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Dyn.amic;s of Ligand Binding to Myoglobin' -

2. H. Austin, K. W. Beeson, L. Eisenstein, H. Frauenfelder,*
and I. C. Gunsalus

ABSTRACT: Myoglobin rebinding of carbon monoxide and
lioxygen after photodissociation has been observed in the
.emperature range between 40 and 350 K. A system was
sonstructed that records the change in optical absorption at
136 nm smoothly and without break between 2 usec and 1

sec. Four different rebinding processes have been found. -

Jetween 40 and 160 K, a single process is observed. It is not
:xponential in time, but approximately given by N(1) = (1
F t/10)~", where to and n are temperature-dependent, li-
rand-concentration independent, parameters. At about 170
¢, a second and at 200 K, a third concentration-indepen- -
lent process emerge. At 210 K, a concentration-dependent
yrocess sets in. If myoglobin is embedded in a solid, enly the
rst three can be seen, and they are all nonexponential. In a
iguid glycerol-water solvent, rebinding is exponential. To
nterpret the data, a model is proposed in which the ligand
nolecule, on its way from the solvent to the binding site at
he ferrous heme iron, encounters four~barriers in succes-
ion. The barriers are tentatively identified with known fea-
ures of myoglobin. By computer-solving the differential
quation for the motion of a ligand molecule over four bar-
iers, the rates for all important steps are obtained. The

. Myoglobin and Its Ligands R ,
Myoglobin (Mb),! 2 globular protein of about 17200 mo-
ecular weight and 153 amino acids containing one proto-
-eme, plays an important role in the mammalian cell where
. stores’ (Theoell, 1934) and transports -(Wittenberg,
970) oxygen and possibly also carries energy (Hills, 1973).
\n-understanding of the reactions of ferrous Mb with li-
ands, particularly dioxygen and carbon monoxide, is desir-

xygenatior, it can serve as a prototype for more complex -

ystems. Dynamic studies are particularly méaningful be:

't From the Department of Physics and the Department of Biochem-
" try, University of Illinois at Urbana—Champaign, Urbana, Itlinois
1801.- Received August 7, 1974. This work was supported in part by
1¢ U.S. Department of Health, Education, and Weilare under Grants

on under Grant No. GB 41629X. B I
* To whom correspondence should be addressed at the Department
" Physics. - S s . -
i Aybbrcviatiom. symbols, and units: Mb, ferrous sperm whale myo-
obin; L, ligand molecule; PYA, poiy{vinyl alcohol). Processes I-IV
| -e defined in section 4, barriers 1-1V and wells A-E in Figure 1L
‘(1) denotes the fraction of Mb molecules that have not rebound a li-
ind at the time f after photodissociation, Na(f), for instance, gives the
, -chabitity of finding a ligand molecule in well A at time ¢, kay i5 the
, rst-order rate for transitions from well A to B. Second-order rates are
( :noted by primes, for instance ked” (2g 6). Eap and Ay, for instance, -
¢ =note the activation energy and the frequency factor for the transition
* om well A to B. Energies are given in kecal/mol; T keal/mol = 0.043
‘ ¢ = 4.18 kJ/mol. Entropies are given in terms of the dimensionless
itio §/R, where R = 1.99 cal mol™! K™' is the gas constant.

'o. GM 18051 and No. AM 00562, and the National Science Founda-

BIOCHEMISTRY, YOL.

temperature dependences of the rates j/ieid enthalpy, entro-

py, and free-energy changes at all barriers. The free-energy .

barriers at 310 K indicate how myoglobin achieves specific-
ity and order, For carbon monoxide, the heights of these

- barriers increase toward the inside; carbon monoxide conse-

quently is partially rejected at each of the four barriers:
Dioxygen, in contrast, sees harciers of about equal height
and moves smoothly toward the binding site. The entropy
increases over the first two barriers, indicating a rupturing
of bonds or displacement of residues, and then smoothly de-
creascs, reaching a. minimum at the binding site. The mag-
nitude of the decrease over the innermost barrier implies
participation of heme and/or protein. The nonexponential
rebinding observed at low temperatures and in solid samples
implies that the innermost barrier has a spectrum of activa-
tion energies. The shape of the spectrum has been deter-
mined; its existence can be explained by assuming the pres-
ence of many conformational statss for myoglobin. In a lig-
uid at temperatures above about 230 K, relaxation among
conformational states occurs and rebinding becomes expo-
nential. ' e

cause the primary and tertiary structures have been deter-
mined (Kendrew et al., 1958) and many properties of the

active center are known (Weissbluth, 1974),

The reactions of various ligands with Mb have been in-
vestigated extensively with stopped-flow, flash-photolysis,
and T-jump techniques. The pioneering work has been per-

formed by-Gibson (Gibson, 1956); his and later experi-
~ments are reviewed and referznced in the monograph by -

y it . > . Antonini and Brunori {Antonini and Brunori, 1971). Our -
ble because, as the simplest protein capable of reversible ~ “study of the binding of O and CO to sperm whale Mbby -
: flash photolysis extends earlier work in three directions, .~ =% .
_temperature, time, and dynamic range. Phenomena change
-'so rapidly with temperature that measurements are needed - SR
~-at 10-K intervals between 40 and 350 K. Since processes

can encompass more than nine orders of magnitude in time,

 we constructed a system capable of recording over this

range in one sweep. Our equipment records data over more

-than three orders of magnitude in optical density and we

thus can see even processes with relative intensities of less
than 1%. o B

" The experimental data are rich and complex but they can
be unraveled to give a coherent description of the dynamics
of ligand binding 10 Mb. The essential experimental fact is

the discovery of four distinct processes {Austin et al., 1973)."

The central interpretarive assumption is that ligand binding
is poverned by successive barriers {Frauenfelder, 1973).
The four processes depend diffecently on temperature and
concentration; thus all essential parameters of our modet
can be determined and all observed features can be under-
stood.
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Optical Spectra of Oxy- and Deoxyhemoglobin
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Abstract: The optical spectra of oxy- and deoxyhemoglobin are investigated over a wide frequency range using the techniques
of polarized single crystal absorption spectroscopy and solution natural and magnetic circular dichroism. In addition to the
porphyrin = — =* transitions, seven transitions of oxyhemoglobin and four transitions of deoxyhemoglobin are characterized.
Mast of these transitions occur in the near-infrared spectral region. To make assignments extended Hiickel c.lculations are
carried out on the complex of iron-porphin with imidazole as 2 model chromophore for deoxyhemoglobin, with the addition
of oxygen to obtain a model chromophore for oxyhemoglobin. Calculations are also carried out on the corresponding carbon
monoxide complex to aid in the interpretation of the oxyhemoglobin spectra. Assignments are proposed for all of the transitions
in terms of one-electron excitations between single configurations. Five of the seven bands of oxyhemoglobin are assigned to
transitions into the lowest empty molecular orbital, which is delocalized ever the FeQ unit. Three of the four bands of deoxy-
hemoglobin are assigned to porphyrin+~iron charge-transfer transitions. The remaining bands are interpreted as arising from

d — d transitions of the iron.

In this paper we present a detailed experimental and theo-
retical investigation of the optical spectra of the heme com-
plexes in oxy- and deoxyhemoglobin. The principal objectives
of this study are to characterize experimentally as many
electronic transitions as possible and to assign them to specific
orbital promotions. Firm spectroscopic assignments are im-
portant, for the experimental parameters can then be used for
testing theoretical descriptions of ground and excited state
electronic structure in hemoglobin. The assignments arc also
required for interpreting spectral perturbations in terms of
structural changes, 3 znd for understanding the mechanism
of photolysis of oxy- and carbonmonoxyhemoglobin.

Our experimental approach has been to synthesize the re-
sults of optical absorption measurements that employ plane
or circularly polarized light over a wide frequency range. The
measurements include the polarized absorption of single
crystals and the natural and magunetic circular dichroism of
solutions {CD and MCD). From the single crystal spectra we
obtain directions for the electric-dipole transition moments,
while the CD and MCD spectra also depend on magnetic-
dipole transition moments. At present the experimental in-
formation is limited to the “window™ between about 4000
(2500 nm) and 33 000 cm~! (300 nm). Transitions at lower
frequencies are masked by solvent and protein vibrational
absorption, while protein clectronic absorption obscures heme
transitions at higher frequencies. We present our experimental
results in detail primarily for the near-infrared spectral region,
since the visible and near-ultraviolet spectra using the three
different techniques have been previously reported by us or by
others. With the addition of the near-infrared spectroscopic
data reported here, it is now possible to locate and characterize
seven transitions in the optical spectra of oxyhemoglobin, in
addition to the porphyrin x—x* transitions. Four such tran-
sitions can be described for deoxyhemoglobin.

Qur theoretical approach has been to use crystal field theory
and the iterative extended Hiickel molecular orbital method
of Zerner, Gouterman, and Kobayashi to make the assign-
ments.4 For the extended Hiickel calculations we have used
the complex of iron—porphin with imidazole as a model chro-
mophore for deoxyhemoglobin, with the addition of oxygen to
obtain a model chromophore for oxyhemogiobin. Using the
results of these calculations we attempt to assign the seven
transitions of oxyhemoglobin and the four transitions of
deoxyhemoglobin in terms of spin-allowed electronic promo-

tions between single configurations. This is a difficult task for
several reasons. A much larger number of transitions are
predicted in the experimental frequency range than are ob-
served. We have no good independent estimate of the reliability
of the predicted frequencies, winch appear to be in error by as
much as 10 000 cm™!. ¥Fmally, no absorption, MCD, or CD
amplitudes have been calculated, so that our discussion of these
must depend, in most cases, on semiquantitative or qualitative
arguments. Nevertheless, we have been able to make reason-
ably convincing assignments of the observed transitions.

This study is part of a series of investigations on the inter-
pretation of heme protein optical spectra using polarized light
techniques. We have previously reported results of work on
various complexes of myoglobin,® hemoglobin,® and cytr-
chromes ¢, ¢’,* and P-450.% A preliminary account of the
present work on oxyhemoglobin has been reported else-
where.1?

Experimental Section

Concentrated solutions of horse and human hemoglobin were
prepared by standard procedures.!! Deoxygenation of solutions was
carried out under nitrogen by the addition of excess sodium dithionite
(Vine Chemicals Ltd., Widnes, Cheshire, England). All solution
spectral measurements were carried out in 0.1 M potassium phosphate
buffer, pH 7, at room temperature. For measurements at wavelengths
longer than 1200 nm, the solutions werc dialyzed against D3O con-
taining the same buffer. Crystallization of human deoxyhemoglobin
A was carried out according to the method of Perutz,!! except that
sodium dithionite was used instead of ferrous citrate. Prior to spectral
measurements the crystals were washed with a solution containing
the same salt composition as the mother liquor (2.2 M ammonium
sulfate, 0.3 M ammonium phosphate, 0.01 M sodium dithionite, pH
6.5).

Polarized single crystal absorption spectra were measured at room
temperature with a microspectrophotometer described previously. )2
For measurements in the rear-infrared 10 11 50 nm a tungsten source,
Hamamatsu R 196 photomultiplier tube (S-1 response), and a single
I; m Ebert monochromator with 590 grooves/mm grating blazed at
1000 nm (Jarrell-Ash) were employed. The space group of human
deoxyhemoglobin A crystals is P2, with two molecules (¢ight hemes)
per unit cell.!+!3 Spectra were measured on the (010) crystal face with
light polarized parallel to either the a or ¢* axes. These axes had been
previously identified from a combination of x-ray photography and
optical measurcments in the visible and near-ultraviolet spectral re-
gions.'4 In the present study the a and ¢* axes were found to remain
the principal optical direction= to within £3° throughout the near-

[Reprinted from the Journal of the American Chemical Society, 100, 4991 {1978).]
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Spectroscopic studies of oxy- and carbonmonoxyhemoglobin after

pulsed optical excitation

(picusecond spectroscopy/radiationless transitions/hemoglobin photolysis kinetics/hemoglobin excited states/hemoglobin

molecular dynamics)

B. 1. GREENE!, R. M. HOCHSTRASSERT, R. B. WEISMAN!, AND W. A. EATON?

! Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104; and ! Laboratory of Chemical Physics, National Institute of Arthritis,

Metal

Communicated by Britton Chance, August 11, 1978

ABSTRACT  The photolysis of HbO; and HbCO has been
investigated with picosecond laser techniques. Transient ab-
sorption spectra were measured in the Soret and visibie regions
after excitation with 353- or 530-nm pulses. The photoproducts
appeared within 8 psec and exhibited consideraﬂly broadened
deoxyhemoglobin-ike spectra, which persisted to 680 psec. The
altered spectra are attributed to the production of deoxyheme
conformational and spin states that might result from the in-
tense excitation.

Perutz introduced the approach to understanding the mecha-
nism of cooperative oxygen binding by hemoglobin in terms
of the molecular structure (1-4). More recently, Gelin and
Karplus (5) have calculated a detailed reaction pathway for
oxygenation of a single subunit, which involves conformational
changes in localized regions of the globin in response to a change
in heme geometry. Anticipating that some of the dynamics of
the heme and globin structural changes may occur very rapidly,
we have begun a spectroscopic investigation of the photolysis
of HbCO and HbO; by using picosecond laser techniques.

Beginning with the studies of Gibson (6) there have been
numerous kinetic studies of heme proteins by flash photolysis
techniques (7-20). Most of this work was directed toward
studying the rebinding of CO or O, to Hb or myoglobin on time
scales of microseconds or longer (8, 9, 11, 14-16, 18, 20). Alpert
et al. (10, 13) explored the time regime 50-300 nsec by using
a 30-nsec laser pulse for photolysis and found a transient species
that decayed at room temperature in about 100 nsec. Photolysis
studies on Hb have been extended into the 1- to 20-psec regime
by Shank et al. (17) who used subpicosecond pulses at 615 nm
for excitation and probing. It was concluded that CO disso-
ciation occurs in less than 1 psec, but that no photolysis of HbO;
occurred under their conditions. A major aim of the present
work was to measure transient spectra with sufficiently high
accuracy that the structure of the initial photoproducts could
be identified.

MATERIALS AND METHODS

Preparation of Materials, Human HbO; A was prepared
according to a standard procedure (21). HbCO was formed by
passing water-saturated CO over a thin layer of the dialyzed
lysate. For dilution to the final concentration used in the ex-
periments, the potassium phosphate buffer (0.15 M, pH 7.35)
was saturated with CO.

Spectrometric Method. Our transient absorption spec-
trometer is of the excite and probe type in which a laser har-
monic is used to create a sudden excitation of the sample; at a
later, variable time, the absorption spectrum is measured with

The publication cests of this asticle were defrayed in part by page
charge payment. This article must therefore be hereby marked “ad-
vertisement” in accordance with 18 U. 5. C. §1734 solely to indicate
this fact.
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a broad-band picosecond continuum pulse (22). For a given
delay time we obtain a full double-beam transient absorption
spectrum from a single laser shot.

Both excitation and probe beams are derived from a single
8-psec pulse extracted from 1.06-um output of a passively
mode-locked Nd/glass laser. After amplification, this pulse
carries 30 m], gives a second harmonic spectrum of 15 cm™!
width, and shows a TEM.. transverse mode structure, Once the
second and third harmonics at 530 and 353 nm, respectively,
have been generated, the third harmonic pulse is isolated by
a dichroic beam splitter and filter, passed through a wave plate
to reorient its polarization, and focused through a 320-um-
diameter aperture into the sample. The residual first or second
harmonic light is used to produce the probing continuum pulse
by focusing it into a 5-cm cell of HzO. The emerging continuum
beam passes through a variable delay and is then split and fo-
cused into the sample cell through a dichroic besm combiner.
One continuum beam passes through the aperture and excited
volume collinearly with the excitation pulse while the second
continuum beam traverses an unexcited region of the sample.
A lens focuses these two beams onto different positions along
the length of the entrance slit of a 0.75-m spectrograph used in
first order with a 300-groove/mm grating.

The result is two parallel dispersed spectra on the focal plane
of the spectrograph. Both of them are detected and recorded
for each laser shot by a Princeton Applied Research Corp.
model 1215/16/54 optical multichannel analyzer system. The
two 250-channel tracks of spectral information are digitally
processed in the following way: dark current spectra are sub-
tracted from the raw data; one track is divided by the other; the
result is divided by a corresponding ratio spectrum obtained
with no excitation light present; and the logarithm of the new
ratio spectrum is taken. This gives the change in absorbance in
the excited sample volume as a function of wavelength for a
single laser shot at the time delay determined by the setting of
the optical delay line. Each of the specra presented here has
been averaged over several laser shots but has not been
smoothed. The spectral resolution is 1.5 nm and the temporal
resolution, determined by our pulse durations, is approximately
10 psec. The quantum yield for irreversible damage of HbO,
under our irradiation conditions using 353-nm pulses was
spectroscopically determined to be less than 104,

RESULTS

Transient Spectra in the Soret Band Region. With our
spectrometer adjusted to cover the range 398-453 nm, we
measured the transient absorption changes induced in a 1-
mm-thick sample of 42 xMHbCO solution by pulses of 353-nm
light.% Fig. 1 shows the initial absorbance spectrum of this

¥ At this concentration the system is almuost saturated by our light pulse,
and the signal is therefore nearly independent of light intensity.
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to engender a hydrido—di-ironhexacarbonyl-w-allyl com+ a methine or a new methylene group. This sheds a new
plex of structure (12) which tends to become stabilized by light on the well documented Fe(CO);-induced vinyleyclo-
transformation into the crystalline non-linear di-m-allyl = propane—diene rearrangement.® *

di-iron complex of structure (). Of particular interest is ‘We thank Badisch ili ik, German
the observed preference of the hydrogen to migrate to the for a gift of iron pe:t:;‘;.;lt]:;n‘;d Soda Fabrik, ¥
distant vinylic methylene “o produce a new methyl group '

rather than to an internal unsaturated carbon to form either (Received, 3rd October 1978; Com. 1083.)

1 §. Sarel and M. Langbeheim, J.C.S. Chem. Comm., 1977, 824,
3 E Victor, J. Deuntsch, and S. Sarel, J. Organometaliic Chem,, 1974, 71, 85.
* L. Kruczynsky and J. Takats, J. Amer. Chem. Soc., 1974, 96, 933; O. A. Gansow, A. R. )
2551 K. Bachmann, Doctoral Dissertation, University of Zurich, 1077. b Burke, and W. D. Vernon, ibid., 1972, 94,
: gfszr ﬁ(a;:{z a;;:ed S A Cerefu:t:i 11*3 %ﬂ:sr Chem/.! Soc., 1971, 93, 1049 and references cited therein
) cavel, R, Ben-Shoshan, and B. Kirson, J. Amer. Chem. Soc., 1965, 87, 2517; Israel . :
Chem. Res., 1978, 11, 204 and references cited therein. 7i Israel J. Chem., 1912, 10, 787; S. Sarel, Accounts

Ultra-fast Recombination in Nanosecond Laser Photolysis of
Carbonylhaemoglobin

By Davip A. DuppeLL, RoGER J. Morris, and Joun T. Ricu ARDS*
(Department of Chemisiry and A pplied Chemistry, University of Salford, Salford M5 4WT)

Summary The transient absorption change observed in (A)
panosecond laser ~photolysis of carbonylhaemoglobin
which was previously attributed to a tertiary structural

change is shown to arise from ultra-fast ligand recom- 3
bination. |

ArpERT &f al} observed transient absorption changes
immediately following the flash in nanosecond photolysis of
liganded haemoglobin solutions. They concluded that
these were due to tertiary structural changes and that for
the carbon monoxide complexes, known to have high
photodisseciation quantum yields,? the final product on
this time scale was completely ligand free. We have “1
undertzken a detailed study of the spectra of this transient (8
species and final product and their vartation with tempera-
ture. The results show that the published interpretation
cannot be correct.

ol1+ solutions of human carbonylhaemoglobin 5
(HbCO) in ¢-1 mol 17 potassium phosphate buffer at pH 7
in a thermostatted cell werz photolysed with 30 ns pulses
tfrom a freguency douhled ruby laser giving up to 0-5 T at
347 nm. Traasient absorption changes were monitored
with an oscilloscope.

At room temperature the kinetic trace observed is
exactly as reported! but a change is observed when the -
temperature is varied. Whereas the initial transient
absorption remains unchanged, within experimental error, ™
the final level varies with temperature so that the difference " I T T ST S S S
between the initial and final levels increases with decreasing
tewnperature. For illustration, the absorbances of the
transient and final level, compared to that of HbCO, are Fioure. Kinetic traces observed in the 347 am laser photolysis
given in the Table for wavelengths 416 and 438 nm. Traces ‘l:’f carbonylhaemogiobin in aqueous buffer at pH 7:0. Wave-
are shown in the Figure. At 416 nm the transient absorp- ength 438 n, temperature: (4) 328 K. (B) 277 K.

Gon is Jower than that of the ground state, i.e., there is net The fact that the magnitude of the transient absorption
transient bleaching whereas at 435 nm there is net transient change decreases with increasing temperature is not in
absorption. In both cases the final level is intermediate accord with it being due to conformational change. Evi-
between the ground state and the transient absorptions. dence that the transient absorption change can be attributed

Absorplion

Absorption

Time (One scale div. =50ns)
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Geminate recombination of Q2 and hemoglobin

{picosecond spectroscopy fradia
molecular dynamics)

lionless transitions/hemoglohin photolysis kinctics /hemoglobin excited states/hemoglobin

D. A. CHERNOFF, R. M. HOCHSTRASSER, AND A. W. STEELE

Department of Chermisiry, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Communicated by Martin Karplus, July 21, 1980

ABSTRACT  The photolysis of HbOg and HbCO has been
studied by measuring transient absorption spectra in the Sorel
region after excitation with picosecond pulses at 530 nm, Dis-
sociation occurred prompily in both cases, followed (for HbOg)
by geminate recomﬂinalion of ca. 40% of the photodissociated
O, with a lifetime of 200 & 70 psec (25°C). No recombination
of Hb + CO was observed up to 1200 psec after photolysis. The
HbO; and HbCO photoproduct spectra were broader, weaker,
and red-shifted in comparison to the spectrum of stable b and
Gibson's fast-reacting form, Hb*. For HbOs the spectrum was
initially much broader to longer wavelengths but relaxed to a
constant shape within 90 psec, whereas {for HbCO there was no
spectral evolution. The photophysics is anatyzed by considerin
Iﬁe effcct of spin constraints as well as spin-orhit coupling ans
orbital correlation among the various electronic states of li-
ganded and deoxy hemoglobins. The small quantum yield of
HbOy dissociation is not primarily due to rebinding but rather
to electronic relaxation 1o nonreaclive states.

Photodissociation of liganded hemoglobins is a well-known
phenomenon (1) used to study dynamics of ligand binding to
deoxyhemoglobin (Hb) (2-8). The usefulness of the photopro-
cess for subsequent dynamical studies is restricted at present
by a lack of knowledge of the mechanism of the photodisso-
ciation. Of particular interest is the quantum yield for disso-
ciation under steady illumination, which is fairly high (¢ = 0.5)
(9, 10) for carboxyhemoglobin (HbCO) but much lower (¢ =
0.05) for the oxy form (HbOg) {9). Two limiting mechanisms
can account for the relatively low yield of HbO;z photolysis.

' First, energy relaxation to nonreactive state; may be much

faster than the dissociation. Second, although the initial disso-
ciation step in HbOg may be just as efficient as that in HbCO,
some released Og trapped nearby to the heme may be able to
rapidly recombine. These mechanisms are evaluated here by
examining the dynamics and identifying the products of the
photolysis by picosecond spectroscopy. We have attemnpted to
describe our spectroscopic and dynamical results in terms of
recent experimental and theoretical assessments of the excited
states of hemoglobins (11-15).

The time scale for studying photolysis and subsequent events
in heme proteins has in recent years heen pressed back to the
picosecond regime, starting with the work of Shank et al. (5).
Using subpicosecond pulses at 615 nm to excite and probe HbO;
and HbCO, they found induced absorption build-up in less than
0.5 psec for both species, a decay of the H1bOy signal in 2.5 psec,
and no decay of the HbCO signal up to 20 psec. Rentzepis and
coworkers (6, 7) studied HHCO and the myoglobin componnds
MbCO and MbO; by exciting with 6-psec 530-nm piulscs and
using 440-nm interrogation over the period 0-300 psec. That
group reported a significantly longer (11 psec) predissnciation
lifetime for HbCO and no subsequent signal change from 48

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore Ly hereby marked “ad-
vertisement " in accordance with 18 U. S. C. §1734 solcly to indicate
this fact.

to 300 psec. The initial MbCO photoproduct signal at 440 nm
was reported to undergo a 15% decay (lifetime r = 125 £ 50
psec), but for MbO; no evidence of decay up to 450 psec was
found. Greene et al. (8) conducted a study of HbO; and HbCO
photolysis using 8-psec, 353-nm excitation. They obtained
transient absorption spectra in the Soret (400-450 nm} and
visible (535-575 nm) regions at 10 psec and 680 psec, finding
a persistent, broadened deoxy Hb-like absorption. With their
spectra, they observed less than 10% recombination in HbCO
aver this time interval and less than 20% recombination of
photolyzed HbO;. Greene et al. (8) found that HbCO re-
sponded similarly to 530- and 353-nm pulses. The present study
of the 530-nm photolysis of HHCO and HbO; is aimed at
identifying the species initially generated by light and how
these species evolve.
.

