Cup ceater. The ligation reactions of small molecules such as CO snd CN- with the cytochrome
83-Cup site exemplily the mechanisms available to O3, potentially revealing the molecular details of the enzyme fun: tion
in the activation of O3, in effecting it: reduction to water and perhaps in conserving the energy of the redox reaction.
Infrarcd spectroscopy is aniquely suited as a probe for these processes, particulasly the behavior of Cug™, which generally is
not obscrvable by other spectroscopies “~ Using ume-resolved infrared (TRIR) spex troscopy and kinetics measuremenis
we have recently shown that coordinat.on 1o Cug* is an obligatory inechanistic step for CO entering the a3 heme site and
depariing the protein after photodissoziation.3 The early Lime d;namncs of the CO transfer from cytochrome a3 to
Cup* were not observed on the timescale of these measurcments (10°/ 5). Here we report a picosecond TRIR study of the
ligation dynamics immediately following photodissociation.

We have also explored the fate of photodissociated ligands on longer timescales in real-time TRIR experiments. A
unique feature of CcO is that gemirate recombination of CO is not observed on any timescal . Real time TRIR
measuremcnts have revealed that the protein erects a iong lived (milliseconds) barrier to CO recnmbinnuon with Rgz* 36
We have stiributed the formauon of Liis barrier 10 the binding of an endogenous ligand L 1o Feg3 2+ , triggered by the
transfer of CO o C"? The rate of recombination of photodissociated QO is therefore determined by lhe rate of thermal
breaking of the Feq34*-L bond. We huve initiated real-tin:e TRIR studics with ligands other than CO 1o test the generality
of these mechanisms. Cyanide is another ligand with accessible infrarcd absorpiions and which binds to CcO, acting as a
potent inhibitor of respiration. Here we report the use of CN' as nn infrared probe of the photodissociation and
recombination dynamics of ligands bound to Feq32*
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2. MATERIALS AND METHODS

Beef heart cytochrome ¢ oxidase was isolated and the CO derivative and IR samples were prcparcd as described
previously. 6.7 The transient IR signals were optimized by exchanging the solvent with D20 to minimize background
absorhance, concentrating the enzyme as much as possible (approximatcly 1 mM) and adjusting the pathicngth of the cell 10
200 um 1o give a reasonable transir ssion (10%) of the IR probe beam. The cyanide complex was prepared by addition of
sufficient 0.5 M KCN in D20 snlution at pD 7.8 to the fully reduced enzyme solution (1 mM) to give an cxcess
concentration (20 mM) of cyanide. Visible-Soret spectra of the infrared samples vere obtained directly in the infrared cclls.
before and after TRIR measurcments, as a test of complex formation and integrity.

Real-time TRIR measurements (10°8 10 10°} 5) were obtained usmg a pulsed, Q-switched Nd.YAG laser pump, 8 tw
infrarcd diode laser probe and a fast InSb detector, as previously described.’ Ultrafast TRIR measurements were obtained by
means of a pump-probe experiment, shown schemaucally in Figure 1, in which the time resolution is accomplished by
optical dclay. The visible pump (photodissociation) pulse (1.7 ps, 595 nm, 30 uJ) is gencrated by a dye laser
synchronously pumpced by a frequency doubled, mode-locked Nd: YAG laser (Coherent Antares 76) then amplified in a three
stage dye amplifier pumped at 30 Hz and 532 nm by a Nd:YAG regencrative amplificr (Quantel RGA60). The infrared
probe pulsc is crealed by gencrating the difference frequency between the 532 nm pulses and the amplxﬁcd dyc pulse in a
LilO3 crysual. Tuning the dye laser yields infrared pulses (1.7 ps, 100 nJ) tunable from 1800 to 2500 em*). The infrared
light is split into "sample™ and “refercnce” pulses. The time of arrival of the pump pulse is adjusted using a computer
conmrolled optical delay line (Klinger). It is then made colinear with the infrared "sample” pulse using a dichroic mirror and
bown are focused 10 a 100 um spot on the sample. The infrared "sample™ and "refcrence” intensities arc then detected with
matched InSh detectors and a dual channcl boxcar integrator and ratioed to correct for shot-to-shot amplitude fluctuations.
The adverse elfects of Jong term lascr drift are minimized by synchronously chopping the pump at half the repetition rate
(15 H2) o yicld alternating "light™ and "dark” signals from which AA is dctermined at each optical delay. Before and after
each protein measurement, the zero-of-time and the instrument emporal response (dependent solely on the pump/probe
cross-correlation width) are determined by substituting for the sample a Si wafer in which the pump causes an instantancous
decreasc In transmission of the probe. 3 The temporal response varics with laser conditions but generally is well described
by a sech? function of FWHM = 3.5 Ps.

