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ABSTRACT: The kinetics of conformational changes in trout hemoglobin I have been characterized over the 
temperature range 2-65 OC from time-resolved absorption spectra measured following photodissociation 
of the carbon monoxide complex. Changes in the spectra of the deoxyheme photoproduct were used to monitor 
changes in the protein conformation. Although the deoxyheme spectral changes are only about 8% of the 
total spectral change due to ligand rebinding, a combination of high-precision measurements and singular 
value decomposition of the data permits a detailed analysis of both their amplitudes and relaxation rates. 
Systematic variation of the degree of photolysis was used to alter the distribution of liganded tetramers, 
permitting the assignment of the spectral relaxation at 20 ps to the R - T quaternary conformational change 
of the zero-liganded and singly liganded molecules and spectral relaxations a t  about 50 ns and 2 ps to tertiary 
conformational changes within the R structure. Analysis of the effect of photoselection by the linearly 
polarized excitation pulse indicates that a major contribution to the apparent geminate rebinding in the 
50-11s relaxation arises from rotational diffusion of molecules containing unphotolyzed heme420 complexes. 
The activation enthalpy and activation entropy for the Ro - To transition are +7.4 kcal/mol and -12 cal 
mol-' K-I. Using the equilibrium data, AH = +29.4 kcal/mol and AS = +84.4 cal mol-' K-' [Barisas, 
B. G.,  & Gill, S. J. (1979) Biophys. Chem. 9,235-2441, the activation parameters for the To - transition 
are calculated to be AH* = +37 kcal/mol and AS* = +73 cal mol-' K-l. The similarity of the equilibrium 
and activation parameters for the To - Ro transition indicates that the transition state is much more R-like 
than T-like. This result suggests that in the path from To to Ro the subunits have already almost completely 
rearranged into the R configuration when the transition state is reached, while in the path from Ro to To 
the subunits remain in a configuration close to R in the transition state. The finding of an R-like transition 
state explains why the binding of ligands causes much smaller changes in the R - T rates than in the 
T - R rates. 

U p o n  deoxygenation tetrameric hemoglobins undergo a 
structural change consisting of a global rearrangement of the 
four subunits-the quaternary change-and widespread con- 
formational changes within the individual subunits (Perutz, 
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1970; Baldwin & Chothia, 1979; Perutz et al., 1987). In the 
quaternary change the symmetrically related a@ dimers rotate 
by about 15' relative to each other, resulting in atomic dis- 
placements at the intersubunit contacts of up to 6 A (Baldwin 
& Chothia, 1979) (Figure 1). Recent X-ray studies also show 
that a change in ligation state in the absence of a quaternary 
conformational change results in tertiary conformational 
changes that are similar to, but smaller than, those associated 
with the quaternary transition (Makinen & Eaton, 1974; 
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1 5 O  
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FIGURE 1 : Schematic drawing of the change in quaternary structure 
of human hemoglobin [adapted from Dickerson and Geis (1983) and 
from Baldwin and Chothia (1979)l. The a2P2 dimers in the two 
quaternary structures are superimposed, showing that the quaternary 
change consists mainly of a rotation of the alfll dimer relative to the 
a2P2 dimer by about 1 5 O .  

Perutz et al., 1987; Arnone et al. 1986; Liddington et al. 1988; 
Luisi & Shibayama, 1989). 

In the two-state allosteric model for cooperative ligand 
binding there are only two quaternary structures-a high- 
affinity structure and a low-affinity structure (Monod et al., 
1965). The key feature of the model is that the affinity of 
the hemes is determined by the quaternary structure, and not 
by the number of ligands bound to the tetramer per se 
(Shulman et al., 1975). This model not only provides a very 
good quantitative explanation for almost all of the equilibrium 
data on ligand binding (Shulman et al., 1975; Ackers & Smith, 
1988) but has also provided the only useful framework for 
explaining a wide range of kinetic data (Hopfield et al., 197 1 ; 
Sawicki & Gibson, 1976; Hofrichter et al., 1983; Marden et 
al., 1986; Murray et al., 1988a; Martino & Ferrone, 1989). 
In the kinetic formulation of the two-state model the overall 
rates of binding and dissociation depend only on the quatemarjr 
structure and not on the number of ligands that are already 
bound (Hopfield et al., 1971). There are no restrictions on 
the five R - T rates (one for each ligation state) or on the 
five T - R rates, apart from those imposed by the equilibrium 
constants (Figure 2). 

Since the quaternary structural change plays a central role 
in our understanding of both kinetic and thermodynamic co- 
operativity, there have been several studies of quaternary 
transition rates (Sawicki & Gibson, 1976, 1977; Ferrone & 
Hopfield, 1976; Cho & Hopfield, 1979; Hofrichter et al., 1983, 
1985; Ferrone et al., 1985; Marden et al., 1986; Murray et 
al., 1988a; Su et al., 1989; Martino & Ferrone, 1990). The 
measurements are difficult because the spectral changes re- 
sulting from the change in quaternary structure are much 
smaller than, and often totally obscured by, the spectral 
changes that result from ligand binding. Recent time-resolved 
optical spectroscopic experiments have highlighted the problem 
of measuring quaternary transition rates by revealing addi- 
tional conformational relaxations on the time scale of 10 ns- 
1 ps with a spectral signature closely resembling that of the 
relaxation at later times which has been assigned to the R - 
T transition (Hofrichter et al., 1983, 1985; Murray et al., 
1988a,b). 

Li = [Ti]/[Ri] = k(Ri+Ti)/k(Ti+Ri) = L0d 

Lo = [Tol/[Rol 

= ( K T / K R )  = (Tko~Tkorr)/(RkorPkoff) 

FEURE 2: Two-state allosteric model. R and T refer to the quaternary 
structures of the stable fully liganded molecule and the stable fully 
unliganded molecule, respectively. The subscripts denote the number 
of ligands bound. The values of L.,, = 3280 and c = 0.022 were 
obtained by Barisas and Gill (1 979) for the binding of carbon monoxide 
to trout Hb I at 20 OC. They indicate that at equilibrium zero-liganded 
and singly liganded molecules are in the T state, triply and quadruply 
liganded molecules are in the R state, and doubly liganded molecules 
are a 60/40 mixture of R and T. 

The most unambiguous assignment of a heme spectral re- 
laxation to an R - T quaternary transition has come from 
experiments in which the degree of photolysis of human 
(carbonmonoxy) hemoglobin was varied to produce differing 
distributions of liganded tetramers (Sawicki & Gibson, 1976, 
1977; Hofrichter et al., 1983; Marden et al., 1986). Analysis 
of the amplitudes of the deoxyheme spectral changes as a 
function of the degree of photolysis led to the assignment of 
a relaxation at 20-200 ps (depending upon solution conditions) 
to the quaternary transition of the zero-liganded molecule. 
This assignment has been confirmed by several additional 
experiments. First, the time course of the deoxyheme spectral 
change is the same as the time course of the quenching of the 
fluorescence of 8-hydroxy- 1,3,6-pyrenetrisulfonate (HPT), a 
dye that binds rapidly to the DPG pocket, signaling the re- 
arrangement of the subunits to the T quaternary structure 
(Marden et al., 1986; Martino & Ferrone, 1989). Second, 
time-resolved ultraviolet resonance Raman measurements show 
spectral changes of aromatic residues simultaneous with the 
R - T deoxyheme spectral changes (Su et al., 1989), which 
are interpreted as resulting from changes in hydrogen bonding 
at the a,& interface. Finally, the relaxation assigned to the 
R - T transition following photodissociation of a doubly 
liganded iron-cobalt hybrid molecule disappears upon 
switching this molecule to the T state with allosteric effectors 
(Murray et al., 1988a). 

To extend our investigations of the kinetics of conforma- 
tional changes in hemoglobin, we have undertaken a study of 
hemoglobin component I from trout (trout Hb I) (Brunori, 
1975). This molecule was selected for a number of reasons. 
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Table I:  Comaarison of Residues in a,B, Contact in Human and Trout Hemoglobin" 
OL Subunit 

Residue Number: 37 38 40 41 42 44 88 91 92 94 95 96 97 140 141 

Human : 

Trout :  

pro th r  l y s  thr  t y r  pro  a l a  l e u  arg asp pro val asn ty r  a r g  

pro  gln l y s  thr ty r  s e r  a l a  l eu  arg asp pro gly asn ty r  a r g  

f l  Subunit 
Residue Number: 34 35 36 37 39 40 41 43 97 98 99 100 101 102 105 145 146 

Human : 

Trout :  

v a l  t y r  pro  trp glu arg phe gly his  Val asp pro glu asn l eu  t y r  h i s  

Val t y r  pro  t rp glu arg t y r  glu phe Val asp pro asp asn Val t y r  phe 

" Intersubunit contacts are those given by Perutz (1987). With the exception of 839 all of the listed residues are contacts in deoxyhemoglobin. The 
oxyhemoglobin contacts are listed in bold letters. 

Most importantly, the thermodynamics of carbon monoxide 
binding to trout Hb I have been studied and analyzed in terms 
of the two-state allosteric model to produce enthalpies and 
entropies of ligand binding and the quaternary structural 
change (Wyman et al., 1977; Barisas & Gill, 1979). This 
allows us to combine the equilibrium parameters with acti- 
vation parameters for the R - T transition to obtain activation 
parameters for the T - R transition of the zero-liganded 
molecule. The bimolecular kinetics of carbon monoxide 
binding to trout Hb I have also been investigated and found 
to be consistent with a two-state model (Brunori et al., 1980, 
1982; Colosimo et al., 1982). The 50-fold faster overall as- 
sociation rate for the last carbon monoxide compared to the 
first indicates that kinetic cooperativity in this molecule is 
similar to that observed for human hemoglobin A (Brunori 
et al., 1980). Both the equilibrium binding curve and the 
overall association rate are independent of pH and anions 
(Binotti et al., 197 1, 1973; Giardina et al., 1973; Wyman et 
al., 1977), eliminating possible heterotropic effects on the 
kinetics of conformational changes. Another useful charac- 
teristic of trout Hb I is that it is a more stable molecule than 
human hemoglobin. The tetramer-dimer dissociation constant 
for the fully liganded molecule has only been approximately 
measured (Brunori et al., 1973), but kinetic studies on dilute 
solutions show that no dimers are present, indicating that it 
must be less than 0.1 pM (Giardina et al., 1973; Airoldi et 
al., 1981). The molecule is also stable at temperatures as high 
as 65 OC for more than 1 h, permitting kinetic studies to be 
carried out over an extremely wide range of temperatures 
(Brunori et al., 1980, 1982). Finally, the interface between 
ap dimers is very similar in trout and human hemoglobin 
(Table 1). Of the 31 residues in deoxyhemoglobin partici- 
pating in intersubunit contacts between a0 dimers (the a2& 
and alp2 contacts), 24 are identical, and of the 18 residues 
in oxyhemoglobin 12 are identical. This sequence comparison 
suggests that the mechanism of the quaternary conformational 
change is very similar for the two molecules. 