MATERIAL AND METHODS

Spectrophotometric Method. The excite-and-probe tran-
sient absorption spectrometer was described before in a related
study (8. 16). A single 1.06-um pulse (ca. 10 psec) was extracted
from the mode-lacked train of a TEM. Nd/glass laser, ampli-
fied, and then used to generate both a 530-nm excitation beam
(fluence =0.1 j cm~2) and a pair of murh weaker, optically
delayed probing continuum beams (17). The [ and I, beams,
transmitted through excited and unexcited regions of the

" sample, were dispersed in a spectrograph and digitally recorded

on separate tracks of an optical multichannel analyzer. The
bandpass of the spectrometer was 6 nm and band positions
could be measured to £0.5 nm. This bandpass does not intro-

- duce any quantitatively important spectral distortions.

5606

Although full conversion of the starting material contained
within the probed region was not ohtained due to imperfect
beam overlap, the sample was essentially saturated at normal
energies, and no correction was made for the energy of the
excitation pulse. Nevertheless, shots for which the excitation
energy varied by more than 40% from the norm were rejected.
Typical transient difference spectra showed excursions of 0.3
A for bleaching or new absorption. In the range 410440 nm,
the photometric accuracy was £0.015 A, whereas elsewhere
it was poorer. Digitized spectra of the stable species Hb, HbCO,
and HbOg, obtained an our transient absorption spectrometer
with continuous illumination, were used to construct stable
difference spectra, Hbh — HbCO and IIb - HbOg. -

Samples. Human HbO; and HbCO were prepared and
handled by using common techniques {18). HbO; samples were
prepared to a concentration of #0.63 mM (heme basis) in pH
7.35, 0.15 M potassium phosphate buffer for room temperature
(24 £ 0.5°C) measurement using a 0.1-mm optical path length.
We chose this high concentration in order .to maximize the
tetramer-to-dimer ratio {19). HbCO samples were used with
a concentration of =52 uM and a path length of 1.0 mm.



- biocnemistry

Volume 19, Nuniber 23

© Copyright 1930 by the American Chemical Society

Solvent Viscosity and Protein Dynamics?

D. Beece, L. Eisenstein, H. Frauenfclder,* D. Good, M. C. Marden, L. Reinisch. A. H. Revacids.i L. B. Scrensen,!

and K. T. Yue

ABSTRACT: Proteins are dynamic systems. Recent evidence
demonstrates that they exist in a large number of conforma-
tional substates and can continuously move from one substate
to another; motion of a smali ligand inside a protein may be
possible only through these conformational fluctuations, To
test this idea, we study with flash photolysis the binding of
CO to protoheme and C; and CO to myoglobin in many
different solvents. The standard evaluation of such experi-
ments yields information only about the protein—soivent system.
A novel approach is presented which permits conclusions
concerning the protein: Data from all solvents are considered
together, and the rates for transitions of the ligand over various
barriers are studied as a function of temperature for fixed
solvent viscosities. Results show that over a wide range in
viscosity the transition rates in heme—CO are inversely pro-
portional to the solvent viscosity and can consequently be
described by the Kramers equation. The rates of 0, and CO

Dynamic Barriers in Proteins

A small ligand such as dioxygen {O,) or carbon monoxide
(CO), upon entering or leaving a protein, must overcome
barriers. In previous papers (Austin et al., 1975; Alberding
et al., 1976, 1978a) we have shown that binding over an ex-
tended temperature range, from ~60 to over 300 K, can
indced be described as motion of the ligand over a series of
potential barriers, characterized by temperature-independent
activation enthalpies and entropies. Below ~ 200 K, only one
binding step is observed, and we interpret it as motion over
the final potential barrier at the heme. This transition is not
exponential in time and ¢annot be described by a unique ac-
tivation enthalpy but can be explained if the protein exists in
a large number of conformational substates with slightly
different binding rates. Below ~200 K, each protein is frozen
into a particular substate with a given activation enthalpy; the

! From the Department of Physies, University of Hlinois at Urbana—
Champaign, Urbana, linois 61301, Received October 18, 1979. This
work was supparted in part by the U.S. Department of Health, Educa-
tion, and Welfare under Grant GM 18051 and by the National Science
Foundation under Grant PCM 79-05072.

"Presemt address: Bell Telephone Laboratories, Murray Hill, Nj
07974, ’ ’

$Present address: Division of Applicd Sciences, Harvard University,
Cambridge, MA 02138, -

in myoglobin also depend on the soives: viscosity and are most
sensitive to the soivent at 1he jowas: viscosity. Viscosity in-
fluences protein reactions evas in z2usous solutions. ‘The data
can be interpretéd by a dynamiz odsl in which transitions
into and inside myogiobin are governed by fluctuations between
conformational substates corresponding o closed and open
pathways. Ligznc siotion thus is mainly controlled by gates
and not by static potential barriers. Seme characteristic pa-
rameters for the substates zve determined, and they agree
approximately with similar paramaters found in Massbauer
experiments. As expected, the barrier paranmeters evaluated
in the novel approach deviate raarkedly from the ones obtained
by the conventional procegure. Comparison with model
calculations or basic theories will be rreaningful only with the
new evaluation, and the method may be essential for many
or possibly all biochemical reactions.

rebinding after photodissociation refiects the distribution in
barrier heights. At high temperatures, the protein breathes
and moves from one conformationa! substate to another; a
ligand that binds sees an average barrier height, and the time
dependence should become exponential. Our flash photolysis
experiments thus lead to two salient concepts, description of
the entire kinetics in terms of a sequence of static potential
barriers and conformational sibstates. The two concepts are,
however, incompatible: If the protein fluctuates, the barriers
should be dynamic and not static. We are therefore compelied
to examine the assumption of static barriers and the evidence
for substates in more depth. The existence of conformationat
substates follows from the general principles of statistical
mechanics, and evidence has been seen in many experiments
[for & review, see Gurd & Rothgeb (1979)]. Perutz has
pointed out that O, could not enter or leave Mb! if the atoms
were fixed in their cquilibrium positions (Alberding et al.,

! Abbreviations and symbols used: Mb, ferrous sperm whale myo-
globin; G;*, H;*, and 83" denote activation Gibbs cnergy, enthalpy, and
entropy for the transition i ~+ j, with the assumption that protein and
solvent together form the complete system: Gg*, Hy*, and §4* are the
corresponding quantities for the protein alone; cnergies are given in
kilojoules per mole; 1 &t mol™! = 0,239 keal mol™ = 0.0{0 eV; entropics
are given in terms of the dimensionless ratio §/R, where R = 8.31 J mol-!
K™ CM, carboxymethyl,
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Geminate Recombination of Carbon Monoxide to Myoglobin

Transient absorption spectra of myoglobin, following photolysis of the carbon
monoxide complex at room temperature, were measured using a newly
developed, sensitive nanosecond absorption spectrometer. The Soret spectrum
of the immediate photoproduct is almost identical to that of deoxymyoglobin at
equilibrium, suggesting that the heme group has changed from a planar to a
domed structure in less than about 3 ns. About 4%, of the photodissociated carbon
monoxide molecules rebind to the hemes to which they were initially bound, with
a relaxation time of 180 ns. Duddell ef al. (1980) observed a geminate yield of 279,
and a relaxation time of ~55 ns for the photolysis of oxymyoglobin. Comparison
of the two results using the simplest kinetic model suggests that the 30-1told more
rapid overall association rate for the reaction of oxygen with myoglobin compared
to carbon monoxide results mainly from faster binding at the heme, with a
small contribution from more rapid entry of oxygen into the protein from the
golvent. The data on carbon monoxide are also compared with predictions from
low-temperature studies of Frauenfelder and co-workers. This comparison points
to the need for further experiments to demonstrate the correspondence between
the ligand rebinding processes observed at high and low temperatures.

Photolysis of the oxygen and carbon monoxide complexes of myoglobin has
provided a useful means for studying the detailed mechanism of the overall
dissociation and binding reaction (Gibson, 1956 Antonini & Brunori, 1971;
Austin el al., 1975; Hasinoff, 1977,1981; Case & Karplus, 1979; Duddell e al.,
1980; Beece etal., 1980; Doster et al., 1982). Short laser pulses can be used to
create an intermediate at room temperature in which the ligand is
photodissociated from the heme iron, but has not yet escaped from the protein
into the solvent. The ligand can either rebind to the heme in a unimolecular
process called ‘“‘geminate’” recombination, or leave the protein and, eventually,
bind to the heme of another molecule in a bimolecular process (Duddell etal.,
1979; Alpert et al., 1979; Friedman & Lyons, 1980: Chernoff ef al., 1980). Although
geminate recombination of oxygen (0) to myoglobin has been reported, kinetic
studies, including measurements in the picosecond time regime, have failed to
detect geminate recombination of carbon monoxide at room temperature (Duddetl
etal., 1980; Cornelius et al., 1981; Reynolds etal., 1981), Here we report the
measurement of both the geminate yield and relaxation time for CO, using &
newly developed, sensitive nanosecond absorption spectrometer.

Sperm whale skeletal muscle metmyoglobin was purified by column
chromatography on Sephadex G-25 and carboxymethyl-cellulose, equilibrated with
01 M-potassium phosphate (pH 7-0) containing variable concentrations of CO, and
diluted into the same buffer containing 001 M-sodium dithionite. Protein
concentrations were based on an extinction coefficient of 187,000 M cem™! for

43
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Femtosecond photolysis of CO-ligated protoheme and
hemoproteins: Appearance of deoxy species with a

350-fsec time constant

(femtosecond spectroscupy /CO-heme photolysis kinetics /excited states of hemoglobin, myoglobin, and protoheme /molecular dynamics}

J. L. MARTIN®, A. Micus™, C. Povartt, Y. LECARPENTIER®, R. ASTIER*, AND A. ANTONETTIT*

*Laboratoire d'Optique A
Santé et de 1a Recherche Blédica.le, 127, 92150 Suresnes, France

Communicated by Martin Karvlus, September 30, 1982

ABSTRACT  Photolysis of HHCO, MbCO, and CO-protoheme
has been investigated by measuring transient differential spectra
and kinetics of induced absorption after excitation with a 250-fsec
laser pulse at 307 nm. Probing was performed by a part of a con-
tinuum-pulse between 395 and 445 nm. Photodissociation of the
three liganded species occurred within the pulse duration. By con-
trast, the formation of deoxy species appeared with a mean (£ $D)
response time of 350 = 50 fsec. This time constant was identical
for the three species and independent of the presence or absence
‘of the protein structure. Our results suggest the formation of a
transient high-spin in plane iron (II) species which relaxes in 350

fsec to a high-spin stable state with concerted kinetics of CO de- -

parture and iron displacement, The spin transition is suspected
to occur via liganded excited states which relax in part to non-
reactive states with a 3.2-psec time constant.

Picosecond spectroscopy has revealed that the dissociation of
ligand from the heme in Mb.and Hb occurs within 4 psec and
that the nonliganded species (Mb or Hb) were formed with a
time constant of 11 psec (1, 2). This has been confirmed recently
by Cornelius et al. (3) who observed the appearance of Mb spe-
sdes after photodissociation of MbO, with a 12-psec time con-
stant; their results on MbCO showed a “simultaneous devel-
opment of both bleaching and absorption intensities.” From
results of studies with 0.5-psec optical pulses at 615 nm in a
pump probe experiment, Shank et al. (4) deduced that the pho-
tolysis of CO from HbCO should .occur in less than 0.5 psec.

More recently, Greene et al. (5) and Chernoff et al. {6), using
8-psec excitation pulses at 353 and 530 nm, obtained transient

. absorption spectra in the Soret and visible regions at 10 and 680
psec which indicated that deoxy species formed in a time shorter
than their pulse duration. Terner et al (7) used picosecond res-
onance Raman methods and found formation of HbCO photo-
products with spectra similar to those of deoxy Hb and corre-
sponding to a high-spin-at least partially out-of-plane Fe(Il}
state. These events occurred within 30 psec, their pulse du-
ration.

Up to now, the kinetics of photodissociation of ligand from
heme in hemoproteins has not been precisely resolved. Recent
theoretical approaches dealing with the energies involved in
ligand reactions to and from the heme and their relationship
with the protein matrix surrounding the heme (8, 9) have led
to tentative models describing the probable pathway(s) through
energy barriers of the ligand in the heme pocket. It is of primary
importance for such theoretical approaches to be supported by
accurate quantitative measurements of the very early steps of

The publication costs of this article were defrayéd in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U. §. C. §1734 solely to indicate this fact,
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the chemical events leading to the formation or dissociation of
the ligand-heme complex.

In the present work, we have limited -ourselves to the in-
vestigation of the kinetics of formation of the nonliganded spe-
cies after dissociation of CO from MbCOQ and HbCO. In order
to appreciate the possible influence of polypeptidic environ-
ment on the heme reactivity in these hemoproteins, we have
also studied the kinetics of CO dissociation from protoheme and
of deoxyprotoheme formation. These experiments were carried
out with a newly developed spectroscopic technique operating
with laser pulses of 250 fsec duration to excite the hemes at 307
nm. .

MATERIAL AND METHODS

Preparation of the Hemoproteins and Protoheme Solutions.
Purified human- adult hemoglobin was prepared from fresh hu-
man blood by DEAE-Sephadex chromatography (10). The ex-
perimental solution ‘was 0.1 mM on the basis of heme; it was
diluted in 0.1 M K phosphate buffer at pH 7 or 8. The solution
was first deoxygenated under moist argon before equilibration
with CO at 1 atm (1 atm = 1.013 X 10® pascals}. MetMb (horse
heart type III, Sigma) was converted to MbFe** after addition
of a 5 molar excess of freshly prepared Na dithionite (Merck)
under strict anaerobic conditions and then equilibrated with
pure CO. This stock solution was chromatographed on an ion
exchange resin column to remove dithionite and then diluted
to 0.1 mM heme in the same buffer as HbCO. The purity of
HbCO and MbCO was checked by isoelectric focusing which
revealed a single band for both proteins. Protoheme was pre-
pared from hemin (Fe** (protoporph)Cl] (bovine type I, Sigma)
as follows. A stock solution (2 mM) was prepared in 1 M NaOH
solution and then diluted in polyethylene glycol (PEG, Merck)
to a final concentration of 0.1 mM. A 5 molar excess of Na di-
thionite was added under anaerobic conditions and a deoxy Hb
spectrum (Cary 219, Varian) was recorded.

The deoxy solution was equilibrated with CO and kept in ice
water until used. We observed that the deoxy spectrum of pro-

- teheme was much dependent upon the PEG/NaOH ratio (vol/
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.aqueous media (11). In the CO-protol

vol), the highest value of €,9 5 = 138.6 mM ~'cm™" being ob-
tained with a ratio of 94:6 or more. Changes in abserbance of
deoxy protoheme solution and, to a lesser extent, of fully lLi-
ganded protoheme with the nature of the solvent have been
attributed to aggregation of the protoporphyrin molecules in

oﬁ?zme solutions (e, =
207.3 mM~lem™Y), the Na dithionite was not removed before
the experiment because of the rapid oxidation of the iron com-
plex during the ion exchange chromatography (12). However,
at the concentration used in this study, the absorbance of the
protoheme samples at 307 nm was not very different from that
recorded in the MbCO or HhCO samples.
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CO binding to heme proteins: A model for barrier height
distributions and slow conformational changes”
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A model for the dependence of the potcntial energy barrier on a “protein coordinate™ is constructed. It is
based on a two dimensional potential energy surface having as variables the CO-iron distance and 2

conceptual protein coordinate. The distribution of barrier heights obscrved in kinctics follows from an initial
Boltzmann distribution for the protein coordinate. The experimental nonexponential rebinding kinetics at low
temperatures or large viscosities {when the protein coordinates can be assumed “frozen") can be fit with a
simply parametrized energy surface. Using the same energy surfaces and the theory of bounded diffusion
perpendicular to the reaction coordinate, we generate (in qualitative agreement with experiment) the survival
probability curves for larger diffusivity, when the constraint on the protein coordinate is relaxed. On the basis
of our results, the outcomes of new experiments which examine the concepts underlying the theory can be

predicted.

I. INTRODUCTION

Heme proteins are perhaps the best understood class
of protein molecules.’ They are the most obvious candi-
date for trying to understand the effect of the overall
protein on the “local” chemistry of small ligand binding.
The kinetics of ligand binding to heme molecules has
been studied®? over a large range of temperatures and
solvent viscosities. In a typical experiment® a sample
of bound heme-ligand in a solvent saturated with ligand
is cooled to the desired termperature, the ligand is
flashed off by a strong light [lash (of duration ~1 us; the
ns regime is just recently being investigated®} and the
fraction of unbound heme is followed as a function of time
{from 2 s to a few seconds) by a monitoringbeam in the
Soret band.

At low temperatures, the same ligand molecule previ-
ously on a given heme recombines with that heme. The
“gurvival probability” measured as above shows a power
law time dependence, in contrast to the familiar expo-
nential kinetics of elementary unimolecular reactions.
As the temperature is Increased the kinetics gradually
becomes exponential. A similar transition from power
law at high viscosities (small diffusivity) to exponential
at low viscosities is observed at constant temperature
as a function of solvent viscosity. But in spite of the
viscosity dependence, the reaction rate does not tend to
zero at high viscoslties, in contrast to Kramers’ model.

The observed nonexponential kinetics is apparently
related to the fact that these large macromolecules
have many conformations®“’ which can differ substan-
tially in barrier helght for ligand rebinding. If at low
temperatures the rate of changing between such con-
formations is slow, an individual molecule will not be
able to average the activation barrier over all confor-
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mations, resulting in an experimental observation of a
distribution of barrier heights' instead of a sharp acti-
vation energy. Experiments have been {it by such dis-
tributions, * but a microscopic physical model from

which these can be generated has not been proposed.

At higher temperatures (and lower viscosities} the
observed kineties was explal'meclz in terms of sequential
barriers. At the highest temperature, ligand escape
into solution becomes dominant and the kinetics is ex-
ponential and bimolecular. The above experimental re-
sults spurred additionzl theoretical work, ™~'% in an ef-
fort to determine the ligand’'s path from the “heme
pocket” into solution’ and explain the temperature™'®
and viscosity'"** dependence of the rate constants.

The present work has two objectives, Firat, a physi-
cal model for distribution of barrier heights for CO
binding is.constructed and fitted to the low temperature
results. The model involves an energy surface for re-
binding which depends on both the heme-ligand and the
protein coordinates. Such a model provides a concep-
tual and quantitative framework for understanding the
origin of such distributions. In addition, it is a Big-
nificant guide to constructlng new experiments.

Second, the theory of bounded diffusion perpendicular
to the reaction coordinate'® is used to project the kinetic
results to higher temperatures (or lower viscositles).
We observe that the turnover to exponenttal kinetics can
be an effect of parallel reactlons from the different con-
formations (even without invoking a sequential® kinetic
scheme) and that a non-Kramers dependence on viscosity
can result from diffusion perpendicular to the reaction
coordinate {without the need to invoke a relation of “in-
ternal” and “external” viscosities'!).

H. THEQRY

The physical picture for geminate (unimolecular)
ligand binding from the heme pocket is as follows: For
each protein configuration x there is a different binding
rate constant k(x). At low temperatures (or high vis-
cosities} when the protein coordinate is “frozen," each
protein molecule { has a particular value x, of its co-

© 1983 American | nstitute of Physics
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Molecular dynamics simulation of photodissociation of carbon

monoxide from hemoglobin

(protein dynamics/Raman spectroscopy/transient spectroscopy/picosecond kinetics)
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Communicated by Robin M. Hochstrasser, November 26, 1984

ABSTRACT A molecular dynamics simulation of the pho-
todissociation of carbon monoxide from the o« subunit of hemo-
globin is described. To initiate photodissociation, trajectories
of the liganded molecule were interrupted, the iron—carbon
monoxide bond was broken, and the parameters of the iron-
nitrogen honds were simultaneously altered to produce a
deoxyheme conformation. Heme potential functions were used
that reproduce the energies and forces for the iron out-of-
plane motion obtained from quantum mechanical catculations.
The effect of the protein on the rate and extent of the displace-
ment of the iron from the porphyrin plane was assessed by
comparing the resuits with those obtained for an isolated com-
plex of heme with imidazole and carbon monoxide. The half-
time for the displacement of the iron from the porphyrin plane
was found to be 50-150 fs for both the protein and the isolated
complex. These results support the interpretation of optical
absorption studies using 250-fs laser pulses that the iron is dis-
placed from the porphyrin plane within 350 fs in both hemo-
globin and a free heme complex in solution.

Upon dissociation of O, or CO from Hb conformational
changes of the heme are believed to initiate a sequence of
conformational changes in the surrounding protein that are
responsible for cooperativity (1-3). The principal heme con-
formational change is a displacement of the iron from the
porphyrin plane toward the proximal histidine, which alters
the stereochemical relation between the heme and the pro-
tein (Fig. 1). The resulting protein tertiary conformational
change destabilizes the intersubunit bonding, causing a tran-
sition from the R quaternary structure to the T quaternary
structure. A major objective of recent transient spectroscop-
ic studies has been to measure the rates at which these struc-
tural changes occur following photodissociation of the ligand
(4-8). As an aid to interpreting the results of these experi-
ments we have begun & theoretical investigation of the kinet-
ics of structural changes using the technique of molecular
dynamics (9, 10). Here we report the results of our initial
studies that focus on the influence of the protein on the rate
and extent of displacement of the iron.

The most readily interpretable results have been obtained
in experiments on the photodissociation of the CO complex.
Photodissociation with 250-fs pulses showed that a species
with a deoxy-like optical spectrum appears with a time con-
stant of 350 fs and that no spectral change in the photoprod-
uct occurs for 100 ps (7). The spectrum of the photoproduct
was assigned to that of a high-spin ferrous heme, suggesting
that the iron had been displaced from the porphyrin plane
within 350 fs (7). In optical studies with 8-ps pulses the
deoxy photoproduct appeared within the pulse width, con-
sistent with the femtosecond studies, and no spectral change
was observed for 1.2 ns (11, 12). In a resonance Raman study
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using 30-ps pulses to both photodissociate and measure the
spectrum, the immediate photoproduct was found to have
core size marker frequencies 2—4 cm™! lower than those of
deoxy-Hb but identical to a six-coordinate, ferrous high-spin
model compound in which the iron is coplanar with the por-
phynin (4, 5). These frequencies were unchanged at 20 ns but
by 300 ns were the same as in deoxy-Hb (13). The interpreta-
tion of these results was that photodissociation produces a
ferrous high-spin iron within 30 ps but that the iron does not
reach the out-of-plane distance found in deoxy-Hb until 20—
300 ns (4, 5, 13). It was assumed that relaxation of the iron to
its position in deoxy-Hb would be coupled to a tertiary con-
formational change of the protein and could correspond to
the structural change observed by optical absorption at 50 ns
(8). Because of the 1.4 cm ™! experimental uncertainty in the
measurement of frequency differences it could not be deter-
mined whether the iron was still in the porphyrin plane at 30
ps or had moved to an intermediate position between HbCO
and deoxy-Hb (5). Other investigators have argned that a co-
planar iron at 10 ns is inconsistent with the observation of an
increased iron-histidine stretching frequency at 10 ns, since
this frequency would be lowered by nonbonded interactions
between the imidazole and porphyrin (6).

In the present molecular dynamics study we simulate the
photodissociation process by interrupting a trajectory of the
liganded complex and changing the potential function for the
iron—carbon bond to one in which there is no attractive inter-
action; the parameters of the iron-nitrogen bonding are
simultancously changed to produce a deoxyheme conforma-
tion with the iron displaced 0.55 A from the porphyrin plane
in the absence of the protein. To assess the effect of the pro-
tein, the simulation was performed on a complete a subunit
and compared with the results of a calculation on the isolated
heme complex consisting of iron bonded to protoporphyrin
IX, imidazole and CO. Because the results are critically de-
pendent oa the choice of the parameters involving the iron
bonding, two sets of parameters were employed. These sets
reproduce the energies and forces for the iron out-of-plane
displacement that bracket values obtained from quantum
mechanical calculations. We first describe the potential
functions and selection of parameters and then present the
results of the molecular dynamics simulations.

