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The end states, Rand T, of the allosteric transition in hemoglobin (Hb) are structurally well 
characterized, but there is little information on intermediate structures along the allosteric 
pathway. These intermediates were examined by means of time-resolved resonance 
Raman spectroscopy in the nanosecond-to-microsecond interval after HbCO photolysis. 
Complementary spectra of the heme group and of the tyrosine and tryptophan residues 
were recorded during laser excitation at 436 and 230 nanometers. These spectra reveal 
a sequence of interleaved tertiary and quaternary motions during the photocycle, motions 
involving the proximal and distal helices, and the a, p, subunit interface. This sequence 
leads to a modified form of the T state, in which the alp, interface is deformed as a result 
of two carbon monoxide molecules binding to the same dimer within the tetramer. 

" 
citation enhances vibrational modes of ar- 
omatic side chains, which can probe tertiary 
and quaternary interactions in  the protein 
(9) .  Extensive structure-soectra correlations 
have been established for these chro- 
mophores, and several time-resolved reso- 
nance Raman ( T R z )  studies have been per- 
formed (9-14). However, a full kinetic 
analysis has not yet been reported, either for 
the  heme signals or for the aromatic residue 
signals. Using both visible and ultraviolet 
(UV) excitation, we have now obtained 
TR3 spectra from 10  to  105 nanoseconds 
(ns) after H b C O  photolysis, and have ex- 
tracted the  spectra of the  kinetic interme- 

A l ~ o s t e r ~ ,  the process by which proteins 
change their shape upon binding small mol- 
ecules or ions, is used by nature to control 
numerous biological functions, including 
muscle contraction, metabolic regulation, 
and transport of oxygen in  the  blood (1) .  
For several proteins, x-ray crystallography 
has provided atomic resolution structures of 
the  end states of allosteric transitions, but 
the  pathways leading from one end state to 
the other are unknown. Our  prime objec- 
tive is to understand how protein architec- 
tures accommodate bistable structures, and 
what molecular motions constitute the al- 
losteric reaction coordinates. 

Hemoglobin (Hb)  offers the  best pros- 
pect for providing insight into the allosteric 
transition because new techniques and hy- 
ootheses can be tested aeainst a n  extensive " 

knowledge base. T h e  tertiary and quaterna- 
ry structure differences between the lom~- 
and high-affinity states, R and T ( 2 ) ,  have 
been analyzed extensively (3). Moreover, 
intermediate structures can be produced 
with crosslinking agents (4 ) ,  and with hy- 
brid Hb's that mimic partially ligated forms. 
Thermodynamic measurements o n  these 
hvbrid Hb's have uncovered intermediate 
states that are energetically important in 
the ligand binding sequence (5). 

T h e  allosteric transition can be studied 
directly by kinetic methods with the use of 
photodissociation of the CO adduct, 
HbCO,  to generate unligated Hb, which 
then evolves from the  R structure toward 

the eauilibrium T structure before it fullv 
recombines with the  C O .  Transient absorp- 
tion spectroscopy has provided rate con- 
stants for several kinetic steps (6 ,  7) subse- 
quent to H b C O  photolvsis. T h e  allosteric 
pathway can in 'rincipl'e be elucidated by 
determining the structures of the  interme- 
diates defined by these rate constants. 

Structural information o n  the requisite 
time scales can be provided by resonance 
Raman (RR) spectroscopy, which can probe 
the nrotein environment of chromoohoric 
groups through their vibrational frequencies 
and intensities. T h e  technique can be ap- 

diates. These spectra permit construction of 
a working model of the  allosteric transition 
that involves interleaved tertiary and qua- 
ternary motions. 