Mode-Locked ““[i*i‘}}'—j Synchronously Dye A &
NJ:YAG Laser | N Mode-locked Dye | Amplifier 595 nm; 2 pe

_JYrain
(30 Hz Rogenerative L /\ |

Nd:YAG Ampllfier |-—{sHG

532 nm, 50 ps
InSb Reference
Sample
Dusi-Channel - A
Boxcar '
' E Sum.2p8  Cryetal
Computer
Controller A
I \m Pump:
l 595 nm; 2 ps

Figure 1: Picosccond time vesolved infiared spectroscopy apparatus.
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3. RESULTS AND DISCUSSION

We have directly obsers  the phote lissociation of CO from cytochrome a3 by means of the picosecond TRIR
spectrum. The timc-resolved bleaching of the Fca32*-CO absorption at 1963 cm-! is shown in Figure 2. The
instantancous instrument response, determined before and afier the protein measurcment using a Si wafer, is also shown
wiih its intensity scaled to that of ihe protcin measurement. Given the measured zero-of-time and instrument response
wgether with the excellent signal-to-noise ratio of the TRIR data it is possible to resolve an absorption transient having a
rise of 1 ps or greater.  In this case however, the development of the bleach is indistinguishable from the instrument
response funcuion. Accordingly, the Fca32*-CO blcach must occur in less than 1 ps. This observation is consistent with
recent UV-Vis measurcments we have made on CcO, which indicate that CO photodissociation occurs in less than 150 fs,
probably on the umescaic of one vibrational period of the Fe-CO stretch (520 cm-1, 64 fs).9 Ultrafast photodissociaticn of
CO has also been ohserved for other heme proteins, including hemoglobin and myoglobir..lo-“ The F6g32"'-CO infrarcd
transient was recorded for 100 ps following the pump pulse with no observable decrease in the bleach which could be
attributed to geminate recombination, iadicating that the barrier to rccombination must form rapidly. The absence of rapid
geminate recombination of CO is typical for heme proteins and has been attributed to clectronic (spin) barriers!© and
frictional forces due 10 1ron displacement opposing rcbinding.“ In CcO another barricr 10 recombination is also possible,
namcly the kinctic rapping of CO resulting from rapid binding to Cug*. The formation of this barrier depends on a rate of
tranifer of the CO w Cup* which is much faster than the inuinsic heme-CO recombination rate.

6 ~
0 ~
5 -
4 -
S .10 ﬂE.’ 3 -
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4 s - g 2 -~
1 =
.20
0 ——y
.25
[ Y r L4 j L] ) & r v r' Ll l
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Figure 2: Timc-rcsulved infrarcd transient for Figurs 3: Time-rcsolved infrared transient for photo-
photodissocialed carbonmonoxy CeC obtained ' the dissocinted carbonmonoxy CcO obtained at the peak of
peak of the Fc.j;z*-CO absorption at 1963 em-1, the Cup*-CO absorption at 2031 em'l. The smooth
The smooth trace is the instrument response function traces are the experimentally determined instrument
scaled to fit the AA of the CeO uansient. response function (tech2, FWHM = 3.2 ps) and tat

tunction convoluted with a } ps exponentiel.