Heme and Protein Potential Function

The potential function used in the calculations, described in
detail elsewhere (14), is:

Eitotal) = £ K, (b — bp)? + 3 Kyp(8 = 6P
+3 Kyl + cos(ngd + &) + Z(A/r'2 — B/rS)
+ Z{tA/r'? — B/r®) exp(=63-u-n/oH

+(A/r? = B[} 1 — exp(—0b-yu-n/oD}. {11
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Rate Theories and Puzzles of
Hemeprotein Kinetics

Hans Frauenfelder and Peter G. Wolynes

Chemical reactions govern all aspects
of biological processes, from enzyme
catalysis to transfer cf charge, matter,
and information. Any deep understand-
ing of biological reactions must be based
on a sound theory of chemical reaction
dynamics. Most of the knowledge of
reaction dynamics, however, has been
deduced from studies of two-body inter-
actions of small molecules in the gas
phase (). In contrast to this simple sys-
tem, biomolecules provide a complex

tions, thus no explicit attention need be
paid to the dyuamics of the changing
electronic structure. In that case, a pic-
ture of the reaction dynamics based on a
single adiabatic potential-energy surface
is appropriate. When the spins of the
reaciants change or when long-range
electron transfer is involived, however,
the changes in electronic structure may
be slower than the nuclear motion. The
characteristics of the electronic motion,
then, are important in determining the

Summary. The binding of dioxygen and carbon monoxide to heme proteins such as
myoglobin and hemoglobin has been studied with flash photolysis. At temperatures
below 200 K, binding occurs from within the heme pocket and, contrary to expecta-
tion, with nearly equal rates for both ligands. This observation has led to a
reexamination of the theory of the association reaction taking into account friction,
protein structure, and the nature of electronic transitions. The rate coefficients for the
limiting cases of large and small friction are found with simple arguments that use
characteristic lengths and times. The arguments indicate how transition state theory
as well as calculations based on nonadiabatic perturbation theory, which is called the
Golden Rule, may fail. For ligand-binding reactions the data suggest the existence of
intermediate states not directly observed so far. The general considerations may aiso
apply to other biomolecular processes such as electron transport.

but highly organized environment that
can affect the course of the reaction.
Fortunately, the complexity imparts a
richness of phenomena that allows the
examination of fundamental aspects of
reaction dynamics. Biomolecules, in par-
ticular heme proteins, are an excellent
laboratory as shown, for example, by the
observations of nuclear tunneling in
them (2-4).

Most reactions involve motion of the
nuclei of the reacting species and
changes in their electronic structure. For
many reactions the electronic structure
adiabatically follows the nuclear mo-
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reaction rate, and a theory of the nonadi-
abatic transition from one e¢lectronic
state to another is needed. Such a theory
has been used as the basis of most treat-
ments of biological electron transfer (5).
Since kinetic control is at the heart of
many biological processes, an assess-
ment of the relative importance of nucle-
ar and electronic motions is desirable.
The binding of dioxygen (O,) and car-
bon monoxide (CO) to heme proteins is a
situation where the problem can be stud-
ied in detail. In this articie, we discuss
these reactions with the aim of con-
structing a qualitative framework for un-

SCIENCE

derstanding the general issue of nuclear
and electronic motions in biomolecular
reactions. In this analysis, we consider
recent ideas on the influence of dissipa-
tion and fluctuations on reaction dynam-
ics and show the limitations of transition
state theory in complex systems. At-
tempts to understand heme reactions
have been made before, notably by
Jortner and Ulstrup (6) and by Hopfield
and his co-workers (7), who have used
theories of nonadiabatic transitions. We
show that an approximation of adiabatic
behavior may be closer to reality. The
analysis of the specific reactions leads to
general conclusions that may be applica-
ble to other reactions in biomolecules
and in condensed phases.

Binding of O; and CO to Heme Proteins

The “‘laboratory’’ for studying the
binding reaction is shown in Fig. 1, a
schematic cross section of a heme pro-
tein, for instance myoglobin or a separat-
ed hemoglobin chain. Flash photolysis
experiments suggest that ligand binding
occurs through a complex path: the lig-
and, for instance ,, enters the protein
matrix from the solvent, moves through
the matrix into the heme pocket, and
binds covalently to the heme iron (8).
The formation of the covalent bond be-
tween the ligand and the iron is the rate-
limiting step (). We will concern our-
selves with this step, not with the motion
from the solvent to the pocket.

‘The initial state (called state B) and the
final state (called state A) in the bond
formation are structurally and spectro-
scopically well characterized (/0). The
spatial structures of the CO- and O,
bound species are similar. Before bond
formation, the heme iron has spin 2; it
lies about 0.5 A out of the mean heme
plane; and the heme is domed. In the
bound state, A, the spin is zero; the iron
has moved c¢loser to the heme plane; and
the heme is nearly planar. The best cur-
rent descriptions of the electronic struc-
ture of the oxy and the carbon monoxy
species are, however, different (/7). The
free CO molecule in state B has closed

Hans Frauenfelder is a professor of physics and
Peter Wolynes is a professor of chemistry at the
University of Illincis, Urbana-Champaign 61801.
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ABSTRACT In transient optical experiments the absorbed
photon raises the vibrational temperature of the chromophore.
In heme proteins at room temperature conversion of a 530-nm
photon into vibrational energy is estimated to raise the tem-
perature of the heme by 500-700 K. Cooling of the heme is
expected to occur mainly by interacting with the surrounding
protein. We report molecular dynamics simulations for
myoglobin and cytochrome ¢ in vacuo that predict that this
cooling occurs on the ps time scale. The decay of the vibrational
temperature is nonexponential with about 50% loss occurring
in 1-4 ps and with the remainder in 20-40 ps. These results
predict the presence of nonequilibrium vibrational populations
that would introduce ambiguity into the interpretation of
transient ps absorption and Raman spectra and influence the
kinetics of sub-ns geminate recombination.

After molecules absorb visible or ultraviolet light, the de-
posited energy becomes distributed over a subset of the
molecular motions and subsequently is exchanged with the
surroundings. When ps or fs light pulses are used to probe
photophysical or photochemical processes, it is necessary to
consider that nonequilibrium distributions of vibrational
energy may persist during the time scale of the experiment.
Transient excesses of vibrational energy can alter the rates of
chemical and physical transformations, and they may also
introduce spectral changes that could easily be mistaken for
chemical steps in a process.

Transient spectra of heme proteins have been studied with
ps (1-7) and fs (8, 9) time resolution in experiments that have
exposed a variety of spectral intermediates following light
absorption by the heme group. The principal goal of such
experiments is to understand the sequence of early structural
alterations occurring after a diatomic ligand (02, CO, NO) is
photodissociated from the heme iron. On these time scales
the photolyzed sample may also contain electronically ex-
cited states, each of which may have a spectrum that changes
with time as a result of changes in its vibrational energy
content. The present paper is an attempt to predict, on the
basis of molecular dynamics simulations, the rate at which
the excess vibrational energy in the heme is dissipated into
the protein.

To understand the detailed pathways for vibrational cool-
ing of condensed-phase molecules, it is necessary to consider
the intramolecular vibrational relaxation (10, 11) as well as
the relaxation induced by coupling the molecule to its
immediate environment. For large aromatic molecules, the
intramolecular vibrational reorganization can be a sub-ps
process so the molecuie may quickly lose the memory of
which levels were initially excited. However, a considerable
body of work indicates that vibrational energy relaxation of
highly excited solution phase molecules often occurs more
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slowly than the time resolution of conventional ps laser
experiments (12-15). There is, therefore, a reasonable ex-
pectation that the heme group in the protein will retain
v1brat}onal energy in excess of equilibrium for measurably
long times following optical excitation.

If one or more photons of wavelength A were absorbed by
a heme group that was initially at equilibrium at 300 K with
average v1bratj0nal energy {E) exclusive of zero-point energy
and if the excitation were distributed by the intramolecular
vibrational relaxation ovér all the harmonic vibrational
modes of the ground electronic state in accordance with
Boltzmann statistics, the new molecular temperature T
would be obtained by satisfying the relation

(E} + nhe/h = 3 hyfetoT — 1171 1]

where th_e sum is over all B3N - 6) vibrational modes of
frequencies »; and # is the number of photons absorbed. For
a typical metal porphin having 37 atoms and 105 modes, the
temperature for n = 1 and A = 530 nm is 760 K. The increase
of 460 K is substantial, but the critical aspect of its impor-
tance concerns the dynamics of the cooling process that
result_s from the interactions between the heme and the
protein surroundings. Molecular dynamics simulations
seemed to be a natural approach to this question.

METHODS

Molecular dynamics simulations (16-18) were performed on
both ferrocytochrome ¢ (cyt ¢) and deoxymyoglobin (Mb) in
vacuo. The basic procedure for both molecules was the same,
using as startir.; points the x-ray crystallographic coordinates
of all {hc heavy atoms in each molecule, to which were added
coordinates of all hydrogen atoms that can participate in
N-H - - - O hydrogen bonds. The x-ray coordinates for tuna
heart cyt ¢ were those from the 1.5-A resolution structure by
Takano and'Dickerson (19) (Brookhaven Protein Data Bank
file 4CYTY) and the atomic coordinates for sperm whale Mb
were from the 1.4-A resolution structure by Phillips
(Brookhaven Protein Data Bank file 1MBD#). The potential
funcu.on used to describe interatomic interactions in the
p_rolem.matrix was essentially the same as that used in earlier
simulations of hemoglobin photolysis (20), with the addition
of electrostatic interactions between partial charges assigned
to all the atoms (21). Partial charges for the protein atoms and
the Mb heme atoms were taken from the parameter set
TOPH19 of the program CHARMM (21, 22), while the partial
charges for the heme atoms of cyt ¢ were adapted from
iterative extended Huckel molecular orbital calculations
(L. K. Hanson, personal communication). In all the calcu-
!ations, the dielectric constant £ was taken to be equal to the
interatomic distance in Angstroms, making the electrostatic

Abbreviation: cyt ¢; cytochrome c.
1Brookhaven National Laboratory, Upton, NY.
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Protein Fluctuations, Distributed Coupling, and the Binding of

Ligands to Heme Proteins
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Abstract: A general model for the binding of small molecules to heme proteins is presented. The model is based on a potential
surface involving the iron-tigand binding coordinate, r, and an internal protein coordinate, Q (e.g., iron—porphyrin out-of-planc
displacement). A protein fluctuation coordinate, x, is used to modulate the coupling (iron out-of-plane equilibrium position)
of the unligated state of the system. A Gaussian distribution in the out-of-plane equilibrium position has been previously shown
to account for the non-Gaussian inhomogeneous broadening of the deoxy myoglobin Soret band (Srajer et al. Phys. Rev. Letr.
1986, 57, 1267). We propose that this distribution is driven by protein conformational fluctuations that are frozen into the
ensemble at low temperature (Quenched disorder) leading directly to the inhomogeneous distribution in the geminate rebinding
kinetics observed by Austin ct al. (Biochemistry 1975, 14, 5355). Specific example calculations involving the low-temperature
geminate recombination of CO to myoglobin and leghemoglobin are discussed in detail and a simple intuitive picture is presented
that separates the activation enthalpy into distai pocket, Hyp, and proximal, Hp, terms. The proximal term involves the work
needed to bring the iron atom to the in-plane transition state. At physiological temperatures, when the fluctuations are rapid
with respect to the kinetic time scales, the observed single exponential rate and the corresponding Arrhenius barrier height
are predicted from the low-temperature kinetic parameters. These parameters, along with other experimental and theoretical
constraints, are used to construct detailed potential encrgy surfaces that are uscful in further investigations of ligand binding
to heme proteins. As an exampie, we present an analysis of hemoglobin cooperativity in the Appendix. It is suggested that
the protein conformations associated with the R and T states will couple differently 10 the unligated iron—porphyrin coordinate.
Such differences in coupling can be envisioned as larger and more discrete versions of the fluctuations that drive the distributions
in coupling found for the monomeric myoglobin system. It is shown that significant amounts of energy can easily be stored
in the Stokes shift difference associated with the unligated T and R hemes. Such nuclear relaxation effects may have already
been detected experimentally in magnetic susceptibility and kinetics experiments. The observed values for the relative “on”™

and “off” rates of the R and T states are in accord with the proposed potential surfaces.

L. Introduction

The protein structure-function relationships involved in the
binding of ligands to heme proteins have been the focus of a wide
varicty of physical, biological, and chemical investigations during
the iast several decades. A well-studied process from an exper-
imental point of view is the geminate recombination of CO to
myoglobin (Mb) at low (7" < 160 K) temperature.l? Quantum
effects, such as tunneling, are observed below ~60 K.** Above
~160 K, the CO ligand can begin to diffuse through the protein
matrix and eventually into the solvent,’ leading to more com-
plicated effects. For the moment, we focus on the relatively simple
geminate process:

Mb-CO%Mb+co )

Equation 1 denotes the photolysis of carbon monoxy myoglobin
(Mb-CO) by light (v) and the subsequent rebinding ({k]). The
curly brackets around the [k} indicate that a single rate is not
sufficient to describe the rebinding and that a distribution in rates
is necessary to explain the nonexponential kinetics observed at
low temperature. The distribution of rates is thought® to arise
from conformational substates of the myoglobin that are frozen
into the ensemble below the phase transition of the solvent
(quenched disorder). At physiological temperatures, when rapid

(1) Austin, R. H.; Beeson, K.; Eisenstein, L Frauenfelder, H.; Gunsalus,
I C; Marshall, V. P. Phys. Rev, Lett. 1974, 32, 403407,

(2) Austin, R, H.; Beeson, K. W_; Eisenstein, L.; Frauenfelder, H.; Gun-
salus, L. C. Biockemistry 1978, 14, 53555373,

(3) Alberding, N.; Austin, R. H.; Beeson, K. W.; Chan, S. S.; Eisenstein,
L.; Frauenfelder, H.; Nordlund, T. M. Science 1976, 192, 1002—1004,

(4) Alben, J. O.; Beece, D.; Bowne, S. F; Eisenstein, L_; Frauenfelder, H.;
Good, D.; Marden, M. C.; Moh, P. P.; Reinisch, L; Reynolds, A. H.; Yue,
K. T. Phys. Rev. Lett. 1980, 44, 1157-1160.

(3) Ansari, A_; Dilorio, E. E; Dlott, D. D.; Frauenfelder, H.; iben, I, E.
T.; Langer, P.; Roder, H.; Sauke, T.; Shyamsunder, E. Biochemistry 1986,
25, 3139-3146.

(6) Ansari, A.; Berendzen, J.: Bowne, $. F; Frauenfelder, H.; Iben, L E.
T.; Sauke, T. B.; Shyamsunder, E.; Young, R. D. Proc. Natl. Acad. Sci.
US.A. 1985, 82, 5000-5004,

fluctuations of the protein become possible, the system can be
described by averaging over the fluctuation coordinates and the
observed simple exponential relaxation should be predicted from
the low-temperature distribution.

Several theoretical approaches have been previously applied
to this problem,™"! and we will attempt to incorporate and discuss
the various points of view as they pertain to the present treatment.
We remark at the outset that the formal aspects of the model given
here draw deeply from the previous work.™ Nevertheless, fun-
damental differences arise due to the different dimensionalitics
of the treatments. Buhks and Jortner” calculate the low-tem-
perature rates within a single-dimensional harmonic space and
do rot attempt to introduce the (protein) fluctuations. Agmon
and Hopfield’ and Bowne and Young?® utilize a two-dimensional
space composed of the iron—CO binding coordinate (r) and a
geaeralized protein coordinate (X). In these models the gener-
alized protein is treated with a single coordinate and it is not
pessible to consider the relaxation and energetics of the important
iron—porphyrin coordinate separately from the rest of the protein.
In the present model, we employ a three-dimensional approach
that explicitly exposes the iron—porphyrin coordinate (Q) along
with the iest of the generalized protein (x). We aliow for coupling
between these protein coordinates so that fluctuations in x can
affect the equilibrium position of (. We suggest that the ca. 0.45
A distance that the iron must move (relative to the porphyrin)
during the binding process contributes important terms to the free
energy of the transition state. Moreover, we allow this coordinate
to relax to an out-of-plane geometry, even at low temperature,
when the rest of the protein is frozen (x held constant). This
approach predicts the observed high-temperature single-expo-
nential rebinding rate directly from the low-temperature distri-
bution. In contrast, the Agmon~Hopfield (AH) model fails in
the high-temperature prediction. This arises from the fact that

(7) Agmon, N.; Hopl.eid, J. ). J. Chem. Phys. 1983, 79, 2042-2051.
(8) Young, R. D.; Bowne, S. F, J. Chem. Phys. 1984, 81, 3730-3737,
(%) Buhks, E.: Jortner, J. J. Chem. Phys. 1985, 83, 44564462,

(10} Stein, D. L. Proc. Natl. Acad. Sci. US A, 19858, 82, 3670-3672.
(11) Bialek, W_; Goldstein, R. F. Biophys. J. 1985, 48, 10271044,

0002-7863/88/1510-6656301.50/0 © 1988 American Chemical Society
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ABSTRACT The photodissociation of CO from HbhCO at
ambient temperature is studied by means of a femtosecond IR
technique, The bleaching of the FeCO absorption and the
appearance of a new IR absorption near that of free CO are
both observed at 300 fs after optical excitation. The bieach does
not recover on the time scale of a few picoseconds but does
recover by =4% within 1 ns, which suggests that a barrier to
recombination is formed within a few picoseconds. The CO
spectrum does not change significantly between 300 fs and 1 ns,
suggesting that the CO quickly finds some locations in the heme
pocket that are not more than a few angstroms from the iron.
The de-ligated CO appears in its ground vibrational level.
There is evidence that 85 = 10% of this CO remains in the heme
pocket at 1 ns; it probably resides there for 50 ns. The flow of
excess' vibrational energy from, the heme to the solvent was
directly observed in the IR experiments. The heme cools within
1-2 ps while thermal disruption of the surrounding solvent
structure requires =30 ps. .

Ultrafast spectroscopic methods have contributed much to
understanding the photophysics and structural dynamics that
occur after the photodissociation of oxy- and carboxyhemo-
globin (1-3). The motion of the iron out of the heme plane has
been discussed in some detail already, and evidence from
optical spectroscopy (3) and Raman scattering (4, 5) suggests
that the heme is partially or fully domed within 350 fs and
perhaps as rapidly as 50 fs. This time frame for motion of the
iron and its associated proximal histidine is also found in
theoretica! simulations of the heme relaxation (6). On the
other hand, very little is yet known about the properties of the
ligand generated by photolysis in. ambient temperature solu-

tion. .

In the normal operation of hemoglobin, O, diffuses into the
protein from the solvent and bonds to the iron. Questions
regarding ligand diffusion into and escape from the heme
pocket as well as binding ‘within the protein therefore have
central importance to the function of hemoglobin. The he-

_ moglobin structure, as determined from x-ray analysis (7),

- has no channel large enough to facilitate passage of a ligand
between the solvent and heme. Hence, diffusion to the heme
requires significant globin' motions (7-9). Although transient
optical methods are sensitive, the electronic spectrum of
hemes cannot respond to changes in the location of a rela-
tively inert diatomic molecuie within the protein. Thus,
experiments that can observe the ligand directly and monitor
any changes in its structure or environment are expected to
extend significantly our understanding of hemoprotein func-
tion. Such measurements on free CO would enable us to
address some new issues for hemoglobin under ambient
aqueous conditions. For example, additional information
could be obtained on the rate of generation of CO and on the

The publication costs of this article were defrayed in part by page charge
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pathways of photodissociation (10, 11), the efficiency of
subnanosecend geminate recombination of CO te iren could
be brought into relation with results from nanosecond (12)
and microsecond (13) studies, properties of the energy and
spatial distribution of CO moiecules within the protein and
the associated dynamics could be inferred from the spectral
shapes and positions, and the departure of the CO from the
pocket into the solution could be considered separately from
the rebinding step. Unliganded CO from the photodissocia-
tion of MbCO was observed previously in low-temperature
glasses (14, 15); however, the experimental techniques used
lacked the time resolution needed to study the ligand dynam-
ics at biologically relevant temperatures.

In an earlier paper, we introduced a method to study IR
spectra and vibrational dynamics on the 10-ps time scale (16)
and used this to determine the FeCO bond angles in MbCO,
HbCO (17), and protcheme (18). More recently, the time
resolution of the experiment was reduced to 300 fs (19}, and
it is this development that makes possible the present study

of HbCO.

MATERIALS AND METHODS

Spectroscopic Method. Transient IR spectra were obtained
by means of upconversion of a continuous wave (CW) IR
probe (16, 19). The upconverted signal, which is detected
with a photomultiplier, is related to the transmitted IR
intensity during a slice in time defined by the gating pulse.
Time-resolved IR spectra are recorded by varying the probe
wavelength at a fixed delay between the pump and gate
pulses. The time resolution is limited only by the excitation
pulse duration, and the spectral resolution is limited only by
the spectral bandwidth of the CW probe. Hence, all rise times
that are siower than the integral of the pulse autocorrelation
and all spectral features that are broader than the probing
bandwidth arise from the molecular dynamics.

The optical pulses originate in a cavity dumped dye laser,
which is synchronously pumped with the frequency doubled
output of a CW mode-locked Nd:YAG laser. These pulses
are shortened to 200-300 fs in an optical fiber-grating pulse
compressor and amplified in a multipass dye cell that is
pumped by the frequency doubled output of a CW Q-
switched Nd: Y AG laser. The amplifier output (580 nm, 5 uJ,
300 fs, 1 kHz) is split to derive the pump and gate pulses. The
CW IR from a diode laser (Laser Photonics, Analytics
Division, Bedford, MA) is focused to =100 pm in a sample
flow ceil composed of two CaF; windows and a 56-um
spacer. The pump beam is delivered to the sample colinearly
with the CW IR, whose transmitted field is upconverted by
the gating pulse in a crystal of LilOs.

The “‘free” CO spectra were accumulated under puised
diode laser operation. Pulsed operation improves the sensi-
tivity by boosting the diode laser intensity by a factor of

Abbreviation: CW, conlinuous wave.
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ABSTRACT: Ligand binding to heme proteins is studied by using flash photolysis over wide ranges in time
(100 ns—1 ks) and temperature (10-320 K). Below about 200 K in 75% glycerol /water solvent, ligand
rebinding occurs from the heme pocket and is nonexponential in time. The kinetics is explained by a
distribution, g(H), of the enthalpic barrier of height # between the pocket and the bound state. Above
170 K rebinding slows markedly. Previously we interpreted the slowing as a “matrix process” resulting from
the ligand entering the protein matrix before rebinding. Experiments on band HI, an inhomogencously
broadened charge-transfer band near 760 nm (=13 000 cm™) in the photolyzed state {Mb*) of (carbon-

monoxy)myoglobin (MbCO), force us to reinterpret

the data. Kinetic hole-burning measurements on band

TIT in Mb* establish a relation between the position of a homogeneous component of band III and the barrier

H. Since band IIT is red-shifted by 116 cm™ in Mb*

compared with Mb, the relation implies that the barrier

in relaxed Mb is 12 kJ/mol higher than in Mb*. The slowing of the rebinding kinetics above 170 K hence
is caused by the relaxation Mb* — Mb, as suggested by Agmon and Hopfield [(1983) J. Chem. Phys. 79,

2042-2053]. This conclusion is supported by a fit
indicates that the entire distribution g(#) shifts.

to the rebinding data between 160 and 290 K which
Above about 200 K, equilibrium fluctuations among

conformational substates open pathways for the ligands through the protein matrix and zlso narrow the
rate distribution. The protein relaxations and fluctuations are nonexponential in time and non-Arrhenius
in temperature, suggesting a collective nature for these protein motions, The relaxation Mb* — Mb is

essentially independent of the solvent viscosity, implying

that this motion involves internal parts of the protein.

The protein fluctuations responsible for the opening of the pathways, however, depend strongly on the solvent
viscosity, suggesting that a large part of the protein participates. While the detailed studies concern MbCO,
similar data have been obtained for MbO, and CO binding to the 8 chains of human hemoglobin and
hemoglobin Ziirich. The results show that protein dynamics is essential for protein function and that the
association coefficient for binding from the solvent at physiological temperatures in all these heme proteins

is governed by the barrier at the heme.

r]-.I"u: binding of small ligands to heme proteins appears to be
a simple reaction, described for the particular case of carboa
monoxide binding to myoglobin by the on.-step scheme Mb
+ CO = MbCO (Antonini & Brunori, 1971). In 1975 our
group showed that data taken over wide ranges in time a.nd
ternperature suggest a scheme in which a CO molecule, coming
from the solvent, encounters, not one, but three or four po-
tential barriers (Austin et al., 1975). In 1983, Agmon and
Hopfield (1983) introduced a mode¢! which explained the
low-temperature (catures observed by Austin et al. and de-
scribed some of the features seen at high temperatures as a
relaxation process. Here we show that ligand-binding and
kinetic hole-burning experiments together lead to a mode! in
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which features of the Agmon—Hopfield model are kept, but
where the reaction surface becomes time and temperaure
dependent. The model fits the low- and the high-temperature
data using two sequential barriers.

