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Abstract

The present study reports distinct dynamic consequences for the T- and R-states of human normal
adult hemoglobin (Hb A) due to the binding of a heterotropic allosteric effector, inositol
hexaphosphate (IHP). A nuclear magnetic resonance (NMR) technique based on modified transverse
relaxation optimized spectroscopy (TROSY) has been used to investigate the effect of conformational
exchange of Hb A in both deoxy and CO forms, in the absence and presence of IHP, at 14.1 and 21.1
T, and at 37 °C. Our results show that the majority of the polypeptide backbone amino acid residues
of deoxy- and carbonmonoxy-forms of Hb A in the absence of IHP is not mobile on the -s-ms time
scale, with the exception of several amino acid residues, that is, - 109Val and - 132Lys in deoxy-Hb
A, and R40Lys in HbCO A. The mobility of R40Lys in HbCO A can be explained by the
crystallographic data showing that the H-bond between R40Lys and - 146His in deoxy-Hb A is absent
in HbCO A. However, the conformational exchange of -109Val, which is located in the intradimer
(Ry- 1 or Ry ) interface, is not consistent with the crystallographic observations that show rigid
packing at this site. IHP binding appears to rigidify R40Lys in HbCO A, but does not significantly
affect the flexibility of - 109Val in deoxy-Hb A. In the presence of IHP, several amino acid residues,
especially those at the interdimer (Ry - 2 or Ry . 1) interface of HbCO A, exhibit significant
conformational exchange. The affected residues include the proximal -92His in the --heme pocket,
as well as some other residues located in the flexible joint (-C helix-RFG corner) and switch (RC
helix--FG corner) regions that play an important role in the dimer-dimer rotation of Hb during the
oxygenation process. These findings suggest that, upon IHP binding, HbCO A undergoes a
conformational fluctuation near the R-state but biased toward the T-state, apparently along the
trajectory of its allosteric transition, accompanied by structural fluctuations in the heme pocket of
the --chain. In contrast, no significant perturbation of the dynamic features on the ms--s time scale
has been observed upon IHP binding to deoxy-Hb A. We propose that the allosteric effector-induced
quaternary structural fluctuation may contribute to the reduced ligand affinity of ligated hemoglobin.
Conformational exchange mapping of the --chain of HbCO A observed at 21.1 T shows significantly
increased scatter in the chemical exchange contribution to the transverse relaxation rate (Rey) Values,
relative to those at lower fields, due to the enhanced effect of the local chemical shift anisotropy
(CSA) fluctuation. A spring-on-scissors model is proposed to interpret the dynamic phenomena
induced by the heterotropic effector, IHP.
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Characterization of the dynamic features of hemoglobin (Hbl) has been emerging as a new
frontier in Hb studies (1-5). During the past decade, multiple conformations have been observed
or implied for both the T (tense) and R (relaxed) allosteric states of Hb (6-11). Previous studies
in our laboratory using the nuclear magnetic resonance (NMR) residual dipolar coupling (RDC)
approach have suggested that the solution structure of HbCO A is a dynamic ensemble of at
least two crystal structures, R and R2 (7,10), and this average can be shifted by various allosteric
effectors (10). These new findings call for a dynamic model rather than the static picture of
Hb described by the classical two-state/structure stereochemical model for the cooperative
oxygenation of Hb, which requires the four subunits of hemoglobin to maintain either an all-
T (low-affinity) or all-R (high-affinity) structure until the allosteric transition between T and
R is completed (12,13).