The cvents immediately following the photodissociztion of CO from cytochrome a3 were probed in additional
picosecond TRIR experiments. The i pid formation of the Cup*-CO complex was observed by monitoring the appesance
of an infrarcd transicnt at 2061 cm*! (Figure 3), the peak of the Cup*-CO absorption. The experimentally determined
instrumcnt (Si) response, which is best fit with a sech? function of FWHM = 3.2 ps, is also shown, A calculated curve
which represents the convolution of the 3.2 ps sech? insuument response function with a 1 ps exponential function
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describing the appearance of the Cup™-CO absomplion is also plotted in Figure 3. The failurc of this convolution 1o fit the
data clearly indicates that the rise of the IR transicent is less than ) ps.

The magnitude of the transient at early times is determined both by the dynamics of the CO transfer and the dynamics
of evolution of the Cug*-CO absorption. At later times the complex is fully formed and the absorption spectrum is
completely developed consequently a static absorption intensity is obtained. The magnitude of the static Cug*-CO
absorption has been previously determined in two separate experiments. At sufficiently Jow temperature (< 180 K), the
photodissociated CO remains on Cup* long enough to obtain a static FTIR spectrum, which was first accomplished by
Alben et al using mitochondrial preparations? and later by Einarsdéutir er al using the purified enzyme.® At room
temperaturc however, the transient is short lived (1172 = 1.5 ps) and a real-time TRIR experiment with 10-7 s resolution
was performed to obsenve the Cug*-CO absorption before the complex begins to decay.’ The low temperature and the
room temperature measurements yield an extinction coefficient of 0.64 mM-1 em-1 at 2061 cm-1, a factor of 7 less than
the Fegist CO extinction cocfficient at 1963 em-! (4.58 mMm°] cm"). Corrclation of vibrational frequencics with
absorption micnsiues for 20 bound to heme and copper proteins shows that the relative intensities of the Fca32*-C0 and
Cup*-CO absorbances below 180 K and at room temperature represcnt quantitative transfer of CO upon photodissociation.
In the picosccond TRIR experiments, the observed ratio AAC,-CO/AAFe-CQ is equal to the siatic ratio when care is taken
to perform the two ps TRIR measurements undey Lthe same optical conditions (beam overlap, fraction of photodissociation,
etc.). This suggests that complete development of the static spectrum of Cup*-CO occurs on this timescale.

8 6
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Figure 4: Five picosocond time-resolved infrared Figure 5: One hundred nanosecond time-resolved
spectrum of photodissociated carbonmonoxy CcO in infrared spectrum of photodissociated carbonmonoxy
the Cug*-CO region. The solid curve represents the CcO in the Cup*-CO region. The solid curve
sum of two lorentzians having the following band represents the sum of two lorentzians having the
paramciers: v = 2060 cm'!, Av e 12 cml e = following band parameters: v = 2057 cm*1, v = 6
0.07 mM-! cm-! and v = 2065 cm!, Av = 12 cm' 1, cm'l em = 0.09 mM-! cm*! snd v = 2062 ¢m™],
Em = 023 mM-! em-!. Av: 4.5cml e = 017 mM} emeL,

