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ABSTRACT. On the basis of static and time-resolved resonance Raman spectroscopyasfdiif a mutant,

Hbk (Da99N), a specific reaction coordinate is proposed for the allosteric transition in human hemoglobin.
The heme is held between proximal (F) and distal (E) helices, whose orientation is responsive to forces
generated by ligation and deligation. The E and F helices are in turn tethered via H-bonds to the A and
H helices. These outer helices follow the-E motion, thereby repositioning the N- and C-termini, which
form the intersubunit salt bridges in the T quaternary structure. When the T state interface is weakened
by Asp — Asn substitution at a quaternary H-bond ibthe Fe-His bond is relaxed and becomes
responsive to allosteric effectors. The sameFEmMotion is observed in HY but the A-H following

motion is delayed, relative to Hbas is the Asn H-bond formation.

Mechanisms of allostery remain outstanding issues in and greatly perturbs the protein functiodO( 11). This
structural biology. Although the limiting structures defining weakening is readily detected in the UVRR spectra, but we
an allosteric transition have been determined for severalfind that the tetramer does not revert to the R state in the
proteins (), in no case do we know the pathway by which absence of ligand. Moreover the time course of the-R'
the transition actually occurs. However, there are good transition is essentially unaltered, except for a detectable lag
prospects for tracing the path in hemoglobin (Hb), which in the formation of the final T state contacts. A specific
offers a paradigm of protein allostery. The lessons learned model of the allosteric transition can be constructed on the
from Hb may help establish general principles of allosteric basis of these findings (Figure 1).

mechanisms.
Numerous Hb crystal structures have established two EXPERIMENTAL PROCEDURES

arrangements for the,3, tetramer, one for tetramers which Fresh human blood containing kilwas supplied by Dr.
are ligated and the other for tetramers which are unligated. Bunn at Harvard Medical School, and KHiwas separated
It is well accepted that these quaternary structures arefrom Hb, as previously describedl). The static UVRR
associated with the high- and low-affinity end states of the experiments were carried out as previoudl®)( and deoxy-
allosteric transition, R and T2( 3). The R-T transition can Hbx was generated by photolysis of HIBO with continuous
be studied in solution via photolysis of the CO adduct, which white light illumination at 4°C under nitrogen. The apparatus
occurs on the femtosecond time scafe §). Subsequent and procedures for time-resolved UVRR experiments were
relaxation of the photodissociated molecules from the R to as described beforel®). Solutions used in the UVRR
the T states can be monitored spectroscopically. Carefulexperiments contained twice recrystallized 0.2 M NagClO
measurement of the heme absorpti6phas revealed three  as an internal intensity standard. Visible resonance Raman
protein relaxations, well separated in time,~&.05,~0.5, spectroscopy was performed using the 441.6 nm line from a
and~20 ms. The same time constants were obtaiTgthy continuous wave heliumcadmium laser, as reported else-
time-resolved ultraviolet resonance Raman (UVRR) spec- where (L4).
troscopy, which is sensitive to the environments of tyrosine
and tryptophan residue8,(9). Thus there are discrete protein RESULTS AND DISCUSSION
intermediates between the R and T states, which result in  Weakened T State Contacts upon/#2§iAsn Substitution.
common relaxation times for the heme and for the aromatic The Hix mutation merely involves an isosteric substitution
residues. of carboxylate by carboxamide at AB0 (Figure 2), but it
Can these intermediates define a structural path for thehas profound functional consequences. The oxygen affinity
allosteric transition? To gain further insight into this question, is raised, while cooperativity and the Bohr effect are greatly
we have examined the mutant Hb Kempsey{}iin which diminished (0, 1J). Also, the dimer/tetramer assembly free
the AsB99 residue is replaced by asparagine. This substitu- energy is lowered, from-14.3 kcal/mol in deoxyHbto —8.4
tion weakens a critical intersubunit H-bond in the T state kcal/mol in deoxyHk (15). All of these changes are
consistent with destabilization of the T state relative to the
e R state, as a result of the weakened H-bond witho#ipr.
National Ingtute of General Medal Sciences. " "® " UVRR difference spectra between deoxyrnd Hix-
* To whom correspondence should be addressed. CO (Figure 3) reveal that the T state contacts are indeed
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Ficure 1: Model for the allosteric reaction coordinate of AHb
initiated by CO (represented by L) photolysis. The average ligation
state of the tetramers is indicated by filled (ligated) and empty
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ment. It seems likely that charge neutralization is a major
factor in destabilizing the entire,3, interface in deoxyHk.