MATERIALS AND METHODS 
Sample Preparation. Trout hemoglobin I was prepared as 

described previously (Binotti et al., 197 1) and was kept frozen 
until immediately prior to use. The samples were equilibrated 
with the final 0.1 M phosphate buffer, pH 7.0, by several cycles 
of concentration by pressure dialysis in a Centricon (Amicon), 
followed by redilution. The final sample was prepared by 
introducing a CO-saturated aliquot of the protein solution into 
a vial containing dry sodium dithionite (Virginia Chemicals) 
under a CO atmosphere. After addition of the hemoglobin 

solution the CO flux was maintained for at least 15 min under 
gentle stirring to ensure a final concentration of 1 mM free 
CO in solution. The sample (-0.1 mM in heme) was anae- 
robically loaded into a purged quartz EPR cell (0.34 mm, 
Wilmad), and the ends were sealed with dental wax and 
Glyptal varnish. 

Measurement of Time-Resolved Spectra. Time-resolved 
absorption spectra were measured with a spectrometer which 
utilizes two Q-switched Nd:YAG lasers producing 10-ns 
(fwhm) pulses. The 532-nm second harmonic of the first 
(photolysis) laser (Quanta-Ray DCR-1 A) was used to pho- 
tolyze the hemoglobin sample. A second (probe) laser 
(Quanta-Ray DCR- l), which was electronically delayed with 
respect to the photolysis laser, was used to generate a "white" 
light flash which was used as the source for measuring the 
absorption spectrum of the sample. To do so, the third har- 
monic of the probe laser was cylindrically focused onto a 
250-pm diameter capillary tube through which a solution of 
stilbene 420 in methanol was circulated by use of a peristaltic 
pump. The useful emission spectrum of this dye extends from 
395 to 490 nm. The light from the dye cell was focused onto 
a slit-shaped volume of the sample which contained both a 
photolyzed and an unphotolyzed region and was subsequently 
refocused onto the 100-pm entrance slit of a 1/4-meter 
spectrograph. 

The dispersed output from the spectrograph was collected 
on the faceplate of a silicon vidicon tube and read by an OMA 
detector controller (PAR 1216). To ensure linearity of the 
measured intensities, the vidicon target was repetitively scanned 
after each exposure to remove more than 98% of the charge. 
The controller was interfaced to a Hewlett Packard 9826 
computer which had been programmed to collect, average, and 
store the data. The computer also controlled the timing of 
the laser shots and other tasks during data acquisition. Two 
tracks of intensities were measured, one from the photolyzed 
and one from the unphotolyzed region of the sample. The 
logarithm of the ratio of the two intensities at each wavelength 
produced a difference spectrum between the photoproduct and 
the unphotolyzed sample at a given time delay after photolysis. 

The sample temperature was controlled by a specially 
constructed copper sandwich which enclosed the EPR cell and 
was connected to a brass heat-transfer block. The temperature 
of the block was controlled by a circulating bath. Dry nitrogen, 
equilibrated at the temperature of the brass block, was blown 
over the exposed surface of the cell to minimize gradients. The 
intensity of the photolysis laser was controlled by a pile-of- 
plates attenuator (Newport Cop.) and by varying the intensity 
of the flash lamp pumping the amplifier stage. The intensity 
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was monitored by an integrating diode detector (Molectron 
J3-05DW), and the measured voltage was digitized by an A-D 
converter. 

Singular Value Decomposition of Data. Data from each 
experiment were analyzed by using singular value decompo- 
sition (SVD) as described previously (Hofrichter et al., 1985). 
This procedure rewrites the 480 X 100 data matrix, A, which 
consists of difference spectra measured at 480 wavelengths and 
100 times, as a product of three matrices, A = USVT. The 
matrix U is a 480 X 100 matrix of orthonormal basis spectra; 
S is a 100 X 100 diagonal matrix having all nonnegative 
elements, called the singular values of A; and V is a 100 X 
100 orthogonal matrix in which each column of V describes 
the amplitude of the corresponding basis spectrum (column 
of U) at each of the 100 time delays. If the singular values 
are ordered by size, then the useful information from each 
experiment is contained in the first few columns of the U and 
V matrices. As a result, the SVD of the experiments was 
truncated to include only the first 12 columns of U and V. We 
estimate that less than 0.1% of the real kinetic and spectral 
information is lost as the result of truncation.' These trun- 
cated matrices provided a compact form in which to store the 
processed data for subsequent analysis. 

To optimally extract the spectral information from the data 
sets collected at different degrees of photolysis, a global 
analysis was carried out to obtain a single set of basis spectra 
which could simultaneously describe all of the experiments. 
To do so, a data matrix D was assembled, which contained 
the observed spectra from all of the experiments. This data 
matrix described the sample absorbance as a function of the 
three independent variables: wavelength (A), time ( t ) ,  and 
degree of photolysis (x). The data for each of 13 (n,) ex- 
periments were reconstructed from the truncated SVD of the 
original data. In reconstructing the data, the number of 
wavelengths (number of rows of the U matrix) was reduced 
to the resolution of the spectrograph (- 1 nm) by smoothing 
the data with a Gaussian filter having a l / e  half-width of 2 
pixels (0.4 nm) and interpolating the smoothed data onto an 
evenly spaced grid of wavelengths at 1-nm intervals. For each 
experiment the data were interpolated onto an identical set 
of time points (t,,] after correcting for variations in the time 
at  which the excitation laser pulse was generated, and the 
experimental points prior to the end of the photolysis pulse 
were deleted. Only the short time points are affected by the 
interpolation, since data at times longer than a few hundred 
nanoseconds were measured at the time delay onto which the 
interpolation was done. Smoothing and interpolation reduced 
n, from 480 to 83, and interpolation on the time axis reduced 
n, from about 100 to 89. The data matrix D thus contained 
83 X 89 X 13 (96031) data points, roughly 1/6 of the original 
480 X 100 X 13 (624000) data points. The data in D are 
arranged as n, rows by (n, X n,) columns; each column of D 
contains a single reconstructed spectrum corresponding to a 
specific degree of photolysis ( x )  and a single time delay ( t ) .  

I If the singular values of the discarded components are used to 
quantitate the differences, approximately 1% of the original data is dis- 
carded by truncation to retain only the first 12 SVD components. 
However, a large fraction of the amplitude of the discarded components 
arises from fluctuations that are much too rapid to represent real changes 
in the spectra or populations of the photoproducts. If it is assumed that 
real spectral and kinetic information is represented by amplitudes which 
are correlated over more than 5 nm and more than a half decade in time, 
the norms of the higher SVD components are reduced by more than a 
factor of 10 relative to those of components 1-4, arguing that the amount 
of real spectral and kinetic information lost by truncation is less than 
0.1%. 

SVD was again used to extract the minimal set of linearly 
independent basis spectra which describe all of the data at  
different degrees of photolysis, i.e. 

D = USV' (1) 
This procedure expresses the complete A, t ,  and x dependences 
of D as sums of products of (A-dependent) basis spectra and 
(t-  and x-dependent) amplitudes. The matrix U, in this case, 
is an n, X n, (83 X 83) matrix of basis spectra, S is an n, X 
n, (83 X 83) diagonal matrix of nonnegative singular values, 
and V is an (nt X n,) X n, [(89 X 13) X 831 matrix, each 
column of which describes the amplitude of the corresponding 
column of U for all degrees of photolysis ( x )  and times ( t ) .  
It was possible to discriminate against random sources of 
experimental "noise" which are wavelength correlated but are 
uncorrelated with the time delay between the excitation and 
probe pulses by using a procedure that minimizes the high- 
frequency noise components in the retained columns of V. This 
was accomplished by a transformation of the V matrix so as 
to optimize the autocorrelations of the retained column of V. 
The major source of such noise in these experiments was base 
line offsets arising from shot-to-shot variation in the distri- 
bution of output energy in the probe laser pulse. 

The transformation is mathematically represented in terms 
of the orthogonal matrix R (Le., R-' = RT) as 

D = (USR)(VR)T = (UR)(VR)T (2) 
The procedure for obtaining the matrix R is described else- 
where (Henry & Hofrichter, 1991). This procedure generated 
a new set of basis spectra 

UR = USR (3) 
which are still linearly independent, but no longer orthonormal. 
The matrix 

VR = VR (4) 
describes each of the measured spectra in terms of the basis 
spectra in UR. The transformation preserves the orthogonality 
of the V matrix. In applying this procedure, the first column 
of V was excluded from the optimization procedure (Le., not 
transformed) because the first singular value was more than 
20 times larger than the second. The small relative amplitudes 
of the additional singular values guarantee that the first column 
of V provides a good first approximation to the ligand re- 
binding curve (Hofrichter et al., 1983, 1985; Murray et al., 
1988a), and it is useful to retain this feature in the transformed 
basis spectra. The transformation of the V matrix was applied 
to components 2-12, none of which represented real spectral 
changes which were larger than about 4 times the largest 
instrument noise component. 

Following this procedure, the transformed U and V matrices 
(UR and VR) were truncated to include only the highly 
time-correlated components. The truncated and transformed 
SVD representation of the data contained four basis spectra 
(columns of UR) of 83 points each and four amplitude vectors 
(columns of VR) of 89 X 13 = 1 157 points each, so all of the 
useful information in the 96031 elements of the matrix D has 
been represented with only the 4 X (83 + 1157) = 4960 
elements of UR and VR, a compression of approximately 20- 
fold. 