Further evidence for this interpretation is found by comparing the S ps TRIR spoctrum shown in Figure 4 with the
100 ns TRIR spoctrum shown in Figure S. These spectra were generated in a point by point manner by obtaining
transients at various probe frequencies within the Cup*-CO absorption band and measuring the magnitude of the AA at
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In the case of the S ps spectrum, if 2056 — b
an carlicr delay is chosen, such thal the transient rise is A
incomplete, the spectrum obtained i¢ essentially identical 2054 — )
cxcept that the intensity is slightly diminished. These ,/
spectra were simulated (sclid lines) using the sum of two 2052 — !
lorentzian lincshapes corresponding to the two components P
of the Cug*-CO absomtion scen in the high resolution low 2050 — .
temperature FI'IR spectra of the kinetically trapped Cup*- E ,’
CO complex. 4.6 Two distinct peaks are observed at low E 2048 —
temperaturcs, a ma)or one near 2061 cm-! and a minor one 3
near 2043 cm™', which have been suggested to arise from L 2046 -
discrete oonformcrs of CcO.12 The frequency of the minor ;
peak increases lincarly with temperature in the range (4 to 2044 —
180 K) obscrvable in this experiment (Figure 6). If the data
arc extrapolated to room temperature, this minor component 2042 —
is expected to shift 10 ncar 2055 cm-! and appear as an
incompletely resolved shoulder. This is exactly what is 2040 —
obscrved in the room tcmperature transicnt spectra (Figures {
4 and 5). The wavclengths of the individual iorentzian 2038 —
components used 1o simulate each spectrum were fixed 1 L | i { ! 1
according to the valucs predicted from extrapotation of the 0 100 200 300
low tempcrature FTIR values to room temperature, while Temperature (K)

the intensitics and bandwidths were varicd to give the most . ;
L . Figure 6: Decpendence of the frequency of the minor

reasonable fit 1o the data. Within expcrimental error, the +.C0 ) data from refer 12

parameters used 1o simulate the 100 ns and $ ps spectra are Cup w® on lemperature )

the same. except that the peak widths arc a factor of two greater in the case of the S ps spectrum. The broadering is an
cxpcnmcmal artifact wnherent L this particular picosecond TKRIR technique. The effective rcsoluuon for the 5 ps spectrum
is 10 cm~1, detcrmined by the transform limited width of the probe pulse, comparcd 10 4 cm” ! for the 100 ns spectrum,
dclcrmincd by the bandpass of the monoc hrometer used to filter the muitimode output of the IR diode probe laser. It is clear
from wcse obscrvetions that the Cup*-CO spectrum is fully developed within the 1 ps time resolution of this experiment
and persists for microseconds, unti the CO dissociates. We conclude that the CO is quantitatively transferred and the
wquilibrium Cug *-CO conformation is obtained in 1 ps or less.

In order to understand the remarkable rate of transfer of CO from Fe(;z* to Cup* we employ a heuristic model which
describes the four processes that must occur to produce the observed Cup*-CO transient absorpuon (we ~mphasize that
these processes nced be neither separaie nor sequential). These are: 1) CO dissociation rom Fe._‘; . 2) translation and

rotation of CO into position to bind 1) Cug*, 3) formation of the Cug*-CO bond and 4) evolution of the new Cug*-CO
absorption.

The rates of processes 1 and 4 can be predicted from direct spectroscopic measurements. The photodigsociation occurs
in less than 150 fs as discussed previously. Process 4 the evolution of the static line-“ape and extinction coefficient,
occurs on the timescale of the vibrational dephasing.13 A lower limit for the rate of evolution of the new Cup*-CO
absorption can be csumau:d from the static Cug*-CO absorption linewidth by assuming that it is homogeneous. This
linewidth is 6 cm"1, yielding & lower limit for development of the new stationary spectrum of 900 fs. The time necessary

10 form the new stationary spectrum Iherefore represents a significant contribution to the observed rise-time of the Cup*-
CO absorption.