TR3 spectra and kinetic analysis. T h e  
kinetic analysis relied o n  a set of UVRR 
spectra obtained with 230-nm probe pulses 
a t  a series of time delays after a 419-nm 
photolysis pulse. Difference spectra were 
generated (Fig. 1 )  by subtracting the spec- 
trum of H b C O  from those of the photo- 
product; these transient difference spectra 
evolve toward the static deoxyHb minus 
H b C O  difference spectrum. T h e  bands are 
labeled according to the contributing resi- 
due type (tryptophan, W, or  tyrosine, Y)  
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Fig. 2. Integrated peak intensitiesforthe UVRR bands in the photoproduct spectra, at pH 5.8, pH 7.4 and 
pH 8.8, are plotted as a function of time. (0) Y8a band. (A) W16 band. (W) Sum of the W3 and 2XW18 
bands. The data were fit (solid line) to a sum of four exponential decays (7, - 7,) with the same time 
constants (Table 1) for each curve. Also shown at pH 7.4 (dotted line) is the time course calculated with 
the time constants determined by Hofrichter eta/. (7) from optical absorption transients. 

Table 1. Relaxation time constants, (7, in ps) in the HbCO photocycle, from UVRR intensity variations. 

*The uncertainties in T, are due to the - 20-ns timing jitter between the 10-ns photolysis and probe pulses, tThe 
uncertainties in T& reflect the low amplitude of this phase because of the limited time delays (<I00 bs). $Determined 
from optical absorption transient spectra by Hofrichter et a/. (7) 

Fig. 3. Low-frequency heme RR spectra (right), and UVRR difference spectra (left) of the intermediates 
R-U extracted from the transient spectra; species populations were calculated with the experimental time 
constants. Because the time constants are well separated (by about two decades each), their uncertain- 
ties have little effect on the extracted spectra. The static spectrum (right) and difference spectrum (left) of 
deoxyHb are shown at the top for comparison. 

and vibrational mode number, as estab- 
lished previously (9, 10). 

The time course of the spectral evolu- 
tion was obtained by fitting the integrated 
intensities of the most prominent bands in 
the parent spectra, Y8, W16, and W3, to a 
set of four successive exponential processes 
(Fig. 2). The same four time constants (Ta- 
ble 1)  accounted for all three sets of inten- 
sities, which arise from tyrosine as well as 
tryptophan residues. Moreover, there is sat- 
isfactory agreement with the time constants 
determined by Hofrichter et  al. (7) from the 
heme optical absorption transients at pH 
7.4. It is apparent that these different 
probes are monitoring the same set of pro- 
tein intermediates. 

The difference spectra of these interme- 
diates (Fig. 3 )  were extracted from the tran- 
sient data, with the use of the kinetic con- 
stants to calculate the population distribu- 
tion at each time delay. A scheme for these 
intermediates, labeled R, S, T', and U,  is 
given in Fig. 4; we followed the convention 
of Frauenfelder et al. (1 5) so that HbCO is 
labeled A and the immediate photoproduct 
(16, 17) is labeled B. No difference spec- 
trum is shown for B because its UVRR 
spectrum is the same as that of HbCO; 
there is a definite rise time (7,) for the first 
UVRR-detectable intermediate. 

Although the kinetic constants vary 
with pH (Table I ) ,  the spectra of the R, S, 
and T' intermediates are pH-independent. 
Only the spectrum of U changes between 
pH 5.8 and 7.4 (Fig. 3). (It  could not be 
obtained at pH 8.8 because of low popula- 
tion.) The rate for the TI-U transition is 
known to depend on the CO concentration 
(6,  7). Therefore, U is an intermediate in 
the second-order recombination of the pho- 
toproduct with CO (Fig. 4). 

The 436-nm excited RR spectra of the 
HbCO photoproduct obtained with a 532 
nm photolysis pulse (Fig. 5 )  revealed vibra- 
tional modes of the porphyrin ring and of 
the Fe-ligand bonds (8). Photolysis pro- 
duced a deoxyheme spectrum in place of 
the HbCO spectrum (the 507 cm-' Fe-CO 
stretching mode (18) disappeared, and the 
porphyrin ring stretching modes v,, vj, and 
v4 (19), shifted to lower frequencies), but 
the HbCO spectrum quickly recovered 
about half its amplitude, as a result of gem- 
inate recombination (from within the pro- 
tein) of the photodissociated CO. The re- 
combination yield was quantitated by de- 
convoluting the prominent v4 band into its 
HbCO (1372 cm-') and deoxyheme (1356 
cm-') components, and normalizing their 
intensities with respect to HbCO and de- 
oxyHb, measured in a separate experiment. 
The time course (Fig. 6 )  revealed a rapid 
geminate phase, with a yield of 55 percent, 
consistent with other reports (1 3 ,  20). The 
time constant is 20 ns (solid curve), the 
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same as obtained from the UVRR data 
(Table 1). Hofrichter et  al. (7) also found 
that the time constant for geminate recom- 
bination and for the initial deoxyheme ab- 
sorption transient are the same. We con- 
clude that geminate recombination is coin- 
cident with the first protein conformational 
change. 