KmNETICS OF CO BINDING TO MYOGLOBIN

(1.1) Method and Results. In a flash photolysis experiment,
a laser pulse strikes an MbCO sample and breaks the bond
between the CO and the heme iron. The difference in the
absorption spectra at a selected wavelength, Aa(r), for the
bound and the dissociated species monitors the subsequent CO
rebinding. The survival probability, N{(1,T) = Aa(r)/ Aa(0),
is the fraction of Mb molecules at temperature T that have
not rebound CO at the time ¢ after the llash. We have pre-
viously described the experimental technique and the rebinding
data (Austin ct al., 1975; Doster et al., [982; Dot et al, 1983;
Ansari et al,, 1986). We have repeated the flash photolysis
experiments with an improved system.

(1.2) Reaction Energy Laiidscape. CO rebinding data to
sperm whale myoglobin are shown in Figure 1. We call the
faster process seen at all temperatures | for “internal™; it is
nonexponential in time and independent of CO concentration.
The slower process that appears above 200 K, denoted by S
for “solvent”, is exponential in time with a rate coefficient
proportional to the CO concentration in the solvent. The
processes [ and S can be described in terms of the reaction
potential ¥(rc) sketched in Figure 2 (Austin et al., 1975;
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Ligand Binding and Protein Relaxation in Heme Proteins: A Room Temperature
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ABSTRACT: Ultrafast absorption spectroscopy is used to study heme-NO recombination at room temperature
in aqueous buffer on time scales where the ligand cannot leave its cage environment. While a single barrier
is observed for the cage recombination of NO with heme in the absence of globin, recombination in hemoglobin
and myoglobin is nonexponential. Examination of hemoglobin with and without inositol hexaphosphate

points to proximal constraints as important determinants of the geminate rebinding kinetics. Moiecular
dynamics simulations of myoglobin and heme—imidazole subsequent to ligand dissociation were used to
investigate the transient behavior of the Fe-proximal histidine coordinate and its possible involvement in

geminate recombination.

The calculations, in the context of the absorption measurements, are used to

formulate a distinction between nonexponential rebinding that results from multipie protein conformations
(substates) present at equilibrium or from nonequilibrium relaxation of the protein triggered by a perturbation
such as ligand dissociation. The importance of these two processes is expected to depend on the time scale
of rebinding relative to equilibrium fluctuations and nonequilibrium relaxation. Since NO rebinding occurs
on the picosecond time scale of the calculated myoglobin relaxation, a time-dependent barrier is likely to
be an important factor in the observed nonexponential kinetics. The general implications of the present
results for figand binding in heme proteins and its time and temperature dependence are discussed. [t appears
likely that, at low temperatures, inhomogeneous protein populations play an important role and that as the
temperature is raised, relaxation effects become significant as well.

’II"Ac microscopic aspects of ligand binding in myoglobin and
hemoglobin are not fully understood, although great progress
has been made recently in their analysis. Structural disorder
and its temporat evolution (Frauenfelder et al., 1979; Case &

Karplus, 197%; Debrunner & Frauenfelder, 1982; Elber &'

Karplus, 1987a,b) apparently play an important role. The
high-resolution X-ray structures of ligated and unligated
myoglobin do not reveal any path by which ligands can move
between the heme binding site and the outside of the protein
(Perutz & Mathews, 1966; Takano, 1977). Since motion must
therefore be involved in the ligand binding, myoglobin has
become a model system for studying the relation of motion
to function in proteins.

Much of what is known abgut the influence of protein
fluctuations on heme protein reactivity is due to rmeasurcments
of ligand recombination after photodissociation on the nano-
second to sccond time scales. A series of studies (Austin et
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National Science Foundation, and the National Institutes of Health.
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al., 1975; Henry et al., 1983; Ansari et al., 19°5) have sug-
gested that a phenomenological description of the kinetics of
photodissociation and rebinding of a ligand X to myoglobin
(MDb) can be written as
MbX = (Mb + X)pocket = (MB + X)prorein =

(Mb + X)sistion

where the subscript refers to the location of the ligand X. Each

_of the designated species may involve several different states

or substates on a microscopic level. At low temperatures
(below 200 K in cthylene glycol/water), it is found that the
geminate rebinding of the CO ligand is nonexponential. This
has been attributed to a distribution of barrier heights, asso-
ciated with the different substates that equilibrate slowly
relative to the rebinding. As the temperature is raised, the
geminate recombination of CO becomes exponential and can
be described by a single barrier.

In analyzing the origin of the nonexponential behavior and,
more generally, the complexity of the rebinding kinctics in
proteins, it is important to consider two types of motional
phenomena (Ansari et al., 1985). One of these consists of the
fluctuations that occur at equilibrium. These equilibrium
fluctuations consist of motions within a potential well at low
temperature. At higher temperatures transitions between wells
are superposed on the harmonic fluctuations (Elber & Karplus,~
1987; Smith et al., 1990). The other type of motion arises «n
a nonequilibrium system and corresponds to retaxation toward
equilibrium. Since photodissociation creates a nonequilibrium

0006-2960/91/0430-3975802.50/¢ © 1991 American Chemical Society
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The Energy Landscapes and Motions
of Proteins

HaNs FRAUENFELDER, STEPHEN G. SLIGAR, PETER G. WOLYNES

Recent experiments, advances in theory, and analogies to
other complex systems such as glasses and spin glasses
yicld insight into protein dynamics. The basis of the
understanding is the observation that the energy land-
scape is complex: Proteins can assume a large number of
nearly isocnergetic conformations (conformational sub-
states). The concepts that emerge from studies of the
conformational substates and the motions between them
permit a quantitative discussion of one simple reaction,
the binding of small ligands such as carbon monoxide to

myoglobin,

ROTEINS ARE DYNAMIC AND NOT STATIC SYSTEMS (f}. IN-

deed, Weber has characterized proteins as “screaming and

icking” (2). Our purpose in this article is not to prove again
that proteins move. Exccllent reviews of the experimental evidence
exist (3), and results from molecular dynamics computations have
been elegantly exposed (4). Rather, we want to show that (i) the
*“screaming and kicking” is not incomprehensible but that the
motions can be characterized and classified, (ii) studies from other
*complex”™ systems such as glasses yicld information on how to
describe the motions, and (iii) the relation between motions and
function is beginning to be understood in some simple situations,
such as the binding of small ligands to myoglobin (Mb). Studies of
_ biomolccular dymamics today arc in some scnsc where atomic
physics was ncar 1885. A bewildering variety of protein motions has
been revealed by fluorescence spectroscopy, nuclear Magnetic reso-
nance (NMR), hydrogen cxchange, and Raman scatiering. Can
regukﬁdcsbcfoundandoonnectndwﬂ:ctmneofpmtﬁm,md
can the underlying concepts and laws be discovered? We try to show
that some progress has been made.

Spoctral lines are transitions between encrgy levels of atoms or
molecules, and protein motions can be described as transitions
between conformational substates of the protein. Thus, the charac-
terization and dassification of these substates is the first task.
Different proteins most likely exhibit different sets of conformation-

al substates, but we belicve that the general concepts are likely to be-

universal. We have selected Mb, the protein that reversibly stores O,
(5), as prototype. Mb is simple enough that dynamic concepts can
be studied in dewil and yet suffidently complex that the concepts
discovered may be globally valid.

H. Frauenfelder is professor of physics, chemistry, bi ics, the Center for Advanced
Study, and the Beckman huS:ng University of ine

Urbana, IL 61801. 5. G. Sligar is professor of biochcmistry, chemistry, and the
Bcchmnhugimm,Unimityofminom at Urbana, igny, Urbana, IL 61801. P.
G. Wolynes is professor ofchcnﬁnry,physkx,bh?ph ics, the Center for Advancod
%md)’, i?géd;csollhchmn Institute, University of lllinois at Urbana, Champaign,
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Our second goal is important because progress is often made by
good use of analogics. Proteins and glasses sharc many propertics.
Becausc glasses are simpler, they can serve as guides to the formu-
lation of concepts and theories. Two important features cmerge
from the comparison of proteins and glasses: (i} Although it is
customary to describe the time dependence of protein reactions and
motions by simplc cxponentals and their temperature dependence
by the Arrhenius (transition state) expression, neither of these forms
is adequate. Glasses suggest what to substitute. (ii) At the theoretical
level many propertics of the motions of glasses and proteins can be
discussed in terms of the features of rugged energy landscapes,
which thus provide a unifying language.

The third goal, the exploration of the relation of motons to

" function, is the most difficult one to reach. We sketch one case, in

which a semiquantitative description of the role of motions in
function exists, namely, the binding of small ligands o Mb.

Conformation and Energy Landscape

Even 2 monomeric protein as small as Mb can execute a large
number of motions, and not all will be coupled to function.
Functionally important motions can be studied only if they can be
selecred. In addition, the various motions must be temporally

resolved. Originally, experiments at physiological temperatures sug-

gested that the reaction of Mb + O, <+ MbO, was a simpic one-step
process (5). Low-temperature flash photolysis of MbOO and MbO,
showed that the rebinding of the ligand to the heme active center
was dal in tme below ~200 K (6). -This obscrvation
dm.Mbdidnothaycuingkmucmmtmowldmmc
1 large number of stighty different structures, each with a different
ligand-bound (MbOO or MbO,) and unbound (Mb), and there is a
spectrum of conformations in cither state, these microstates are
called “conformational substates (CS)” (7). The cryochemical exper-
iments reveal that a protein in a given state can sssume a large
number of CS, which form the scaffold for protein motions.

The organization of the CS in MbCO as presently known can be
visualized as in Fig. 1 (7, 8). The encrgy landscape describes the
potential energy E, of the protein as a function of conformational
coordinates; it is a hypersurface in the high-dimensional spacc of the
coordinates of all atoms in Mb. The energy landscape (Fig. 1) has
structure on several cncrgy and length scales a5 illustrated by
different one-dimensional cross sections through it. Figure 1 implies
that the CS can be roughly classified into a hierarchy (8), where CSi
denotes the substates in the ith tier in the organization. The top row
of Fig. 1 depicts MbCO in the conventional conception with a
unique structure corresponding to 2 unique energy valkey. A hint
that MbCO is not as simple comes from infrared (IR) spectra: The
bound CO molecules display multiple stretch bands (9). Each band
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Photoselection in polarized photolysis experiments on heme proteins

Anjum Ansari, Colleen M. Jones, Eric R. Henvy, James Hofrichter, and William A. Eaton

Laboratory of Chemical Physics, Building 2, National Institute of Diabetes and Dxgestive and Kidney Diseases,
National Institutes of Heaith, Bethesda, Maryland 20832 USA

ABSTRACT  Polarized photolysis experiments have been performed on the carbon rmonsxide complex of myoglobin to assess the effects
of photoselection on the kinetics of ligand rebinding and to investigate the reorientational dynamics of the heme plane. The resulls are
analyzed in terms 01 the optical theory developed in the preceding paper by Ansari and Szabo. Changes in optical density arising from
rotational ditfusion of the photoselected poputation produce large deviations from the true geminate ligand rebir.ding curves if measure-
ments are made with only a single polarization. The apparent ligand rebinding curves are significantly distorted even at photolysis levels
greater than 90%. These deviations are eliminated by obtaining isotropically-averaged optical densities from measurernents using both
parallel and perpendicular polarizations of the probe pulse. These experiments also yield the optical anisotropy, which gives a novel
method for accurately determining the degree of photolysis, as well as important information on the reorientational dynamics of the heme
plane. The correlation time for the overall rotational diffusion of the maolecule is obtained from the decay of the anisotropy. The anisotropy
prior to rotational diffusion is lower than that predicted for a rigidly attached, perfectly circutar absorber, coresponding to an apparent
order parameter of § = 0.95 + 0.02. Polarized absorption data on single crystals suggest that the decreased anisotropy results more
from internat mations of the heme plane which take place on time scales shorter than the duration of the laser puise (10 ns) than from

out-of-ptane polarized transitions.

INTRODUCTION
Photodissociation experiments play an increasingly im-
portant role in the investigation of the kinetics and dy-
namics of ligand binding and conformational changes in
heme proteins (1-16). In the most frequently performed
experiment a linearly polarized laser pulse is used to
photodissociate the heme-bound ligand, and a second
linearly polarized pulse is used to probe the molecule ata
variable time-delay after excitation. In most experiments
photolysis is incomplete. This may occur simply because
it is not possible to obtain sufficient laser energy to pho-
todissociate all molecules in the sample, or it may be
carried out by design. Partial photolysis experiments are
particularly usefu! in investigating hemoglobin kinetics.
Systematic changes in photolysis are used to create vari-
able distributions of ligation states of the tetramer, mak-
ing it possible to distinguish between tertiary and quater-
nary conformational changes (3, 8, 17-19). An impor-
tant consequence of incomplete photodissociation is the
creation of an anisotropic distribution of molecular spe-
cies by photoselection (20). Photoselection is the prefer-
ential photodissociation (i.e., “selection™) of molecules
oriented with their transition moments parallel to the
electric vector of the excitation pulse. Although, as we
shall see in this work, the influence of photoselection on
the measurement of ligand rebinding kinetics is quite
substantial, its effect has largely been ignored.

in order to obtain accurate kinetic progress curves for
geminate rebinding of oxygen and carbon monoxide on
the picosecond to microsecond time scale, it is essential
to understand the consequences of photoselection. A
qualitative picture of these effects is shown schematically
in Fig. 1. It is known from polarized absorption studies
on single crystals that, to a good approximation, hemes
behave like circularly-symmetric absorbers of linearly
polarized light at the wavelengths used in photolysis ex-
periments (21). Circular absorbers have the property

that there is equal absorption of light polarized paraliel
to any direction in the plane defined by the circle, and no
absorption of light polarized perpendicular to the plane.!
The probability of photodissociation is therefore greater
when the porphyrin planes of heme-ligand complexes
are oriented parallel to the electric vector of a linearly
polarized excitation pulse, than when they are oriented
perpendicular. Immediately after photodissociation, the
sample exhibits linear dichroism because the distribu-
tion of each species is no longer isotropic. If the sample is
probed with light linearly polarized parallel ( perpendicu-
lar) to the excitation polarization, the fraction of unli-
ganded hemes will appear to be greater (less) than the
true value (Fig. 1). As the molecular orientations
randomize by rotational diffusion, the linear dichroism
decays (Fig. 1). This decay contributes an apparent in-
crease in the fraction of liganded hemes for measure-
ments with the parallel orientation of the probe polariza-
tion. For the perpendicular orientation the apparent
fraction of liganded hemes decreases. Thus, rotational
diffusion interferes with an accurate measurement of the
kinetics of ligand binding taking place on the same time
scale.

The effect of photoselection can be eliminated in two
ways.2 One is to orient the polarization of the probe light

! Circularly-symmuetric absorbers of linearly polarized light, or simply
circular absorbers, are often called planar absorbers. The property of
circular absorption requires that either the ground state or the excited
state (but not both) be two-fold degenerate. Non-degenerate transi-
tions exhibit linear absorption, while three-fold degenerate transitions
exhibit spherically symmetric absorption.

2 photoselection also affects the distribution of ligation states in hemo-
globin { 18). If the probability of absorbing a photon by each heme of
the tetramer were uncorrelated, the distribution of liganded hemes in
the tetramer would be binomial. However, since the four hemes of
hemoglobin are roughly parallel {21), excitation with linearly polar-
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The Role of Solvent Viscosity in the Dynamics of
Protein Conformational Changes

Anjum Ansari, Colleen M. Jones, Eric R. Henry,
James Hofrichter, William A. Eaton*

Nanosecond lasers were used to measure the rate of conformational changes in myoglobin
after ligand dissociation at ambient temperatures. At low solvent viscosities the rate is
independent of viscosity, but at high viscosities it depends on approximately the inverse
first power of the viscosity. Kramers theory for unimolecular rate processes can be used
to explain this result if the friction term is modified to include protein as well as solvent
friction. The theory and experiment suggest that the dominant factor in markedly reducing
the rate of conformational changes in myoglobin at low temperatures (<200 K} is the very
high viscosity (> 107 centipoise) of the glycerol-water solvent. That is, at low temperatures
conformational substates may not be “frozen” so much as “stuck.”

Irnportant information on the mechanism
and dynamics of a molecular process can be
obtained by studying the dependence of its
kinetics on solvent viscostty. Classic exam-
ples are the investigation of the role of
diffusion in determining the rate of a bimo-
lecular reaction (I) and the influence of
solvent friction on a unimolecular reaction
rate (2). Orher examples include the effect
of solvent viscosity on the motion of small
molecules inside proteins (3) and the con-
tribution of diffusive processes to the rate-
limiting steps in protein folding (4). Here
we show how such studies can be used to
gain insight into the dynamics of conforma-
tional changes in proteins.

The carbon monoxide complex of myo-
globin (MbCO) is dissociated by light. The
conformation of the photoproduct is unsta-
ble, and the protein relaxes to the confor-
mation of the unliganded molecule by a
stnall but global displacement of protein
atoms on one side of the heme. We have
investigated the kinetics of this conforma-
tional change as a function of solvent vis-
cosity by using high-precision, time-re-
solved absorption measurements after pho-
todissociation by nanosecond laser pulses.
A representative set of time-resolved ab-
sorption spectra in a 79% by weight solu-
tion of glycerol in watet at 20°C is shown in
Fig. 1. The time course of the decrease in
the overalt amplitude of the difference spec-
tra measures the ligand rebinding kinetics,
which take place in two phases (Fig. ZA).
The first, nonexponential phase, with a
half-time of about 200 ns, corresponds 1o
geminate rebinding, that is, unimolecular
rebinding of CO to the heme from which it
was photodissociated (5). The second
phase, at about 1 ms, corresponds to bimo-
lecular rebinding of CO from the solvent.

Laboratory of Chemical Physics, Building 2, National
Institute of Diabetes and Digestive and Kidney Dis-
eases, National Institutes of Health, Bethesda, MD
20892
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There are also changes in the shape of the
spectra, which are primarily spectral chang-
es of the deoxyheme photoproduct (Fig.
2B). The corresponding amplitudes (Fig. 2,
B and C) monitor the extent of the devia-
tions of the observed spectra from the av-
erage spectrum shown in Fig. ZA. We
interpret these spectral changes as arising
from protein conformational changes fol-
lowing photodissociation. Lambright et al.
{6) have independently observed these ki-
netics but did not investigate their viscosity
dependence.

The similarity of the deoxyheme spectral
changes to those observed for hemoglobin
suggests that they correspond to a displace-
ment of the iron relative to the heme plane
that is coupled to a protein conformational
change on the proximal side of the heme
(7). Comparison of the x-ray structures of
Mb and MbCO shows a small global dis-
placement of the protein atoms on the
proximal side (8}, and this is most likely the

Fig. 1. Time-resolved opti-
cal absorption spectra fol-
lowing photodissociation
of the CO complex of
sperm whale myoglobin.
Deoxy-minus-CO  differ-
ence spectra of photodis-
sociated MbCO in 79% by
weight glycerol-water at
20°C are shown as a func-
tion of time. The experi-
ments were carried oul
with the use of two Nd:YAG
(yttrium-aluminum-garnet)
lasers that produced 10-ns
pulses for photolysis and
optical absorption mea-
surements as described

protein conformational change that is being
monitored in our experiments. This confor-
mational change is interesting because it
could be responsible for slowing down the
rate of ligand rebinding to produce the
nonexponential geminate phase (9, 10). Its
global nature suggests that its rate would be
influenced by solvent viscosity. There is
also a localized rearrangement of side chains
on the distal side of the heme observed in
the x-ray studies (8) that may correspond to
the 200- to 300-ps process observed in
circular dichroism studies {11} or contrib-
ute to the sub-30-ps events detected in
?Ih;)se-grating spectroscopic  experiments

The data in Fig. 2, B and C, show that
there is an initial large-amplitude process in
the kinetics of the protein conformational
change, which is followed by smaller am-
plitude processes (13). We shall be con-
cerned here only with the large-amplitude
initial process (indicated by the arrows in
Fig. 2, B and C), for which relatively
precise rate constants can be derived. The
major result is that increasing the viscosiry
increases the amplitude of the initial pro-
cess that was resolved with our 10-ns laser
pulses, which indicates a slowing of the
conformational change. Studies by Frauen-
felder and co-workers (3) showed that li-
gand rebinding rates at a given viscosity and
temperature are the same for different sol-
vents, which implies that the effect of
glycerol on the conformational kinetics in
our experiments does not result from a
solvent effect other than viscosity.

The data in Fig. 2, B and C, show that
the kinetic progress curve for the initial
conformational relaxation is at least bi-
exponential. In order to obtain a single rate
constant under each set of conditions, we

[

430
(o

4’30

{21). In order to eliminate effects due to rotational diffusion of the photoselected populations in
incormpletety photolyzed samples, we obtained isotropically averaged spectra by making measure-
ments with the polarization of the photolysis pulse both parallel to and perpendicular to the
polarization of the probe pulse. The rotational correlation time was determined from the decay in the
optical anisotropy and exhibited Stokes-Einstein behavior, which indicates that increasing the
glycerol concentration has no perceplible effect on either the size or the shape of the prolein.
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Molecular dynamics simulations on two coupled elec-
tronic surfaces are employed to investigate the gemi-
nate recombination of nitric oxide to mutants of sperm
whale myoglobin. A model for the ground and the
excited states is constructed based on experimental
data. The crossing between the surfaces is treated
using the Landau-Zener formula. The reaction proba-
bility and the recombination curves are calculated di-
rectly by histogramming the results of an ensemble of
trajectories, The experimental trend is reproduced in
which the picosecond recombination rate of different
mutants increases in the order Phe? > Leu® > Val2® »
Ala*, Furthermore, in accord with the experiment on
significantly longer time scales an opposite trend is
obtained, in which the recombination rate for Ala® is
larger than for Phe®®. These results are explained by
constrained diffusion of the ligand in the heme pocket.
The average and the transient volume of the heme
pocket is modified by the 29 mutants.

Computer simulations of the interactions of smali ligands
with heme proteins have advanced considerably during the
last few years. This is due to the rapid growth in computer
technology and to the parallel developments in new simula-
tion techniques (1-4). Equally important are the significant
enbancements of experimental methodologies that provided
stimulating and detailed data. Most relevant to the present
article is the introduction of short laser pulses and the avail-
ability of myoglobin mutants (5-9). The mutants make it
possible to study the influence of individual residues on the
recombination process.

The experimental set up of interest to us is that of geminate
recombination. There, a short laser pulse is used to dissociate
the ligand that is bound to the heme (here we consider only
the diatomic ligand, nitric oxide), and the rate of ligand
recombination to the heme is measured. The rate of recom-
bination provides information (in an indirect way) on the
ligand diffusion in the protein matrix and on the interactions
of the ligand with the protein residues (10). Understanding of
the geminate recombination process was advanced signifi-

* This research was supported in part by National Institutes of
Health Grant GM41905 (to R. E.) and by the Minnerva Fund. The
costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

§ University of Illinois West Scholar and Alon fellow in the Hebrew
University.

The Hebrew University, Givat Rem, Jerusalem 91904, Isrge]

Boston, Massachusetts 02215

cantly by simulation of the ligand diffusion (1-4) and in one
case by constructing a simplified model of the recombination
{11). However, in order to fully appreciate what the geminate
recombination can teach us about the motion of the ligand it
is important to carry out simulations which can be related
directly to raw experimental data; that is, to compute directly
the recombination curves. This is the goal of the present
paper in which a compiete computational model for the gem-
inate recombination process is presented.

Effort was made to evaluate the quality of the model directly
against the recombination experiments without any further
simplifications or approximations beyond the classical trajec-
tory simulation techniques, For example, the eguilibrium a5-
sumption of the transition state theory (2, 4) may be ques-
tionable for the process under investigation (10), and it is
therefore avoided. Even approximations that were shown in
the past to give useful results (such as the Locally Enhanced
Sampling methodology (1, 11)) are not quantitative, There-
fore, the rebinding curves were calculated in the most straight-
forward way that we could afford computationally. An ensem-
ble of trajectories is initiated on the electronically excited
state. The trajectories are propagated numerically in small
time steps, and the number of trajectories that do not rebind
is calculated as a function of time, These trajectories reflect
the concentration of the dissociated heme that is measured
experimentally. Since the calculations are pursued in a direct
way, they can also serve as a future reference and as a test of
approximate theories that may require considerably less com-
puter resources.