NMR spectroscopy is a powerful tool for investigating protein dynamics (14,15). Protein
mobility spans a broad range of time scales that require different NMR methods for observation.
Our laboratory recently carried out a study of the fast (ps-ns time scale) motions of the Hb
polypeptide backbone in both the ligated (CO) and unligated (deoxy) forms (5) using the
model-free approach (16). We have found that the fast backbone mobility of several amino
acid residues of Hb is perturbed upon CO binding. Such perturbations occur at the carboxy-
terminal amino acid residues, e.g., -146His, as a direct consequence of the allosteric structural
transition, and also at the intradimer (Ry- 1 or Ry ») interfaces, e.g., R31Arg and -123Thr, where
X-ray crystallographic results indicate rigid packing. These fast (ps-ns) motions represent only
one end of the spectrum of protein dynamics. Slower (-s-ms time scale) conformational
flexibility, which involves the large-segmental movements in the protein molecule or the
ligand-association processes, may be more relevant to the biological functions of a protein
molecule than those occurring on the fast time scale (ps-ns). Such slower motions may be
detected by their specific effects on the transverse relaxation of reporter nuclei. The
contribution of conformational exchange to the transverse relaxation rate (Rgy) can, in
principle, be derived from the model-free analysis. In our previous study, the results implied
possible slow dynamic events at amino acid residues after 100 for both R- and :-chains,
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especially -109Val (5). However, since the Rey values derived from a model-free analysis are
mainly introduced for fitting purpose, they are not considered as a solid evidence for
conformational exchange. Various NMR methods other than model-free have been developed
in order to more accurately characterize the slow motions in proteins (17). However, the
applications of many such methods to Hb are difficult because of its large size (MW- 65 kD).
When spectral assignments of only certain side-chain signals had been made, we used the
CPMG-TROSY relaxation dispersion method to study the -s-ms time scale motions of the
tryptophan side chains (4). The side-chain indole NH of -37Trp, used as a marker for the T and
R states, located in the interdimer (R; - » or Ry.q) interface, has been found to show slow
conformational mobility under certain experimental conditions, e.g., HbCO A bound with an
allosteric effector, inositol hexaphosphate (IHP) (4). More recently, our laboratory has assigned
the polypeptide backbone resonances for both HbCO A (18) and deoxy-Hb A (19), making it
possible to study the slow conformational exchanges of most backbone N-H bonds. In the
present study, we apply a TROSY -based conformational exchange mapping technique that is
designed for proteins with MW > 50 kD (20). This approach avoids the problems caused by
the typically very fast transverse relaxation rates for large proteins, by detecting those narrower
components of the multiplet narrowed by the interaction between the 1H-15N dipole-dipole
(DD) coupling and 15N chemical shift anisotropy (CSA).

Our present study explores the slow time scale mobility of Hb in both its T- and R-states on a
residue-by-residue basis, in the absence and presence of IHP. Such a study has the potential to
correlate the dynamics of the Hb molecule to the effects of organic phosphates that regulate
the oxygen affinity under physiological conditions (21,22). Previous studies have shown that
IHP can reduce the oxygen affinity of Hb (23,24). To explain the mechanism of allosteric
effectors, the classical two-state/structure model has proposed that the binding of an allosteric
effector to Hb can shift the equilibrium quaternary structure from the R-state to the T-state
(12,13). Recently, Yonetani and co-workers (25) have suggested that a change in the tertiary
structure of Hb induced by effector binding could account for the affinity change. Such effector-
induced tertiary structural changes have, in fact, been suggested by NMR (26) and X-ray
crystallographic studies (27). However, the effect of the effector regulation appears not to be
the same for the deoxy- and ligated forms of Hb A. The T- and R-states of Hb A have been
found to differ in the effector binding sites (28,29). IHP was found to bind more strongly to
deoxy-Hb A (with an association constant of 5 - 107 M1) than to HbCO A (with an association
constant of 2 - 104 M-1) (30). Crystallographic results have indicated that IHP is held between
the two --chains of deoxy-Hb A (31), while, for HbCO A, additional or different IHP binding
sites in the central cavity have been proposed but not structurally confirmed (32-34). However,
there is no clear explanation of why and how the difference between the binding sites of the
effectors in the deoxy- and CO forms of Hb is correlated to the functional regulation.