However, this destabilization does not produce a switch
to the R quaternary structure. If it did, the UVRR difference
spectrum would show a characteristic set of negative tryp-
tophan and tyrosine bands, called th@.R spectrum 7).
This spectrum is seen when the deoxyHb destabilized
by chemical removal of thet chain C-terminal residues,
Argal41l (Figure 3). In that construct, raising the pH to 9
lowers the T state stability enough to switch the structure to
the R (L8). But this does not happen for deoxykb

Indeed, the UVRR difference spectra are affected very little
by solution conditions (Figure 3). Even when the deoxyHb
is stabilized by lowering the pH to 6.5 and adding the
allosteric effector IHP (inositol hexaphosphate), the UVRR
difference bands are intensified only slightly. This behavior
is consistent with the greatly diminished Bohr effect inkHb
(10, 17). The main Bohr residueg( 19 are at thes chain

(deligated) symbols, circles for the R quaternary structure, squaresC-terminus, Hi$g146, and at thet chain N-terminus, Vall.
for the T quaternary structure, and octagons for the S intermediate, These residues form salt bridges at either edge ofxijfle

which is between R and T. The EF clamshell and the terminal A

and H helices are shown for one of the subunits, which loses CO

in Ryeoxy Photolysis of HbCO (A) produces the geminate intermedi-
ate B, in which the FeCO bond is broken and strain is stored in
the Fe-N (porphyrin and His) bonds prior to large-scale protein

interface in the T but not the R state, resulting in elevated T
state [Ky's (19). We infer that weakening of the Hbsalt
bridges is coupled to weakening of the otlegf, contacts,
thereby reducing the Ky changes and the Bohr effect.

motion. These forces generate a rotation of the EF clamshell, which Conversely, the T contacts are strengthened to only a limited

impels the CO either to rebind or to depart the heme pocket,

breaking the H-bond tethers between the A and E helices and the

F and H helices (Roxyintermediate). The A and H helices follow,

extent by proton or effector binding, as seen in the UVRR
difference spectra.

to re-form the H-bonds, thereby loosening the R state quaternary The Reoxy Structure: Rotation of the EF Clamshellhe

contacts and positioning the C- and N-termini for salt-bridge

UVRR spectrum of fully ligated Hb is independent of the

formation (S intermediate). These contacts lock into place in the nature of the ligand. Thus difference spectra between HbCO,

T' intermediate and force lateral motion of the F helix, straining
the Fe-His bond. Recombination of one CO from solution produces
the triligated intermediate U, which has th@.Ry structure, and
the final CO recombination completes the cycle.

HbO, or Hb*CN~, Hb"F~ are at baseline, provided the
tetramers are fully ligatedld, 20. Likewise, only noise is
observed when the spectra of H @0 and HRCO are
subtracted from each other (data not shown). The R structure

weakened, but they are not broken. The spectra contain thes unaffected by the Hpomutation, since the Ag99 side

same features seen for at about one-half the intensity.
These features arise primarily from the B8Y---Aspo94
and Tyo42---Asp(Asn)399 H-bonds at thex,, interface
(2), which are present in the T but not in the R quaternary
structure (Figure 2). The TA37 intensity is augmented by
the H-bond-induced red shift of the excitation profile, while
the Tym42 interaction is manifested as an upshift in the Y8a/

chain is partially exposed to solvent in the R structize (
13).

