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Abstract: Hemoglobin (Hb) is an extensively studied paradigm of proteins that alter their function in
response to allosteric effectors. Models of its action have been used as prototypes for structure-
function relationships in many proteins, and models for the molecular basis of its function have
been deeply studied and extensively argued. Recent reports suggest that dynamics may play an

important role in its function. Relatively little is known about the slow, correlated motions of hemo-
globin subunits in various structural states because experimental and computational strategies for
their characterization are challenging. Allosteric effectors such as inositol hexaphosphate (IHP)
bind to both deoxy-Hb and HbCO, albeit at different sites, leading to a lowered oxygen affinity. The
manner in which these effectors impact oxygen binding is unclear and may involve changes in
structure, dynamics or both. Here we use neutron spin echo measurements accompanied by wide-
angle X-ray scattering to show that binding of IHP to HbCO results in an increase in the rate of
coordinated motions of Hb subunits relative to one another with little if any change in large scale
structure. This increase of large-scale dynamics seems to be coupled with a decrease in the aver-
age magnitude of higher frequency modes of individual residues. These observations indicate that
enhanced dynamic motions contribute to the functional changes induced by IHP and suggest that

they may be responsible for the lowered oxygen affinity triggered by these effectors.
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Introduction

Molecular models for hemoglobin (Hb) allostery are
challenged by a vast literature of biochemical and
biophysical results and, to some extent, no one mod-
el has proven capable of consistency with all avail-
able data. Studies of Hb in crystals or immobilized
in gels'™ provide an opportunity to study intermedi-
ate states not accessible in solution, and could possi-
bly discriminate among various models for allostery.
But molecules, so constrained, do not exhibit dynam-
ics on the time scales that occur in solution, and the
potential impact of dynamics on function has not
always been incorporated into the resultant models.
The role that dynamics play in the cooperativity and
regulation of oxygen binding to Hb has only recently
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been appreciated.? Molecular dynamics studies® indi-
cate an increased rate of molecular motions in
deoxy-hemoglobin as compared to the liganded mole-
cule. This seems paradoxical in view of the fact that
HbCO A is much more likely to split into a pair of
ap-dimers than the deoxy form. Nuclear magnetic
resonance (NMR) studies®® paint a complex picture
in which some residues become more rigid in the
liganded state; whereas others gain flexibility in the
deoxy form. Lower affinity states appear to exhibit

greater structural flexibility than high affinity
states.
The incorporation of dynamics into long-

standing models for allostery has been hampered by
lack of information on the impact that binding of
ligands and allosteric effectors has on Hb dynamics.
The prototypical view of Hb cooperativity is based
on a stereochemical model® derived from low resolu-
tion crystallographic data. This model has graced
virtually every biochemistry textbook for the past
40 years. Nevertheless, the discovery of alternate
quaternary structures of hemoglobin'®?? led to a
reassessment of the molecular basis for its physio-
logical responsiveness.'> The average structure of
liganded Hb appears intermediate between the R
and R2 forms'* where R2 is a liganded form of Hb
that exhibits an arrangement of subunits almost as
different from the prototypical R-state as the unli-
ganded T-state.!® Advances in computational and
experimental tools created the opportunity to ana-
lyze differences in the dynamics of hemoglobin in
different ligation states,>”'® providing a basis for
new models for Hb regulation.*®'® Residual dipolar
coupling (RDC) measurements of Hb A have shown
that in solution the quaternary conformations of
both the CO and the deoxy forms of Hb A are differ-
ent from their crystal structures, and both exist as
dynamic ensembles of various structures.5!%17:18
These results provide strong rationale for arguing
that dynamics may play an important role in Hb
allostery and function.

The importance of allosteric effectors on Hb func-
tion is well known.'® Allosteric effectors such as 2,3
BPG and IHP bind to both the liganded and unli-
ganded forms of Hb, albeit at different sites and
resulting in different modulation of dynamics and
function. The original X-ray crystallographic and mod-
el building results reported by Arnone and Perutz*
suggested that 2,3-diphosphoglycerate (2,3-DPG) and
IHP each bind to the central cavity of deoxy-Hb AZ202L
stabilizing the T-state quaternary structure, lowering
the probability of a shift to the R-state and thereby
lowering the affinity of Hb for oxygen.2?! The bind-
ing occurred at a 1:1 molar ratio near the entrance to
the central cavity of Hb in a site that is occluded in
the liganded form of Hb. No change in dynamic
behavior was apparent on binding of IHP to deoxy-
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Hb,” but molecular dynamics (MD) simulations sug-
gest an increase in intramolecular motions.®