In the following sections, we describe the parameters of the
model together with the Landau-Zener scheme used to de-
scribe the jumps between the electronic surfaces and we
outline the computational protocol,

EXPERIMENTAL PROCEDURES

Computational Model and Protocol—Al} the calculations Ppresented
in this paper were performed using the program MOIL.! The potential
energy function of MOIL is the combination of AMBER/OPLS (13,
14) with improper torsions adopted from the C force field
(15). The parameters of Kuczera et ol (16) (see Table I) for the heme
force field were used, unless specifically stated otherwise in the text.
Kuczera et ol provided the Parameters for the six coordinated and

five coordinated heme iron.
In congtructing the ground and the excited state potentials between
(a8 much as poasible) pieces of

the nitric oxide and the heme we used
independent experimental data. Ab-injto calculations (17) can prg-
vide qualitative understanding of the coupling and of the ordering of

! Elber, R., Roitberg, A., Verkhivker, G., Goldstein, R., Li, H., and
Simmerling, C. (1993) Statistical Mechanics and Protein-Substrate
Interactions, NATOQ Workshop, Corsica, in Ppress.
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Simulation of the kinetics of ligand binding to a.protgin by
molecular dynamics: Geminate rebinding of nitric oxide

to myoglobin
(picosecond Kinetics/chemical dynamics/lasers)

OLIVIER SCHAAD, HUAN-XIANG ZHOU, ATTILA SZABO, WILLIAM A. EATON, AND Eric R. HENRY
Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Discases, National Institutes of Health, Bethesda, MD 20892

Communicated by Robert Zwanzig, July 6, 1993 (received for review May 10, 1993)

ABSTRACT We have begun to use molecular dynamics to
simulate the kinetics of mitric oxide rebinding to myoglobin
after photodissociation. Rebinding was simulated using a po-
tential function that switches smoothly between a nonbinding
potential and a binding potential as a function of the position
and orientation of the ligand, with no barrier arising from the
crossing of potential surfaces of different electron spin. In 96 of
100 trajectories, the ligand rebound in <15 ps. The kinetic
progress curve was obtained by determining the time in each
trajectory at which the ligand rebound and then calculating the
fraction of unbound ligands as a function of time. The curve can
be well reproduced by a simple model based on the dynamics
of a Langevin particle moving on a one-dimensional potential
of mean force calculated from nonreactive protein trajectories.
The rate of escape from the energy well adjacent to the heme
is in good agreement with the value calculated from experi-
mental data, suggesting that a multiple-well model provides a
plausible explanation for the nonexponential rebinding kinet-
ics. A transition-state analysis suggests that protein conforma-
tional relaxation coupled to the displacement of the iron from
the heme pilane is an unlikely cause for the nonexponential
rebinding of nitric oxide.

Advances in computer technology now make it possible to
simulate the kinetics of ultrafast chemical reactions in solu-
tion by using the technique of molecular dynamics. One of the
fastest known biochemical reactions is the geminate rebind-
ing of nitric oxide to the hemes of hemoglobin and myoglobin.
This reaction occurs on a tens of picoseconds time scale and
was discovered by Hochstrasser and coworkers (1), after the
introduction of picosecond laser technology to the study of
proteins in the late 1970s (2). It is the very high speed of this
reaction that makes it suitable for calculating the many
trajectories that are necessary to obtain statistically mean-
ingful kinetics. The attractive feature of simulating kinetics
by classical molecular dynamics is that in principle a com-
plete description of the process (apart from quantum effects)
is contained in trajectories run on an accurate potential
surface. It should therefore be possible to address important
issues and gain insights into the chemical dynamics of ligand
binding to myoglobin.

Molecular dynamics simulations of ultrafast laser photol-
ysis experiments began with the work of Henry et al. (3). This
study showed that the displacement of the iron to near its
equilibrium position in deoxyhemoglobin was complete in
<200 fs, supporting the interpretation of optical experiments
(4). Longer trajectories have shown an additional slower
displacement of the iron from the heme plane attributed to
conformational relaxation of the protein (5, 6). Other simu-
lations have focused on ligand motion in the protein (7-11).

The publication costs of this article were defrayed ir. part by page charge
payment. This article must therefore be hereby marked “‘advertisement™
in accordance with 18 U.5.C. §1734 solely to indicate this fact.
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In this study we have simulated photodissociation and gem-
inate rebinding of nitric oxide to myoglobin. The potential
surface for rebinding is complex, because the change in spin
from a quintet iron and doubtet ligand to a doublet iron-ligand
complex necessarily introduces an “‘electronic’” barrier aris-
ing from the crossing of potential surfaces. Since nothing is
known about these surfaces from quantum mechanical cal-
culations, we have for simplicity ignored the electronic
barrier and have used a Morse potential for the rebinding
surface. This has the efiect of artificially speeding up the
reaction. Elber and coworkers (12} have independently car-
ried out similar simulations in which an electronic barrier has
been included. . :

METHODS

Molecular dynamics simulations using the program
CHARMMZ3 (13} were performed on the system consisting of
the complete myoglobin molecule (Brookhaven Protein Data
Bank File IMBO), including all hydrogen atoms, surrounded
by 351 water molecules (14), plus nitric oxide. To simulate the
dissociation of ligands and subsequent rebinding, three dis-
tinct potential functions for the heme group were employed
at different stages of the simulations. Thes~ potential func-
tions differ only in the description of interactions involving
the set of eight atoms that includes the iron (Fe), the four
pymole nitrogens (Np), the nitrogen N,z of the proximal
histidine bonded to the iron, and the nitrogen (N) and oxygen
(O} of the ligand. The general form of the potential function
for these atoms is

V=D{1-[1~e P}

+ 5(r)Ko(8 — 86 + s(r)K g ~ o)’ [term 1]
+ (FEN’J Kiplbp = bpo)? + Knelbe = byo)?
Moo, Kapplapp ~ appo)z
_ 2
Y Kapdcpe = 2pe) [term 2]
o 12 & é
+ [1 - S(r’oi¢)] Z 5[(-) - (") ] [tcm 3]
(N-N,) r r
(i

where r is the distance between the iron and the ligand
nitrogen (N), @ is the angle Fe-N-Q, and ¢ is the angle
N.Fe-N.

The potential function for the liganded heme (6-
coordinated iron) was used prior to dissociation. This poten-
tial includes iron-ligand bonding interaction terms {labeled
term 1 in Eq. 1 with s{r) = 1], the first of which is a Morse
potential involving the distance between the iron and the
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Complex nonexponential relaxation in myoglobin

after photodissociation of MbCO:

measurement and analysis from 2 ps to 56 us
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Photodissociation of carbon monoxide myoglobin {MbCO) creates Mb in a nonequilibrium conformation and triggers a global
conformational change. The driving force for this change is localized initiatly in the iron-porphyrin coordinate, The dynamics of
the iron~-porphyrin displacement &t physiologically relevant temperatures have been followed by probing the evolution of band
111, 2 weak iron—porphyrin charge-transfer transition near 13110 cm~! {763 nm) that is seasitive to the out-of-plane position of
the iron. This functionally important motion is iighly nonexponential, stretching over 5 decades in time in 70: 30 (w/w) glycerol/
water mixiures at 30 + 1 K. The relaxation is well described by a stretched exponential function that has been modified to account
for the limiting rate associated with the primary refaxation process.

1. Introduction

Ligand association or dissociation can trigger a
change in the global conformation of a protein and
thereby alter its activity. Evidently, structural changes
occurring at the binding site drive the protein toward
a new equilibrium conformation with altered activ-
ity. We view this process as biomechanical motion
with a functional purpose. If this biomechanical
transduction were optimized, one might expect strong
coupling between the structural change at the binding
site and the global motion of the protein. Conse-
quently, the relaxation z2long the coordinate driving
the global confoermational change would not be com-
plete until the functionally important portion of the
global motion is complete. Characterization of con-
formational relaxation dynamics in proteins should
therefore provide important information regarding
the relations between dynamics, structure, and
function.

The dynamics of the approach 1o a new equilib-
rium conformation are expected to be nonexponen-
tial. This behavior is rationalized qualitatively using
a hierarchical picture of coupled motions: the pri-

* Correspouding author.

mary motion at the binding site is coupled to mo-
tions remote from the binding site through a hier-
archy of couplings. Clearly, the relaxation at the
binding site is not complete until the relaxation at the
highest level to which it is coupled is complete. Be-
cause relaxation at each successive level of the hier-
archy is expected to occur on a longer time scale, re-
laxation in strongly coupled .ystems is
nonexponential, and the range of time scales in-
volved is determined by the strength of the cou-
plings. In contrast, weakly coupled systems have only
one characteristic time scale and therefore exhibit ex-
ponential relaxation. The picture of nonexponential
relaxation dynamics arising from a hierarchy of cou-
pled motions [1] is analogous to the picture of non-
exponential rebinding dynamics arising from a hier-
archy of conformational substates [2]. The
underlying physics is dynamical in the former but
statistical in the latter. In either case, the experimen-
tal observabie dies away nonexponentially, the dy-
namics of which may be modeled by the stretched ex-
pozential function r{¢) =exp[ — (k)#], where s the
Kohlrousch~Williams-Watt exponent. This phe-
nomenological function has enjoyed wide success in
parameterizing a host of nonexponential relaxation
phenomena with disparate underlying physics {3]. To

0301-0104/94/% 07.00 © 1994 Elsevier Science B.V. All rights reserved.
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Theory of photoselection by intense light pulses
Influence of reorientational dynamics and chemical kinetics

on absorbance measurements

Anjum Ansari and Attila Szabo
Laboratory of Chemical Physics, National Institute of Diabetes and Nigestive and Kidney Diseases,
Nationai institutes of Health, Bethesda, Marytand 20892 USA

AssTRACT  The theory of absorbance measurements on a system (e.g., chromophore(s) in a protein) that undergoes a sequence of
reactions initiated by a linearly polarized light pulse is developed for excitation pulses of arbitrary intensity. This formalism is based on a
set of master equations describing the time evolution of the orientational distribution function of the various species resulting from
excitation, reorientational dynamics, and chemical kinetics. For intense but short excitation pulses, the changes in absorbance (for
arbitrary polarization directions of the excitation and probe pulses) and the absorption anisotropy are expressed in terms of reorienta-
tional correlation functions. The influence of the intemal motions of the chromophore as well as the overall motions of the molecules is
considered. When the duration of the excitation pulse is long compared 1o the time-scale of intemal motions but comparable to the
overall correlation time of the molecule that is reorienting isotropicaly, the problem of calculating the changes in absorbance is reduced
to the solution of a set of first-order coupled differential equations. Emphasis is placed on obtaining explicit results for quantities that are

measured in photolysis and fluorescence experiments so as to facilitate the analysis of experimental data.

1. INTRODUCTION

With advances in laser technology, photolysis expen-
ments have emerged as the most powerful method for
investigating the kinetics and dynamics of ligand bind-
ing and conformational changes in heme proteins. In
these experiments photodissociation of the hemebound
ligand is produced by excitation with a linearly polarized
laser pulse. Subsequent events are usually monitored by
optical absorption measurements of the heme chromo-
phore. Photoselection and rotational diffusion influence
the measured absorbances. Photoselection produces an
anisotropic distribution of species in the solution he-
cause molecules having a larger projection of their tran-
sition moment onto the electric vector of the excitation
pulse are preferentially photodissociated. The resulting
optical anisotropy can be detected by measuring the ab-
sorbance with light linearly polarized both parallel and
perpendicular to the electric vector of the excitation
pulse. As in the case of fluorescence depolarization ex-
periments, there is dynamical information contained in
these measurements. The optical anisotropy, however,
also interferes with accurate determination of ligand re-
binding and conformational relaxation kinetics if data
from only a single polarization is employed.

To understand these effects on time-resolved polar-
ized absorption measurements we have developed a
comprehensive theory of photolysis experiments. Our
formulation is based on a set of master equations de-
scribing the rate of change of the orientational distribu-
tion functions of the various species resulting from exci-
tation, reorientational dynamics, and kinetics (1). Spe-
cial emphasis is placed on the influence of intense
excitation pulses which, with some notable exceptions
{2-4), has received relatively little attention. When the
excitation pulses are sufficiently intense, the system no
longer responds linearly and one cannot simply convo-

lute the response with the pulse profile. In this paper, we
obtain expressions for the change of absorption and the
absorption anisotropy as a function of time and laser
intensity for both é-function and finite excitation pulses.
We consider the effects of both overall motions of the
molecule and internal motions of the chromophore and
the non-ideal (i.e., deviations from linear or circular)
absorption properties of the chromophore. In the follow-
ing paper we apply these results to experimental measure-
ments on myoglobin (5).

This paper is organized as follows. Section 2 discusses
the general formalism in the absence of chemical ki-
netics. The observables are expressed in terms of orienta-
tional distribution functions that are a function of orien-
tation dependent extinction coefficients and that satisfy
master equations. In section 2.1 we show that for weak
excitation pulses, the absorbance changes can be ob-
tained by convoluting the intensity profile with a re-
sponse that depends on certain reorientational correla-
tion functions. In section 2.2 we consider intense excita-
tion puises that are sufficiently short so that no
reorientational dynamics occurs. In section 3 explicit ex-
pressions for the orientation dependent extinction coeffi-
cients are invoked. We consider absorbers that are ellip-
soids of 1evolution { linear and circular absorbers are spe-
cial cases). General ellipsoidal absorbers are treated in
the Appendix. In sections 3.1 and 3.2 we obtain explicit
expressions for the change in absorbance and absor-
bance anisotropy for weak and intense but short excita-
tion pulses. In section 3.3 we consider the influence of
internal motions. Section 3.4 shows how to handle in-
tense excitation pulses that are so long that significant
overall rotational diffusion occurs during the pulse. In
section 4 the formalism is extended to include chemical
kinetics that occurs on a time-scale longer than the dura-

838 0006-3495/93/03/838/14 $2.00
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Conformational Relaxation and Ligand Binding in Myoglobin

Anjum Ansari,"! Colleen M. Jones} Eric R. Henry, James Hofrichter,” and William A. Eaton®
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Received October 4, 1993; Revised Manuscript Received January 13, 1994®

ABSTRACT: Absorption spectroscopy with nanosecond time resolution shows that myoglobin undergoes
conformational relaxation on the same time scale as geminate rebinding of carbon monoxide. Ligand
rebinding following photodissociation of the heme—CO complex was measured from the amplitude of the
average difference spectrum, while conformational changes were measured from changes in the detailed
shape of the Soret spectra of the deoxyhemes. Experiments in which the solvent viscosity was varied
between | and 300 cP and the temperature between 268 and 308 K were analyzed by fitting the multiwavelength
kinetic data with both empirical and molecular models. Novel numerical techniques were employed in
fitting the data, including the use of singular value decomposition to remove the effects of temperature and
solvent on the spectra and of 2 Monte Carlo method to overcome the multiple minimum problem in searching
parameter space. The molecular model is the minimal model that incorporates all of the major features
of myoglobin kinetics at ambient temperatures, including a fast and slow rebinding conformation and two
geminate states for each conformation. The results of fitting the kinetic data with this model indicate that
the geminate-rebinding rates for the two conformations differ by at least a factor of 100. The differences
between the spectra of the two conformations generated from the fits are simiiar to the differences between
those of the R and T conformations of hemoglobin. In modeling the data, the dependence of the rates on
temperature and viscosity was parametrized using a modification of Kramers theory which includes the
contributions of both protein and solvent to the friction. The rate of the transition from the fast to the slow
rebinding conformation is found to be inversely proportional to the viscosity when the viscosity exceeds
about 30 cP and nearly viscosity independent at low viscosity. The viscosity dependence at high viscosities
suggests that the two conformations differ by the global displacement of protein atoms on the proximal side
of the heme observed by X-ray crystallography. We suggest that the conformational change observed in
our experiments corresponds to the final portion of the nonexponential conformational relaxation recently
observed by Anfinrud and co-workers, which begins on a picosecond time scale. Furthermore, extrapolation
of our data to temperatures near that of the solvent glass transition suggests that this conformational
relaxation may very well be the one postulated by Frauenfelder and co-workers to explain the decrease in

the rate of geminate rebinding with increasing temperature above 180 K.

The binding of ligands by proteins is a fundamental process
in biology. One aim of modern biophysical studics is to
understand the molecular mechanism of this type of process
in detail. There is generally rather little mechanistic infor-
mation on ligand binding in conventional kinetic studies, such
as experiments in which reactants are rapidly mixed. Simple
behavior is usually observed, with both the binding and
dissociation reactions appearing to take place in a single step.
Important information, such as the rate of a conformational
change of a protein, can be totally obscured in such experi-
ments. In the case of heme proteins, kinetic studies using
flash photolysis have provided a powerful method for inves-
tigating conformational changes and the mechanism of ligand
binding, revealing them to be complex and interesting
processes. The power of the flash photolysis experiment is
that photodissociation of the heme-ligand complex produces
a coherent population of molecules in which the protein has
the conformation of the liganded molecule and the ligand is
still inside the protein. The evolution of this unstable
intermediate toward the protein conformation of the unli-
ganded molecule, as well as ligand motion and rebinding, can

* Correspondance should be addressed to any of these authors.

f Present address: Department of Physics, University of Iilinois at
Chicago, Chicago, IL 60607.

§ Present address: Department of Chemistry, University of South
Alabama, Mobile, AL 36688.

® Abstract published in Advance ACS Abstracts, March 1, 1994,
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then be monitored by various spectroscopies with time
resolution us short as 10713 5. Most studies have focused on
myoglobin or hemoglobin because of the considerable amount
of X-ray crystallographic information available for these
molecules. In particular, the structures of both the unliganded
molecules and the molecules liganded with carbon monoxide
oroxygen arc known at high resolution, so that it is, in principle,
possible torelate the kinetics of spectral changes tothe kinetics
of weli-defined structural changes.

New concepts of ligand binding and protein conformational
changes relevant to all protein-ligand processes have emerged
from the studies on myoglobin and hemoglobin. These include
the discovery by Frauenfelder and co-workers of a continuous
distribution of protein conformations, so-called “conforma-
tional substates”, that produce a distribution of geminate-
ligand-rebinding rates in solid solutions at Jow temperature
(Austinetal., 1975; Beece et al., 1980; Steinbachet al., 1991)
and the discovery of geminate ligand rebinding in liquid
solutions at ambient temperatures by Duddell et al. (1979)
(Shank et al., 1976; Greene et al., 1978; Alpert et al., 1979;
Duddell et al., 1980a.b; Friedman & Lyons, 1980; Chernoff
et al., 1980; Cornelius et al., 1981; Catterall et al., 1982;
Morrisetal., 1982; Hof-ichter et al,, 1983; Henryetal., 1983a).
The work on conformational substates has stimulated the
development of anzlogies between the behavior of proteins

© 1994 American Chemical Society
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Protein Reaction Kinetics in a
Room-Temperature Glass

Stephen J. Hagen, James Hofrichter, William A. Eaton

Protein reaction kinetics in aqueous solution at room temperature are often simplified by
the thermal averaging of conformationat substates. These substates exhibit widely varying
reaction rates that are usually exposed by trapping in a glass at low temperature. Here,
it is shown that the solvent viscosity, rather than the low temperature, is primarily re-
sponsible for the trapping. This was demonstrated by placement of myoglobin in a glass
at room temperature and subsequent observation of inhomogeneous reaction kinetics.
The high solvent viscosity slowed the rate of crossing the energy barriers that separated
the substates and also suppressed any changa in the average protein conformation after

ligand dissociation.

A physical understanding of protein struc-
ture and function is becoming increasingly
important to biology (1). Since the pioneer-
ing work of Austin and others (2), myoglo-
bin (Mb} has been the paradigm for such
studies. At remperatures below the glass
transition of the solvent (T, = 180 K for
3:1 glycerol-water mixtures), the geminate
ligand rebinding kinetics of Mb after pho-
todissociation of its carbon monoxide com-
plex are widely distributed, extending from
microseconds to kiloseconds. These kinetics
have been explained by the simple idea that
Mb molecules at low remperature are “fro-
zen” into conformational substates, each
binding with a different exponential rate
{2). At room temperature in water, gemi-
nate rebinding is nearly exponential {3},
which indicates that the energy barriers
that separate substates are sufficiently low
for thermal averaging to occur on the nano-
second time scale at which rebinding oc-
curs. From a study of the viscosity depen-
dence of the conformational relaxation af-
ter ligand dissociation in Mb, Ansari et al.
(4) suggested that the trapping of confor-
mational subsrares at low femperature may

Laboratory of Chemical Physics, Building 5, Nationat in-
stitutes of Health, Bethesda, MD 20892-0520, USA.
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result more from high solvenr viscosity than
from energy barriers intemal to the protein.
Here, we confirm this hyporhesis by show-
ing that Mb embedded in a glass at room
temperature exhibits ligand binding kinet-
ics similar to those observed at low temper-
ature. The ligand binding rates are distrib-
uted, and there is no evidence for confor-
mational relaxation after ligand dissocia-
tion. The averaged geminate rebinding
rates in the glass are much higher than
those of the relaxed protein, which points
to the functional consequence of conforma-
tional relaxation. These studies suggest a
reinterpretation of previous low-tempera-
ture kinetic data as well as a clarification of
the relation between kinetics, neutron-scat-
tering experiments (5), and molecular dy-
narmnics simulations of ‘“glass-like” transi-
tions in proteins (6).

Conformational changes play an impor-
tant role in the kinetics of Mb as well as of
hemoglobin. In aqueous solution at room
temperature, the geminate rebinding of car-
bon monoxide to Mb is much slower than
predicted by an extrapolation of the low-
temperature distribution of geminate rates
(3). In addirion, the average rate of geminate
rebinding decreases as the temperature s
increased through the solvent-glass transi-

18 AUGUST 1995
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Nonexponential structural relaxations in proteins
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Conformational changes in proteins have been observed to exhibit a nonexponeatial time course, In
myoglobn the conformational relaxation that follows photodissociation of the heme ligand is a very
extended process that stretches from less than 1 picosecond to nearly 1 microsecond. We explain
these kinetics with a model in which the initiat protein corifformational substates are connected to the
final substates and to each other via transition states of a single energy. © 1996 American Institute

of Physics. [S0021-9606(96)03609-6]

Protein conformational changes often do not follow a
single exponential time course. Like relaxations in glasses!
they may instead be described by the “stretched” exponen-
tial function, exp[—(xr)ﬁ], where 0<,8<l.2'5 The most strik-
ing example is the highly stretched (8~0.1) conformational
refaxation recently observed in myoglobin by Anfinrud and
co-workers.” Myogiobin is a small protein with an iron—
porphyrin complex that binds small ligands such as carbon
monoxide and oxygen; photodissociation of its CO complex
at room temperature initiates a relaxation that extends from
less than 1 picosecond to nearly 1 microsecond (Fig. 1). This
structural change in the protein is functionally important be-
cause it stows the rebinding of the ligand.5%” A similar relax-
ation is observed in hemoglobin prior to the quaternary con-
formational change,’ and its description as a non-exponential
process is the key to understanding the kinetics of coopera-
tive ligand binding.® Although it has been suspected! that
theories of relaxation in glasses and spin glasses™!° may also
be relevant to proteins, the origin of stretched relaxation in
protein molecules has not yet been explained. Here we pro-
pose a simple model in which nonexponential relaxation re-
sults from transitions among two groups of protein confor-
mational substates connected by trans.tion states of a single
cnergy. K

X-ray crystallography shows that the average structure
of the myoglobin molecule changes when the heme ligand is
dissociated.!! There is considerable evidence that the
liganded and unliganded structures each consist of a near
continuum of conformational substates, which have similar
energies but exhibit very different rates for the geminate re-
binding of ligands."!? These substates represent small
variations on the two average struc:turt.:s;13 they may, for ex-
ample, have slightly different packing of the helices. Inter-
conversion between substates occurs rapidly at room tem-
perature in water, although it is suppressed by low
temperatures®'> or by high solvent viscosities at room
temperature,' resulting in a wide distribution of geminate
ligand rebinding rates. We model the conformational states
of the protein molecule as two groups of substates, corre-
sponding to liganded (M5*) and unliganded (M b) forms of
the molecule, with different mean energies (Fig. 2}. If a
ligand is bound to the heme iron, the substates of M b* have
lower energy than the M b substates, and protein molecules

J. Chem. Phys. 104 (9), 1 March 1996
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overwhelmingly populate these Mb* substates. Photodisso-
ciation of the ligand causes a structural change of the heme!!
which lowers the energy of the unliganded conformations,
Mb, relative to the liganded conformations, Mb*. This ini-
tiates a redistribution of the population of molecules into the
unliganded conformations at low energy. In this model, the
observed conformational relaxation of the protein,
Mb*—Mb, is this redistribution.