However, whenever this invariant tetraligated spectrum is
subtracted from the spectrum of R state tetramers having
one or more unligated subunits, the distinctivgok differ-
ence spectrum is observed (see, e.g., des?d at pH 9-
Figure 3). This is also the spectrum of the 0.@5

8b mode frequencies, which produces the sigmoidal Y8a/8b photointermediate of HICO (Figure 1) 7). HbxCO likewise

signals in the difference spectrd3]. The weakened differ-
ence signals in Hbimply weakening of both quaternary
contacts.

The Y8a/8b upshift is not due to the H-bond donation from
Tyro42, which would ordinarily produce a downshif)(
but rather to compensating polarization via H-bond ac-
ceptance from the backbone NH of A€pt, and particularly
via the positive charge of the AaglO side chain (Figure 2),
which moves closer to the Tg42 side chain in the T
structure 16). We measured the Y8a upshift to bé..6 cnrt
in normal hemoglobin (HY (13), but ~0.8 cmt in Hb;
thus the compensating polarization is cut in half by the
replacement of the negatively charged A88 carboxylate

yields the Reoxy Spectrum 0.03ts after photolysis (Figure
4). Thus the structure change signaled by thgfspectrum

is part of the allosteric pathway. Moreover, theeR,
spectrum reappearg)(for the U intermediate (Figure 1),
which results from second-order recombination of CO with
the diligated Tintermediate (see below). With three ligands,
the U intermediate returns to the R state, but still has an
unligated subunit.

We attribute this spectrum to a characteristic motion of
the E and F helices, which are distal and proximal to the
heme (Figure 2). When the F€0O bond is broken, the heme
is converted to a high-spin state, in which the-fiebonds
are lengthened and the Fe is displaced from the heme plane

with a neutral carboxamide. Electrostatics can also explaintoward the proximal histidine2(). Since the proximal

the weakening of the T/§87---Aspa94 H-bond, because the
carboxylate side chains of Aep4 and Asp99 are only 5

A apart (Figure 2). Their mutual repulsion must be a factor
in maintaining correct orientation for the quaternary H-bonds,

and this repulsion is eliminated by the carboxamide replace-

histidine residue is part of the F helix, the result of this
stereochemical change is motion of the F helix away from
the heme. On the distal side, escape of the CO from the heme
pocket relieves its steric interactions with distal residues,
allowing the E helix to move toward the heme. The E and
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FiGure 2: Helix representation of the chains and they,, interface of oxyHR (PDB 1HHO) colored gray, and of deoxyHb (PDB
2HHB) (35, 39 colored brown, green, and red, with thechains superimposed. Critical side chains are shown in their deoxyHb positions.
The tertiary H-bonds which are present in both R and T states, but broken inthg iRtermediate, are Tipl4:--Thro67 and
Tyra14G--Valo93 (Trpg3l5--Sep72 and Typl45--Valp98 in the chains). The T state quaternary H-bonds, f@p--Aspa94 and
Tyrad2---Asp399 (reinforced by polarization from AcglO guanidium and the As®4 NH), are broken in the R state. Shown at the
bottom of the figure is ther, N-terminal Vabl which forms a salt bridge with; C-terminal Argr141 in the T state.