In our present work, we have investigated the nature of the allosteric effector regulation of Hb
from a new angle, namely, that of protein motional properties, which has not been previously
addressed. Our results demonstrate dramatically distinct dynamic responses of the T- and R-
states of Hb upon IHP binding. Remarkable conformational exchange processes in HbCO A
have been found to be induced by IHP, mainly along the interdimer (Ry- » or Ry- 1) interface,
and several amino acid residues in the --heme pocket. These dynamic events imply the existence
of a structural fluctation of Hb along its allosteric structural trajectory, i.e., between the R-state
and some intermediate structure near the R-state, but biased toward the T-state. Conformational
fluctuation in the --heme pocket that accompanies the quaternary structure change may be a
direct cause of the affinity modulation by the allosteric effector. In contrast, no extensive
conformational instability has been observed for deoxy-Hb A after binding of IHP, implying
less of an influence of IHP on the dynamic properties of the T-state than on those of the R-
state of Hb. Although no extensive intrinsic dynamic (conformational exchange) process on
the -s-ms time scales has been found for IHP-free Hb, -109Val and -132Lys in deoxy-Hb A and
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R40Lys in HbCO A exhibit mobility in the absence of IHP. Consistent with the result of our
previous model-free analysis (5), -109Val is again an indicator of flexibility of the intradimer
(Ry- 1 or Ry ) interface of deoxy-Hb A, not consistent with the crystallographic results (22,
35). The mobility of R40Lys in the IHP-free HbCO A confirms previously proposed major
structural consequences, i.e., breaking of strong interactions (36), due to the allosteric
transition.

MATERIALS AND METHODS

Hemoglobin Samples

Two types of chain-specifically U-[2H,2°N]-labeled recombinant Hb A samples for NMR
studies, namely, R-chains labeled and :-chains unlabeled, and R-chains unlabeled and :-chains
labeled, were prepared as described previously (37). The rHb samples were of- 0.8 mM
concentration (per tetramer) in 0.05 M sodium phosphate buffer at pH 7.0 in the presence of
10% D,0. The samples with IHP were prepared by adding IHP stock solution to the Hb samples
directly with a final concentration of 3mM. In our Hb sample preparations for the NMR studies,
no chloride ions were present except for those samples with IHP, in which case sufficient
amounts of HCI (-0.15 M) were added to adjust the pH of the stock IHP solution to pH 7.0.

Conformational Exchange (Rex) Measurements

In this study, the conformational exchange of an amide N-H bond was detected by measuring
Rex, the contribution of the exchange processes to RyR, the transverse relaxation rate of the
narrower component of the NMR doublet, due to the interaction between H-15N dipole-dipole
coupling (DD) and 1°N chemical shift anisotropy (CSA). Rex Was determined according to the
approach introduced by Wang et al. (20) as

Rex) RY —RIANZ /2 — . (-~ 1) +R) /2 )

where R12HZNZ js the relaxation rate constant of the longitudinal two-spin order, xy Is the rate
constant for IH-15N DD-1°N CSA cross-correlation, and R1N is the longitudinal relaxation rate
of 1N, which can be neglected for proteins with MW > 30 kD (typical R{N is 0.5 s for Hb
at14.1mT)..) RZO/-Xy is the ratio of the rates of autorelaxation for the in-phase 1°N magnetization
(R2%) and the cross-correlation () from 1N CSA and *H-15N DD interactions. In practice,
the ratio - was obtained by the trimmed mean of 1 + (RoR - R12H2NZ/2 + R{N/2) ., for all of
the amino acid residues. For each residue, RyR - R12H2N2/2 and -, were determined by the
NMR signal intensities, IR, I', and 12HZNZ_ obtained from the three experiments designed to
measure R,R, Ry’ (transverse relaxation rate constant for the broader component in the doublet
due to 1H-15N DD-1°N CSA interaction), and Ry 2HZNZ respectively, as

(IR exp| 4]

R 2H7Nz R 2HzNz
R (2) /PN () exp| -2+ (RS - R{HAN72)| 2b)
The NMR experiments were carried outat 37 °C on 14.1-T Bruker DRX-600 (Carnegie Mellon
University) and 21.1-T Varian Inova-900 (NMRFAM, Madison, WI) NMR spectrometers. The
relaxation delay 2- used in this study was 21.6 msat 14.1 T, and 10.8 ms at 21.1 T. All
experiments were repeated three times to estimate the experimental errors in Ry values.