Fitting the Data with Exponential Relaxations. Many 
systems can be described by kinetic models which produce a 
set of coupled linear differential equations with time-inde- 
pendent coefficients. Since the solutions to these equations 
are sums of exponential relaxations, the data can be empirically 
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analyzed by fitting with sums of exponential relaxations. If 
applied directly to the data matrix D, this procedure would 
describe each of the nA X n, time-dependent vectors by a sum 
of exponentials. The total number of parameters required to 
describe D would therefore be (nA X n, + 1) X nk, where nk 
is the number of exponential relaxations, and it is assumed 
that the number of relaxations and the relaxation rates are 
the same at each wavelength for all degrees of photolysis. The 
SVD procedure provides an immediate dividend in carrying 
out such an analysis. Since all of the wavelength dependences 
of the data are represented in terms of the nu (=4) retained 
basis spectra, the data at all nA wavelengths can be fit by 
considering only the nu columns of the VR matrix, that is, by 
fitting nu X n, (4 X 13) time-dependent vectors, instead of nA 
X n, (83 X 13) vectors. In carrying out the fits, the number 
of components is further reduced by using SVD to decompose 
the individual vectors Pi, each of which contains the time- 
dependent amplitudes of a single basis spectrum Pi for all 
degrees of photolysis. Each of these nu vectors is rearranged 
to produce an n, X n, matrix ‘V ( i  = 1, ..., nu), with (‘V),, = 
( Pi)(v,)n,+p, for p = 1, ..., n, and q = 1, ..., n,. Each column 
of ‘V thus contains the time-dependent amplitudes of basis 
spectrum vRi for a single degree of photolysis. Each matrix 
‘V is decomposed by SVD as 

This effectively separates the t and x dependences of the am- 
plitude vector Pi into sums of products of time-dependent 
vectors (columns of X) and photolysis-dependent amplitudes 
(elements of ‘Z). In this way the original A, t ,  and x depen- 
dences of the data matrix D have been separated into distinct 
wavelength dependences (basis spectra pi), time dependences 
(elements of the matrices ‘X), and photolysis dependences 
(elements of the matrices iZ). The decomposition of the four 
‘V matrices obtained from the measurements on trout hemo- 
globin I provided a set of time-dependent vectors, the columns 
of X, which describes the amplitudes of the four basis spectra 
@, for all sets of experimental conditiom2 For the partial 
photolysis data, the numbers of columns of the matrices ‘X 
which had amplitudes corresponding to more than 0.2% of the 
total amplitude of the data set and exhibited sufficient signal 
to noise to justify fitting were 2 for ‘X (i.e., i = I), 2 for 2X, 
2 for 3X, and 3 for 4X, reducing from 4 X 13 = 52 to only 9 
the number of independent vectors that had to be simulta- 
neously fit to describe the data. In fitting the data, thejth 
column of X was weighted by the product of the norm of Pi 
(the equivalent of the singular value in the absence of rotation) 
and (iY)u, the singular value obtained from the SVD of ‘ V .  
This weighting is analogous to the weighting by singular values 
that has been previously suggested (Shrager, 1986). 

The selected columns of the ‘X were then fit with sums of 
exponential relaxations. We utilized a previously suggested 
procedure (Mauer et al., 1987; Hofrichter et al., 1989) in 
which the fit was first carried out for a small number of 
relaxation rates, typically 3 or 4, with a number of different 
sets of initial conditions. The rates and amplitudes were op- 
timized from each set of initial conditions. The rates that 
produced the best fit for a given number of relaxations, plus 
an additional rate, were used as initial conditions for a series 
of fits to the next larger number of relaxations. For these fits, 
an initial value of the additional rate was chosen in each of 

( 5 )  iv = iXiy(iZ)T 
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the possible ordered positions relative to the remaining rates 
provided by the previous set of fits. This procedure was 
continued until the improvement in the fits was negligible or 
until the fits no longer converged when a new relaxation was 
introduced. Each fit produced a set of relaxation rates, k, ( r  
= 1, ..., nk), and a set of amplitudes,xjr, which describe the 
changes in thejth column of ‘X which take place with relax- 
ation rate k,. The fit to ‘X can then be written 

( ’ W p j  CLjr exp(-krtp) (6) 

where (r,) @ = 1, ..., n,) is the set of interpolated time points 
used in analyzing the data for all conditions. The matrix UR 
and the set of fit coefficientsJjn together with the set of rates 
k,, provide an extremely compact representation of the ex- 
perimental data. The total number of parameters required 
to represent the 96 03 1 points in the interpolated data matrix 
is 402 (four 83-wavelength basis spectra from UR; 7 relaxation 
rates, k,; 63 fit coefficients, A,,). 

The fit coefficients hjr can now be used to generate the 
corresponding fitted amplitudes which describe the spectral 
changes taking place in each relaxation, r, in terms of the 
global basis spectra, UR. We first generated the fitted ap- 
proximation to the four matrices, 9, which describe the am- 
plitudes of the original data. Using eqs 5 and 6, we obtain 

( V p x  Crgixr exp(-krtp) (7) 

gixr = X m 4 m r ( i W m m ( i Z ) . x m  (8) 

where 

Then, taking into account the fact that the matrices IV are 
simply rearrangements of the original amplitude vectors Pi, 
we derive the fitted amplitudes for the change in the photo- 
product spectrum which takes place during relaxation r for 
degree of photolysis x from eq 2: 

* In the case of the partial photolysis experiments, the rank of the 
matrix‘V must be equal to or less than the number of independent pho- 
toproduct species, n,. This decomposition therefore reduces the number 
of vectors which must be fit to less than n, X n,. 

(9) 

The coefficients gi,, defined by eq 8, describe the amplitudes 
of each of the basis spectra for each relaxation and set of 
conditions. 

We also used SVD to examine the dependence of these 
spectral changes on composition. SVD is an efficient algorithm 
for both averaging and determining the rank of the difference 
spectra for a specific relaxation r. This can be done in a very 
compact form, since the spectra are represented as linear 
combinations of the basis spectra, Pi. To do so, the matrix 
‘G was formed from the subset of the coefficients gixr for each 
relaxation r [i.e., (‘G)ix = gixr], and the SVD of ‘G was cal- 
culated. ‘G is the matrix of coefficients of the Pi which 
describes the spectral change during relaxation r for each 
degree of photolysis, x .  If all of the difference spectra asso- 
ciated with a given relaxation are multiples of a single spec- 
trum, then the rank of ,G as determined from the SVD will 
be 1. If more than a single spectrum is required to describe 
the spectra, the rank will be higher than 1. It should be noted 
that since there are only four basis spectra, the rank of any 
observed set of spectral changes must be 4 or less. 

RESULTS 
The data reported here were obtained from a set of 29 

experiments. In each experiment spectra were measured at 
approximately 100 different time delays spaced on a loga- 
rithmic grid from coincidence between the 1 0-ns excitation 
and probe pulses to the completion of ligand rebinding. Each 
spectrum was the difference in optical density between the 
photolyzed sample and the fully liganded sample, which was 
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FIGURE 3: The data (A) from a maximum photolysis experiment at 
20 "C. The sample was photodissociated by using the maximum laser 
power employed in the experiments. The measured difference in optical 
density between the photoproduct and the unphotolyzed sample is 
displayed as a function of wavelength and time (on a logarithmic scale). 
A total of 89 measured spectra, consisting of optical density differences 
at each of 480 wavelengths, are shown after being smoothed by 
convolution with a Gaussian having a half-width at 1 / e  of 2 channels. 
After smoothing, the data were sampled at 1 -nm intervals from 398 
to 480 nm. 

used as a reference, at a total of 480 wavelength points between 
395 and 490 nm. Each spectrum was obtained from the sum 
of intensities from 2 1-30 laser shots. A series of 16 experi- 
ments was carried out at temperatures from 2 to 65 "C in 
which the sample was maximally photolyzed. Additional 
experiments were performed at 20 "C after exposure of the 
sample to 42 and 65 OC to ensure sample integrity. A second 
series of 13 experiments was carried out at 20 "C in which 
the energy of the photolysis pulse was adjusted so as to vary 
the fraction of hemes dissociated from about 0.1 to 0.9. The 
results of these partial photolysis experiments were used to 
determine which of the observed relaxations contained a 
quaternary structural change. The temperature dependence 
of the kinetics was also examined in an earlier set of 7 ex- 
periments on a totally independent preparation which yielded 
essentially identical results. 

Figure 3 shows a three-dimensional plot of the data from 
a maximum photolysis experiment at 20 "C. The singular 
value decomposition (SVD) of this data is shown in Figure 
4. The basis spectrum with the largest singular value, U,, 
is the deoxy - CO difference spectrum which produces the best 
one-component least-squares fit to the data. Because the 
spectral changes represented by the higher SVD components 
are small, the vector V , ,  which describes the time course of 
the amplitude of this basis spectrum, provides a very good 
measure of the fraction of the sample that is unliganded. The 
higher SVD components (p2 and p2 and v3 and p3) 
represent changes in the spectra of the deoxyhemes generated 
by photolysis, as well as much smaller differences between the 
spectra of the liganded hemes in photodissociated tetramers 
and the spectrum of the equilibrium liganded species. The 
maximum amplitude of the spectral changes described by V2 
and p2 is only about 0.05 OD unit. Comparison of this 
amplitude with that of the deoxy - CO difference spectrum 
(0.72 OD unit) shows that the spectral perturbations observed 
in this experiment represent changes of only a few percent in 
the extinction coefficients of the photoproduct. 

Partial Photolysis Experiments. As pointed out in the 
introduction, to determine whether a relaxation results from 
a quaternary conformational change, it is necessary to measure 
how the amplitude of the spectral changes depends on the 
fraction of heme-CO complexes photodissociated by the ex- 
citation pulse. It is not straightforward to obtain the amplitude 
information from independent fits to individual data sets, 

Columns of Transformed U Columns of Transformed V 

I 

400 420 440 460 480 io9 10.' i o 5  io" 
WAVELENGTH (nm) TME (seconds) 

FIGURE 4: Singular value decomposition of data (A) which was 
smoothed to obtain Figure 3. The first 3 columns of the transformed 
U (panels a-c) and V (panels d-f) matrices are shown. The amplitudes 
of the remaining columns of the transformed U matrix, multipled by 
the corresponding column of the transformed V, are smaller at all 
time delays than the noise in the measurement. The fit of the 3 
columns of the transformed V matrix to a sum of 5 exponential 
relaxations is shown as the continuous curves in panels d-f. The 
relaxation times are indicated by the arrows. 