The rate of process 2 can be es'imated on the basis of the following arguments. Cup* is gcncnlly beheved 10 be
within § A of the iron of cytochmme 3. 14,15 we have measurud the crientation of the CO bound to Fm as 21* from
the heme normal compared (o an angle of S1° when it is bound W Cup*. 6 Molecular modeling suggests that CO will
expericnce significantly unfavorable van derWaals contact with the heme if the CO vecior of Cup*-CO points towards the
heme plane.  The inore favorable confonnation has the CO vector directed away from the heme plane. The OO must
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therefore move approxnmau'l( 4 A 10 bind 10 Cug*, and rotate 30°. The terminal velocities of separation of photofrag-

ments are typically 10 Azps.'”7 The encrgetics of CO photodissociation from HbCO have been estimated to deposit 9.4
kcal/mole of excess encrgy in the Fe and CO resulting in an initial recoil velocity of ~14 A/ps for the C0.18 For CcO,

the energy of the dissociative state (3T or 5T7) and the Feg3-CO dissociatica energy are expected to be very similar to the
HbCO values, yielding a sifilar recoil velocity of the CO. Accordingly, in free flight, the ejecied CO could move 4 A
within 3C0 fs. It is highly improbable, however, that the CO is able © move this far without colliding with other atoms
in the hcmc pocket. In the case of Hb, the crystal structwre indicatcs that the CO can move no more than 1 A in free
ﬂ:gh( 19.20 and ut has heen concluded that cotlisions rapidly (~300 fs) render the motion of the CO diffusive. 18 Although
dnrecl cvndcncc from crysmllographxc data is unavailable for CcO, the unususlly narrow infrared linewidth for CO bound to
Fca3 (half that in HHCO?! ) suggesis a rigid, confined heme po<:lu:l.2l-22 If this restrictive heme environment results in
rapid collisional thermalization of the inotion of the photodissociatcd CO and renders its motion purely diffusive, it would
move from its starting point at a rate of only 1.1 Afps. Clearly this pucturc |s not consistent with the observed risetime of
the Cup*-CO transient which requires the motion of the CO from the Feq32* 10 Cup* to be closer to free flight at super-
sonic velocily than purely diffusive at a thermalized vclocn% The photodissociation of CO is likely to produce CO in high
J states as is observed for other metal carbony!l complexes.23 As a result, the rotation of the CO is expected to be rapid and
concurrcnt with translation to its new position.

The CO transfer includes one other process, namely Cup*-CO bond formation and the associated intramolecular vibra-
tional cnergy transfer. Although the CO likely suffers numerous collisions with surrounding atoms upon photodissocia-
tion, the rapid rate of CO transfer suggests that it is not completely translationally cooled. Hence it arrives at the Cug*
with considerable excess energy which must be dissipated along with the energy of the Cug*-CO bond formation. It is
difficult o esumate the rates of such processes since the magnitude of (.= excess energy and the structure and vibrational
coupling of the Cug*-CO center are not known. The observed rise of the Cup*-CO absorption requires that these
processes be very rapid, at most hundreds of ferntoseconds,

Once the CO is on Cup®, it remains there for 1.5 ps,
then dissociates into solution. It does not return o Fea32*"
for milliseconds, despite the lack of intrinsic heme barricrs

- 4 lo CO recombination on this timescale. Typical dynamics

. ;-_.:,gé‘ of five-coordinate hemes ;i &emmaw CO rebinding rates
on the nanosecond timescale.’ Clearly, the protein has

erected a substantial barrier to heme-CO rebinding
subscquent to the photoinitiated transfer of CO to Cug?,
which we have suggested is the binding of L 10 Feq3*
triggered by e transfer of CO 1o Cug".3 The generality
of these mechanisms can be tested using (ther small ligands
which bind 10 Feq32+. Kecenty, Yoshikawa and Caughey
have reported convincing infrared evidence for the binding of
cyamde to the cytochrome a3 and Cup metal centers of
Cc0.25 They found that for the fully reduced enzyme and
high CN* concentrations, 8 CN" is bound to each mcul
Infrared a 2058 em- ‘1 (¢ = 022 mM-! em°l) and
2092 cm} (¢ = 0.15 mM"! cm1) were assigned to Feg3?*-