Cancellation of the CSA Contribution to Rey

The baseline for the Rey values obtained by R.y-mapping is not flat, but with fluctuations from
residue to residue [Figures 1, 3, and 4, and also refer to ref 20]. The cause of this fluctuation
is due to the variation in the magnitude and orientation of the 1°N CSA tensor for different
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amino acid residues (20,38). The CSA-generated baseline noise can obscure the small Rgy
values. This problem becomes more serious at very high magnetic fields. Fortunately, for most
amino acid residues of Hb without significant Rey values, the baseline fluctuation due to the
CSA variation has similar profiles for the IHP-bound and IHP-free forms of the same type of
Hb samples. On the basis of this observation, to remove CSA-caused fluctuation, we can simply
subtract the Rgy values of the IHP-free Hb from those of the IHP-Hb complex. In principle,
this subtraction may also remove meaningful Rgy values, which are identical for the two
samples. Fortunately, few residues in the IHP-free Hb have significant Rey values.

Figure 1 shows the Ry values determined for the backbone amide N-H bonds in HbCO A in
the absence and presence of IHP at 37 °C and 14.1 T. Except for several amino acid residues
in the R-chain, i.e., R3Ser, R40Lys, R53Ala, and R94Asp, the backbone of HbCO A, as
represented by the amide N-H bonds, does not appear to be flexible on the - s-ms time scale
covered by the Rgy mapping method used in this study. However, upon binding of IHP,
significant conformational exchanges are induced in both R- and - -subunits. The areas most
significantly perturbed in their dynamic properties by IHP are apparently along the interdimer
(R1- 2 or Ry 1) interface, i.e., the C helix (R39Thr and R41Thr), C-E loop (R47Asp), and F-G
corner (R81Ser, R89His, R90Lys, R92Arg, R94Asp, and R98Phe) of the R-chain, the C helix
(-38Thr and -41Phe), and F-G corner (-90Glu, -92His, -97His, -101Glu, -104Arg, and -109Val)
of the --chain, and the terminal residues, such as R3Ser, R138Ser, and -146His. Interestingly,
most of these residues are amino acids with charged side chains. The net Rqy contribution
attributed to the effect of IHP was determined for each amide N-H bond by subtracting its
Rex value in the HbCO A from that in the IHP-HbCO A complex. This baseline correction is
intended to cancel the unwanted Rqy component due to the CSA difference for each residue.
This cancelation is more effective for the R-chain than for the --chain. The net Rgy values of
most amide N-H bonds that are not along the interdimer (R1- 2 or Ry 1) interface are close to
null. The amino acid residues of HbCO A with significant conformational exchange as reflected
by their amide N-H bonds are displayed by the space-filled model shown in Figure 2.

Figures 3 shows the Rey values determined for the backbone amide N-H bonds in deoxy-Hb
A in the absence and presence of IHP at 37 °C and 14.1 T. Similar to HbCO A, deoxy-Hb A
exhibits little flexibility on the ms--s time scale, except for two residues in the --chain, -109Val
and -132Lys. However, in great contrast with HbCO A, deoxy-Hb A shows almost no
observable conformational exchanges along its backbone induced by IHP binding. The residue
-109Val remains flexible, while -132Lys becomes rigid upon IHP binding.

Figure 4 shows the Rgy values measured for HbCO A --chain at 37 °C and 21.1 T. The scatter
in the Rgy values due to local CSA fluctuations is approximately doubled compared to that at
14.1 T. Baseline correction by subtracting Reyx values for HbCO A from those for the HbCO
A-I1HP complex needs to be applied in order to detect any IHP-induced Rgy values at this high
field.