Table 11: Relaxation Rates Obtained from Fits of Partial Photolysis 
Data at 20 OC to Sums of Exponential Relaxations 

relaxation rate (s-I) rate (s-I) rate (s-l) rate (s-l) 
I 
I1 
I11 
IV 
V 
VI 
VI1 

2.0 x 107 2.0 x 107 1.8 x 107 1.7 x 107 
6.0 x 105 6.0 x io5 1.0 x io5 5.2 x io4 
4.7 x 104 4.7 x 104 2.1 x 103 8.3 x io2 
2.7 x 103 2.3 x io3 3.8 x io2 1.4 x io2 
6.8 X lo2 3.8 X lo2 1.3 X lo2 
3.6 X lo2 1.3 X IO2 
1.2 x 102 

final sum of squares 0.0175 0.0190 0.0225 0.0457 

because the fitted amplitudes are dependent on the relaxation 
rates and the best-fit relaxation rates depend systematically 
on the extent of photolysis. To overcome this problem, we 
carried oiff a global analysis of the partial photolysis data sets 
using the procedure described under Materials and Methods. 
This analysis produced a set of relaxation rates which best fit 
the data over the complete range of fractional photolysis and 
the spectral changes associated with these relaxations described 
in terms of the global basis spectra (UR) shown in Figure 5 .  
The fits converged up to a total of 7 relaxations, and the best-fit 
rates and the final sums of squared residuals are given in Table 
11. 

The fit to 4 relaxations includes the bimolecular binding 
relaxation seen as most prominent in Figures 3 and 4 at about 
7 ms, a second ligand rebinding relaxation at about 1 ms, 
required to fit the ligand binding amplitudes at low extents 
of photolysis, a relaxation at about 20 ps which arises primarily 
from the second SVD basis spectrum, and a rapid relaxation 
which includes geminate rebinding at about 60 ns. These 4 
major relaxations are resolved in all of the fits (Table 11). As 
we shall see below, the 20-ps relaxation results from the change 
in quaternary conformation from R to T, so it is clear that 
this relaxation is one of the major features of the data and the 
determination of its relaxation rate is not dependent on the 
exact number of relaxations chosen for the analysis. On the 
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basis of the decrease in the final sum of squares, the fit to 7 
relaxations was selected and the remainder of our analysis of 
the partial photolysis data is based on the results of this fit. 

To assign these 7 relaxations to molecular processes, we need 
to know not only the relaxation rates but also how the am- 
plitudes and shapes of the difference spectra depend on the 
degree of photolysis. In particular, it is useful to know how 
many different spectral components are necessary to fit the 
difference spectra observed for each relaxation. If a given 
relaxation corresponds to a single molecular process, for ex- 
ample the & - To transition, then its spectrum should be the 
same at all degrees of photolysis and only its amplitude should 
vary. The difference spectra measured as a function of the 
extent of photolysis should then be describable in terms of a 
single difference spectrum; the matrix of these spectra will 
contain only a single linearly independent component, i.e., have 
a rank of 1. More complex processes might also appear as 
rank 1 if they produce spectral changes that are identical at 
all degrees of photolysis. If, on the other hand, a relaxation 
contains contributions from two or more processes that have 
different spectral signatures and scale differently with the 
extent of photolysis, but happen to take place on the same time 
scale, then more than one spectrum will be required to fit the 
spectra observed for this relaxation and the rank will be higher 
than 1. The most straightforward way to determine the rank 
of the spectral changes occurring in each relaxation is, again, 
to use SVD. Clearly, an observed rank higher than 1 means 
that more than a single process is occurring in a given relax- 
ation. 

The SVD analysis of the spectral changes observed for 
relaxations I-VI1 is shown in Figure 6. The results show that 
relaxations I, 111, IV, and VI1 are very close to rank 1, whereas 
relaxations 11, V, and VI are rank 2. In the case of relaxation 
11, the total magnitude of the spectral changes is so small that 
the second component amounts to absorbance changes of only 
0.003 OD, while the second components for relaxations V and 
VI are more than an order of magnitude larger. Because its 
amplitude is so small, we shall ignore the second component 
for relaxation I1 and treat this relaxation as rank 1 in the 
following discussion. 

The next step is to analyze the difference spectra obtained 
for these relaxations in terms of contributions from ligand 
rebinding, deoxyheme spectral changes, and other spectral 
contributions. To highlight the problems in carrying out these 
assignments, the spectra prior to each relaxation are compared 
in Figure 7a. Since the difference spectra observed before 
each of the intermediate relaxations fall between these two 
extreme spectra, it is obvious that we are analyzing difference 
spectra that are only perturbations on the average deoxy - CO 
difference spectrum. The spectral changes which correspond 
to the amplitudes in Figure 6, panels a, b, and c, for relaxations 
I, 11, and I11 have amplitudes of only about 0.04, 0.008, and 
0.015 OD units, respectively. 

The spectral changes for relaxations I, 11, and I11 are shown 
in Figure 7, panels b, c, and d. Each of these difference spectra 
is very different from (the negative of) any of the deoxy - CO 
difference spectra for the photoproduct shown in Figure 7a. 
It is clear, therefore, that these relaxations cannot be explained 
as simple ligand-rebinding relaxations. Each must include a 
process that produces a change in the spectrum of the deoxy 
(and perhaps also of the liganded) hemes of the photoproduct 
molecules. The contribution from the deoxy hemes must 
dominate since each amplitude scales monotonically with the 
extent of photolysis (Figure 6a-c). 
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FIGURE 5: SVD analysis of the partial photolysis experiments at 20 
OC. The output of the transformed SVD included 4 basis spectra. 
(a) The UR matrix obtained from the SVD analysis of the partial 
photolysis experiments (D). The first four columns of the matrix are 
the basis spectra which correspond to the amplitudes in (b), (c), (d), 
and (e). (be) The points are the portion of the 'v matrices that result 
from 8 of the 13 experiments. Each 'v has been multiplied by a factor 
of 16.3, so that the elements of 'V closely approximate the fraction 
of deoxyhemes. SVD of the four 'V matrices produced a total of 9 
significant vectors which were fit with sums of exponentials. The 
numbers of vectors required to represent 'V, 2V, 'V, and 4V were 2, 
2, 2, and 3, respectively. The curves are the fitted amplitudes for 
the 8 plotted experiments obtained from the weighted fit of all of the 
data to sums of seven exponential relaxations using eq 6 (see Materials 
and Methods). The curves are calculated from eq 7 using the fit 
coefficients,& and the relaxation rates in Table 11. The AOD,,, 
for each SVD component is the maximum OD minus the minimum 
OD multiplied by the element of the 'V matrix with the largest absolute 
value. 
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FIGURE 6:  Dependence of the spectral changes observed for each of the seven exponential relaxations on the degree of photolysis. Singular 
value decomposition was used to determine the amplitudes of the spectral changes occurring in each relaxation and their dependence on the 
extent of photolysis (see Materials and Methods). (a-g) Amplitudes of the first two components of the spectral changes for relaxations I-VII, 
respectively; (filled circles) first component and (open circles) second component. In each case the results have been normalized by arbitrarily 
setting the maximum amplitude of the first component to 0.94, the estimated maximum extent of photolysis. The maximum amplitudes prior 
to normalization were 0.104, 0.027, 0.060, 0.123, 0.099, 0.379, and 1.25 for relaxations I-VII, respectively. The lines are empirical fits to 
the data. 
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FIGURE 7: Spectral changes observed for relaxations 1-111. The spectral change occurring in each relaxation was obtained by using eq 9 after 
extrapolating the first two components of the SVD analysis of 'G shown in Figure 6 to 100% photolysis. The deoxy - CO difference spectra 
prior to each relaxation were obtained by the same procedure. (a) The extrapolated deoxy - CO difference spectra observed prior to each 
of the seven relaxations. The continuous curves are the spectra prior to relaxations I and VII. The dotted curves are the difference spectra 
prior to relaxations 11-VI. (W) Spectral changes accompanying relaxations 1-111 and their decomposition into CO - deoxy difference spectra 
due to CO rebinding and deoxy spectral changes. The spectral change for relaxation r is equal to the difference spectrum prior to relaxation 
r + 1 minus the difference spectrum prior to relaxation r. The continuous curve is the spectral change at  100% photolysis. The dashed-dotted 
curve is the deoxy - CO difference spectrum prior to each relaxation, scaled to correspond to the largest of the corrected amplitudes for each 
relaxation. The heavy dotted spectra are the best estimates of the deoxyheme spectral changes, assuming that there is no spectral change of 
the CO-hemes. The changes in fractional saturation associated with the corrections were 0.07 for relaxation I (b), 0.015 for relaxation I1 
(c), and 0.03 for relaxation 111 (d). The dotted curves are the deoxyheme spectral changes obtained by varying the change in fractional saturation 
about these values. The change in fractional saturation between each curve is 0.01 for relaxations I (b) and 111 (d) and 0.005 for relaxation 
I1 (c). 

From the data  in Figures 6 and 7 there is no way to uniquely fractional saturat ion cannot be unambiguously determined. 
determine the changes in the spectra of the deoxy photoproduct Since we a r e  considering only the  rank 1 component of these 
which take place in these relaxations, since the  change in 3 relaxations, there  is no significant difference among t h e  
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spectral changes observed at  all degrees of photolysis. Con- 
sequently, any linear combination of this spectrum and the CO 
- deoxy spectrum is a possible description of the spectral 
change resulting from the deoxy hemes. It is important to 
point out that this problem in no way affects the assignment 
of these relaxations on the basis of the dependence of their 
amplitudes on the extent of photolysis. If the observed spectral 
changes can all be represented by a single spectrum (Le., if 
the rank of the set of spectra is l), then the amplitude of the 
deoxy spectral change will scale with the amplitude of the 
measured difference spectra, independent of the amount of 
ligand rebinding assigned to the relaxation. It is reasonable 
to rule out candidate spectra that closely resemble the deoxy 
- CO difference spectrum but, since many of the possible 
deoxy difference spectra include a negative spectral feature 
at wavelengths close to the peak absorption of the heme-CO 
complex, it was not possible to use the amplitude of this feature 
to unambiguously remove the CO peak from the deoxy dif- 
ference spectra [cf. Hofrichter et al. (1985)l. Figure 7b-d 
presents our best guesses for the deoxy spectral changes, to- 
gether with some alternative possibilities which differ only by 
admixture of different amounts of the deoxy - CO difference 
spectrum. Our best guesses for relaxations I1 and 111 produce 
deoxyheme spectral changes which describe a sharpening of 
the deoxy spectrum without a significant increase in its inte- 
grated extinction coefficient. For relaxation I, however, it was 
impossible to subtract any CO - deoxy difference spectrum 
and obtain a deoxy difference spectrum which did not have 
either a large increase in integrated extinction coefficient or 
a significant negative peak near the peak absorbance of the 
CO-liganded heme. 