F helices form a “clamshell” around the heme, hinged at The tyrosine band assignments are less certain, because
the EF corner (Figure 2). The combined E and F helix motion there are six tyrosine residues per dimer, and significant
produces a partial rotation of the clamshell, relative to the dispersion of their positions has not been detected. However,
heme (Figure 1). Tyrad?2 is unlikely to be responsible for the early negative
However, the E and F helices are tethered to the outersignals, since its H-bond is formed only in the later stages
helices, A and H, by H-bonds (Figure 2). The & tether is of the allosteric transition (see below); thus it is plausible
the H-bond between the A helix residues @i@/315 and  that the Reox tyrosine bands arise from H-bond weakening
the OH groups of the E helix residues ®67/Sep72, of the penultimate tyrosine residues, which form theHr
whereas the FH tether is the H-bond between the H helix helix tethers. Moreover, this assignment is strongly supported
residues Tym140/3145 and the backbone carbonyl groups by site-directed mutagenesis. When g¥45 is replaced by
of the F helix residues VaB3/398. The Reoxy difference phenylalanine, the binding energetics are essentially unaf-
spectrum arises from the weakening of these tethers as dected, but the rate of the R T transition is substantially
result of the clamshell rotation. When the H-bonds are retarded 22). This is just what would be expected if the
weakened, the excitation profiles are blue-shifte) Tyr145 H-bond is lost in a fast initial transient and
resulting in loss of RR intensity and negative bands in the re-formed in a subsequent slower transient (see next section).
Raeoxy difference spectrum for the H-bond donor tryptophan  Upon laser photolysis of HbCO, the FEO bond breaks
and tyrosine residues. in femtoseconds4( 5), but the CO remains next to the heme
This interpretation is strongly supported by the W3 for some time, as suggested by its behavior in carboxymyo-
difference band, which is at the position of the interior globin (5, 23). In this geminate, or B stat@4), the heme is
residues, Trpl4 andf15, not the position of the interface  expanded Z1) and the bond from the Fe to the proximal
residue Trp37. As confirmed by mutation and isotope histidine is compressed [230 cinstretching frequency7(
substitution 12, 13, the latter is~10 cn1! lower (see inset,  25)], indicating resistance to the displacement of the Fe from
Figure 3) because of the dependence of W3 on the dihedralthe heme plane (Figure 1). About 50% of the CO recombines
angle about the bond between the indole ring and the C geminately, with a time constant of 0.05, the same as the
atom (7, 9. TrpB37 does not contribute to the 4By time constant for development of theeRy signal and for
difference spectrum, consistent with the absence of motionthe relaxation of the heme expansion and the IR bond
at the subunit interfaces. Only the clamshell moves in compression (see Figure 1 for the kinetic schenfg)\We
response to deligation within the R state. propose that this is the time constant for the clamshell
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Ficure 3: Fe—His band region of the Soret-excited RR spectra
(left panel) and UVRR difference spectra (relative to HbCO, right
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Ficure 4: Time-resolved UVRR difference spectra of¢@O (0.25
mM in 10 mM phosphate buffer at pH 7) at the indicated delays
after a 419 nm photolyzing pulse. As with K7), a strong Reoxy

1100 1200

panel) of the indicated deoxyHb solutions. The inset is the parent difference spectrum is seen at early times and later this dies away

Hbx W3 band UVRR envelope, showing the frequency separation
between TrB37 (1548 cm? shoulder) and Tr@l4 and 15 (1558
cm~1 main peak). Tr37 makes a positive contribution to T state
difference spectra, reflecting formation of the quaternanfS3ip--
Aspa94 H-bond, while Trpe14 and 15 make a negative contribu-
tion to Ryeoxy difference spectra, reflecting loss of their tertiary
H-bonds. Hiy at pH 6.5 and in the presence of IHP has the same
downshifted Fe-His RR band as Hb (top), but the UVRR
difference features are only half as strong.x<Hii pH 9 has the
same Fe-His band as desArgl41 Hb (bottom; reproduced from
ref 18), but the UVRR difference bands are nearly unaltered,
whereas desArgl41 Hb is in the R state, as revealed by the strong
(see 0.33 scale factor)qRyy difference bands. Hb concentrations
were 0.25 mM in 20 mM Bis-Tris buffer (pH 6.5) and 20 mM
borate buffer (pH 9).

rotation, which moves the F helix away, relaxing the heme,
and moves the E helix toward the heme, forcing the CO

and is replaced by a spectrum closely resembling the static
deoxyHlx minus HixCO difference spectrum (top). However, the
development of the final tyrosine signals (Y8a, Y9a) as well as the
loss of the Reoxysignals is delayed relative to the tryptophan signals
(W3, W7), whereas they are synchronous i,Hthe —1 us control
spectrum (bottom) shows the level of subtraction artifacts.