DISCUSSION
Distinct Dynamic BehaVior of Deoxy-Hb A and HbCO A upon IHP Binding

Backbone Rigidity of Deoxy-Hb A Is Not Affected by IHP Binding. Except for -132Lys that
loses its intrinsic conformational exchange after IHP binding, the rigidity of deoxy-Hb A, on
the -s-ms time scale studied in this research, is found to be insensitive to the IHP binding. In
other words, IHP does not induce slow motions of the polypeptide backbone of deoxy-Hb A.
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Conformational Fluctuation of HbCO A upon IHP Binding

A number of amino acid residues in both the R- and --chains of HbCO A exhibit greatly
increased mobility on the -s-ms time scale upon IHP binding (Figures 1, 2, and 3). The mobility
enhancement is responsible for exchanging the chemical environments of several backbone
amide N-H bonds in Hb A. A careful mapping analysis of the Rey values shows that the
increased conformational exchange occurs mainly along the interdimer (Ry: 2 or Ry: 1)
interface, especially in the switch region (RC helix--FG corner), the joint region (-C helix-RFG
corner), and the carboxy-terminals of both R- and --chains. These areas are called sliding
contacts, which undergo the major conformational changes during the Hb allosteric transition.
In the areas other than the interdimer interfaces, the dynamic perturbation due to IHP binding
is less significant. These dynamic phenomena suggest a dynamic motional mode for the
quaternary structure of IHP-bound HbCO A between the solution R state and an intermediate
state near R, but biased toward T, possibly along the allosteric trajectory, although not at an
amplitude large enough to complete an allosteric transition. This is consistent with the
suggestion by Zuiderweg et al. (30) based on 3P NMR and pH-Stat techniques that the IHP-
HbCO A complex could adopt two conformations. The fluctuation phenomenon can also
explain the slight shifting of the averaged solution quaternary structure of IHP-bound HbCO
A toward the R structure from the midpoint between the R and R2 structures, as suggested by
RDC experiments (10). Previous studies in our laboratory (4) have also found that the side
chain of -37Trp at the interdimer (Ry: » or Ry 1) interface shows slow conformational
fluctuation of thisinterface only for IHP-bound HbCO A, not for deoxy-Hb A and not for IHP-
free HbCO A, which is consistent with our current observation.

In addition, among the amino acid residues involved in conformational exchanges, we have
proximal -92His, which is the key element of the --heme pocket (the residue bound to the heme-
iron atom), and the perturbation of its dynamic properties implies another mechanism for the
IHP effects on ligand binding affinity (26). This observation may be correlated with the
effector-induced structural changes found by X-ray crystallography, i.e., shortened distance
between the heme-Fe and the distal histidine (27). It should be noted that the structural variation
at the --heme pocket is also one of the key features associated with the T-R allosteric transition,
according to Perutz’ stereochemistry model (13). What is interesting is how a slight quaternary
structural change, while still in an R state (25,39), could induce tertiary structure changes in
the --heme pocket, possibly large enough to change the ligand affinity.

Also interestingly, amino acid residues in HbCO A with significant Rqy values are amino acids
with charged side chains. This could be simply due to the nature of the amino acids along the
interdimer (R1- 2 or Ry 1) interface or due to the high sensitivity of these charged residues to
the slight conformational variation. It should be mentioned that the binding of IHP (a highly
charged molecule) to Hb A could also affect the pK values as well as the NH exchange rates
of those amino acids that exhibit changes in the dynamics. Additional work is needed to
elucidate this interesting observation.

Spring-on-Scissors Model

According to Yonetani et al. (25), in the presence of heterotropic effectors, the liganded R-
state of Hb has T constraints within a quaternary R-like frame. Coletta et al. (40), Scott et al.
(41), and Chen et al. (42) have described the liganded Hb with bound organic phosphate as “an
altered R-state Hb” or a tertiary T-like conformation within a R-like quaternary structure. A
frustrated, unstable R structure (4) has been proposed for HbCO A with IHP bound. Our present
results suggest that the perturbation of HbCO A by IHP is very likely a dynamic phenomenon,
i.e., a fluctuation starting from the average solution structure possibly biased toward the T-
structure. We interpret this finding by a spring analogy. The allosteric transition from deoxy-
Hb to liganded Hb is believed to close the central cavity of the protein molecule (13,22).
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However, the presence of a small molecule effector, e.g., IHP, may generate an additional
barrier to this closing process by either spatial hindering or electrostatic interactions. Because
of the flexibility of the small molecule, such a potential barrier is not sufficient to prevent the
central cavity from reaching the size of an R-structure. The IHP molecule serves more like a
spring such that a change of the cavity size can occur accompanied by a conformational
exchange between the R-structure and a structure slightly toward T-structure as suggested by
Gong et al. (10).