Temperature Dependence in Maximum Photolysis Ex- 
periments. The dependence of the kinetics on temperature was 
investigated in  a series of maximum photolysis experiments 
carried out over a range from 2 to 65 OC. The relaxation rates 
between lo4 and lo8 s-l obtained from the fits to these data 
are shown in Figure 8a. The interpretation of these results 
is complicated by the fact that the amplitudes of the spectral 
changes, and hence the ability to time-resolve them, decrease 
as the temperature increases. At temperatures below 25 OC, 
five exponential relaxations are required to fit the data, while 
at  higher temperatures, only four relaxation rates can be re- 
solved. The additional relaxation is that which appeared as 
relaxation 11 in the fits to the partial photolysis data at 20 O C .  

It is not possible from the results to determine unambigously 
whether the single submicrosecond relaxation observed at the 
higher temperatures corresponds to relaxation TI at the lower 
temperatures or really contains contributions from two re- 
laxations which are not resolved because the associated am- 
plitudes are too small (see Figure 8b,c). The temperature 
dependence of the amplitudes was determined in the same way 
as in the partial photolysis experiments (Figure 6 ) .  That is, 
the spectral changes associated with each of the relaxations 
were analyzed by SVD. The amplitudes of the rank 1 and rank 
2 components for relaxations 1-111 are shown in Figure 8b,c. 

DISCUSSION 
The "spectral surface" in Figure 3 shows that maximum 

photodissociation of the carbon monoxide complex of trout Hb 
I at room temperature produces a deoxy - CO difference 
spectrum that decays almost entirely in a single phase with 
a time constant of about 10 ms. This time constant is char- 
acteristic of the rate of bimolecular binding of carbon mon- 
oxide to the T state (Brunori et al., 1980). Because of the high 
sensitivity of our nanosecond spectrometer, however, it is 
possible not only to observe processes that produce small de- 
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FIGURE 8: Temperature dependence of relaxation rates and amplitudes 
of spectral changes in relaxations 1-111. (a) Arrhenius plot of re- 
laxation rates from maximum photolysis experiments. Data sets 
measured a t  20 O C  and below were fit by using five exponential 
relaxations, and the fitted rates for the first three relaxations are shown 
as the filled circles. Data sets measured a t  temperatures above 20 
OC were fit with four exponential relaxations, and the rates for the 
first two are shown (open circles). (b) Temperature dependence of 
the amplitude of tertiary relaxations. The amplitude of the spectral 
change observed in relaxation I (above 20 "C) or relaxation I + 
relaxation I1 (20 OC and below) is plotted as a function of the reciprocal 
temperature. The amplitudes (filled circles) were determined from 
the first component of the SVD analysis of the set of spectral changes. 
The relative magnitudes of the second component of the SVD analysis 
of the spectral changes are also shown (open circles). (c) Temperature 
dependence of the amplitude of the quaternary relaxation. Symbols 
and analysis are identical with those in panel b. In panels b and c 
the amplitudes are normalized to the spectral changes at  20 OC. 

viations from this simple behavior but also to characterize the 
kinetics of these processes in some detail. By using singular 
value decomposition to filter the data, we have been able to 
observe both geminate ligand rebinding and spectral changes 
of the deoxyheme photoproduct. When analyzed in terms of 
a sum of exponentials, 3 additional relaxations are observed 
at room temperature, with relaxation times of about 50 ns, 
2 ps, and 20 ps. All 3 relaxations contain contributions from 
both ligand rebinding and deoxyheme spectral changes (Figure 
7). In partial photolysis experiments the bimolecular rebinding 
regime becomes more complex (Figure 5 ) ,  and additional 
relaxations are observed at  about 400 ps, 1 ms, and 3 ms 
(Figure 6,  Table 11). Our problem is to assign these relaxations 
to specific molecular processes. We first briefly consider the 
geminate rebinding results and then discuss in some detail the 
deoxyheme spectral changes and the characterization of the 
kinetics of the R - T quaternary conformational change. 
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FIGURE 9: Comparison of the apparent change in fractional saturation 
observed in relaxation I as  a function of the apparent fraction of 
heme-CO complexes photolyzed (filled circles) (data from Figure 
7a) with the change predicted from eq IO with no geminate rebinding 
(solid curve) [Le. N0,I) - f lm,I)]  versusfl0,r) for k = 01. The largest 
part of the error arises from the uncertainty in the shape of the 
deoxyheme spectral change (Figure 7b). 

(I) Photoselection and Rotational Diffusion Can Account 
for Most of the Change in Apparent Fractional Saturation 
in the Geminate Rebinding Regime. Because the apparent 
change in  saturation accompanying relaxation I is small, the 
analysis of the geminate ligand rebinding in this relaxation 
is complicated by the effects of photoselection and rotational 
diffusion. It is known from polarized absorption studies on 
single crystals that the hemes in hemoglobin behave as nearly 
perfect planar absorbers of linearly polarized light at both the 
excitation and probe wavelengths (Makinen & Eaton, 1973; 
Hofrichter & Eaton, 1976; Eaton & Hofrichter, 1981). That 
is, there is no absorption of light polarized perpendicular to 
the heme plane and equal absorption of light polarized parallel 
to all directions in the heme plane. With our instrument both 
the excitation and probe pulses are linearly polarized and their 
electric vectors are parallel. As a result, unphotolyzed 
heme-CO complexes are preferentially oriented with their 
porphyrin planes perpendicular to the electric vector of the 
probe pulse. Rotational diffusion therefore results in an ap- 
parent increase in saturation that can be misinterpreted as 
geminate ligand rebinding. The rotational correlation time 
of hemoglobin is about 30 ns at 20 which is comparable 
to the observed relaxation time of 50 ns, so that rotational 
diffusion can contribute to the ligand rebinding observed in 

By use of a dry molecular weight of 64.4K and a density of 1.3 
g/cm3, the molecular volume of hemoglobin is 8.2 X cm3, and the 
radius of the equivalent sphere is 27 A. Assuming that a single layer of 
water of thickness 3.0 A is tightly bound to the surface of the protein 
(Venable & Pastor, 1988), the effective volume of the equivalent sphere 
is 1 1.3 X cm3. With this hydrated volume the rotational correlation 
time of 28 ns is calculated for a sphere in water of 0.01 P at 20 O C  by 
using the formula: iR = 1 / 6 4  = qV/kT.  This value is to be compared 
with the experimental values of 26 h 2 ns at 20 O C  from electron spin 
resonance measurements on spin-labeled hemoglobin (McCalley et al., 
1972), 28 ns at 25 OC from dielectric relaxation measurements (Oncley, 
1938), and 39 f 7 ns at 31 O C  from nuclear magnetic resonance (NMR) 
longitudinal relaxation times of the a-carbon envelopes (Gilman, 1979). 
In the NMR measurements the 1.8-fold increase in solution viscosity 
produced by the high (8-9 mM in heme) hemoglobin concentrations 
(Ross & Minton, 1977) should significantly increase the rotational cor- 
relation time. A rotational correlation time of 14.5 ns at 20 O C  has been 
reported from fluorescence depolarization measurements on apo- 
hemoglobin reconstituted with the fluorescent dye l-anilino-8- 
naphthalenesulfonate (Stryer, 1965), and a value of 23 f 1 ns was re- 
ported at 10 O C  from time-differential perturbed y-y angular correla- 
tions in  apohemoglobin reconstituted with indium protoporphyrin IX 
(Marshall et al., 1983). These lower values probably result from sub- 
stantial dissociation of tetramers into dimers in these reconstituted hem- 
oglobins. 

relaxation I. The amplitude data suggest that it makes a major 
contribution. 

Figure 9 shows the apparent change in fractional saturation 
as a function of the apparent fraction photolyzed. Also plotted 
in Figure 9 is a theoretical curve, calculated for &function light 
pulses, for the case in which there is no geminate rebinding 
from the equation (Ansari et al., unpublished work): 

f ( t , I )  = [(ke-(k+k')' + k ' ) / ( k  + k')] 
[ 1 - (1 /2) J*e-'sin2e sin 6 d6 - (1 /4)e-'i .~( sin 6 

0 0 

d6 - 3~*e-1sin2e cos2 6 sin 6 do)] (10) 
0 

where f ( t , I )  is the ratio of the spectral amplitude at time t > 
0 produced by excitation with a 6-function laser pulse of finite 
intensity to the spectral amplitude immediately after a 6- 
function laser pulse of infinite intensity; k is the rate constant 
for geminate ligand rebinding; k'is the rate constant (or sum 
of rate constants) for all processes that compete with ligand 
rebinding; TR is the rotational correlation time; I contains the 
product of the integrated laser intensity, the extinction coef- 
ficient, and the quantum yield; and 6 is the angle between the 
electric vector of the linearly-polarized light and the normal 
to the heme plane. The theoretical curve lies above the data. 
Since the rotational correlation time at 20 OC is only about 
3 times greater than the width of the laser pulses, significant 
rotational diffusion takes place during the excitation pulse and 
the amplitudes predicted by eq 10 are expected to be too large! 
The present data do not have sufficient information to quan- 
titate the relative contributions of rotational diffusion and 
geminate rebinding to the observed change in fractional sat- 
uration. An accurate description of the ligand rebinding in 
relaxation I will require experiments in which isotropic spectra 
are calculated from measurements with the electric vector of 
the linearly polarized probe pulse oriented both perpendicular 
and parallel to the electric vector of the excitation pulse. 