These same effectors bind much more weakly to
the liganded form of Hb,?2 but nevertheless, impact
the structure and dynamics.”®'%1® Arnone and cow-
orkers?® reported that no discrete IHP binding
site(s) could be detected in the HbNO-IHP complex
in their X-ray data. Based on gel filtration experi-
ments, Gray and Gibson?? reported that HbOy A can
bind 1 or 2 molecules of IHP at pH 7 depending on
the ionic strength of the media. More recently, it has
been reported that binding is on the external sur-
face, probably in the vicinity of aR1417 and at a
molar ratio of 2:1 effector to Hb?? with the two bind-
ing sites separated by approximately 42 A.?* Ho and
coworkers applied NMR relaxation techniques to
demonstrate that the relaxation properties of a num-
ber of amino acid residues in HbCO A are affected
by the presence of IHP.”?® They also applied NMR
chemical shift perturbation and AUDO-DOCK
methods to investigate the IHP binding sites of
HbCO A,? finding that there are three likely IHP
binding sites in HbCO A, namely (i) around the N-
terminus and the C-terminus; (ii) around the EF
loop; and (iii) in the «;B2 interface around the
switch region or aC helix-BFG corner and around
the joint region or aFG corner-BC helix. These
results may indicate that allosteric effectors, such as
IHP alter dynamics of the Hb molecule, induce small
changes in the tertiary and the quaternary structure
of both deoxy- and CO-Hb while impacting ligand
affinity.'#1"1%25 Linking the changes in dynamics
with changes in function is hampered by a major
gap in our understanding of slow, coordinated
motions, such as the rotation of af dimers relative
to one another—a motion known to be important for
function.

We have used neutron spin echo (NSE) to detect
the motion of Hb af dimers relative to one another
in solution.?® These motions most likely follow func-
tionally relevant pathways as observed for intramo-
lecular motions of enzymes.2” As such, they provide
a window into the dynamics of conformational re-
arrangements required for allosteric control of oxy-
gen binding. Here, we extend these earlier studies
to characterize the impact of IHP binding on HbCO
A dynamics. We demonstrate that ITHP modulates
the dynamics of HbCO A in the almost complete
absence of structural change, and thereby suggest
that changes in ligand affinity triggered by IHP are
linked to alterations in dynamics.

Neutron spin-echo spectroscopy (NSE)?® is a
probe of protein dynamics sensitive to slow correlat-
ed motions (including translational and rotational
diffusion and internal modes) on the picosecond to
nanosecond time scale. NSE provides information
about the time evolution of structural correlations
analogous to dynamic light scattering but at time
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Figure 1. (A) The crystal structures. Shown for HbCO A
(2DN83 red) human deoxy-Hb A (4HHB blue) and R2-state for
liganded hemoglobin A (1BBB pink). Structures are aligned
according to the a1B1 dimer. Figures were generated with
the PyMOL program. (B) WAXS data. Shown for HbCO A,
HbCO A + 3 mM IHP, deoxy Hb A and deoxy Hb A +3 mM
IHP solutions taken at BioCAT at the APS. Deoxy Hb A
WAXS data is slightly offset in y for a clearer display. The
concentration of the proteins is 10 mg/mL. The intensity scale
is arbitrary. (C) P(r) calculated from WAXS data. The calculation
of p(r) in (C) are based on the measured WAXS data in (B).

and length scales more relevant to protein internal
modes.?52936 Recent NSE studies of Hb and myoglo-
bin (Mb)?® utilized data up to a very high momentum
transfer q (~0.62 A7) to characterize the internal
dynamics of these proteins in terms of the dynamic
pair correlation function and self-correlation function
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in the time range of several picoseconds to a few
nanoseconds. This study established the effect of pro-
tein concentration and viscosity on decay times of
internal modes. At relatively low protein concentra-
tions, unexpectedly fast decay times at low g were
interpreted in terms of the rotation of o dimers rela-
tive to one another. That study demonstrated that
NSE can be used to simultaneously assess the effect
of changes in protein environment on fast, small-
scale motions of structural elements (from high q
data) and the slower, correlated motions of subunits
(from low ¢ data). Here, we describe the application
of this approach to study the effect of IHP binding on
the internal dynamics of HbCO A.

Results

WAXS

The aligned crystal structures of HbCO A (2DN3
red) human deoxy-Hb A (4HHB blue) and R2-state
for liganded hemoglobin A (1BBB pink) are super-
posed in Figure 1(A).

Examination of the wide angle X-ray scattering
(WAXS) from HbCO A solutions provides a useful
context in which to interpret the NSE data. The
WAXS data provide a measure of the structural cor-
relations that exist in HbCO A solution on the same
length scale as NSE data. Figure 1(B) displays
WAXS data collected from HbCO A, HbCO A
+3 mM IHP, deoxy-Hb A, and deoxy Hb A +3 mM
IHP using methods described previously.?”®® The
concentration of the proteins was 10 mg/mL. The
position of the peak at 0.1875 A? corresponds to
interatomic vectors ~33 A in length, roughly the
center-to-center distance between subunits in the
HbCO A tetramer. Data at momentum transfer
g <03 A1 (~20 A spacing) represent quaternary
structure features and ¢ > 0.3 At corresponds to
smaller distances representing tertiary and second-
ary structures. The peak at g ~ 0.62 A~ corre-
sponds to interatomic vectors ~10 Ain length and is
present in essentially all proteins with a large
a-helical content because o«-helices pack with a
center-to-center distance of about 10 A. Hemoglobin
characteristically has a strong reflection at a scatter-
ing angle that corresponds to a 10 A periodicity
within the protein.2*