104 ¢ CN and Cug*-CN absorptions respectively. We have
observed the photodissociation of CN- from Fea32* in a
) real-time TRIR experiment. Figure 7 shows the transient
Tim: (ms) 3 4 IR bleach observed by pu;’\ping at 532 nm (7 ns pulse) and

monitoring al 2059 cm-%. ‘The magnitude of the bleach

Figure 7: Time-resolved infrared transient for photo-  (AA = 1x10°3) is consistent with 100% photodissociation
dissociated, fuu)' reduced cys~~ CcO obtained near the peak  of the ON~ with no rapid geminate recombination. The rise
of the Fe,12*-CN absorption at 20%9 cm-! with 1 mM  of the bleach is faster than the instrument response of 30
enzyme and a SO um pathiength. ns. This is the first report of the dynamics of photo

AA x 10°
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dissociauon of CN- from a heme. This result emphasizes the generalicy of the photolabile nature of axial hgands bound 1o
ferrous, six-coordinate hemes. The racovery of the bleach is fit well by a single exponental having t = 430 s"1. This rate
is comparable 10 the saturation value of 700 s*} for the recombination of photodissociated CO, suggesting that the rate
determining step for reccombination is similar. The CO recombination pathway requires the formauon of the Cug*-CO
complcx in a rapid precquilibrium step, followed by the relatively siow transfer of CO t» Feg3 2+ with the loss of L by
Fea3?* as the rate determining step. We suggest that the CN- on Cup* displaces L and when the CN- on Fea3 2+ s
photodissociated, L is uansfcxred 10 Fea32*+. Conscquently, the rate of recombination of the CN- is also detcrmined by the
thermal rate of the Feg32*-L bond dissociation.

4. CONCLUSIONS

The remarkably fast rate of CO wransfer from Feg32* 1o Cup* provides new insight into the structure of CcO. The
results suggest that an unhindered pathway or channel is required to expedite ligand transfer from one metal center to the
other. The heme pocket must be constructed in such a manner that it restricts the motion of bound CO but facilitates rapid
transfer of the photodissociated CO between metal centers. The rapidity of this transfer does not allow for any barmiers to
CO rotation n0f for any ligand reorganization at Cug*. It is possible that nuclear tunneling is a factor in this extremcly
fast reaction.24 In any case, the protein and metal centers must be elegantly designed to facilitate ligand transfer from Fea3
© Cug. This feature of the protein is significant 1o the role of Cup as s ligand shuttle to Fea3 in the functional dynamics
of the protein. This rcaction is also of interest from a fundamental standpoint in understanding the elementary sicps
involved in coordination and atom transfer dynamics, in the same sense that chlorophyll reaction centers have become a
paradigm for understanding ultrafast electron transfer. The real-time TRIR results for the fully reduced CN” complex provide
insight o another feature of the protein, the general mechanism by which it controls the binding of exogenous ligands,
These results, togcther with previous measurements for CO suggest that the rate determining step for ligand binding to
Fea32* is the thermal breaking of the Fea32+-L bond.

5. ACKNOWLEDGEMENTS

Suppont for this work by ILANL Institutional Supporting Rescarch Grant X15B (RBD) and by National Institutes of
Health Grant DK36263 (WHW) is acknowledged. KAP acknowledges support fiom the Director's Fellowship program at
LANL. Inaddition, we gratefully acknov-edge Dr. Sizphen Buelow and Dr. David Moore nf CL.S4 for helpful discussions.
This work was performed at Los Alamos National Laboratory under the auspices of the U. S. Department of Energy.

6. REFERENCES

l. Wiksutm, M.; Krab, K.; Saraste, M. Cytochrome Oxidase: A Synthesis, Acadcmic Press: New York, 1981,

2. Bcincrt, H. Chem. Scr. 1988, 28A, 35-40.

3. Woodruff, W, H.; Einarsdéitir, 0.; Dyer, R. B.; Bagley, K. A.; Palmer, G.; Atherton, S. J.; Goldbeck, R. A.; Dawes,
T. D.; Kliger, D. S. Proc. Nail. Acad. Sci. USA 1990, in press.