In order to examine the evolution of the 
deoxyheme bands subsequent to photolysis, 
we subtracted the HbCO spectrum from the 
transient spectra with a scale factor just 
sufficient to eliminate the 1372 cm-' v4 
shoulder. The  resulting difference bands for 
v,, v,, and v4 revealed 2 cm-' downshifts in 
the immediate photoproduct, relative to 
equilibrium deoxyHb, as was reported (14). 
These shifts also relaxed in the 20-ns phase 
(Fig. 6). The vinyl stretching band at  1620 
cm-', which was unshifted in the photo- 
product and showed no evolution in time 
(Fig. 5), served as a control for the heme 
skeletal mode relaxations. 

The  220 cm-' band, which arose from 
the stretch of the Fe-histidine bonds in the 
deoxyheme groups, continued to change 
over the full time scale of the experiment 
(13) (Fig. 5). Its time course (Fig. 6) is 
satisfactorily described by the same four 
time constants as were obtained from the 
UVRR data. These time constants were 
used to a t f a c t  the low-frequency deoxy- 
heme RR spectra of the intermediates R-T' 
from the transient spectra (Fig. 3); in this 
case the spectrum of B is also reported, since 
the deoxyheme spectrum was detected in 
the irnmediate photoproduct. The Fe-His 
stretching frequency shifted from 228 to 
224 to 222 to 216 cm-' in B through T', 
ending up at the same frequency as in de- 
oxyHb. The  345 cm-' porphyrin substitu- 
ent bending mode vg, which was missing in 
the immediate photoproduct (13), reap- 
peared only on formation of T'. 

Nature of the intermediates. In de- 
oxyHb, the heme is five-coordinate and 
high-spin, with the Fe lying above a domed 
porphyrin, and connected to the proximal 
histidine by a bond that is tilted relative to 
the heme normal (Fig. 7) (3). Ligation pro- 
duces a six-coordinate low-spin he~ne ,  with 
short perpendicular bonds to Fe, which be- 
comes centered in a flattened ~orphyrin.  
This stereochemical change is accompanied 
by tertiary structure alterations, the most 
prominent of which is a shift of the proxi- 
mal F helix across the face of the heme (3). 
This shift is believed to induce dimer rota- 
tion (21), which is the most striking change 
between the T and R structures (3), because 
the altered interdimer contacts mostly in- 
volve the FG corners and C helices on 
opposite chains (Fig. 7).  As a result of this 
rotation, a number of H bonds and salt 
bridges, which stabilize the T structure, are 
broken. These structural considerations 

provide the context for interpreting the RR 
spectra of the intermediates. The  55 per- 
cent geminate recombination yield means 
that half the chains, on  average, are ligated 
in the intermediates R, S, and T' (Fig. 4 )  
although it is not known whether the li- 
gands are distributed randomly or in a 
chain-selective fashion (see discussion of T' 
below.) 