Two considerations suggest that geminate recombination 
is responsible for at least a few percent of the change in ap- 
parent saturation. First, the observed relaxation time (50 ns) 
is significantly longer than the rotational correlation time. 
Second, analysis of the relation between geminate and bimo- 
lecular rebinding for human hemoglobin and myoglobin sug- 
gests that there should be significant geminate rebinding in 
trout hemoglobin. In human hemoglobin the geminate yield 
is proportional to the bimolecular binding rates for the R and 
T states (Murray et al., 1988a), and in myoglobin the geminate 
yields for carbon monoxide and oxygen also scale with their 
bimolecular rates (Henry et al., 1983). Assuming that the 
bimolecular rate is the product of the rate of entry of the 
carbon monoxide into the protein and the geminate yield, the 
entry rate is calculated to be 1.5 (f0.4) X lo7 M-' s-* for 
hemoglobin (Murray et al., 1988a) and 1.7 (f0.3) X lo7 M-' 
s-l for myoglobin (Henry et al., 1983). If we assume the same 
entry rate for trout hemoglobin and assign relaxation IV to 
the R-state bimolecular rebinding rate, this semiempirical 
approach predicts a geminate yield of (2.7 X 106)/(1.5 X 10') 
= 1 8 % ~ ~  These considerations suggest that both rotational 

An increase in the extent of rotational diffusion within the excitation 
pulse could also explain part of the decrease in the apparent change in 
fractional saturation with increasing temperature (Figure 8b). The ro- 
tational correlation time decreases from 50 ns (about 5 times the pulse 
width) at 2 O C  to 10 ns (about the same as the pulse width) at 65 'C 
(see footnote 2). 
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diffusion and geminate rebinding contribute to the apparent 
change in ligand saturation observed in relaxation I. 

There is a small amount of ligand rebinding in relaxation 
11, which is about 2% of the total rebinding at all degrees of 
photolysis (Figure 7c). It is assumed to arise from geminate 
rebinding because the corresponding bimolecular rate would 
be very high (5 X lo8 M-I s-l) and its amplitude (Figure 6b) 
is almost linearly proportional to the apparent fraction pho- 
tolyzed, unlike the bimolecular rebinding relaxations at longer 
times (Figure 6d-g). As pointed out earlier, above 20 OC the 
total spectral changes are so small that only a single relaxation 
is required to tit the data. Our tentative interpretation of these 
results is that the single relaxation above 20 OC corresponds 
to a mixture of relaxations I and I1 at  20 OC and below. As 
the temperature increases, less of relaxation I is resolved be- 
cause the relaxation times for rotational diffusion and geminate 
recombination become comparable to or shorter than the pulse 
width. 

(11) Amplitude Data Indicate That both the Ro - To and 
R ,  - T I  Quaternary Conformational Changes Occur in the 
20-ps Relaxation. Our principal objective in this work has 
been to characterize the kinetics of the quaternary confor- 
mational changes. This has been made difficult by the fact 
that the associated spectral changes are very small, repre- 
senting only 8% of the total spectral change due to ligand 
rebinding. The total spectral change for the deoxyhemes in 
the first 3 relaxations is, moreover, about 2.5 times smaller 
than the deoxyheme spectral changes observed over the same 
time period in human hemoglobin (Hofrichter et al., 1983, 
1985; Murray et al., 1988a). Indeed no deoxyheme spectral 
changes have previously been observed in either kinetic or 
equilibrium experiments on trout hemoglobin. In spite of this 
limitation we have been able to describe the kinetics of the 
quaternary conformational change in considerable detail. 

Before beginning this discussion, we should briefly comment 
on the relation between the deoxyheme spectral changes and 
the protein conformational changes. Because of the complex 
nature of the Soret band of deoxyhemes, with a manyfold 
electronically degenerate ground state (Eaton et al., 1978; 
Eaton & Hofrichter, 1981; Murray et al., 1988b), and the lack 
of a complete theory for the Soret line shape [see, however, 
Srajer et al. (1986)], it is not possible to use theoretical ar- 
guments to relate structure and spectra. Some insight can be 
gained, however, by empirical comparison of the spectra with 
X-ray data. By comparing the spectral changes in human 
hemoglobin for the quaternary conformational change and the 
tertiary conformational changes within the R and T quaternary 
structures with the detailed X-ray results for the same 
structural changes, we have previously proposed that the de- 
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oxyheme spectral changes arise from changes in the position 
of the iron atom relative to the heme plane (Murray et al., 
1988b). If this proposal is correct, then the deoxyheme 
spectrum reflects the conformation of the surrounding protein 
via its effect on the iron position (Henry et al., 1985). This 
interpretation of the spectral change would suggest, but by 
no means require, that its magnitude be monotonic in the 
magnitude of the surrounding protein conformational change! 

In the following discussion we shall equate deoxyheme 
spectral changes with protein conformational changes. Since 
the molecule is in the R state prior to photodissociation, but 
almost all bimolecular rebinding in maximum photolysis ex- 
periments occurs with a T-state rate at about 10 ms (Figure 
4) ,  the R - T conformational changes must be occurring on 
a submillisecond time scale. Our problem is to determine 
which of the first three relaxations corresponds to quaternary 
conformational changes. The results of the partial photolysis 
experiments provide the answer. 

If each subunit in the hemoglobin tetramer responded in- 
dependently to ligand photodissociation by undergoing a 
change in tertiary conformation which does not alter the 
spectra of neighboring subunits, then the amplitude of the 
associated change in the spectra of the deoxyhemes would be 
expected to scale linearly with the fraction of photolyzed 
heme-CO complexes. In contrast, the amplitude of the de- 
oxyheme spectral change associated with quaternary confor- 
mational changes is expected to scale nonlinearly with the 
fraction photolyzed because the fraction of tetramers in ligation 
states that switch from R to T (see Figure 2) is a highly 
nonlinear function of the fraction photolyzed. We assume that 
the deoxyheme spectral change for a given partially liganded 
tetramer is proportional to the product of the number of de- 
oxyhemes and the probability that this species switches to the 
T conformation. To use the spectral amplitudes to assign the 
spectral relaxations, we must know both these probabilities 
and the distribution of partially liganded tetramers in the 
photoproduct population which exists prior to each relaxation. 

We have considered two extreme cases. If the probability 
of photolysis of each heme of a tetramer were uncorrelated, 
which would occur if the rotational correlation time were much 
shorter than the pulse width, the distribution of liganded 
tetramers would be binomial. In this case [R,], the relative 
concentration of the R-state tetramer with i ligands bound, 
is the coefficient of X i  in the binomial expansion of (1 - y + 
XY)~,  i.e. 

4 

i=O 
CXi[Ri] (1 - y  + X Y ) ~  (11) 

or 
[Ri]  = [4! / i ! (4  - i ) ! ]y i (  1 - Y ) ~ - '  (12) 

where y is the fractional saturation with ligand. Use of a 
binomial distribution assumes that all of the increase in sat- 
uration results from geminate rebinding to equivalent hemes. 
In the second case we recognize that the distribution of pho- 
toproduct species is no longer binomial when the rotational 
correlation time becomes comparable to the pulse width. 

The bimolecular rebinding regime of trout hemoglobin is complex 
(Figures 5 and 6 ) ,  and we have not yet fully analyzed it. At the lowest 
degrees of photolysis, where no switching to the T state occurs, as evi- 
denced by the lack of any amplitude of the T-state rebinding phase 
(relaxation VI1 in Figure 6 ,  Table II ) ,  the bimolecular rebinding occurs 
mainly in two phases of roughly equal amplitudes with relaxation rates 
of 2.7 X IO3 s-' and 6.8 X lo2 (relaxations IV and V in Figure 6) .  One 
simple interpretation of these relaxations is that they correspond to se- 
quential bimolecular rebinding to the R state, first to a hemes and then 
to f l  hemes, or vice versa. With this interpretation, the predicted gem- 
inate yield for relaxation I, ignoring the small amount of geminate re- 
binding in relaxation 11, is (1/2)[("k0,/"k,,,,) + (@k,,/@k,,,,,)] = 
(1/2)[(2.7 X 106)/(l.5 X IO') + (6.7 X lO5)/(l.5 X IO')] = 1 1 % .  We 
should also point out that the faster rate of 2.7 X IO6 M-I s-I is somewhat 
slower than the previously reported rate of 5.1 X lo6 M-' s-I under 
similar conditions (Brunori et al., 1980) (the free carbon monoxide 
concentration was 0.1 mM instead of the 1 mM of the present experi- 
ments, and the phosphate concentration was 0.2 M instead of 0.1 M). 

In human Hb the amplitude of the spectral change per deoxyheme 
undergoing the R - T transition is about 3 times greater than the sum 
of the spectral amplitudes for the two prior tertiary conformational 
changes (Hofrichter et at., 1985). These amplitudes are consistent with 
the X-ray results which show that the tertiary conformational change 
between the liganded and deoxy subunits within the R quaternary 
structure is smaller than the tertiary conformational change associated 
with the R to T transition (Perutz et al., 1987; Murray et at., 1988b). 
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Because the four hemes of hemoglobin are roughly parallel 
(Eaton & Hofrichter, 1981), photolysis by a linearly polarized 
pulse biases the population of tetramers toward molecules in 
which all four h e m e 0  complexes have been photodissociated 
and molecules in which none have been photodissociated. 
When the rotational correlation time is much longer than the 
pulse width, the relative population of each molecular species 
can be obtained by using the following simple generalization 
of eq 11: 

Hofrichter et al. 

4 
EA’[R,] = (1/4s)x2‘d$ x r s i n  e dB f i ( 1  - P,, + AP,,) 
i=O n= 1 

(13) 

where the probability, P,,, that the nth heme-CO complex is 
not photodissociated (which is analogous to y in eqs 11 and 
12) is 

P,, = exp(-Z[l - (cos 6 cos a,, + sin e sin 4 cos 8, + 
sin 0 cos 4 cos y,,)2]) (14) 

Here cosa,,, cosp,,, and cosy,, are the direction cosines of the 
normal to the nth heme plane relative to an arbitrary axis 
system, taken here to be the axes of the human oxyhemoglobin 
crystal from which the direction cosines were calculated. The 
integration over the polar coordinates, 0 and 4, which define 
the orientation of the electric vector of the linearly polarized 
light in the same axis system, results from the initially isotropic 
distribution of tetramer orientations. If the excitation pulse 
is described by a &function, the effects of photoselection are 
large enough to account for all of the apparent ligand rebinding 
in relaxation I. For this case we therefore assume that there 
is no geminate rebinding, and all of the apparent increase in 
saturation results from rotational diffusion. 