This model is based in part on theoretical descriptions of
protein folding'® and other relaxation phenomena in complex
systems.'®1817 Such analyses treat the intexzonversion be-
tween a large number of states, and therefore require an as-
sumnption about the rate at which a molecule moves from one
state to another; a reasonable assumption, suggested by Ko-
per and Hillhorst,'® is that the rate of leaving a state depends
only on the energy of that state, i.e., al! states of the system
are connected via transition states of a single energy. In our
model we also assume a common transition state energy E¥.
One may imagine that the transition states correspond to less
compact forms of the protein in which the helices are slightly
separated and free to reposition. (This picture is supported by

10° )
FIG. 1. The frequency shift of the near infrared optical band of horse myo-
globin, resulting from motion of the Fe atom as the protein molecule relaxes
after photolysis.? Data (circles) are from Jackson ef al.,’ curves are fits to

¥(t) generated by the globally connected case of the model (solid line) and
the diffusive case (broken line).

© 1996 American Institute of Physics 3395
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A Mathematical Model for Structure-Function
Relations in Hemoglobin

ATTILA SzABO AND MARTIN KaARPLUS

Department of Chemistry, Harvard Universily
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(Received 3 January 1972, returned by editor for revision May 15,
and received in revised form 14 July 1972)

A mathematical model is presented for utilizing the structural features of
hemoglobin to determins its funetional properties. A formulation containing the
essential featurea of the Perutz mechanism is outlined; i.e. there are two quater-
nary conformations of the tetramer, two tertiary structures for each chain, and
coupling terms arising from the interchain salt bridges. A diagramrmatic repre-
gontation iz used to determine the contributions of individual structures to a
generating function from which the equilibrium properties are obtained. It is
shown that the model parameters have well-defined physical significarice which
determines vheir range of possible values. Considersation is given to the effect on
the oxygenation curves of pH, 2,3-diphosphoglycerate, ionic strength and
dissociation. Various modified, mutant and mixed-state hemoglobins are discussed.
Limitations of the model found by comparison with the available data are
described and the need for additions! experiments is pointed out. Possible
modifications and extensions of the model are suggested and it is indicated how to
alter the specific assumptions within the genersl thermodynamic scheme to
conform to new structural or functional information.

1. Introduction

The mechanism of the co-operative binding of oxygen by hemoglobin has been of
interest for more than sixty years (Bohr, 1904; Eill, 1910). An almost overwhelming
body of experimental data, most of which are summarized in comprehensive reviews
(Wyman, 1948; Gibson, 1950; Rossi Fanelli, Antonini & Caputo, 1964; Antonini,
1965; Riggs, 1965; Antonini & Branori, 1870), has heen obtained oonoerning both
equilibrium and kinetic effects. Interpretations of these date have in recent years
focused primarily on two phenomenological models. The first, formulated by Koshland,

Nemethy & Filmer (1966), who elaborated a proposal by Pauling {1935), is & sequential

model defined in terms of the conformations and interactions of the individual chains
of the hemoglobin tetramer; the second, introduced by Monod, Wyman & Changeux

(1965), is defined in terms of two conformations of the entire molecule. Attempts to

distinguish between these two models on the basis of the available information have not
been successful, although a number of illuminating papers relating certain experi-

mental results to one model or the other have been published (Ogawa & McConnell, *
1967; Ogawa, McConnell & Horwitz, 1968; Ogawa & Shulman, 1971; Edelstein, 1971; -

Minton, 1971). However, even if it had been possible to show that one of these models

is approximately correct, the molecular nature of the co-operative mechanism would
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Quaternary Conformational Changes in Human Hemoglobin
Studied by Laser Photolysis of Carboxyhemoglobin*

{Received for publication, October 31, 1975)
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These experiments indicate that absorbance changes observed at the 425 nm isosbestic point of Hb and
HbCO foliowing laser photolysis of HbCQ provide a direct measure of the rates of quaternary
conformational changes between rapidly reacting Hb* (the immediate product of full photolysis) and
slowly reacting normal deoxyhemoglobin. Hb*, first observed by Gibson (Gibsen, Q. H. (1959) Biochem.
J. 71, 293-303), has been interpreted as deoxyhemoglobin remaining in the liganded quaternary
conformation following rapid removal of ligand by a light pulse. In borate buffers between pH 8.4 and 9.6
particularly simple pH-independent results were obtained which allowed the use of a Monod, Wyman,
and Changeux model (Monod, J., Wyman, J., and Changeux, J. (1965) J. Mol. Biol. 12, 88-118) to fit the
data. In this case Hb* is taken to be R state deoxyhemoglobin. Partial photolysis experiments at 425 nm
show that the rate of the R — T conformational change at 20° decreases by about a factor of 2 for each
additional bound ligand. The rate of the ligand-free conformational change is found to be 920 = 60574,
6400 + 600 5", and 15,700 + 700 s respectively at 3°, 20°, and 30°. The previously uninterpreted effects
of flash length and partial photolysis on the CO recombination kinetics can be explained in terms of the
present model. Kinetic results obtained below pH 8 are found to be inconsistent with a two-state model.
It appears that binding of inositol hexaphosphate produces s new rapidly reacting quatemary
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conformation of HbCO.

It is generally accepted that the cooperativity manifested in
the reaction of hemoglobin with ligands is mediated by
conformational changes of the protein. While the kinetic and
equilibrium properties of the reactions of hemoglobin with
ligands have been thoroughly studied, the rates of the protein
conformational changes which produce cooperative effects
have not been examined in detail because no direct experimen-
tal measure of conformational state applicable to kinetic
measurements has been available. The experiments reported
here indicate that the absorbance changes observed at the
isosbestic point of deoxy- and carboxyhemoglobin, near 425
nm, following laser photolysis of carboxyhemoglobin provide
such a measure of conformational state. A preliminary account
of a part of this work has already been given (1) and similar
changes have also been observed by Gray for sheep hemoglobin
at pH 9 (2).

The effect of a protein conformational change on the rate of
CO recombination following photolysis of HbCO was first
recognized by Gibson (3). He found that the immediate
product of full phototysis of HbCO, denoted by Hb*, reacted
about 30 times faster with CO than normal deoxyhemoglobin.
Hb* was also found to differ somewhat in absorbance from
normal Hb. It has been suggested that Hb* is deoxyhemo-
globin, left after rapid removal of ligand by photolysis, with the
quaternary conformation of HbCO. Gibson (3) inferred the rate

* This work was supported by the National Institutes of Health
Grant GM-14276-11(to Q. H. G ).

of relaxation of fast reacting Hb* to slowly reacting Hb from
the effect of CQ concentration on the biphasic recombination
reaction. The model used assumed that the rate of conforma-
tional relaxation was independent of the degree of ligation of a
molecule. This model, also used by Gray (2), sufficiently
describes the CQ recombination kinetics, but cannot account
for the absorbance changes at 425 nm or for the effect of partial
photolysis on the CO recombination reaction or the effect of
flash duration on the distribution of fast and slow phases
observed by Gibson (3).

In the present work we have observed the relaxation of the
absorbance difference between Hb* and Hb at 425 nm and the
kinetics of CO recombination at the 436 nm isosbestic point of
Hb and Hb* following laser photolysis.* These kinetic data are
interpreted by taking account of the tetramer-dimer equilib-
rium of HbCO and of the effect of the degree of ligation on the
rate of conformational change.

'Some of the data, including “Materials and Methods,” are
presented as a miniprint supplement immediately following this paper.
Figs. 17 to 20 sre found on p. 1542. For the convenience of those who
prefer to obtain supplementary material in the form of full size
photocopies, these same data are available as JBC Document No.
75M-1454. Orders for supplementary material should specify the title,
authors, and reference to this paper and the JBC Document Number,
and the number of copies desired. Orders should be addressed to The
Journal of Biological Chemistry, 9650 Rockville Pike, Bethesds,
Maryland 20014, and must be accompanied by a remittance to the
order of the Journal in the amount of $1.05.
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The effect of quaternary structure on the kinetics of conformational
changes and nanosecond geminate rebinding of carbon monoxide

tv hemoglobin

(cooperativity /allosteric control/laser photolysis /singular value decomposition / tertiary structure)
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Communicated by Robin M. Hachstrasser, November 23, [987

ABSTRACT To determine the efTect of quaternary struc-
ture on the individual kinetic steps in the binding of carben
monoxide to the o subunit of hemoglobin, time-resolved
absorption spectra were measured after photodissociation of
carbon monoxide from a hemoglobin tetramer in which cobalt
was substituted for iron in the 8 subunits. Cobalt porphyrins
do not bind carbon monoxide. Spectra were measured in the
Soret region at room temperature after time delays that varied
from a few nanoseconds to the completion of ligand rebinding
at about 100 ms. The resuits show that the liganded molecule,
a(Fe-CQ),8(Co),, is in the R state, but can be almost com-
pletely switched into the T state by the allosteric effectors
inositol hexaphosphate and bezafibrate. The geminate yield,
which is the probability that the ligand rebinds to the heme
from within the protein, is found to be 40% for the R state and
<1% for the T state, According to the simplest kinetic model,
these results indicate that carbon monoxide enters the protein
in the R and T quaternary conformations at the same rate, and
that the 60-fold decrease in the overall binding rate, of carbon
monoxide to the « subunit in the T state compared to the R
state is almost completely accounted for by the decreased
probability of binding after the lizand has entered the protein.
The results further suggest that the low probability for the T
state results from a decreased binding rate to the heme and not
from an increased rate of return of the ligand to the solvent.

The simplest and conceptually most appealing theory that
relates the structure of Hb to its cooperative behavior is the
two-state allosteric model (1-5). According to this model,
Hb exists in two affinity states—a low-affinity state having
the quaternary structure of fully deoxygenated Hb, called T,
and a high-affinity state with the quaternary structure of fully
liganded Hb, called R. The essential feature of the model is
that the affinity does not depend on the number of ligands
bound per se, but is determined only by the quaternary
structure (4). The two-state allosteric model was first applied
to the equilibrium ligand-binding properties of Hb but natu-
rally has been extended to explain cooperativity in the
kinetics of both O, and CO binding (6). Corresponding to the
two affinities of the equilibrium treatment, there are four
rates—one binding rate and one dissociation rate for each
quaternary structure. For CO, the binding rate for the R
state is about 60 times faster than for the T state (7), whereas
the limited data suggest that the dissociation rate for the T
state is about 10-fold greater than that for the R state (8). For
0,, cooperativity is mainly manifested in the dissociation

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement™
in accordance with 18 U.S5.C. §1734 solely to indicate this fact.
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rates (9), with the T state dissociating about 150 times faster
than the R state (10).

Photodissociation experiments indicate that the mecha-
nism is more complex than one in which binding of a ligand
from the solvent or dissociation of a ligand from the heme
into the solvent occurs in a single step {11, 12). Both CO (13)
and O, (14, 15) undergo geminate recombination at room
temperature. That is, ligands rebind to the same heme from
which they were dissociated before escaping into the sol-
vent. Geminate recombination of CO occurs on the nanosec-
ond time scale at room temperature (13), whereas geminate
recombination of O, has been observed on both picosecond
(14, 16) and nanosecond (15, 17) time scales.

The minimal kinetic model that incorporates geminate
rebinding is a two-step process for both overall binding and
dissociation (18-20): () entry of the ligand into the protein
followed by binding to the heme (or escape back into the
solvent} in the overall association reaction and (i) breaking
of the heme-ligand bond followed by exit of the ligand from
the protein into the solvent (or rebinding to the heme) in the
overall dissociation reaction. The non-heme-bound ligand
inside the protein presumably occupies the region on the
distal side of the heme, referred to as the heme pocket. This
model immediately raises the possibility that the rates of
entering and leaving the protein may be altered by the
quaternary structure and, therefore, contribute to kinetic
cooperativity in the overall rates of binding or dissociation
(18, 19). We already have analyzed the overall dissociation
rate of CO from a comparison of geminate rebinding for
R-state molecules and for samples in which a fraction of the
molecules are in the T state prior to photodissociation (18,
19}. For R-state Hb, the geminate yield is about 0.4, reducing
the overall dissociation rate by about a factor of 2 relative to
the bond-breaking rate. The geminate yield for the T state is
<0.4, but a decrease in the geminate yield can increase the
dissociation rate of the T state relative to the R state by a
factor of at most 1.7, compared to the observed factor of
about 10. Thus, cooperativity in the overall dissociation rate
of carbon monoxide results primarily from differences in the
rate of breaking the heme-ligand bond (18, 19).

Fig. 1 shows three extreme hypothetical cases that could
explain the decrease by a factor of 60 in the overall binding
rate to the T state compared to the binding rate to the R
state. The decreased rate could result from a decreased rate
of entry of the ligand from the solvent into the protein, an
increased exit rate from the protein into the solvent, or a
decreased rate of ligand binding to the heme from within the
protein. The latter two possibilities are associated with
extremely small geminate yields following photodissociation

Abbreviation: BZF, bezafibrate.
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Stereochemistry of Cooperative Mechanisms in Hemoglobin
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Hemoglobin (Hb) is the respiratory protein of the red
blood cells which carries O, from the lungs to the tissues
and facilitates the return transport of CO, from the
tissues to the lungs. The physicist J. J. Hopfield has
called it the hydrogen atom of biock: zmistry because the
understanding of its functions is so fundamental to
proteins generally. One of these functions is allostery,
the awitching of proteins between active and inactive
structures in response to chemical stimuli. Another is
the formation of coordination complexes with transition
metals for a great variety of catalytic and other actions.
Hemoglobin may be unique in exploiting changes in
Fe—N bond lengths accompanying the transition from
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Research Council Unit and then the Laboratory of Molecular Biclogy. He
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high-spin to low-spin ferrous iron for the purpose of
efficient oxygen transport: without use of that spin
transition fast-moving animals could not have evolved.
The isolation of the iron atoms in separate rockets of
the globin prevents collisions between them, which
means that their reactions with ligands can be studied
without any of the elaborate apparatus of matrix iso-
lation needed for investigating the reaction mechanisms
of simpler metal complexes. Finaly, hemoglobin shows
how Nature uses conjugated bases with pK’s in the
physiological pH range to sensitize proteins to emall pH
changes in their environment.

Hemoglobin (MW = 64 500) is a tetramer made up
of two a-chains and two 8-chains, each containing 141
and 146 amino acid residues, respectively. Each chain
carries one heme. The a-chains contain seven and the
B-chains eight helical segments, interrupted by non-
helical ones. Each chain also carries short nonhelical
segments at the N and C termini. Myoglobin (Mb) is
a similar protein consisting of a single chain of 153
amino acid residues and one heme. It is found in
muscle where it stores the O, transferred to it from
hemoglobin and liberates the O, to the mitochondria
for oxidative phosphorylation of adenosine diphosphate.
As shown in Figure 1a, the hemes in Mb and Hb are
held in pockets formed by several helical and nonhelical
segments CD and FG; their Fe’s are 5-coordinated to
N, of histidines F8, also known as proximal, and to the
four porphyrin nitrogens (Nporpn); the porphyrin is in
van der Waals contact with another histidine on the

0001-4842/87/0120-0309$01.50/0 © 1987 American Chemical Society
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Analysis of Proton Release in Oxygen Binding by Hemoglobin: Implications for
the Cooperative Mechanism? :
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ABSTRACT: The relationship in hemoglobin between cooperativity (dependence of the Hill constant on pH)
and the Bohr effect (dependence of the mean oxygen affinity on pH) can be described by a statistical
thermodynamic model [Szabo, A., & Karplus, M. (1972) J. Mol. Biol. 72, 163—-197; Lee, A., & Karplus,
M. (1983) Proc. Natl. Acad, Sci. US.A. 80, 7055-7059]. In this model, salt bridges and other interactions
serve to couple tertiary and quaternary structural changes. To test and refine the model, it is applied to
the analysis of the pH dependence of the tetramer-Adair constants corrected for statistical factors (K,/,
i = 1-4). Attention is focused on the proton release of the first (AH,* = 3 log K,,"/dpH) and last (AH,*
= g log K,,’/3pH) oxygenation steps, where K,/ are the Adair constants corrected for statistical factors.
Measurements of AH,* and AH,* under carefully controlled conditions are reported, and good agreement
between the model calculation and these experimental results is obtained. The salt bridges are found to
be partially coupled to the ligation state in the deoxy quaternary structure; it is shown that a Monod-
Wyman—Changeux-type madel, in which the salt bridges are coupled only to quaternary structural change,
is inconsistent with the data for AH,. The significance of the present analysis for an evaluation of the Perutz
mechanism [Perutz, M. F. (1970) Nature (London) 228, 726-734, 734-739] and other models for hemoglobin

cooperativity is discussed.

’Ec dependence of the mean oxygen affinity of hemoglobin
on pH in the alkaline range {Bohr cffect) has been recognized
since Bohr first reported it in 1904 {see Antonini and Brunori
(1971) and references cited therein]. Wyman (1948) used
linkage relationships to show that the Bohr effect is equivalent
to the proton release per heme on oxygenation and ascribed
it to one ionizable group changing its pK, from 7.93 tu 6.68.
Although it was generally assumed that oxygenation-induced
conformational changes in the vicinity of the Bohr group are
responsible for the lowering in its pX,, the manner in which
these changes occurred was not known until high-resolution
X-ray crystallographic data for unliganded and liganded
hemoglobins become available in the 1960s and 1970s (Fermi
& Perutz, 1981, and references cited therein). The X-ray data
demonstrated that there exist two quaternary structures (deoxy
and oxy) for the tetramer and two tertiary structures (liganded
and unliganded) for cach individual chain. On the basis of
a detailed analysis of the contacts present in the crystal
structures, Perutz (1970a,b)} proposed a stereochemical
mechanism to explain hemoglobin cooperativity in which the
stepwise increase in oxygen affinity is closely related to the
Bohr effect. In this model, ionic interactions involving eight
salt bridges (four per af dimer) play a dominant role in
coupling the ligand-induced tertiary structural changes and
the relative stability of the quaternary structures. Since some
of the salt bridges involve ionizable protons, the Perutz model
also predicts the manner in which the Bohr protons are dis-

tSupported in part by grants from the National Institutes of Health
and from INSERM. A W L. was supported in part by the NIH Medical
Scientist Training Program.

!Committee on Biophysics, Harvard University, Cambridge, MA
02138. Present address: National Heart, Lung, and Blood Institute,
NIH, Bethesdz, MD 20892.

tributed among the different oxygenation steps. These Bohr
groups have been identified experimentally from structural
studies of mutant and modified hemoglobins (Perutz & Ten
Eyck, 1971; Fermi & Perutz, 1981; Perutz et al., 1984) and
from NMR (Kilmartin et al., 1973; Brown & Campbell,
1976), hydrogen-exchange (Ohe & Kajita, 1980; Matsukawa
ct al., 1984), and chemical reactivity (Garner et al., 1975; Van
Beek, 1979) measurcments.

The Perutz mechanism was translated into a statistical
mechanical model (Szabo & Karplus, 1972, 1975, 1976) to
provide a quantitative interpretation of the available ther-
modynamic data, including the Bohr effect. The Szabo-
Karplus formulation is mathematically related to the Mon-
od-Wyman—-Changeux (MWC) model (Monod et al., 1965)
in which cooperativity arises solely from a ligation-induced
shift in the eguilibrium between the deoxy (low affinity, T)
and oxy {high affinity, R) quaternary structures. However,
in contrast to the assumptions of the MWC model, ligation-
induced changes in the tertiary structure can occur in the
absence of a quaternary transition. From a fit of calculated
oxygenation curves to data for oxygen binding in human
hemoglobin at pH 7 and 9.1 (Roughton & Lyster, 1965}, a
set of values was determined for the free energy parameters
appearing in the model. As a consequence of the assumptions
of the mode! and of the choice of parameter values, a rela-
tionship was shown to exist between the Bohr effect (change
of oxygen affinity with pH) and the degree of cooperativity
{change of Hill constant with pH).

Despite the elegance of the Perutz mechan’sm and the
success of the Szabo—Karplus (SK) model, the molecular basis
of the Bohr effect and its relationship to cooperativity have
not been completely resolved. This is due in part to the lack
of structural and thermodynamic characterization of oxy-

0006-2960/88/0427-1285%01.50/0 © 1988 American Chemical Society
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Time-resolved optical spectroscopy and structural dynamics
following photodissociation of carbonmonoxyhemcglobin
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A summary is presented of our current understanding of the kinetics of ligand rebinding and conformational changes at room
temperature following photodissociation of the carbon monoxide complex of hemoglobin with pulsed lasers. The events which occur
subsequent to excitation have been followed over 12 decades in time, from about 100 fs to the completion of ligand rebinding at
about 100 ms. Experiments with picosecond and subpicosecond lasers by others, together with molecular dynamics simulations,
indicate that by 1 ns the deoxyhemoglobin photoproduct is in a thermally equilibrated ground electronic state, so that subsequent
processes are unaffected by the initi~! laser excitation. The principal results have been obtained from time-resolved optical absorption
SPectroscopy using a sensitive nanosecond laser spectrometer. Five relaxations have been observed which are interpreted as geminate
rebinding at about 50 ns that competes with motion of the ligand away from the heme which produces a tertiary conformational
change, a second tertiary conformational change at 0.5-1 us, transition from the R 1o T Quaternary structure at about 20 us, and
overall bimolecular rebinding of ligands from the solvent to the R and T quaternary structures at about 200 #s and 10 ms. Assuming
that the dissociation pathway in photoly<is experiments is the reverse of the association pathway, we find that for the R state there is
& 40% probability that the ligand will bind 1o the heme after entering the protein, and a 60% probability that it will return to the
solvent. Studies on the a-subunit of an iron-cobalt hybrid hemoglobin indicate that carbon monoxide enters the protein at the same
ratc for both R and T quaternary structures. For the a-subunit in the T state the probability of binding after entry is much lower,
and the ligand returns to the solvent more than $9% of the time, accounting for the 60-fold overall lower association rate. This

decreased probability of binding results from a decresseu rate of binding to the heme from within the protein, and not an increased

rate of return to the solvent. There are still unresolved problems on the basic structural description of carbon monoxide binding and

dissociation, particularly the functional significance of the tertiary relaxations in both ihe R and T states, and the precise number of

kinetic barriers within the protein.

1. Introduction protein. This process is called geminate recombi-
' nation. At room temperature geminate recombina-
Dissociation of ligands from hemoglobin is a tion of carbon monoxide occurs on a nanosecond

multistep process [1]. This has been demonstrated time scale [2-18], while for oxygen geminate re-
by experiments in which a short laser pulse is used binding is observed on both nanosecond {8,9,19,20)
to break the heme-ligand bond. Not all photodis- and picosecond time scales (2,3,10,21,22). A struc-
sociated ligands escape from the protein into the tural basis for geminate recombination has been

solvent, A certain fraction rebind from within the

Correspondence address: W.A. Eaton, Laboratory of Chemical
Physics, Building 2, Room B1-04, National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of
Health, Bethesda, MD 20892, USA.

known since the early X-ray findings that there is
no open path from the heme iron to the solvent
{23,24]. Residues on the surface of the protein
would have to be displaced to allow the ligand to
leave the protein after dissociation of the iron-
ligand bond, or to enter the protein from the



Proc. Nuatl. Acad. Sci. USA
Vol. 88, pp. 4472-4475, May 1991
Biophysics

Application of linear free energy relations to protein
conformational changes: The quaternary structural
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ABSTRACT The transition state for the R == T quaternary
conformational change of hemoglobin has thermodynamic
properties much closer to those of the R conformation than te
those of the T conformation. This finding is based on a
comparison of activation and equilibrium enthalpy and entropy
changes and on the observation of a linear free energy rela-
tionship between quaternary rate and equilibrium constants. A
previous theoretical study [Janin, J. & Wodak, S. J. (1985)
Biopolymers 24, 509-526], using a highly simplified energy
function, suggests that the R-like transition state is the result of
a reaction pathway with the maximum buried surface area
between aff dimers.

Ccrformational changes play a critical role in the function of
many proteins. In multisubunit proteins, the rearrangement
of the packing of subunits, the quaternary conformational
change, is responsible for cooperative behavior {1). In spite
of the importance of quaternary conformational changes in
protein chemistry, very little is known about their kinetics or
molecular mechanisms. Hemoglobin remains the only pro-
tein for which there is a substantial body of kinetic data for
a guaternary conformational change, beginning with the
studies of Gibson performed over 30 years ago (2).

An essential element in the investigation of the molecular
mechanism of a quaternary conformational change is the
experimental characterization of the transition state. Knowl-
edge of the transition state can explain systematic changes in
rates and provides an important test of theoretical descrip-
tions of reaction paths. In this paper, we describe results on
hemog!obin which indicate that the transition state has prop-
erties much closer to those of the R quaternary structure than
to those of the T quaternary structure. We also point out that
an R-like transition state may be explained by a reaction path
similar to the one Janin and Wodak (3) generated by maxi-
mizing the buried surface area at the subunit interfaces
between aff dimers.

