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The kinetic mechanism of the R~ T quaternary transition of
human hemoglobin remains an open question. In the simplest kinetic
picture, based largely on time-resolved optical absorption data for
photolyzed HbCG,the twoa.,3-chain heterodimers making up the
tetramer change their quaternary structure (rotating relative to each
other by 15)2in a single, thermally activated rate process requiring
tens of microseconds. However, recent time-resolved resonance
Ramas and circular dichroisthresults suggest that this reaction,
which underlies hemoglobin’s cooperative oxygen binding and
serves as a prototype for protein allostery in general, may actually 25 20 avianh (om) 300 305
occur in more than one Ste.p' L . Figure 1. Time-resolved tryptophan MCD spectra measured in human

We present here compelling kinetic evidence for the compound e ogiobin at 55 logarithmically spaced delay times ranging from 63 ns
nature of the allosteric pathway in hemoglobin. We use time- to 25 ms after photolysis of the CO complex (detection gate duration was
resolved UV magnetic circular dichroism (MCD) spectroscopy of 80 ns)!®
the tryptophan amino acid residues to show that formation of a
Trp BA37-Asp 094 hydrogen bond in the “hinge” region of the
dimer—dimer interface is part of an obligatoryR T step preceding 08
the kinetic step identified in absorption. Clarifying the kinetics of
interdimer contact formation at Trg37 (C3) is expected to be
particularly important in understanding the mechanism of quaternary
change because this residue, which is highly conserved in vertebrate
hemoglobins, plays a key role in cooperativity and allostéry.

The tryptophan band position serves as a kinetic marker for 02
quaternary conformation in the present study. The position of the oo v
tryptophan L, electronic transition in the aromatic region of the Time (microseconds)
hemoglobin MCD spectrum depends on quaternary state, the T-stateFigure 2. Shift in tryptophan MCD band position vs delay time after
band being shifted to a slightly longer wavelength compared with photolysis. Shift values (circles) were obtained by nonlinear least-squares
that of the R state near 293 rmnilhis red-shift arises from a fitting of a Gaussian band shape with an offset baseline to each spectrum

L . . in Figure 1. Time constants of 18 0.3 s (amplitude= 0.58+ 0.04 nm)
hydrogen-bonding-induced perturbation of the electronic structure ;.42 0% 1.1 ms (amplitude= 0.70 + 0.06 nm) were obtained for the

of the Trp37 residues contributed by the tiehains. Of the six growth and decay of the red shift, respectively, by application of a nonlinear
tryptophan residues present in the tetramer, onlys8ié residues least-squares procedure that used two exponential time functions and a

are located at the dimedimer interface, wherein the structural ~ constant term to fit (smooth line) the band shift evolutién.

differences between quaternary states are largest. Moreover, the

37 residues are known to donate protons in hydrogen bonds to  We photolyzed HbCO to initiate quaternary relaxation from the
Aspa94 residues in the T crystal structure, an interaction that is R to the T conformation and monitored the spectral evolution during
missing in the R crystal structuPeThe observation of the  relaxation as described previoushWe observed that the center
equilibrium UV MCD shift, along with other spectral eviderfte, ~ ©f the 293-nm tryptophan band apparent in the UV TRMCD spectra
confirms that this structural difference between the R and T states Shown in Figure 1 shifted rapidly to the red from its R-state, non-
also exists in solution. In the present work, we use near-UV time- H-bonded position by-0.6 nm (exponential time constant2 us),
resolved magnetic circular dichroism (TRMGD}pectroscopy to  as shown in Figure 2. This shift is similar to that observed for the
monitor the tryptophan band position during the-RT transition difference between equilibrium T and R quaternary conformers,
of human hemoglobin for the status of a structural feature specific and is consistent with the aggregate shift expected when two of
to the T quaternary conformation, the TB7-Aspo94 hydrogen six tryptophans donate a proton in a hydrogen bond (the individual
bond. signal from each H-bonded tryptophan being expected to shift by
2—5 nm to the red}?
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identified as the R~ T transition (time constant of 2040 us under
these conditions)>*3 The latter process is apparently tryptophan-
MCD silent, there being no significant evolution of the band shift
between 10 and 100s. The MCD band shift then decays with a
4-ms time constant to a value that is equal, within the experimental
noise (~10%), to the baseline value observed before thes2-
process. The time constants observed here are in excellent agree-
ment with time constants measured in heme band absorption studies
under the same experimental conditions and assigned to protein
structural relaxation (2s) and CO recombination with T conform-