Figure 10a shows the predicted dependence of the ampli- 
tudes of deoxyheme spectral changes for each ligation state 
on the fraction of deoxyhemes. The relative populations of 
the photoproduct species at  each fractional saturation are 
calculated from eqs 12 and 13. The probability that each 
species switches from R to T is assumed to be the equilibrium 
probability. The allosteric parameters in Figure 2 predict that 
virtually all Ro and R, molecules switch to T at equilibrium, 
but only 62% of Rz molecules and 3% of R3 molecules switch. 
The shape of the curve is very different for each ligation state. 
The predicted amplitudes for the Rz - T2 and RI  - TI 
transitions show maxima at intermediate levels of photolysis, 
while the amplitude for the Ro - To transition increases 
cooperatively with increasing photolysis. The calculations 
assume that the spectral change per deoxyheme for each 
process is the same for all ligation states and that there is no 
competitive ligand rebinding. Competitive ligand rebinding 
decreases the amplitudes of the deoxyheme spectral changes. 

Figure 10b shows the amplitudes of the spectral changes 
for the first three relaxations. The amplitude of the spectral 
change in relaxation I increases rapidly at low fractions of 
deoxyhemes and then appears to saturate. As discussed above, 
this nonlinear dependence can be attributed to the contribution 
of rotational diffusion to the apparent change in fractional 
saturation observed in this relaxation. The amplitude of the 
spectral change in relaxation I1 at about 2 ps is almost linear 
in the fraction of deoxyhemes. In contrast, the amplitude of 
the deoxyheme spectral change in relaxation I11 at 20 p s  
increases nonlinearly and cooperatively with the fraction of 
deoxyhemes. These results clearly point to the deoxyheme 
spectral change of relaxation 111 at 20 ps as containing the 
Ro - To quaternary transition and indicate that the deoxy- 
heme spectral changes of relaxations I at 50 ns and I1 at 2 
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FIGURE 10: Predicted populations of partially liganded molecules which 
switch from R to T and observed amplitudes of relaxations 1-111 at 
20 OC. (a) The fraction of each species which is expected to undergo 
a quaternary change from R to T is calculated from the thermody- 
namic analysis of Barisas and Gill (1979) by using both a binomial 
(dashed curve) and a photoselected (continuous curve) distribution 
of liganded species. The equilibrium allosteric parameters, & = 3280 
and c = 0.022 (Barisas & Gill, 1979), predict that 99.97% [=Lo/(& 
+ l)]  of R,, molecules will switch to To at equilibrium, 98.6% [= 
&cL(& + I ) ]  of R I  molecules will switch to TI, and 61.4% [ =  
& /(Lo$ + I ) ]  of Rz molecules will switch to T,. The dotted line 
indicates that for tertiary conformational changes the amplitude of 
the spectral change is expected to be linear in the fraction of deoxy- 
hemes (in the absence of any spectroscopic heme-heme interaction). 
(b) Comparison of the normalized amplitudes of spectral changes 
which take place in relaxations 1-111 (data from Figure 6a-c). 

p s  correspond to tertiary conformational changes within the 
R quaternary structure. 

There is, however, a significant deviation of the data in 
Figure 10b from the theoretical curve for zero-liganded 
molecules in Figure loa. The most likely explanation for this 
deviation is that singly liganded molecules are switching to 
the T conformation in the 20-ps relaxation as well. Figure 
11 shows that there is very close agreement between the data 
and the theoretical curve in which both Ro and R, molecules 
are switching in the 20-ps relaxation. From this result we 
conclude that both zero-liganded and singly liganded molecules 
undergo the R to T quaternary transition in the 20-ps relax- 
ation at 20 OC [see Marden et al. (1986) for a similar analysis 
of single-wavelength data on human hemoglobin]. 

Support for the assignment of relaxation 111 to the qua- 
ternary change for zero-liganded and singly liganded molecules 
comes from the finding that the amplitude of relaxation VI1 
shows almost identical dependence on the fraction of deoxy- 
hemes (Figure 11). Relaxation VI1 corresponds to the slow 
rebinding phase with a bimolecular rate characteristic of the 
T state. The close similarity of the two curves suggests that 
the conformational change in relaxation 111 produces hemes 
that rebind with a T-state rate. 

Although the observed and predicted amplitudes for the 
deoxyheme spectral change as a function of the apparent 
degree of photolysis agree extremely well (Figure 1 l) ,  it is not 
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Apparent Fraction Photolyzed 
FIGURE 11: Comparison of observed and calculated amplitudes of 
deoxyheme spectral change in the quaternary transition (relaxation 
111) at 20 O C .  The filled circles are the deoxyheme spectral changes 
for relaxation I11 (rank 1 component from Figure 6c), and the open 
circles are the amplitudes of the slow (T-state) bimolecular rebinding 
phase (rank 1 component of Figure 6g). The curves depict the fraction 
of deoxyhemes which are in tetramers that will switch to T at 
equilibrium plotted as a function of the fraction of deoxyhemes prior 
to relaxation 111: The continuous curve is for the photoselected 
distribution, and the dashed curve is for the binomial distribution. 
Three cases are presented: one in which only RO molecules switch, 
one in which Ro + R, molecules switch, and one in which Ro + RI + R2 molecules switch. 

possible to conclude from this result that the Ro - To and R1 - TI rates are identical. Systematic deletion of data sets from 
the partial photolysis experiments shows that the relaxation 
rate decreases as the degree of photolysis decreases, indicating 
that the RI - TI rate is slower than the Ro - To rate by at  
least a factor of 2. It is difficult to place a precise upper limit 
on the ratio of the two rates. The rate of relaxation 11, which 
shows a linear dependence of the amplitude on degree of 
photolysis, is about 10 times faster than the rate of relaxation 
111, and the rate of relaxation IV, which shows a maximum 
amplitude at 50% photolysis, is about 20 times slower (Table 
11). It is therefore unlikely that the R1 - TI rate is slower 
than the Ro - To rate by a factor of more than 5-10. 

(111) Comparison of Equilibrium and Activation Parame- 
ters Indicates That the Transition State Is Much More R-like 
than T-like. Having assigned the 20-ps relaxation to the 
quaternary conformational change, we can now discuss the 
effect of temperature on the spectral amplitude and rate 
constant for the & -To transition. In the experiments carried 
out at  the maximum degree of photolysis at  20 OC, the con- 
tribution of R, - TI to the quaternary relaxation is only about 
one-fourth that of Ro - To. Since this fraction decreases with 
increasing temperature as a result of the decreasing geminate 
yield, we ignore its contribution in evaluating the temperature 
dependence of the Ro - To rate constant and spectral am- 
plitude. We first discuss the temperature dependence of the 
spectral amplitude. 

Figure 8c shows that there is a marked decrease in the 
amplitude of the deoxyheme spectral change in the quaternary 
relaxation with increasing temperature. The allosteric equi- 
librium parameters, extrapolated from lower temperatures, 
suggest that this decrease cannot be simply the result of a 
decrease in the fraction of deoxyhemes in tetramers that are 
switching from R to T (Figure 12b). The equilibrium constant 
for the quaternary transition has a large temperature depen- 
dence (Barisas & Gill, 1979), so that at the high temperatures 
a significant fraction of fully liganded tetramers is in the T 
state, and even larger fractions of the zero-liganded and singly 
liganded tetramers are in the R state. Nonetheless, the pre- 
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FIGURE 12: Temperature dependence of k, To rate constant and 
amplitude of the deoxyheme spectral change. (a) Arrhenius plot of 
the b - To rate constant. The Ro - To rate constant was obtained 
by correcting the observed relaxation rate for the To - R,J rate. At 
high temperatures a significant fraction of zero-liganded molecules 
are in the R state at equilibrium (see panel b). The effective rate 
constant is then the sum of the rate constants for & - To and To - %, from which the rate constant for & - To can be calculated 
by using the value of b from thermodynamic studies (Barisas & Gill, 
1979). No correction for competitive bimolecular ligand rebinding 
was made because it is so small. Only about 3% of the total ligand 
rebinding occurs in relaxation 111 at maximum photolysis at 20 OC, 
and this fraction decreases as the temperature increases (Figure 8c). 
The straight line is the least-squares fit to the data, with weighting 
of the data points according to the reciprocal of the relative errors. 
The activation energy, calculated from the slope, is 8.0 f 0.3 kcal/mol. 
The relative errors increase with increasing temperature because the 
amplitude of the spectral change decreases. (b) Amplitude of de- 
oxyheme spectral change associated with the R - T transition. The 
measured amplitudes have been corrected for the fraction of four- 
liganded molecules in the T-state prior to photodissociation and the 
fraction of zero-liganded molecules that remain in R at equilibrium. 
The dotted curve is the fraction of zero-liganded tetramers that are 
predicted to switch from R to T at equilibrium. 
dicted decrease in the amplitude of the R to T spectral change, 
shown in Figure 12b, is much too small to account for the 
observed decrease in the amplitude of the deoxyheme spectral 
change with increasing temperature. Since a significant effect 
is predicted from the equilibrium populations, however, we 
have used these predictions to correct the observed spectral 
amplitudes (Figure 8c) for the fraction of deoxyhemes in 
tetramers that are switching from R to T. The results are 
shown in Figure 12b. 