4. Fiamingo, F. G.: Altschuld, R. A.; Moh, P. P.; Alben, J. O. J. Biol. Chem. 1982, 257, 1639-1650,

5. Einarsdottir, O.; Killough, P. M.; Fee, J. A.; Woodruff, W. H. J. Biol. Chem. 1989, 264, 2405-2408.

6. Einarsdéttir, O.; Killough, P. M.; Fee, J. A.; Lépez-Garriga, J. J.; Dyer, R. B.; Atherton, S. J.; Hubig, $. M.;
Palmer, G.; Woodruff, W. H. mhmmedloBtorhemiﬂry

7. Dyer, R. B.; Einarsdéttir, O.; Killough. P. M.; Lépcz-Garriy 2, J. J.; Woodruff, W. H. J. Am. Chem. Soc. 1989,
111,7657-7659.

8.  Yen, R, Shank, C. V; Hirlimann, C. Mater. Res. Soc. Symp. Proc. 1983, 13, 13-16; Ma, H. M.; Liu, Y. X.; Fei,
Y., Li. F. M. J. Appl. Phys. 1949, 65, 5031-5034,

. Lambry, J. C.; Swoutland, P. G.; Woodruff, W. H.; Martin, J. L. unpublished results.

10.  Petrich, J. W.; Poyant, C.; Mantin, J. L. Biochemistry 1988, 27, 4049-4060; Petrich, J. W.; Martin, J. L. Chem.
Phys. 1989, 131, 3147,

11. Chance, M. R.; Courtney, S. H; Chavez, M. D.; Ondrias, M. R.; Friedman, J. M. Biochemisiry 1990, 29, 5537-
5545,

12, Alben, J. O.; Moh, P. P; Fiamingo, F. G.; Alischuld, R. A. Proc. Natll. Acad. Sci. USA 1981, 78, 234-237.



13.
14,
15.
16.
17.
18.
19.
20.
21,
22,
23.
24,

25.

Anfinrud. P. A, Han, C.; Lian, T.; Hochstrasser, R. M. J. Phys. Chem. 1990, 94, 1180-1184.

Scolt, IX. A. Annu. Rev. Biophys. Biophys. Chem. 1989, 18, 137-138.

Bolens, R.; Rademaker, H.; Wever, R.; VanGelder, B. F. Biochim. Biophys. Acta 1984, 765, 196.

Dyer, R. B.; Lopez-Garriga, J. J.; Einarsdéttir, 0O.: Woodruff, W. H. J. Am. Chem. Soc. 1989, 1i1, 8962-8963.
Rosker, M. J.: Dantus, M.; Zewail. A. H. Science 1988, 241, 1200-1202.

Anfinrud, P. A.; Han, C.; Hochstrasser, R. M. Proc. Nail. Arad. Sci. USA 1989, 86, 8387-8391.

“I'akano, T. J. Mol. Biol. 1977, 110, 537-568.

Takano, T. J. Mol. Biol. 1977, 110, 569-584.

Einarsdéuir, O.; Choc, M. G.; Weldon, S.; Caughey, W. $. J. Biol. Chem. 1988, 263, 13641-13654.
Yoshikawa, S.; Caughey, W. S. J. Biol. Chem. 1990, 265, 7945-7958.

Holland, J. P.; Rosenfeld, R. N. Chem. Phys. Lert. 1988, 145, 481.

Frauenfc!der, H. In Tunneling in Biological Systems. Chance, B.; Frauenfelder, H.; Marcus, R. A;; Schricffer, J. R.;
Sutin, N, Eds.;: Academic Press: New York, 1979; p. 627.

Yoshikawa, S.; Caughey, W. S. J. Biol. Ckem. 1990, 255, 7945-7958.