What is the structural basis of such a spring? Recent computational simulation suggests that
in the ligated R-state Hb, effectors like IHP or 2,3-BPG bind between the R;- and R,-subunits
(34), different from the reported IHP and 2,3-BPG binding sites between the -1- and -,-subunits
in the unligated, deoxy T-state (31,43) (Figure 5). This change of effector-binding site is
consistent with the proposed description that the effector molecule can be squeezed out of its
-1--2 binding pocket when the two :-chains come closer together in liganded Hb (22). According
to Laberge et al. (34), the effector binding site in the R-state mainly involves R99Lys and
R141Arg. In Perutz’ allosteric model, R141Arg is one of the amino acid residues whose salt
bridge network is ruptured upon the T-to-R transition of Hb. The effector molecule rebridges
the two R-subunits, possibly in such way providing a resistance to the complete formation of
the quaternary R-structure. The molecular spring mentioned here is located not at the exact
center of the cavity, but instead between the two R-subunits with a tendency to reopen the
central cavity. If we see the quaternary structure of liganded Hb during its T-to-R allosteric
transition as a pair of scissors, the effector molecule (IHP, etc.) serves as a spring between its
two handles.

We believe that the heterotropic effectors do not induce structural oscillations when they are
seated between the two --chains in the T-state. This may be partially explained by the fact that
deoxy-Hb favors the same tendency as the effectors to open the central cavity (36,44). In
addition, in the structural transition from the T-state to the R-state, the effector binding site
moves from the entrance of the central cavity to somewhere deeper into the cavity; therefore,
the small molecules may exert a greater perturbation on the quaternary structure and structural
stability of Hb in the R-state than in the T-state.

Intrinsic Conformational Flexibility of Hemoglobin on the -s-ms Timescale

Intrinsic Conformational Flexibility of -109Val and -132Lys in Deoxy-Hb A. Residues -109Val
and -132Lys are the only two amino acid residues that exhibit conformational exchange in
deoxy-Hb A. Upon IHP binding, -132Lys loses its flexibility, but -109Val retains its large
Rex Value. Previous backbone dynamics studies using the model-free formalism (5) also
indicate significant slow exchange motions at the -109Val site. However, the Rqy terms derived
from the model-free analysis are mainly for fitting necessity, and thus often considered
questionable. Derived from the more reliable Rex-mapping approach, the present result further
confirms the ms--s time scale mobility of -109Val, which is located at the intradimer interfaces.
These interfaces have been inferred to be flexible and possibly involved in the cross-subunit
communication during Hb allostery (2,3,45-48). Several other residues along the intradimer
interface, such as R31Arg and -123Thr, according to the model-free analysis (5), and R103His
and R122His, according to studies using solvent exchange (1), have been found to be more
mobile in deoxy-Hb A than in HbCO A. X-ray crystallographic results describe a rigid packing
interface between the two same-dimer (R1- 1 and Ry- ) subunits of Hb (22,35,36). The
flexibility of the abovementioned residues leads us to a dynamic picture of the intradimer
interface in the deoxy- (or T) state of Hb. With ample evidence from the dynamics studies on
hand, we may now conclude that the T state of Hb has a very flexible intradimer interface,
which possibly serves to transmit allosteric signals between the two same-dimer subunits. As
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a consequence of the allosteric structural transition, the ligand binding rigidifies the intradimer
interface.