In B, the immediate photoproduct, the 
Fe-CO bond is broken (16, 17). By analogy 
with the B state of MbCO (Mb, myoglo- 
bin), the CO is expected to take up a 
well-defined position in the heme pocket, 
in which its orientation is perpendicular to 
the bound CO in A (22). In recent x-ray 
structures of MbCO crystals that were pho- 
tolyzed at  4 K, the CO is seen lying over 

T' 

Fig. 4. Model of the Hb reaction coordinate. Photolys~s of HbCO (A) produces the geminate state (B), and 
then intermediates S-U, with the indicated time constants (pH 7.4). Arrows in the tetramer indicate motions 
proposed on the basis of the TR3 spectra. Religation IS indicated for half the subunits in R,  S, and T'. 

h,, = 436 nrn 

00 
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Fig. 5. The 436-nm (1 0 pJ per pulse, 300 Hz) excited resonance Raman spectra of the photoproducts 
of HbCO, generated at the indicated times after a 532-nm (1 50-pJ) photolysis pulse and of deoxyHb 
(top). Photodissoc~ation and geminate recombination of the CO are seen in the loss and recovery of the 
1375 cm-' v, ring-stretching band of HbCO, and of the 507 cm-' Fe-CO stretching band. The 
pulse-probe apparatus was similar to that used for the UVRR experiments, except that a triple spectro- 
graph with a diode array detector was used to collect the spectra. 
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one of the pyrrole rings of the heme (23, 
24). The Fe atom is displaced from the 
heme plane, in this structure, but only by 
about 80 percent of the displacement seen 
in deoxyMb (23), a value in excellent 
agreement with the 75 percent estimate 
derived from the core-size marker band (v2, 
v,) RR shifts in the immediate photoprod- 
uct of HbCO (14). The retardation of this 
displacement is attributed to constraint by 
the ~roximal histidine, which is attached to 
the F helix. The nonbonded forces impel- 
ling the high-spin Fe out of the heme   lane 
(25), together with the restraint provided 
by the F helix, produce a compression of the 
Fe-His bond, as seen in its elevated frequen- 
cy (228 cm-I) relative to the value expect- 
ed in a relaxed deoxy structure (220 to 222 
cm-' for deoxyMb or modified deoxyHb's 
in the R state) (26). 

The absence of changes in the UVRR 
spectra between A and B suggests that there 
are no large-scale protein motions at this early 
stage of the reaction coordinate. This would 
be consistent with the photoproduct energy 
being stored in the heme pocket, ready to 
propagate further in the next intermediate. 

The first indication of protein structure 
change occurred in the 20-11s transition 
from B to R. The UVRR difference spec- 
trum of R is characteristic of Hb tetramers 
which are in the R quaternary state but 
which have one or more deoxyhemes [for 
example, tetramers having one deox~heme 
and three c~anomethemes (27), or tetra- 
mers having two FeCO-hemes and two un- 
ligated cobalt-containing hemes (lo)]. The 
spectrum contains strongly negative trypto- 
phan bands, and the position of W3 iden- 
tifies the contributing residues as the inte- 
rior tryptophans, a14 and p15 (9). These 
residues are on the A helices but bridge to 
the E helices via H bonds to the OH groups 
of the E helix residues Thra67 and Ser872 
(Fig. 7). The intensity loss in all the Trp 
bands indicates a weakening of these H 
bonds via increased separation of the A and 
E helices (10). This increased separation is 
suggested to be a natural consequence of E 
helix displacement toward the heme when 
there is no ligand in the heme pocket, but 
the tetramer remains in the R state (Fig. 4). 

The visible RR spectra showed the heme 
structure to be relaxed in the R intermediate; 
the porphyrin core size marker frequencies 
have attained their deoxyHb values, signal- 
ing full out-of-plane displacement of the Fe 
atom, while the Fe-His frequency has de- 
creased from 228 to 224 cm-', only slightly 
higher than the value expected for a relaxed 
deoxyheme structure (26). We infer that the 
energy stored in B, at the Fe-His bond and its 
connection to the F helix, is transmitted via 
the EF comer to the E helix during the 
B+R transition. The resulting displacement 
of the E helix ~ushes the CO out of the 

Second order 
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Fig. 6. (Left) Time course of the fraction of hemoglobin molecules that have recombined after photolysis. 
The solid curve is drawn with the time constants 7, (20 ns) for the geminate phase, and 7, (500 ~ s )  for the 
second order phase. (Right) Intensity ratios for the prompt and late positions of the deoxyheme v2 (W) and 
v, bands (O), and the Fe-His (A) band. The solid curves were drawn with the time constant T, (20 ns) for 
v2 and v,, and with the 7,- T, time constants (Table 1) for the Fe-His band. 

heme pocket in half the chains but induces 
rebinding of the CO in the other half. This 
mechanism accounts for the coincidence of 
the time constants for the first UVRR tran- 
sient and for geminate rebinding. The spec- 
troscopic indications are that the intermedi- 
ate R is genuinely an R state tetramer, in 
which CO is bound to the heme in half the 
chains on average and is absent from the 
heme pocket in the other half. 