S Intermediate and Quaternary Motioim the 0.5us
transient of HR the Ryeoxy difference spectrum disappears
completely and is replaced by a difference UVRR spectrum
with very weak features, which are at the same positions as
the static T-minus-R difference spectru).(These weak
features suggest that the final T contacts are formed
incipiently in the S intermediate (Figure 1). Moreover, the
loss of the Reoxy Spectrum implies restoration of theA
and FH interhelical H-bonds (Figure 2). We propose that

either to rebind or to escape from the heme pocket. [The the clamshell reorientation in they&yy intermediate in-

chain specificity of the geminate recombination is unknown.
A random distribution is unlikely since it would produce a
significant population of triligated tetramers, which would
retain the Reoxy Signature until recombined with CO from
solution. But the Reoxy Spectrum disappears entirely in 0.5
us for Hby (7) (see next section). It therefore seems likely
that geminate recombination is specific to theor the
chains, or else to a singtg3 dimer.]

duces a following motion of the A and H helices, driven by
recovery of the interhelical H-bonds (Figure 1). The A and
H helices are not hinged, like the EF clamshell, but they are
joined by a set of H-bondsl8) and are thus constrained to
move in concert with each other. This following motion
repositions the N- and C-termini, which are at the ends of
the A and H helices.

The N- and C-termini are critical elements of the T

The weakening of the interhelical H-bonds represents an quaternary structure, since they form salt bridges, which are

energy cost of the clamshell rotation. It is paid for by the

broken in the R structure?). Thus their repositioning in the

relief of nonbonded forces from the expanded heme and theS intermediate is a necessary prelude to the formation of
dissociated CO. The extra energy is regained when the COthe T state contacts. We envision the S intermediate as one
rebinds, reversing the clamshell rotation. This may be the in which the interdimer interface is dynamic. The R state

origin of quaternary enhanceme26f, which refers to the

interface contacts have been broken by the helix motions

fact that the free energy associated with the binding of the after deligation, and the interfacial residues are being

fourth ligand is greater than the ligation free energy of

positioned to dock with their T state partners. The-Fis

(noncooperative) dimers. We infer that the clamshell rotation bond remains relaxed [222 crhstretching frequency7j].

only costs energy within the confines of the R state tetramer,

which restrains motion of the outer A and H helices.

The limited time-resolved UVRR data for RIpreclude
detailed kinetic analysis as was carried out for sHb
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Qualitatively the time course is similar, but there is a
noticeable delay in the decay of thg.Rysignal (Figure 4).

Accelerated Publications

is itself rather weak [force constant~1 mdyn/A 32)] and
is therefore quite sensitive to protein forces. IngHibe

Negative tryptophan and tyrosine bands can still be seen atmodest strengthening of the interface contacts which is

1 and 5us for Hbk, but are absent in the ds spectrum of
Hba (7). Thus the movement of the A and H helices appears
to be slowed in Hp, by a factor of~10.

The T' Intermediate: Applying Tensioin the 20us phase
(Figure 1), the UVRR difference spectrum of Hdevelops

occasioned by Hor IHP binding is sufficient to shift the
Fe—His bond from fully relaxed to fully tense. This is the
limiting value of the Fe-His bond tension in Hb. The bond
cannot be weakened further because there is a limit to how
far the F helix can travel within the T quaternary structure.

the same bands as are seen in the static T-minus-R differencdhis limit is reached in Hbp even at pH 9, and further

spectrum 7) (Figure 3). [However, the intensities are only
half the static intensities, as a result df Geing diligated.
This halving of the intensity is reproduced in cyanometHb
hybrids when two ligands are in a singi@ dimer (L7), but
when they are in opposite dimers, a mixture of T aReLR
signal is producedl@). The T state is inferred to have both
CO molecules in a singles dimer (7) as a result of the
lower free energy of this arrangemei7).] Thus it takes
20 us for theayf; interface to lock into place. In Hb the
Trpp37 and Tyn42 signals develop in concef®)( but this

is no longer true for Hp (Figure 4). The Trg37 W3
difference band develops between 1 andu®0 while the
sigmoidal Y8a/8b bands, which result from upshifteddi42
frequencies 13), are only seen after 10s.