There is about a 6-fold decrease in the amplitude of the 
spectral change per deoxyheme as the temperature increases 
from 2 to 65 OC. Interpreted in terms of the relation between 
structural and spectral changes postulated at the beginning 
of this discussion, this decrease would result from a decrease 
in the difference between the iron displacements in the two 
quaternary structures. A decrease in the displacement of the 
iron between the R and T quaternary states would, in turn, 
reflect a decrease in the difference between the subunit tertiary 
conformations at high temperatures. This interpretation is 
supported by the thermodynamic data (Barisas & Gill, 1979). 
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Table 111: Equilibrium and Kinetic Parameters for the Quaternary 
Structural Change of Trout Hemoglobin at 20 'C" 
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Ro - To To - &l 

L 3280 f 1000 1 /[3280 (f I OOO)] 
k (s-I) 4.7 (&os) x 104 14 f 5 

AG* (kcal/mol)b +10.8 f 0.1 +15.6 f 0.2 
AH (kcal/mol) -29.4 f 2.1 +29.4 f 2.1 
AH* (kcal/mol) +7.4 f 0.3 +36.8 f 2.2 
AS (cal mol-' K-I) -84.4 f 7.2 +84.4 f 7.2 
AS* (cal mol-' K-l)O -11.7 1.0 +72.6 f 7.5 

AG (kcal/mol) -4.7 f 0.2 +4.7 f 0.2 

Equilibrium parameters from Barisas and Gill (1979); kinetic pa- 
bCalculated from eq 15 with K = l .  rameters from this work. 

cCalculated from eq 16 with K = 1 .  

Extrapolating the data to high temperature, the difference in 
free energy between the two quaternary structures decreases 
from 6.2 kcal/mol at  2 OC to 0.9 kcal/mol at 65 OC (Barisas 
& Gill, 1979). Also the ratio of affinities decreases from 220 
at 2 OC to 2 at 65 OC, in keeping with the idea that the 
difference in affinity arises from a difference in tertiary con- 
formation that is reflected in the iron displacement. 

The analysis of the temperature dependence of the rate 
constant is straightforward and leads to some very interesting 
conclusions. Figure 12a shows an Arrhenius plot of the Ro - To rate constants, obtained from the observed relaxation 
rates (Figure sa) after correcting for the small amount of 
competitive bimolecular ligand rebinding and, at  the higher 
temperatures, for the To - Ro rate. The activation energy 
(E,) is 8.0 f 0.3 kcal/mol. This activation energy can be used 
together with the rate constant to calculate the activation free 
energy (AG'), the activation enthalpy ( A H * ) ,  and the acti- 
vation entropy (AS*) from transition-state theory (TST) by 
using the equations (Steinfeld et al., 1989): 

(1 5 )  k = KkTST = K(k,T/h)e-AG*/RT 

k = K(kBT/h)eM*/Re-M*/RT (16) 

with 

AH* = E,  - RT (17) 

These activation parameters for the Ro - To quaternary 
conformational change can now be combined with the equi- 
librium parameters to obtain the enthalpy and entropy of 
activation for the To - Ro quaternary conformational change 
from the thermodynamic constraints that 

AH*(To - Ro) = AH(T0 - Ro) + AH*(Ro - To) (18) 

and 

AS*(To - Ro) = AS(T0 - Ro) + AS*(Ro To) (19) 

The equilibrium and kinetic parameters are summarized in 
Table 111 and Figure 13. In calculating the activation free 
energies and activation entropies, a value of unity has been 
assumed for the transmission coefficient, K (see below). For 
the Ro - To transition the activation enthalpy and activation 
entropy are relatively small: +7.4 kcal mol-' and -12 cal mol-' 
K-I. The results are quite different for the To - transition. 
Not only are the activation parameters much larger (AH* = 
+37 kcal/mol and ASs = +73 cal mol-' K-l), but they are 
very similar to the equilibrium parameters (AH = +29 kcal 
mol-' and A S  = +85 cal mol-' K-I). 

The similarity of the equilibrium and activation enthalpies 
and entropies for the To - Ro transition indicates that the 
transition state for the quaternary structural transition between 
zero-liganded tetramers is much more R-like than T-like. If 
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R t T 

AS - +We.u. AS; = +ne.u. 

Reaction Coordinate 
FIGURE 13: Schematic diagram of enthalpy as a function of reaction 
coordinate along the path from R to T (data of Table 111). The 
similarity of the equilibrium and activation parameters for To - R,, 
indicates that the transition state is much more R-like than T-like. 

the resemblance of the transition state to the R state is 
structural as well as energetic, this result suggests that in the 
path from To to Ro the subunits have already almost com- 
pletely rearranged into the R configuration when the transition 
state is reached, while in the path from Ro to To the subunits 
remain in a configuration close to R in the transition state. 

It is interesting to speculate about the origin of the difference 
between the To - Ro activation entropy and the equilibrium 
entropy change. Even if the transition state were completely 
Ro-like, the entropy of activation would in fact be expected 
to be lower. The difference results from the fact that the 
transition state is missing one vibrational degree of freedom, 
compared to the & state, corresponding to motion along the 
reaction coordinate. Assuming that the energy of the vibration 
corresponding to the missing degree of freedom is small com- 
pared to kBT, this entropy difference is given by 

(20) 
The observed entropy difference of 12 cal mol-' K-' could be 
accounted for entirely if the frequency of the vibration, v, were 
0.6 cm-I, which is only slightly lower than the frequencies 
calculated for the lowest frequency normal modes of smaller 
proteins (Brooks & Karplus, 1983; Levitt et al., 1985). 

The activation entropy of 73 cal mol-' K-' was obtained by 
using a value of 1 for the transmission coefficient ( K  in eq 15), 
which corresponds to the assumption that there are no re- 
crossings of the barrier. Values for K less than 1 would result 
in more positive calculated activation entropies and could 
account for at least part of the deviation from the equilibrium 
entropy change. Values of K less than about 0.1 (corresponding 
to an increase of the calculated activation entropy of greater 
than 4.6 cal mol-' K-I) are reasonable if the system is in the 
Kramers high friction or diffusive regime, where the rate 
constant would scale inversely as the first power of the vis- 
cosity. To investigate the influence of the transmission 
coefficient on the calculated activation entropy, we are cur- 
rently studing the effect of solvent viscosity on the Ro - To 
quaternary rate. 

(IV) Concluding Remarks. The conclusion that the tran- 
sition state between the Ro and To quaternary structures is 
much more R-like than T-like has important and interesting 
consequences. It predicts that adding ligands to the heme 
should change the free energy of the Ro state by nearly the 

hs - AS* = R In (kBT/hv) 
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FIGURE 14: Schematic diagram showing consequences of R- and T-like 
transition states for ligand dependence of R-T rates. The free energy 
of the R state is used as a reference state. The continuous lines are 
the free energy levels for the molecule with no ligands bound, and 
the dashed lines are the free energy levels for the molecule with i 
ligands bound. For a completely R-like transition state the free energies 
of the R state and the transition state are changed by the same amount 
upon adding ligands. For this case all of the change in equilibrium 
free energy is manifested as an increase in the T - R rate, with no 
change in the R - T rate. For a completely T-like transition state 
all of the change in equilibrium free energy appears as a decrease 
in the R - T rate. 

same amount as it changes the free energy of the transition 
state (Figure 14). That is, adding ligands should have a much 
smaller effect on the R - T rate than on the T - R rate. The 
results on trout Hb I are not yet clear on this point. Although 
R,  - T, is slower than Ro - To, it is not yet possible to 
determine whether the change in the R - T rate is smaller 
than the change in the T - R rate calculated from the change 
in the equilibrium constant. There is, however, a significant 
body of data on human hemoglobin which confirm the pre- 
diction. We present elsewhere a comparison of the R - T 
rates and equilibrium constants (Eaton et al., 1991). This 
comparison shows not only that binding ligands to the heme, 
as well as binding protons to the protein, results in a much 
smaller effect on the R - T rate than on the T - R rates, 
but also that there is a linear free energy relation between the 
rate and equilibrium constants, i.e., 

log k(Ri+Ti) CY log Lo8 + log (21) 

and 

log k ( T p R , )  = (a - 1) log &c' + log y (22) 

so that all I O  quaternary rates can be determined from just 
4 parameters-c, &,, a, and a scaling constant, y (Eaton et 
al., 1991). 

The slope of the linear free energy plot, a, may be inter- 
preted as a measure of the position of the transition state along 
the reaction coordinate. For a = 0 the transition state is 
completely R-like, while for a = 1 the transition state is 
completely T-like. The finding of a = 0.2 indicates that the 
transition state is much more R-like than T-like, suggesting 
that the transition state appears about 20% of the distance 
along the reaction path from R to T (Eaton et al., 1991). This 
position for the transition state may be explained by a reaction 
path that maximizes the buried surface area between a@ di- 
mers (Janin & Wodak, 1985; Eaton et al., 1991). 
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ABSTRACT: The intracellular chain folding and association pathway of the thermostable, trimeric phage 
P22 tailspike endorhamnosidase has been the subject of a previous detailed study employing tempera- 
ture-sensitive folding mutants. Recently, reconstitution of native tailspikes from completely unfolded 
polypeptides has been accomplished, providing a model system to compare protein folding pathways in vivo 
and in vitro. The in vitro reconstitution pathway of the protein after dilution from guanidine hydrochloride 
or acid-urea solutions at  10 OC was characterized by spectroscopic and hydrodynamic techniques, and may 
be summarized as an ordered sequence of folding, association, and folding reactions. Multiphasic folding 
of monomers was indicated by changes in circular dichroism and fluorescence, with a rate constant of k 
= 1.6 X s-' for the slowest phase observed spectroscopically. Trimerizatioh of structured monomers 
was followed by size-exclusion HPLC and was completed within 1.5 h at a protein concentration of 20 pg/mL. 
Although at  this time trimers did not exchange subunits, they were readily dissociable by dodecyl sulfate 
in the cold. Formation of native, detergent-resistant trimers was only completed after 3 days of reconstitution 
at  10 OC. The reconstitution pathway of the tailspike protein closely resembles its intracellular maturation 
path. Thus, the in vitro reconstitution system, as a valid model of chain folding and association in vivo, 
should provide the tools to localize the steps or intermediates on the pathway that are the targets of 
temperature-sensitive folding mutations. 

A number of cellular proteins have been described in recent 
years to function as folding helpers increasing the efficiency 
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or the rate of protein folding and assembly (Ellis, 1990; Fischer 
& Schmid, 1990). Nevertheless, it remains generally accepted 
that the final three-dimensional structure a polypeptide chain 
assumes in a functional protein is determined by its amino acid 
sequence, although the rules of such structure formation have 
yet to be elucidated (Kim & Baldwin, 1982, 1990; Jaenicke, 
1987; Kuwajima, 1989). Clues toward determining such rules 
may be obtained from studying the refolding and reassociation 
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