The E helix displacement is a transient 
phenomenon. By the time R evolves to S, 
with a 0 . 5 - ~ s  time constant, the negative 
UVRR difference bands of Trp"I4 and 
Trp@I5 have disappeared (Fig. 3). They are 

replaced by the same bands that are seen in 
the static deoxyHb difference spectrum, but 
with much lower amplitude. The static dif- 
ference spectrum results mainly from al- 
tered contacts at the a lp2  interface, espe- 
cially the strong T state H bonds of Tyra42 
and Trp837 (9) (Fig. 7), which are broken in 
the R state because of the rotation between 
dimers (3). It has been assumed (6, 7) that 
the quaternary rearrangement of the sub- 
units takes place in the final kinetic phase 
of the protein, the - 20-ps phase leading to 
the species we have labeled T'. Our evi- 
dence, however, implicates R+S as the 
quaternary transition because the difference 
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UVRR spectrum of S sho~vs that the Tyr"" 
and TrpPi7 H bonds have begun to form, 
albeit u~eakly. Since these contacts are in 
two distinct regions of the a l p 2  interface 
(Fig. 7) ,  the S intermediate must have a 
quaternary structure with a T-like orienta- 
tion of the dimers. 

The a l p z  contacts involve residues on 
the C helix of one chain and on the FG 
corner of the other. It therefore seems likely 
that the dimer rotation and the E helix 
restoration are both driven by displacement 
of the F helix toum-d the EF corner, the 
direction seen in deoxvHh, relative to ligat- 
ed structures (3) .  However, this displace- 
ment can only be partial in the S interme- 
diate hecause the Fe-His stretching frequen- 
cy is 222 c n p ' ,  a tvpical value for a relaxed 
deoxvheme, and significantly higher than 
the 216 cmp' value of deoxvHh. We infer 
that S retains an R-like tertiary structure 
even after having undergone the subunit 
rearrangement that leads to the T state. 

T-like properties are finally produced in 
the S-T' transition. The low-frequencv 
heme RR spectrum of T '  (Fig. 3 )  is the same 
as that of deoxyHb, including the appear- 
ance of the 345 cmp' v, band and broad- 
ening and lou~ering of the Fe-His band to 
216 cmp'.  The difference UVRR spectrum 
has all the features of the deoxvHb spec- 
trum and is substantially stronger than the 
spectrum of S. We conclude that the a l p z  
contacts are strengthened in T '  as a result 
of further tertiary changes that weaken the 
Fe-His bond. These further changes no 
doubt involve a final shift of the F helix, in 
view of the tilting and reorientation of the 
proximal irnidazole ligand seen in the de- 
oxvHb structure (3).  The likely role of these 
structural features in producing the de- 
pressed Fe-His frequency of deoxyHb has 
heen discussed extensively (25, 26, 28). 

Despite these T-like properties, T' is not 
fully in the T state. The amplitude of the 
difference UVRR spectrum, although stron- 
ger than that of S, is weaker (60 percent) 
than that of deoxvHh (Fig. 3).  This lower 
amplitude implies a weakening of the a l p z  
H bonds, relative to deoxyHb, an effect 
attrihutahle to the two hound CO ligands 
per tetramer. The amplitude is the same as 
has been found for asy~nmetrically diligated 
cyanometHh hybrid, in which the cya- 
nomethemes are in the a ,  P I  (or equivalent- 
ly a z & )  dimer (27). In contrast, the sym- 
metrically di-ligated hybrids (cvanomet- 
hemes in the two a or in the t ~ v o  p chains), 
give different spectra; they are superposi- 
tions of T minus R contributions and RL,,,x, 
contributions, reflecting a mixture of T and 
R tetramers (29). Neither the sv~nmetricallv 
di-ligated hyhrids nor the T '  intermediate 
have R L,e,,x, contributions. 