The Trp337---Aspa94 H-bond is at the “hinge” region of
the interface, formed by th& C-helix and thex, FG corner,
while the Tyii42---Asps99 H-bond is at the switch region,
formed by thes, FG corner and thet; C-helix (Figure 2)
(2). The R-T rearrangement produces reorientation of the
“hinge” contacts, and a translation of the “switch” contacts,
with altered interdigitation of the side chains. Thus the
Aspb99/Asn substitution not only weakens the H-bond with
Tyra4?2 but also delays its formation.

The conformational changes that occur in thex2(phase
also weaken the FeHis bond in Hhiy (7). The stretching
mode band maximum is lowered to 215 ¢hmand there is
a low-frequency shoulder, reflecting chain heterogeny. (

The band position and shape are the same as in deoxyHh

(Figure 3). This is the most direct spectroscopic indication
of tension in the T state2@). The tension is believed to result
from the mechanical stress of F helix displacement parallel
to the heme, which is observed in the T crystal structure
(2). This displacement is apparently in response to the
locking-in of the T state contacts in the final phase of the
allosteric transition (Figure 1). The motive force may be the
formation of the hinge and switch H-bonds, since the FG
corner of each subunit is at one of these contacts (Figure 2).

The Fe-His Strain GaugeThe Fe-His bond in deoxyHk
is highly responsive to pH and IHP (Figure 3). At pH 9 its
stretching frequency is at a fully relaxed value (223 &n
while at pH 6.5 in the presence of IHP the bond is under as
much tension (215 cnt stretching frequency, with low-
frequency shoulder) as in deoxyKbrhese frequencies are
qualitatively in accord with previous visible RR studies of
Hbx (25, 30, 3). However, the FeHis bond is not
responsive to pH and IHP in deoxyklfdata not shown). It
stays tense under all solution conditions. Yet oxygen binding
is much more sensitive to allosteric effectors insHban
Hby (10, 11.

It is evident that the FeHis stretching frequency cannot
be a general purpose monitor of the ligand affinity, as has
been proposed(). It is responsive to ligand affinity changes
only when the T state contacts are weak. The-He& bond

stabilization of the T contacts by*Hand IHP binding has

no additional effect on the FeHis bond strength, although
ligand affinity is strongly decreased. Thus the-fHis
frequency is like a sensitive strain gauge, whose meter is
easily pinned. The situation is quite different than envisioned
in Hopfield’s coupled spring modeBg), in which the Fe-

His bond is represented by a stiff spring and the rest of the
protein is represented by a weak spring. In fact, the Ifis
spring is weak, relative to the forces generated via the subunit
interfaces, but it is extensible only over a limited range.

CONCLUSIONS

Cooperativity in Hb is controlled by interhelical H-bonds
which allow the helices to act as levers, thereby amplifying
the motions generated at the heme by ligation and deligation.
The levers control the positions of the chain termini that
stabilize the T state via intersubunit salt bridges. This picture
is consistent with Perutz’s original sterochemical hypothesis
(34), in which changes at the heme were linked to salt-bridge
formation, and it clarifies the nature of the links. The
allosteric transition is not instantaneous but occurs in a series
of steps, well separated in time. The stepwise nature of the
process may circumvent a prohibitive activation barrier for
the R— T rearrangement, if it had to be carried out in a
single step. By providing a pathway with discrete intermedi-
ates, each one having a moderate activation energy, the
protein increases the probability of a successful quaternary
ransition.
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