Intrinsic Conformational Flexibility of R40Lys in HbCO A

According to the crystal structure, the end of the side chain of this lysine residue forms a H-
bond or salt-bridge to the carboxylic oxygen of -146His in deoxy-Hb (22,39). Apparently, the
interaction between these two amino acids is absent in the CO-bound form, leading to the most
significant intrinsic conformational exchange observed in the IHP-free HbhCO A. This is
important dynamic evidence for the breaking of the C-terminal H-bond (salt-bridge) of the -
chain in liganded hemoglobin, a key consequence of its allosteric transition from T to R state
(13,36).

IHP Affects R- and --Subunits of HbCO A Differently

Subtraction of the Rey values for the IHP-free Hb from those for the IHP-Hb complex gives
an almost null baseline for both R- and :-chains of deoxy-Hb A as well as the R-chain of HbCO
A, indicating that the noise in the Rgy values measured for these samples is mainly due to the
fluctuation of the CSA of individual amino acid residues. However, the net IHP-induced Rgy
values for the --chain residues of HbCO A remain fluctuating, implying that the dynamic
response of the --chain HbCO A is more complicated than that of the R-chain upon perturbation
by IHP. Gray and Gibson (24) observed a kinetic difference between the R- and --chains of Hb
induced by IHP binding. Recently, a study from our laboratory based on RDC measurements
has shown that IHP causes changes mainly in the tertiary structure of deoxy-Hb and mostly in
the --subunit (11). These observations show that in general, IHP can affect the two types of
subunits of Hb A differently.

Side-Chain Conformational Exchange

The present study is focused on the conformational exchange in the polypeptide backbone of
Hb A, using the amide N-H bonds as the probes. The dynamic properties of protein side chains
are often different from those of the backbone amide N-H bonds (49,50). Further dynamic
studies of Hb side chains are likely to provide useful information on how effectors, such as
IHP, can affect the mobility of Hb.

Conformational Exchange Mapping at 21.1 T

We have also studied the IHP effect on the backbone mobility on the -s-ms time scale at 21.1
T for the --chain of HbCO A (Figure 4). The unwanted components in the determined Rey
values due to fluctuations of the local CSA for different amino acid residues significantly
increased at 21.1 T, compared to those observed at 14.1 T. This observation needs to be
considered when using the Rqx mapping approach at high magnetic fields, although in the
present study of the IHP effect, the CSA noise can be effectively canceled out by subtracting
the results for IHP-free Hb from those for the IHP-Hb complex (Figure 4).

The magnetic field dependence of Rey values can be used to calculate a scaling factor, R, as
introduced by Millet et al. (51):

.Boz + Bm“ Rexz - Rem.
Bz = Byt Rexo + Rexs
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in which By and Rexpn () 1 for 14.1 T and 2 for 21.1 T) are the magnetic field strength and
exchange contribution, respectively. The factor R is related to the time scale of the exchange
process, i.e., 0 e R <1 for slow exchange; R) 1 for intermediate exchange; and 1 <R e 2 for
fast exchange. If we let Bg; ) 14.1 T and Bgy ) 21.1 T, eq 3 can be further expressed as

1.0forR) 0

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN
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Rexz ) 503 +R ) .

0
s £ 03 _R 1.5forR ) 1

2.3forR) 2

ex1

(4)

Comparing the Rgy values obtained at 14.1 and 21.1 T for the --chain of IHP-bound HbCO A
(Figures 1 and 4), most of the IHP-induced exchange processes exhibited for this sample
apparently are on the slow to intermediate time scale.