The asymmetrically di-ligated cyanornet- 
Hb hybrid species represents a third cooper- 

ativitv state ( 5 ) .  Its free energy of dimer-to- 
tetramer assembly is 3 kcal/mol less than 
that of deoxyHb, but also 3 kcal/mol greater 
than the symmetrically di-ligated hybrids, 
and is in gross violation of the two-state 
model (30). Similar free energy differences 
have been obtained for other hybrid systems, 
all of which implicate at least one cooper- 
ativity state in addition to the classical T 
and R states (5).  The T '  state is inferred to 
have a deformed a lp2  interface, with weak- 
ened TrpP3' and Tyrm4' H bonds (27), as a 
result of the forces generated by the binding 
of tu70 ligands to the same dimer. This is the 
dominant species present after the final pro- 
tein relaxation because tetrarners with two 
lieands on the same dimer are more stahle 
than thoae wlth the two llgands on opposlte 
dlrnei-s (5)  Whether the CO's are on the 
same or different dlmera In the earller Inter- 
mediates, R and S, 1s uncertain, the 1 7 - ~ a  
rise time of T '  1s probabl\ long enough for 
llgand interchange among the chams wlthln 
a tetramer 

The a ,  Pz lnterface deformation In T' IS 

wlthout effect on the Fe-His bond strenpth, 
whlch 1s the same as In deoxyHb, '1s ]u&ed 
by the RR frequent\ Thua, Hb retalns a 
T-llke tertlarj structure for the unllgated 
chalns even when two llgands are bound to 
the tetramer, evldentlj the a l p z  lnterface 1s 
able to accommodate the entlre hlndlng- 
Induced straln 

Second-order recomhlnatlon \\ lth CO 
returns the Hb ~ h o t o ~ r o d u c t  to HbCO. but 
an additional i r k m i d i a t e ,  U,  is forme2 en 
route, as revealed by changes in the UVRR 
spectra. Since the T '  precursor has t ~ v o  
bound CO's on average, U must consist 
predominantly of tri-ligated tetramers. At 
pH 7.4, the spectrum is the same as that 
observed for the R intermediate: it is an 
Rdcox. spectrum, with negative peaks (Fig. 
3).  ?his s~ec t rum is consistent ~v i th  the 
expected snitch from the T to the R qua- 
ternary structure on binding a third ligand; 
the negative peaks arise\frorn the E helix 
displacement in the one remaining unli- 
gated subunit. A t  pH 5.8, the spectrum of U 
still contains a negative difference hand for 
W16, but the W3 signal, which is at the 
Try"" and TrpP1' position, is now positive. 
This positive peak may result from stabili- 
zation of the T quaternary structure at low 
nH, even when three lieands are bound on 
average. A similar feature was seen in the 
difference snectrum of tluorometHb with 
and ~vithout the allosteric effector mole- 
cule IHP (31 ), and was suggested to result 
from a strengthening of the Trp"I4 and 
TrpP15 H honds in ligated chains within 
the T state. 

With the exception of U, the UVRR 
difference snectra of all the intermediates 
are independent of pH, despite the altered 
time constants. Thus. the mechanism of the 

allosteric transition does not change with 
pH. In particular, the amplitudes of the 
signals for T '  are unchanged when the pH is 
raised or lo~vered from 7.4, implying the 
presence of asymmetrically di-ligated spe- 
cies at all pH values. The retention of two 
ligands, on average, is consistent with the 
finding (20) that the geminate recombina- 
tion yield is the same at pH 9 as at pH 7. 