ers (4 ms)P13The TRMCD data presented here clarify the nature
of the relaxation by providing direct evidence for the quaternary
nature of the 2¢s process? The observed correspondence between
the time constants for band shift decay and T-state ligand
recombination is expected because recombination of CO to T-state
Hb breaks the Trp-Asp hydrogen bond, along with many other
T-state dimerdimer contacts, as it restores the original liganded
R state.

The approximate equality of the magnitudes of thes2shift
and the reverse shift associated with the 4-ms process, in which all
of the T-state conformers created by previous-RT processes
are converted back to R, implies that the fast process converts the
Trp-Asp dimer-dimer contact to its T-state H-bonded form nearly
quantitatively!> The robust size of the tryptophan band shift
observed at 2s thus indicates that the fast process is an obligatory
and committed kinetic step in the conversion of R conformers to
T.

The evidence presented here for a large and rapid change in a
specific dimer-dimer contact that is clearly distinguishable from
the slower process previously assigned to quaternary structural
relaxation leads us to conclude that theRT kinetic pathway
requires at least two steps. The first step creates an obligatory
allosteric intermediate in which a critical T-state contact, the Trp-
Asp hydrogen bond, has been formé€Completion of the dimer
dimer rotation and contact formation leading to the equilibrium T
state is left to the later, rate limiting step in what can now be
concluded unambiguously is a compound reaction pathway. The
larger activation barrier, the appearance of heimeme coopera-
tivity effects!® and the larger perturbation of heme spegéita
associated with the rate limiting step imply that it produces larger
changes in protein conformation than occur in the primary step.
This suggests in turn that the rate-limiting step is associated with
changes at the switch region of thg5, interface, wherein relative
motion of the dimers is largest and steric interference arising from
movement of the imidazole side chain of Hig97 past the Thr
o341 residue is expected to present a substantial kinetic barrier to
interconversion between the R and T conformations.

In summary, we find that stepwise progress of the protein along
the allosteric pathway appears to start with a rearrangement of
contacts at the hinge and end with rearrangements involving the
switch region of the interface. By placing such constraints on the
location and order of events in possible mechanistic models for
the reaction pathway of hemoglobin allostery, the kinetic results
presented here can aid in understanding how hemoglobin functions
as a prototypical “molecular machine”.
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Experimental Details: The samples containedAthuman hemoglobin

(per heme basis), 1.0 atm of CO, and 0.10 M phosphate buffer, pH 7.3,
maintained at 20°C in a 2.5-mm path length cell. The sample was
photolyzed with 7-ns, 20-mJ pulses of 532-nm light from a Nd:YAG laser,
propagating perpendicularly to the probe flash lamp beam, to give
essentially complete ligand dissociation (before geminate and bimolecular
ligand recombination). Each time point represents the average of 6200
individual photolysis measurements. Fresh sample was flowed into the
cell between measurements to avoid the accumulation of photodegraded
or oxidized sample products. Magnetic field strength was 1.0 T. The
spectra were smoothed as a function of time, using an 11-point Savitzky-
Golay procedure. (Smoothing did not affect the kinetic analysis shown in
Figure 2; analysis of the unsmoothed data gave time constants and
amplitudes similar to those presented for the smoothed data.).

Fitting with a third exponential time function was also tested, but the
improvement in fit was small and not statistically significant.
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