Effector-Induced Structural Fluctuation

According to the above discussions, the allosteric transition of hemoglobin cannot be simply
between only two-end states, but through a shifting equilibrium of several states with
conventional R and T quaternary structures (7,8,10,11,52). The global allostery model
proposed by Yonetani and co-workers also implies that both conventional R and T states of
Hb are not necessarily the structures with high or low affinity (25,53). On the basis of the above
evidence, the observed affinity of Hb can be more complicated than a two-structure average
of a T-state with low affinity and an R state with high affinity value, but possibly an ensemble
average of all possible T and R conformations in the solution. The extensive conformational
exchange upon effector binding, as demonstrated by the present study, must induce a
redistribution of the populations of the coexisting R conformations, probably favoring the more
low-affinity components. Such a structural fluctuation, combined with tertiary structure
modifications, may contribute to the reduced affinity of HbCO A in the presence of IHP.
Structural flexibility is believed to be important to protein functions. One important concept
of enzyme activation is the pre-existing equilibrium of multiple allosteric conformations.
Binding of the substrate or a heterotropic ligand, as well as other protein modifications, such
as phosphorylation, can selectively shift the pre-existing equilibrium of populations toward the
active state or so-called fit structure (54). Such process was originally proposed by Koshland
as the “induced fit” (55,56), which usually means an acquired optimal conformation and/or
stability of the system upon binding of regulating factors or substrates to facilitate enzyme
reactions. The results in our present study apparently suggest another type of induced fit,
perhaps induced unfit or instability. According to such induced instability or fluctuation, the
heterotropic effector, IHP, acts as a ligand affinity regulator for one allosteric end state by
generating a structural fluctuation with various populations of conformations with different
affinities. Our present study offers a new look at the effect of an allosteric effector on the
structure, dynamics, and function of an allosteric protein, hemoglobin.
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Figure 1.

Conformational exchange on the -s-ms time scale, as indicated by the Rqy values of the amide
N-H bonds of HbCO A, at 37 °C and 14.1 T (left column for the R-chain and right column for
the --chain). Top, Rex in IHP-bound HbCO A; middle, Rey in HOCO A; and bottom, subtraction
of the Rey values of HbCO A from those of IHP-bound HbCO A. IHP-induced conformational
flexibility can be observed at the C helix (switch region) and the F-G corner (joint region) in
the R-chain, and the C helix (joint region), the F-G corner (switch region), and the C-terminus
in the --chain.
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Figure 2.

Conformational exchange on the -s-ms time scale induced along the interdimer interface of
HbCO A, at 37 °C and 14.1 T. Top, HbCO A; and bottom, IHP-bound HbCO A. The Ry 1
dimer is shown with a ribbon thicker than that of the R, o dimer. The amino acid residues in
space-filled style, orange for Ry 1 and yellow for R,- 5, are those with Rgy > 5.
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160 [ 20 40 60 80 100 120 140 180
Amino Acid Residue

Conformational exchange on the -s-ms time scale, as indicated by the Rey values of the amide
N-H bonds of deoxy-Hb A, at 37 °C and 14.1 T (left column for the R-chain and right column
for the --chain). Top, Rey in IHP-bound deoxy-Hb A; middle, Rey in deoxy-Hb A; and bottom,
subtraction of the Rgy values of deoxy-Hb A from those of IHP-bound deoxy-Hb A. No
significant conformational exchange processes are observed in the R-chain. -109Val and
-132Lys exhibit significant Rgy values. -109Val retains its conformational flexibility upon IHP

binding.
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Conformational exchange on the -s-ms time scale, as indicated by the Rqy values of the amide
N-H bonds of the --chain in HbCO A, at 37 °C and 21.1 T. Top, Rey in IHP-bound HbCO A;
middle, Rgy in HOCO A; and bottom, subtraction of the Rey values of the --chain of HbCO A
from those of the --chain of IHP-bound HbCO A. Errors due to fluctuations in local CSA are
much larger than those at 14.1 T.
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Figure 5.

Different IHP-binding sites in the T and R forms of Hb A. Top, IHP bound to deoxy-Hb A
between the two --chains (in white) at residues -2His, -143His, and -82Lys; and bottom, the
proposed IHP-binding site in HbCO A involves R141Arg and R99Lys, between the two R-
chains (in cyan). All of the amino acid residues involved in the binding sites are shown in
space-filled style and in red. Binding of IHP to HbCO A may generate greater resistance than
binding to deoxy-Hb A, leading to structural fluctuations, as observed in this study. This
description is being described as a spring-on-scissors model.
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