The time constants for the steps in the 
pathu~ay increase with increasing pH (Table 
1). This trend is consonant with the finding 
(1 3) that the Fe-His frequencv evolves faster 
at low pH, and with the ohservation (32) of 
faster UVRR changes at low pH. For T ,  and 
T,, the changes are ~vithin the experimental 
uncertainties, but for T~ and T,  the effect is 
real. Both of them double between pH 5.8 
and 7.4; hetween pH 7.4 and 8.8, 7, triples, 
while .rz increases modestlv. The speeding up 
of the protein rearrangement as the pH is 
lo~vered imnlicates the same interactions for 
the intermediates as are responsible for the 
well-known stabilization of the T state at lo~v 
pH (1 ). These interactions are important for 
T ~ ,  which we interpret as the subunit rear- 
rangement phase, as well as T ? ,  during which 
the T' state is locked in. 

The allosteric reaction coordinate. O n  
the baals of the structural lnformatlon pro- 
vlded b\ the TR' spectra we propoae a 
model for the HbCO photoc\cle (Flg 4), 
w h ~ c h  contalna the folio\\ lne features. 

1 )  Photolysis produces the geminate 
state. B, in which the dissociated CO is 
trapped in the heme pocket. The F helix 
restrains the Fe out-of-plane displacement, 
compressing the Fe-His hond and expand- 
Ing the porphyrln core. 

2) Some 20 na later. the stram at the F 
helix-heme connection relaxes and is trans- 
mitted to the E helix. The result is CO 
recombination for half the chains and CO 
exnulsion from the other half, as the E helix 
is displaced toward the heme. A t  this stage, 
the protein is in the R state. 

3 )  In the next step, ~vhich occurs with a 
0 . 5 ~ ~  time constant, the E helix is reposi- 
tioned, probably via a shift in the F helix, 
and the dimers rotate into position to begin 
forming the a l p z  contacts. The Fe-His 
hond remains relaxed (intermediate S ) .  

4 )  In the 1 7 - ~ s  phase, the Fe-His bond 
becomes strained, as in deoxvHh, when the 
a l p z  contacts lock into place. However, the 
resulting molecule is in the T' state, in 
uhich the interface contacts are weakened 
relative to the T state, because tu70 ligands, 
on average, remain bound in the tetramer; 
these ligands occupy the a and P chains in a 
single dimer. The rate of formation for both 
S and T '  increases with decreasing pH, as a 
result of the proton-linked interactions 
u~hich are known to stabilize the T state at 
lo~v pH. 

5)  The binding of a third ligand via 
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second-order recombination (intermediate 
U) converts the molecules to ;he R state at  
pH 7.4; the remaining deoxy chain produc- 
es a Rdeoxy UVRR difference spectrum. A t  
pH 5.8, however, the tri-ligated molecules 
probably remain in the T quaternary struc- 
ture and produce a positive W3 UVRR 
difference hand for the interior tryptophan 
residues. 

The most interesting conclusion to 
emerge from this study is that the allosteric 
reaction coordinate is not unidirectional, 
but instead proceeds by reciprocating tertia- 
ry and quaternary motions. Although the 
force generated by ligand dissociation is 
initially felt at the proximal His residue, the 
first large-scale protein motion (20 ns) in- 
volves the E helix, on the distal side of the 
heme. The  next step (0.5 FS) is dimer ro- 
tation and the initial formation of the qua- 
ternary H honds. The  last step (17 FS) 
completes the circuit, locking the quaterna- 
ry contacts into place and shifting the prox- 
imal F helix to its deoxvHb position, there- 
bv straining the Fe-His bond. " 

This strain is critical to cooperative li- 
gand binding hecause it is responsible for 
lowering the affinity in the T state. The  
oxygen affinity has heen directly linked to 
the Fe-His stretching frequency in various 
Hb's (32) as has the activation energy for 
CO reb.inding ( 1  3, 26). Likewise, Gibson's 
transition from fast to slow recombining Hh 
(5) is shown by the present work to be a 

transition (S-T') from a relaxed to a 
strained Fe-His bond. This transition estab- 
lishes the coupling of the ligation free en- 
ergy to protein structure change, but it is 
mainly a tertiary, not a quaternary motion, 
in that the interdimer rotation has already 
occurred in S. 
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