In a recent study on trout hemoglobin, time-resolved
absorption spectroscopy was used to determine the activa-
tion parameters for the R — T transition of the molecule with
no ligands bound (4). At 20°C, the conformational change was
found to occur with a rate constant of 5 x 10° sec™ %, and with
an activation energy, E,, of 8.0 kcal/mol (1 cal = 4.184 I).
Using the equation from transition state theory (TST),

k= kkTST = w(kpT/h)e 207RT = (kg T/h)edS Re=8H'RT (4]

with AHY = E, — RT, together with the equilibrium enthalpy
and entropy changes (5, 6), the activation enthalpies and
entropies were calculated for both the Ry — Tyand To — Ry
quaternary structural changes (Fig. 1). The data in Fig. 1
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show that the activation enthalpies and entropies for the T,
— Ry transition are much more similar to the equilibrium
enthalpies and entropies than the cotresponding values for
the Ry— T transition. That is, the thermodynamic properties
of the transition state are much more similar to those of the
R quaternary conformation than to those of the T quaternary
conformation (4).1

An R-like transition state for the unliganded molecule has
important and interesting consequences. Adding ligands, or
changing solution variables such as pH, ts expected to change
the free energy of the transition state by nearly the same
amount as the R state. The free energy barrier forthe R— T
transition (and hence its rate) is therefore expected to change
much less than the free energy barrier for the T— R transition
{Fig. 2). This prediction is borne out by the published results
summarized in Table 1 on the kinetics and thermodynamics
of human hemoglobin analyzed in terms of the two-state
allosteric model of Monod et ai. (20).5 The results show that
decreasing the allosteric equilibrium constant, L; = [T;}/[R;]
= Lyct = k(R; — T/k(T; = R;), by adding ligands such as
carbon monoxide or oxygen to ferrous hemes, or cyanate and
azide to ferric hemes, changes the R — T rates much less than
the T — R rates (12, 18). Also, increasing the pH, which
decreases L, changes the Ry— T, rate much less than the T,
—+ Ry rate. Thus, changes in the R = T conformational
equilibrium are manifested mainly as changes in the T — R
rates, as predicted for an R-like transition state (Fig. 2).

We can take the analysis one step further and ask whether
there is any simple quantitative relationship between the rate
and equilibrium constants. The simplest of such relationships
is a linear free energy relationship. A linear free energy
relationship describes the situation in which the transition
state has properties that are intermediate between reactants
and products and in which, upon changing some variable, the
change in the free energy of the transition state is a linear
combination of the changes in free energy of the reactants and
products (22, 23). Given this assumption, the variation in the

*To whom reprint requests should be addressed.

TThere are two reasons why the entropy of activation for Ty —+ Rgis
expected to be less than the equilibrium value even in the limit of
virtually identical structures for the transition state and the R, state
(4). One reason is that the transition state is missing one vibrational
degree of freedom, corresponding to motion along the reaction
coordinate. The entropy of the transition state is therefore lowered
by R In(kaT/hv), where v is the frequency of the missing vibration.
The second reason is that in calculating the activation parameters
the transmission coefficent, «, in Eq. 1 was assigned a value of 1,
which assumes that there are no recrossings of the barrier (8). For
values of k <C 1, the calculated entropy of activation would be more
positive.

S5The interface between af dimers (7, 21), which is the interface that
changes with the quaternary transition, is sufficiently similar for
trout | and human hemoglabin that it is reasonable to assume that
the transition states are very similar for the two molecules (4).
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Speed of Intersubunit Communication in Proteins
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ABSTRACT: To determine the spzed of communicatio
spectra were measured following partial photodissocia

n between protein subunits, time-resolved absorption
tion of the carbon monoxide complex of hemoglobin.

The experiments were carried out using linearly polarized, 10-ns laser pulses, with the polarization of the
excitation pulse both parallel and perpendicular to the polarization of the probe pulse. The substantial
contribution to the observed spectra from photoselection effects was eliminated by isotropically averaging
the polarized spectra, allowing a detailed comparison of the kinetics as a function of the degree of photolysis.
These results show that prior to 1 ps both geminate ligand rebinding and conformational relaxation are
independent of the number of ligands dissociated from the hemoglobin tetramer, as expected for a two-state
allosteric model. After this time the kinetics depend on the ligation state of the tetramer. The confor-
mational relaxation at 10 us can be interpreted in terms of the two-state allosteric model as arising from
the R to T quaternary conformational change of both unliganded and singly liganded molecules. These
results suggest that communication between subunits requires about 1 us and that the mechanism of the
communication which occurs after this time is via the R to T conformational change. The optical anisotropy
provides a novel means of accurately determining the extinction coefficients of the transient photoproduct.
Thedecay in the optical anisotropy, moreover, provides an accurate determination of the rotational correlation

time of 36 % 3 ns.

Laser photolysis of hemoglobin provides a unique oppor-
tunity to investigate the dynamics of the interaction between
protein subunits. In these experiments a short laser pulse is
used to photodissociate one or more ligands from the car-

. bonmonoxyhemoglobin tetramer, and the subsequent events

are monitored by time-resolved optical absorption spectros-
copy. Within 300 ns about 40% of the photodissociated ligands
geminately rebind to the heme at room temperature; the
remainder escape into the solvent and may rebind in a bi-
molecular process (Duddell et al., 1979; Alpert et al., 1979;
Friedmar & Lyons, 1980; Hofrichter et al., 1983). Spectral
changes of the deoxyheme occur simultaneously with geminate
rebinding, indicating evolution of the protein conformation
toward that of deoxyhemoglobin at equilibrium (Lyons &
Friedman, 1982; Hofrichter et al., 1983, 1985, 1991; Fried-
man, 1985; Sassaroli & Rousscau, 1987; Murray et al,
1988a,b). Both the kinetics of geminate rebinding and the
kinetics of the deoxyheme spectral changes can be used as
probes of subunit interaction. In this work we address two
important questions concerning the dynamics of subunit
interaction. First, how long does it take for the heme of one
subunit of hemoglobin to respond to photodissociation of the
heme complex on a neighboring subunit? That is, how fast
is communication between subunits? Second, what is the
mechanism of this communication?

To cxamine these questions we carried out a series of partial
photolysis experiments on human hemoglobin in the R
quaternary conformation using linearly polarized, 10-ns laser
pulses. By varying the degree of photolysis, the distribution
of tetramers having different numbers of photodissociated
heme complexes was varied. The resulting kinetics were then
compared in a model-independent analysis to determine when
differences began toappear and in a model-dependent analysis
to determine how the kinetics of the quaternary conforma-
tiona! change depend on the number of ligands bound. Since

* Correspondence should be addressed to cither of these authors.

hemoglobin in the T quaternary conformation shows less than
1% geminate rebinding (Murray et al., 1988a), the geminate
kinetics for hemoglobin initially in the R conformation, but
evolving toward the T conformation following ligand photo-
dissociation, provide a sensitive measure of communication
between subunits.

Previous nanosecond experimental studies on trout hemo-
globin suggested that photoselection effects have a major
influence on measurements of geminate rebinding because
rotational diffusion of hemoglobin occurs on the same time
scale (Hofrichter et al., 1991). A theoretical analysis also
showed that photosclection cffects are significant even at
degrees of photolysis greater than 90% (Hofrichter et al., 1991;
Ansari and Szabo, in preparation; Ansari et al., in preparation).
By making measurements with the probe puise polarized both
paraliel and perpendicular to the photolysis puise, we could
obtain isotropically averaged spectra which contained no
interference from photoselection effects. There were addi-
tional advantages in making the measurements with both
polarizations. The optical anisotropy induced in the sample
provided information on the reorientational dynamics of the
heme group in addition to that due to the overall rotation of
the protein. The measurement of the optical anisotropy,
moreover, together with the theory of Ansari and Szabo (in
preparation), provided a novel method for accurately deter-
mining the extinction coefficients of the photoproduct spectra
and therefore for accurately determining the degree of pho-
tolysis.

MATERIALS AND METHODS

Sample Preparation. A lysate of human red cells was
prepared from freshly drawn blood following the method of
Perutz (1968). Oxyhemoglobin A was purified by DEAE-
Sephacel (Pharmacia) anion-exchange chromatography using
a pH gradient between 8.5 and 7.8 in 0.05 M Tris-HCI!



2888

Institute of Biochemical Sciences, University of Parma, 43100 Parma, Italy, and Laboratory of Chemical Physics, Building 2,
National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland 20892

S et LA il A RAA e RS

ublished 1n DloCeiNisgery, viarcll od, 1004, pp. LU, L

Oxygen Binding by Single Crystals of Hemoglobin®
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ABSTRACT: Reversible oxygen binding curves for single crystals of hemoglobin in the T quaternary struciure
have been measured using microspectrophotometry. Saturations were determined from complete visible
spectra measured with light linearly polarized parallel to the a and ¢ crystal axes. Striking differences were
observed between the binding properties of hemoglobin in the crystal and those of hemoglobin in solution.
Oxygen binding to the crystal is effectively noncooperative, the Bohr effect is absent, and there is no effect
of chloride ion. Also, the oxygen affinity is lower than that of the T quaternary structure in solution. The
absence of the Bohr effect supports Perutz's hypothesis on the key role of the salt bridges, which are known
from X-ray crystallography to remain intact upon oxygenation. The low affinity and absence of the Bohr
effect can be explained by a generalization of the MWC-PSK model (Monod, Wyman, & Changeux, 1965;
Perutz, 1970; Szabo & Karplus, 1972) in which both high- and low-affinity tertiary conformations, with
broken and unbroken salt bridges, respectively, are populated in the T quaternary structure. Because the
o and B hemes make different projections onto the two crystal axes, separate binding curves for the o and
£ subunits could be calculated from the two measured binding curves. The approximately 5-fold difference
between the oxygen affinities of the « and § subunits is much smaliler than that predicted from the
crystallographic study of Dodson, Liddington, and co-workers, which suggested that oxygen binds only to
the a hemes. This 5-fold difference is exactly compensated by a small amount of cooperativity to produce
the crystal binding curve with a Hill n of 1.0. In terms of free energy, the cooperativity is only about 10%
of that observed in solution. It therefore represents only a slight perturbation on the essential feature of
an allosteric model that the binding curve for hemoglobin in the T quaternary structure be perfectly
noncooperative. If the concentration of the crystallizing agent [poly(ethylene glycol)] and/or the fraction
of oxidized hemes are not sufficiently high, oxygen binding is no longer reversible, Under these conditions
the crystals crack and undergo a time-dependent increase in their saturation with oxygen. We tentatively
assume that this change corresponds to the conversion of the low-affinity T quaternary structure to the
high-affinity R quaternary structure, opening up the possibility of carrying out a detailed kinetic study of

the quaternary conformational change in the crystal by monitoring the oxygen saturation.

Hemoglobin remains the paradigm for understanding the
cooperative behavior of proteins. The reason is that a
surprisingly simple model can explain the major features of
a vast array of structural, spectroscopic, equilibrium, and
kinetic data on its cooperative ligand binding and confor-
mational changes. The model is a synthesis of the two-state
allosteric mode] of Monod, Wyman, and Changeux (Monod
et al., 1965; Shulman et al., 1975; Edeistein, 1975), the
stereochemical mechanism of Perutz (Perutz, 1970; Perutz et
al., 1987), and the statistical mechanical formulation of
Perutz's mechanism by Szabo and Karplas (Szabo & Karplus,
1972; Lec et al,, 1988). Figure 1 shows schematic diagrams
of this MWC-PSK model. The novel features of the model,
and also the most controversial, are the central role of the salt
bridges and the existence of only two affinity states of the
tetramer, each with noncooperative binding. In later work
Perutz suggested that there is indirect evidence from studies
on mutant hemoglobins for cooperative oxygen binding to the
T quaternary structure (Perutz, 1976, 1989). Ackers and
co-workers have also proposed that there is significant
cooperativity within both the R and T quaternary structures.

t This work was supported in part by a binational grant from the
National Research Council of Italy and by the Target Project on
Biotechnology and Bioinstrumentation of the National Research Council
of Italy.

* Correspondence may be addressed to either author,

 University of Parma.

§ National Institutes of Health.

Their conclusion is based on an analysis of the dimer—tetramer
equilibrium constants of model compounds for the intermediate
ligation states {Daugherty et al., 1991; Ackers et a1, 1732).
Finally, Shulman et al. (1982) pointed out that the failure of
the salt bridges to break upon binding of carben monoxide in
crystalsof the T-state mutant hemoglobin Kansas (Anderson,
1975) argues against Perutz's proposal for the role of the salt
bridges.

It appeared to us that much of the controversy arises from
the fact that the structural studies have been carried out on
crystals, while the functional studies have been carried out on
solutions where the structures are unknown. This pointed to
a critical need for functional studies on crystals, permitting
a direct comparison with the results of X-ray crystallography.
Such comparisons have been found to be useful in the study
of structure—function relations in enzymes (Rossi & Bernhard,
1970; Mozzarellict al., 1989; Rossiet al., 1992). Ourinterest
in this problem was further sparked by the determination of
the structure of a partially oxygenated hemoglobin in the T
guaternary structure (Brzozowski et al.,, 1984a; Liddington
et al, 1988). This X-ray crystallographic investigation was
carried out on crystals grown from solutions of poly{ethylene
glycol) (PEG).! Unlike crystals formed in concentrated salt
solution, which crack and become disordered upon oxygenation

! Abbreviations: oxyHb, oxyhemoglobin; deoxyHb, deoxyhemoglobin;
metHb, methemoglobin; PEG, poly(cthylene glycol); DPG, 2,3-diphos-
phoglycerate; IHP, inositol hexaphosphate.
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Fast events in protein folding initiated by nanosecond

laser photolysis

(cytochrome c/kinetics / polypeptide dynamics/denatured state/optical spectroscopy)
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Communicated by Robert Zwanzig, September 15, 1993

ABSTRACT Initiation of protein folding by light can dra-
matically improve the time resolution of kinetic studies. Here
we present an example of an optically triggered folding reaction
by using nanosecond photodissociation of the heme—carbon
monoxide complex of reduced cytochrome c. The optical trig-
ger is based on the observation that under destabilizing con-
ditions cytochrome c can be unfolded by preferential binding of
carbon monoxide to the covalently attached heme group in the
unfolded state. Photodissociation of the carbon monoxide thus
triggers the folding reaction. We used time-resolved absorption
spectroscopy to monitor binding at the heme. Before folding
begins we observe transient binding of both nonnative and
pative ligands from the unfolded polypeptide on a microsecond
time scale. Kinetic modeling suggests that the intramolecular
binding of methionine-65 and -80 is faster thaz that of histi-
dine-26 and -33, even though the histidines are closer to the
heme. This optical trigger should provide a powerful method
for studying chain collapse and secondary structure formation
in cytochrome ¢ without any limitations in time resolution.

Protein folding generally occurs in two phases, one rapid and
one slow. The rapid phase is the collapse of the unfoldcd
polypeptide into a compact structure and the formation of
secondary structure. The slow phase is the subsequent, often
multistep rearrangement to the native conformation (1-7).
Because of the limited time resolution (milliseconds) of
conventional stopped-flow mixing experiments, the complete
time course of protein folding has not yet been observed. A
dramatic improvement in time resolution would result if
protein folding could be initiated by light. ]

Here we present an example of an optically triggerec
folding reaction. We take advantage of the fact that under
destabilizing conditions cytochrome ¢ can be unfolded by
preferential binding of carbon monoxide (CO) to the cova-
lently attached heme group in the unfolded state. The folding
reaction can thus be triggered by photodissociating the CO
complex. In this study, we used time-resolved absorption
spectroscopy with nanosecond lasers to monitor binding
events at the heme (8-11). Although rebinding of CO pre-
vents the complete formation of the native conformation, th_e
rapid recovery of the sample permits repetitive photolysis
and therefore the acquisition of high signal/noise transient
spectra for investigating submillisecond events. Simulations
of the multiwavelength data with kinetic models were carried
out to generate the spectra of intermediates, as well as the
rate constants connecting them. We find that before folding
begins there is transient binding of both nonnative anq native
ligands from the unfolded polypeptide chain on a microsec-
ond time scale.

The publication costs of this article were defrayed in part by page chargf
payment. This article must therefore be hereby marked “a_dvemsemenr
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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MATERIALS AND METHODS

Type VI horse heart cytochrome ¢ from Sigma was purified by
ion-exchange chromatography using carboxymethyl-cellulose
(Whatman) (12), reduced with sodium dithionite anaerobically,
and separated anaerobically from the sodium dithionite by gel
filtration on Sephadex G-25M (Pharmacia). The solutions for
fluorescence and circular dichroism measurements contained
15 uM cytochrome ¢, 0.1 M potassium phosphate buffer (pH
6.5), and 200 M sodium dithionite. They were prepared
anaerobically, equilibrated with either argon or CQ, and sealed
in 1-cm square cuvettes with dental wax and glyptal varnish.
The fluorescence measurements were performed with an SLM
8000 fluorimeter (SI.M Aminco, Urbana, IL) and were cor-
rected for self-absorption by the heme and sodium dithionite.
The circular dichroism measurements were performed with a
Jasco 710 spectropolarimeter (Fasco, Easton, MD).

For time-resolved absorption measurements, the solutions
contained 106 uM cytochrome ¢, 200 uM sodium dithionite,
and 0.1 M potassium phosphate (pH 6.5) and were sealed
under a CO atmosphere in 350-um cuvettes. The measure-
ments were made with a nanosecond spectrometer as de-
scribed (10, 13, 14). The instrument is based on two
Q-switched Nd/YAG (yttrium/aluminum garnet) lasers pro-
ducing 10-ns (futl width at half maximum) pulses. The 532-nm
second harmonic of one laser photolyzes the sample. The
366-nm third harmonic of the second laser excites the spon-
tancous emission of a dye (stilbene 420), which is used as a
broadband probe source for measuring the transient spectra.
A silicon vidicon tube read by an optical multichannel
analyzer detector controller is used for detection. The data
were filtered by using singular value decomposition, and
offsets due to shot-to-shot variations in laser intensity were
removed by the procedure described by Jones er al. (10).

RESULTS AND DISCUSSION

The basis for our optical trigger is given in Fig. 1, which
shows the guanidine hydrochioride (Gdo-HCl)-induced un-
folding curve of reduced horse heart cytochrome c in the
presence and absence of CO at 40°C, as measured by tryp-
tophan fluorescence. There is a single tryptophan in horse
cytochrome ¢ at position 59 (Fig. 2). Its fluorescence is
almost completely quenched in the native protein by energy
transfer to the heme (13, 16). Unfolding results in an increase
in the heme~tryptophan distance and, consequently, an in-
crease in the fluorescence yield (15-20).

In the absence of CO, the unfolding transition begins at
=4.5 M Gdn-HCl and is complete at =6.0 M Gdn-HCl with a
midpoint concentration, ¢y, of 5.1 M Gdn-HCI. In the pres-

Abbreviation: Gdn-HCI, guanidine hydrochloride.
#Present address: Department of Chemistry, University of South
Alabama, Mobile, AL 36688.
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Funnels, Pathways, and the Energy Landscape
of Protein Folding: A Synthesis '
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ABSTRACT  The understanding, and even
the description of protein folding is impeded by
the complexity of the process. Much of this com-
plexity can be described and understood by tak-
ing a statistical approach to the energetics of
protein conformation, that is, to the energy land-
scape. The statistical energy landscape ap-
proach explains when and why unique behav-
iors, such as specific folding pathways, occur in
some proteins and more generally expiains the
distinction between folding processes common
to all sequences and those peculiar to individual
sequences. This approach also gives new, quan-
titative insights into the interpretation of ex-
periments and simulations of protein folding
thermodynamics and kinetics. Specifically, the
picture provides simple explanations for folding
as a two-state first-order phase transition, for
the origin of metastable collapsed unfolded
states and for the curved Arrhenius plots ob-
served in both laboratory experiments and dis-
crete lattice simulations. The relation of these
quantitative ideas to folding pathways, to uniex-
ponential vs. multiexponential behavior in pro-
tein folding experiments and to the effect of mu-
tations on folding is also discussed. The success
of-energy landscape ideas in protein structure
prediction is also described. The use of the en-
ergy landscape approach for analyzing data is
illustrated with a quantitative analysis of some
recent simulations, and a qualitative analysis of
experiments on the folding of three proteins.
The work unifies several previously proposed
ideas concerning the mechanism protein folding
and delimits the regions of validity of these ideas
under different thermodynamic conditions
© 1995 Wiley-Liss, Inc.*

Key words: protein folding, energy landscape,
foiding pathway, folding funnel,
lattice simulation, folding thermo-
dynamics, folding kinetics, protein
engineering
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INTRODUCTION

The apparent complexity of folded protein struec-
tures and the extraordinary diversity of conforma-
tional states of unfolded proteins make challenging
aven the description of protein folding in atemistic
terms. Soon after Anfinsen’s ¢lassic experiments on
renaturation of unfolded proteins,! Levinthal recog-
nized the conceptual difficulty of a molecule search-
ing at random through the cosmologically large
number of unfolded configurations to find the folded
structure in a biologically relevant time.? To resolve
this “paradox,” he postulated the notion of a protei.,
folding pathway. The search for such a pathway is
often stated as the motive for experimental protein
folding studies. On the other hand, the existence of
multiple parallel paths to the folded state has been
occasionaily invoked.? Recently, a new approach te
thinking about protein folding and about these is-
sues specifica'ly has emerged based on the statisti-
cal characterization of the energy landacape of fold-
ing proteins.*~®

This paper presents the basic ideas of the statis-
tical energy landscape view of protein folding and
relates them to the older languages of protein fold-
ing pathways. The use of statistics to describe pro-
tein physical chemistry is quite natural, even
though each protein has a specific sequence, struc-
ture, and function essential to its biological activity.
The huge number of conformational states immedi-
ately both allows and requires a statistical charac-
terization. In addition folding is a general behavior
comumon to a large ensemble of biological molecules.
Many different sequences fold to essentially the
same structure as witnessed by the extreme dissim-
ilarities in sequence which may be found in families
of proteins such as lysozyme.” Thus for any given

Received July 7, 1994; revision accepted November 4, 1994.

Address reprint requests to Joseph D. Bryngelson, Physical
Sciences Laboratory, Division of Computer Research and Tech-
nology, Nationa: Institutes of Health, Bethesda, MI) 20892
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REVIEW

Principles of protein folding — A perspective
from simple exact models

KEN A. DILL,' SARINA BROMBERG,! KAIZHI YUE,' KLAUS M. FIEBIG,'?
DAVID P. YEE,'* PAUL D. THOMAS,? aAnp HUE SUN CHAN!

! Department of Pharmaceutical Chemistry, Box 1204, University of California, San Francisco, California 94143-1204
2 Graduate Group of Biophysics, Box (448, University of California, San Francisco, California 94143-0448

(RECEIVED September 23, 1994; AccePTED January 9, 1995)

Abstract

General principles of protein structure, stability, and folding kinetics have recently been explored in computer
simulations of simple exact lattice models. These models represent protein chains at a rudimentary level, but they
involve few parameters, approximations, or implicit biases, and they allow complete exploratioas of conforma-
tional and sequence spaces. Such simulations have resulted in testable predictions that are sometimes unantici-
pated: The folding code is mainly binary and delocalized throughout the amino acid sequence. The secondary and
tertiary structures of a protein are specified mainly by the sequence of polar and nonpolar monomers. More spe-
cific interactions may refine the structure, rather than dominate the folding code. Simple exact models can ac-
count for the properties that characterize protein folding: two-state cooperativity, secondary and tertiary structures,
and multistage folding kinetics — fast hydrophobic collapse followed by slower annealing. These studies suggest
the possibility of creating “foldable” chain molecules other than proteins. The encoding of a unique compact chain
conformation may not require amino acids; it may require only the ability to synthesize speciflic monomer sequences
in which at least one monomer type is sclvent-averse.

Keywords: chain collapse; hydrophobic interactions; lattice models; protein conformations; protein folding; protein

stability

We review the principles of protein structure, stability, and fold-
ing kinetics from the perspective of simple exact models. We
focus on the “folding code” —how the tertiary structure and
folding pathway of a protein are encoded in its amino acid se-
quence, Although native proteins are specific, compact, and often
remarkably symmetrical structures, ordinary synthetic polymers
in solution, glasses, or melts adopt large ensembles of more ex-
panded conformations, with little intrachain organization. With
simple exact models, we ask what are the fundamental causes
of the differences between proteins and other polymers — What
makes proteins special?

One view of protein folding assumes that the “local” inter-
actions among the near neighbors in the amino acid sequence,
the interactions that form helices and turns, are the main deter-
minants of protein structure. This assumption implies that iso-
lated helices form early in the protein foiding pathway and then

Reprint requests to: Ken A. Dill, Depariment of Pharmaceutical
Chemistry, Box 1204, University of California, San Francisco, Califor-
nia 94143-1204; ¢-mail: dilt@maxwell.ucsf.edu.

3 Present address: New Chemistry Laboratory, University of Oxford,
South Parks Road, Oxford OX1 3QY, UK.

“Present address: Department of Molecular Biotechnology, Univer-
sity of Washington, GI-10, Seattle, Washington 98195.
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assemble into the native tertiary structure (see Fig. 1). It is the
premise behind the paradigm, primary — secondary - tertiary
structure, that séeks computer algorithms to predict secondary
structures from the sequence, and then to assemble them into
the tertiary native structure.

Here we review a simple model of an aliernative view, its ba-
sis in experimental results, and its implications. We show how
the noniocal interactions that drive collapse processes in hetero-
polymers can give rise to protein structure, stability, and folding
kinetics. This perspective is based on evidence that the folding
code is not predominantly localized in short windows of the
aming acid sequence. It implies that collapse drives secondary
structure formation, rather than the reverse. It implies that pro-
teins are special among polymers not primarily becaus® of the
20 types of their monomers, the amino acids, but because the
amino acids in proteins are linked in specific sequences. It im-
plies that the folding code resides mainly in global patterns of
contact interactions, which are nonlocal, and arise from the ar-
rangements of polar and nonpolar monomers in the sequence.

We review here the simple exact models that can address these
questions of general principle. Such questions are often diffi-
cult to address by other means, through experiments, atomic
simulation, Monte Carlo partial sampling, or approximate theo-
retical models. “Simple” models have few arbitrary parameters.
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Submillisecond events in protein folding

(barstar/relaxation kinetics /cold denaturation/protein engineering)
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Cambridge University Chemical Laboratory and Cambridge Centre for Protein Engineering, Medical Research Council Cenure, Hills Road, Cambridge CB2 20H,

United Kingdom
Contributed by Alan R Fersht, August 7, 1995

ABSTRACT The pathway of protein folding is now being
analyzed at the resolution of individual residues by kinetic
measurements on suitably engineered mutants. The kinetic
methods generally employed for studying folding are typically
imited to the time range of =1 ms because the folding of
lenatured proteins is usually initiated by mixing them with
yuffers that favor folding, and the dead time of rapid mixing
xperiments is about a millisecond. We now show that the
tudy of protein folding may be extended to the microsecond
ime region by using temperature-jump measurements on the
old-unfolded state of a suitable protein. We are able to detect
arly events in the folding of mutants of barstar, the polypep-
ide inhibitor of barnase. A preliminary characterization of
he fast phase from spectroscopic and ®-value analysis indi-
-ates. that it is a transition between two relatively solvent-
xposed states with little consolidation of structure.

The pathway by which a particular protein folds will be
esoived experimentally when the structures of all stable,
netastable, and transition states adopted by the protein during
he process have been characterized structurally and energet-
cally. The only way to analyze the structures of transition
tates is by kinetics, anc the details of their structure and
nergetics can be gleaned from the kinetics of folding of
roteins whose structures have been carefully altered by
rotein engineering (1-6). This protein engineering procedure
1as been used to characterize transition states and interme-
liates on a time scale of =1 ms (1-6), the time resolution of
he stopped-fiow and other rapid mixing techniques employed
o far in these and most other studies (¢.g., refs. 7-9). This is
oo slow to allow detection of the carly events that initiate
clding. To study faster events, kinetic techniques must be
mployed that eliminate the time delays arising from rapid
1ixing techniques. Relaxation methods, by which a preexisting
quilibrium between denatured and folded states is rapidly
erturbed by a change in physical or chemical conditions, may
e used to extend the time range. It is not easy, however, to find
1ethods that can readily cause a denatured state of a protein
0 renature. Millisecond time resolution has been achieved by
sing a repetitive pressure-perturbation method (106). Laser
lash photolysis has been applied to dissociate CO from
“O-bound cytochrome ¢, with concomitant denaturation (11).
Jowever, rapid CO rebinding, binding of non-native ligands,
nd possibly aggregation prevented the complete transition to
e native state (11). A more generally applicable method for
tudying fast events would be to raise rapidly the temperature
f a cold-denatured protein, since cold denaturation is a
ommon phenomencon of globular proteins under suitable
xperimental conditions (12-15). Temperature jump (T-jump)
y electrical discharge (16-20) and laser-induced heating
/ould thus enable microsecond and nanosecond time resofu-
ions, sespectively.
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The structure of barstar (21), the inhibitor of the ribonu-
clease barnase from Bacillus amyloliquefaciens, has been solved
by NMR spectroscopy in solution (22), and the gross features
of its folding pathway have been determined by rapid mixing
methods and equilibrivm thermodynamics (23). The active
barstar mutant C40A/C82A/P27A (pseudo-wild-type
bzu:star), which was used in this study, contains no cysteines
which may give risc to crosslinks in the denatured state and
only one proline residue.

METHODS

Protein Expression and Purification. Site-directed mu-
tagenesis of the barstar mutant C40A/C82A (23) was per-
formed with the Sculptor kit (Amersham). Mutant plasmic's,
expressed in the Escherichia coli strain TG2, were identified by
DNA sequencing. Expression at 28°C and purification of
barstar mutants were performed as described (22). Since the
protein is found in inclusion bodies, pellets of the lysed cells
were dissolved in 7 M urea and dialyzed against 50 mM Tris C1
buffer, pH 8/0.1 M NaCl before purification. Pseudo-wild-
type barstar (C40A/C82A/P27A) and the mutants I5V,L16V,
L34V, and L51V of the pseudo-wild type were prepared.

Equilibrium Studies. Circular dichroism (CD) spectra of
barstar in 50 mM Tris Cl buffer pH 8/100 mM KC? with urea
concentrations and temperatures as stated were measured with
a Jasco (Easton, MD) model J-720 spectrometer using 2-nom
spectral bandwidth. The protein concentrations and path-
lengths of the cell were 50 uM and 0.02 cm for the far-UV CD
spmmuMmdlqnforthenca:-UVCDspectra,deG
,u_.M and 0.1 ¢m for the temperature dependence of the CD
signal at 222 nm. Barstar concentrations were determined by
using an extinction cocfficient at 280 nm of 22,690 M~-lcm~1
(;3). For measuring the temperature dependence of the CD
signal at 222 nm, the sample was equilibrated at 0°C for 1 hr,
then heated at 20°C-hr~! to 25°C and then heated at S¢°C-hr—!
to 80°C. Equilibrium fluorescence experiments were per-
formed with a Hitachi model F-4500 fluorimeter with excita-
tion at 280 nm, using a 0.4 cm X 1 cm cell containing 3 uM
protein, 100 mM KCl, 50 mM Tris Cl buffer (pH 8), and 2 M
urea. Samples were preequilibrated for 1 br for experiments at
2°C, and for 20 min for experiments at other temperatures.

Kinetic Measurements. A T-jump apparatus from DIA-
LOG (Dusseldorf, Germany) was equipped with 2 0.7 cm X 0.7
cm cell of 0.8-ml volume and a 200-W mercury-xenon lamp.
Fluorescence excitation was at 280 nm, and a cutoff filter at 295
nm was usuaily used for emission. Noise levels of <0.01% root
mean square of the signal were achieved at a S-us response
time. The buffer was degassed and the cell 2nd sample were
equilibrated at 2°C for 1 hr before the TF-jumps. Signals of
several T-jumps separated by 3-min equilibration time were
accumulated. For double T-jump experiments, the cell and
degassed buffer were precooled to 2°C prior to the addition of
an appropriate amount of 100 xM barstar stock solution, which

Abbreviation: T-jump, temperature jump.




A s s =

- 4R EBm R A

-a A

Ak B AR R A BABA A LB AR -

~BERLikEaE A LA AR .

Al BAEA » AR B

Pruc. Nutl. Acad. Sci. USA
Vol. 92, pp. 68786882, July 1995
Biochemistry

Submillisecond folding of monomeric A repressor

(dynamic NMR}

GUEWHA S. HUANG AND TERRENCE G. OAs
Department of Biochemistry, Duke Uaiversity Medical Center, Durham, NC 27710
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ABSTRACT The folding kinetics of a truncated form of
the N-terminal domain of phage A repressor [As_ss] has been
investigated by using the technique of dynamic NMR. Ag.gs
has been shown previcusly to fold im a purely two-state
fashion. This allows the determination of folding and unfold-
ing rates from simulation of the exchange-broadened aromatic
resonances of Tyr-22. The folding kinetics were determined
over a range of 1.35 to 3.14 M urea. The urea dependence of
both folding and unfelding rate constants is exponential,
suggesting that the rate-determining step is invariant at the
urea concentrations studied. The folding and unfolding rates
extrapolated to 0 M urea at 37°C are 3600 + 400 s~' and 27
%+ 6 57!, respectively. The observed Ag_ss folding rate constant
exceeds that of other fast-folding globufar proteins by a factor
of 14-54. The urea dependence of the folding and unfoldiag
rate constants suggests that the transition state of the rate-
determining step is considerably more exposed to solvent than

* previously studied protein-folding transition states. The sur-

prising rapidity of As_gs folding and unfolding may be the
consequence of its all-helical secondary structure. These
kinetic results clearly demonstrate that all of the fundamental
events of protein folding can occur on the submillisecond time
scale.

The elucidation of the mechanism by which proteins fold
remains one of the most challenging problems of modem
biology. The earliest events in protein folding are particularly
difficult to study by current methods and can bec important
determininants of the overall reaction (1, 2). Time-resolved
kinetic studies have established that many of these important
carly events occur in <1 ms and are complete within the dead
time of the stopped-flow technique. This rapid folding phase
has been detected by circular dichroism (CD), fluorescence,
and NMR stopped-flow studies in many proteins and reflects
the potential for proteins to fold on the submillisecond time
scale (3-9). Ultrasonic attenuation and dielectric relaxation
measurements indicate that isolated a-helices fold with relax-
ation times of 10-7 to 10~% 5, four to five orders of magnitude
faster than rate constants observable by stopped-flow methads
(10-12). This vast time-scale difference represents a major gap
in our understanding of the fundamental carly events in
folding.

In principle, dynamic NMR methods can fill this time-scale
gap. Exchange processes that interconvert chemically or con-
formationally distinct species on the 10-ms to 10-ps time scale
can have profound effects on the shape and position of NMR
peaks (13). Much faster processes, including motions of the
fully native form, can be studied by relaxation time measure-
ments (14-17). To date, dynamic NMR has not been used to
measure overall protein folding rates, although it has been
used to detect a folding intermediate of rat intestinal fatty
acid-binding protein (18). Dynamic NMR-based protein fold-
ing studies are rare because the overall folding rates of most
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proteins are not fast enough to broaden NMR resonances
(19-22). Tt

However, there is a growing number of proteins observed to
fold on the microsecond time scale (3, 23-25), and W'is likely
that their folding processes are similar to early folding évents * 538
in proteins that fold more slowly. An example of afast-foM :
protein is the N-terminal domain (residues 1-102) of bacte-
riophage A repressor cI, which has been used extensivély as'a
model system (26). The crystal structure of residues 1-92
bound to DNA has been determined to 1.8-A resolution (27).
A truncated form containing residues 6-85 (A¢_ss) is mono-
meric and has a solution structure and stability that are
essentially identical to those of the longer versions (28). A
structural model for As_gs based on NMR data and the
cocrystal structure of the Aj_sz~DNA complex, is shown in Fig.
1. NMR and CD studies have shown that the protein folds in
a two-state fashion when denatured thermally or in uirea, thus
making it possible to interpret-the NMR line shapes in terms
of two ifiterconverting species (28). In this report we describe
the application of the line-shape method to measure the
overall folding rate of As_ss.

MATERIALS AND METHODS

As_gs protein was expressed and purified as described (28).
NMR samples consisted of 500 uM protein dissoived in NMR
buffer [~99% 2H,0/10 mM C*H;COO*H/100 mM NaCl/3-
(trimethylsilyl)propionic acid (17 ug/ml)/1 mM NaN,, pH 5.6]
with various concentrations of urea as de .ermined by refrac-
tometry {30). Each sample was equilibrated at 37°C for at least
20 min prior to acquisition of the NMR spe«

Proton NMR spectra (1024 transients) were acquired at
each urea concentration on a Varian Unity spectrometer at
500 MHz, by using presaturation for 1.5 s to suppress residual
water. This recycle delay is sufficiently long to allow complete 8%
recovery of all protein signals. NMR data were processed by - -3
using FELIX 2.05 (Biosym Technologies, San Diego) and
referenced to 3-(trimethylsilyl)propionic acid for each urea
concentration. Line-shape simulations were computed by us-
ing a FELIX macro/acs_ssory program (ZELIG) kindly provided
by Michael Strain (University of Oregon).

RESULTS AND DISCUSSION

As demonstrated (28), the folding reaction of As_gs can be
described by using the simple model:
k
N - D, 1] .
where N and D represent the native and denatured states, -
respectively, 2nd k¢ and k, are the first-order rate constants for
folding and unfolding, respectively. When a protein folds in a
two-state fashion, any NMR resonance can be used to deter-
mine k¢ and k,. In this study we use the aromatic region of the
tH NMR spectrum because it shows good spectral dispersion
and can be assigned in both the native and denatured states
(28), as shown in Fig. 2. The aromatic spectrum of Asgs at
various urea concentrations is shown in Fig. 3. At intermediate
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I. iNTRODUCTION

Shortly after Sanger determined the aminc acid sequence of the first
protein (Sanger, 1952), Anfinsen tried to find out whether protein
sequence can spontaneously fold into the native three-dimensional (3D)
structure with the corresponding function. The answer was “yes,” as it
has been shown that a protein with broken disulfide bonds unfolded
by urea can spontaneously fold again, restoring its native disulfide bonds
and full native activity (see Anfinsen, 1973, for a summary of these
investigations).

Next the mechanism of protein folding was questioned. Does a protein
fold by a complete search of all possible conformations looking for the
structure with minimal energy or does it fall down into one of energy
minima (not necessary the global one) by some mechanistic folding
pathway coded in its sequence? The first possibility implies that protein

ADVANCES [N 83 English Language Copyright © 1995
PROTEIN CHEMISTRY, Vol 47 by Academic Pres. Inc.

o (e . . ' S L
P T N ARG AT NI it e sl R A A R ¥,




A . s A el 4 - 4&A A8 -~

L

-

18 d s A A8 A8 .

Proc. Nail. Aced. Sci. USA
vol. 92, pp- 7292-7296, August 1995
Chemistry

Ultrafast thermally induced unfolding of RNase A

C. M. PriLLIPS, Y. MIZUTANI, and R. M. HOCHSTRASSER
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ABSTRACT A temperature jump (T-jump) method capa-
ble of initiating thermally induced processes on the picosec-
ond time scale in aqueous solutions is introduced. Protein
solutions are heated by energy from a laser pulse that is
absorbed by homogeneously dispersed molecules of the dye
crystal violet. These act as transducers by releasing the energy
as heat to cause a T-jump of up to 10 K with a time resolution
of 70 ps.The method was applied to the unfolding of RNase A.
At pH 5.7 and 59°C, a T-jump of 3-6 K induced unfolding
which was detected by picosecond transient infrared spec-
troscopy of the amide 1 region between 1600 and 1700 cm™~L.
The difference spectral profile at 3.5 ns closely resembled that
found for the equilibrium (native — unfolded) states. The
signal at 1633 cm™!, corresponding to the #-sheet structure,
achieved 15 * 2% of the decrease found at equilibrium, within
5.5 ns. However, no decrease in absorbance was detected until
1 ns after the T-jump. The disruption of B-sheet therefore
appears to be subject to a delay of ~1 ns. Prior to 1 ns after
the T-jump, water might be accessing the intact hydrophobic
regions.

Questions concerning the physical and chemical nature of
protein folding are among the most challenging in biological
research (1-4). Folding and unfolding events have seldom
been studied on time scales shorter than milliseconds. Internal
motions of macromolecules such as rotations about single
bonds, chemical exchange reactions, diffision over molecular
dimensions, and barrier crossing processes can 0Ccur on nano-
second or even picosecond time scales, so protein structure
reorganization might be expected to involve ultrafast inter-
mediate steps. An example is the recent report of tens-of-
microseconds folding in cytochrome ¢ (5). Some of the faster
processes in protein folding might involve relatively small
alterations in electronic structure. Therefore the probes used
to examine them must be sensitive to subtle changes in, for
example, nonbonded interactions, weaker chemical bonds,
charge distributions, and motions of pieces of the structure.
For this reason we decided to use transient infrared (IR)
spectroscopy (6-8), which is structure sensitive at a chemical-
bond resolution, to identify any ultrafast folding steps.

The IR spectra of proteins in the region of the amide
vibrations of the polypeptide structures are well known to be
sensitive to the state of the protein. For example, there are
distinct differences between the IR spectra of random coil,
a-helical, 8-sheet, 8'-sheet, and turn structures of polypeptides
(9). These differences arise from the dependence of interac-
tions between the various amide groups on the local polypep-
tide structures. One can thercfore conceive of carrying out
time-Tesolved IR capable of following the kinetics of structure
change as it affects these different spatial regions of the
polypeptide backbone. Experiments on the kinctics of folding
also require that the system be triggered to suddenly change.
For this purpose we have developed an ultrafast temperature
jump (T-jump) method.
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The protein RNase A was chosen for the present study
because of the wealth of information available regarding its
equilibrium properties around the denaturation temperature
and its kinetic properties on the time scale of stopped-flow
experiments. The crystal structure of RNase A is known (10).
The unfolding process was studied previously by static tem-
perature methods (11-13), fluorescence (14), x-ray scattering
and Fourier-transform IR (15, 16), NMR (17-20) and CD (21)
spectroscopy. In denaturing, the native protein first relaxes
toward an unfolded intermediate state, which then slowly
equilibrates with more fully denatured structures. The fast
unfolding step(s) involves the dismantiing of the protein
secondary structure, whereas the slower ones have been
attributed to specific isomerizations involving the proline
residues. “Fast” in this context has previously meant tens of
milliseconds; the “very fast” intermediate reported rccently
(14) also has a millisecond lifetime. The time resolution of
solution mixing experiments is too slow to resolve the range of
protein conformational states that might occur in the earlier
stages cf unfolding. Molecular dynamics simulations (22-24)
suggest that picosecond resolution will be needed to charac-
terize the relevant structural changes which include significant
motions along dihedral angle coordinates of the polypeptides
and the modification of hydrogen-bonded structures by water
(25).

To obtain a T-jump in the solution on the picosecond time
scale the protein is dissolved in a solution containing inert dye
molecules having a large extinction cocfficient and fast internal
conversion. The temperature of the solutioa is raised quickiy
by irradiating the dye transducer with an intense laser pulse.
Transient IR spectroscopy is then used to measure the protein
spectral response to the T-jump and also the time dependen:
of the temperature of the medium. :

MATERIALS AND METHODS

Sample Preparation. Bovine pancreatic RNase A was ob-
tained from Sigma (catalogue no. R-5125) and used without
further purification. The solution of protein and dye buffered
at p’H (pD) 5.7 by 2{(N-morpholino)ethanesulfonate (Mes)
was thermostatted in a temperature-controlled bath. A peri-
staltic pump circulated the sample from the container to the
sample cell. The sample temperature was maintained at 59°C,

Transtent [R Method. To monitor changes in the IR portion
of the spectrum, we constructed a ne¢odymium—yttrium/
aluminum garnet (Nd-YAG) laser-based T-jump
One 35-ps pulse from an active/passive mode-docked Nd-
YAG laser (1064 nm) operating at 10 Hz was sclected by a
KD*F Pockels Cell (deuterated potassium dihydrogen phos-
phate; Medox) and amplified to S mJ in a three-stage Nd-YAG
amplifier, then frequency-doubled in KDP (potassium dihy-
drogen phosphate) to produce 532-nm light of 0.6-1 mJ in
encrgy. To generate the mid-IR at 3-5 um, a portion of the
532-nm light was used to pump a traveling-wave dye laser
whose output was mixed in LilO; with the 532-nm pulse to
produce the difference frequency. The 6-pm radiation was

Abbreviations: T-jump, temperature jump; CV, crystal violet; mOD,
OD milliunits. -
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Fast Events in Protein Folding: Helix Melting and Formation in a Small Peptidet
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ABSTRACT: The helix is a common secondary structural motif found in proteins, and the mechanism of
helix—coil interconversion is key to understanding the protein-folding problem. We report the observation
of the fast kinetics (nanosecond to millisecond) of helix melting in a small 21-residue alanine-based peptide,
The unfolding reaction is initiated using a laser-induced temperature jump and probed using time-resolved
infrared spectroscopy. The model peptide exhibits fast unfolding kinetics with a time constant of 160 +
60 ns at 28 °C in response to a laser-induced temperature jump of 18 °C which is completed within 20
ns. Using the unfolding time and the measured helix—coil equilibrium constant of the model peptide, a
folding rate constant of approximately 6 x 107 s™! (f1, = 16 ns) can be inferred for the helix formation
reaction at 28 °C. These results demonstrate that secondary structure formation is fast enough to be a
key event at early times in the protein-folding process and that helices are capable of forming before long

range tertiary contacts are made,

The question of how proteins fold from a random coil or
quasi-random state to their final compact biologically active
state (native state) is under intense theoretical and exper:-
mental investigation. [t is evident that the native structure
of the protein is coded within the primary amino acid
sequence, but the fundamental physical and chemical pro-
cesses which drive the sequence to a specific. three-
dimensional structure are not known. The folding process
must somehow be guided, however, since a random search
through all possible final states that the amino acid sequence
might adopt to find the correct native state would take a very

long time, certainly longer than the lifetime of an organism

[the Levinthal paradox; see e.g. Creighton (1992) for a
comprehensive review of the folding problem]. Because the
precise structure of the folded protein is specifically linked
to its biological activity, the protein-folding problem bears
directly on practical issues, including structure—function
relationships and the rational design of new proteins.

It has been known for about thirty years that many proteins
will spontaneously unfold or fold reversibly in response to
denaturing or renaturing conditions. A major stumbling
block in experimental studies of protein-folding dynamics,
however, is that these studies have generally employed
techniques limited to millisecond or longer times and that
key events occur faster than the millisecond time scale. In
experiments based on the rapid mixing of solutions, for
example, the reversibly denatured, unfolded protein in

t This work was supported by grants from Los Alamos National
Laboratory, XL60 (W.H.W. and R.B.D.), the National Institutes of
Health, GM53640 (R.B.D.), and the National Science Foundation,
MCB-9417892 (R.H.C.).

* To whom correspondence should be addressed.

¥ Los Alamos National Laboratory.

¥ Mississippi University for Women.

" City College of The City University of New York.

L On leave from the Institute of Mathematical Problems of Biology,
Russtan Academy of Science,

® Abstract published in Advance ACS Absiracts, January 1, 1996.

ATATAT S TAY S a R AVARTA T he KAl K ol Ra NATAY/ 21

solution (e.g. at high concentrations of urea, extremes of pH,
etc.) is rapidly diluted or mixed with reagents which reverse
the denaturing conditions and chemically initiate folding. The
best temporal response of studies based on mixing is typically
one millisecond, the “dead time™ of a stopped-flow apparatus,
and the carly events simply cannot be observed. Relaxation
methods such as temperature jump (induced by capacitive
discharge), electric field jump, and resonant ultrasound that
access time scales as short as several nanoseconds have been
applied to study the helix—coil kinetics of homopolymers
cousisting of several hundred units (see Discussion). How-
ever, the structural assignment of the kinetics observed by
these approaches is not straightforward beca''se of interfer-
eace from molecular reorientation, solvation, charge transfer
reactions, and/or proton transfer reactions, depending on the
method. New experimental approaches are needed to study
protein folding on fast time scales.

Because the o-helix is a common structural motif in
proteins, it is important to understand the folding process of
the a-helix i detail as a step toward understanding how
proteins arrive at their native structures. For example, it has
been proposed that short range interactions slong the -
polypeptide chain of a forming protein induce regions of
secondary structure which then act as nucleating regions for
further collapse, leading to native tertiary structure [see e.g.
Karplus and Weaver (1994) and Kim and Baldwin (1990)].
While there has been progress in understanding the thermo-
dynamics of the helix—coil transition (Chou &

1971; Rialdi & Hermans, 1966; Scholtz et al., 1991), less is
known about the kinetics of this process. In this paper, we
report the unfolding kinetics of a stnall 21-residue ¢-helical
peptide, the so-called suc-Fs 21-peptide: Suc-AAAAA-
(AAARA)A-NH; (Suc = succinyl, A = alanine, and R =
arginine). This peptide is reported to be greater than 90%
helical in water at temperatures near 0 °C by Lockhart and
Kim (1992, 1993). This peptide, like all small helical
peptides, unfolds over a relatively large temperature 'rangc.
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