In Figure 1(B), the WAXS curve show that IHP
changes the scattering from both HbCO A and
deoxy-Hb A in similar ways. The intensity differ-
ences associated with binding of IHP to HbCO A
and deoxy-Hb A are consistent with a model in
which there is little or no overall change in average
structure. There is no change in the position of
peaks. The radius of gyration R, remains essentially
constant within uncertainty although a small
increase would be expected if—as predicted—the
IHP were bound to the surface of the molecule.
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Specifically, the estimates of R, based on our data
and calculated using GNOM?*° are: HbCO
A = 24.65 A, HbCO A + IHP = 24.79 A, deoxy Hb
A = 2567 A and deoxy Hb A + IHP = 25.60 A.
These numbers indicate that IHP does not alter R,,
consistent with essentially no change in structure on
binding. They also compare well with the original
measurements taken on human Hb*® which were:
deoxy Hb A — R, = 26.2 A; oxy Hb — R, = 24.7 A.

The WAXS data as reflected in the p(r) calcula-
tion in Figure 1(C) strengthens our argument that
ITHP alters the dynamics and not overall structure of
both HbCO A and deoxy Hb A. The p(r) are remark-
ably similar and indicate that there is essentially no
detectable change in the structure of HbCO A and
deoxy Hb A on IHP binding. This, in spite of the fact
that the scattering is changed substantially [Fig.
1(B)]. The conclusion (similar to that observed in
HIV protease®!) is that dynamics are responsible for
the majority of intensity change observed on IHP
binding—and that the molecule is more flexible/
dynamic when IHP binds.

The sum total of the WAXS results are that
binding of THP leads to changes in solution scatter-
ing that cannot be explained on the basis of struc-
tural change but are consistent with alterations
expected in response to significant increases in the
dynamics of the protein.

NSE
The NSE experiments carried out here provide
measurements of the temporal development of the
normalized structural correlation function S(qg,t)/
S(g,0)®® in the range ¢ ~ 5 ps to 28 ns. Data from
HbCO A with and without THP as well as matching
buffers were collected over a range of ¢ from 0.05 to
06A Tata protein concentration of 100 mg/mL and
a temperature of 288 K. The signal of the buffer was
eliminated during the data treatment by subtraction
of the buffer signal as performed in our earlier
studies.?8

Polarization analysis was carried out at the
beginning of data collection for all NSE spectra to
determine the polarization and average signal for
each detector. The detectors were grouped together
with the same grouping used for the spectra, and
the fractions of coherent and incoherent scattering
as derived from the polarization analysis are plotted
for HbCO A (+= IHP) in deuterated water (D,0) in
Figure 2(A). At low g, the signal is largely coherent;
at high g, the signal arises from mainly incoherent
scattering. The transition point is at ¢ ~ 0.28 AL
The NSE data were measured in the same scatter-
ing wave vector range as the WAXS data in Figure
1(B). In the lower panel Figure 2(B) we show the
level of incoherent and coherent scattering after sub-
traction of the buffer signal.
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Figure 2. Polarization analysis. Shown for HbCO A (IHP) in
solution in deuterated water (D,0). The fractions of coherent
and incoherent scattering are retrieved from the polarization
analysis as a function of the scattering vector q. Measured
with the NSE spectrometer IN11 (Institut Laue-Langevin). (a)
Top panel displays the polarization analysis before subtrac-
tion of the D,O buffer. (b) Bottom panel displays the
polarization analysis after subtraction of the D,O buffer.

At relatively small g, the NSE signal is domi-
nated by coherent scattering and one measures the
coherent correlation function S°°"(g,t), which records
the correlations of density fluctuations due to rela-
tive displacements r; — r;.

Scoh ) ]%]Z <e[7iq,(ri(0)frj(t))]> (1)
i

where ¢ is the momentum transfer, ¢ denotes the
time shift and i and j run over all atoms. N is the
number of atoms in the ensemble.

Figures 3 and 4 include representative plots of
S(q,t)/S(q,0) for HbCO A measured at different gs.
The data segregate into two classes (Figs. 3 and 4)
that correspond to the degree of coherence in the
scattering and clearly exhibit distinctive behaviors.
The low g data (Fig. 3) exhibit relatively slow decay
times and can be characterized in terms of a single
exponential decay. At higher ¢ > 0.3 A~ the coher-
ent scattering contributes only modestly to the
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Figure 3. Coherent domain. Normalized structural correlation
functions S°°"(q,1)/S(q,0) = Sj(g,1)/S(g,0) of HOCO A (IHP) in
D,0, as measured with the NSE spectrometer IN11 (Institut
Laue-Langevin) at five momentum transfers g at a protein
concentration of 100 mg/mL and a temperature of 288 K.
Continuous lines indicate fits of the data to a single-exponential
decay function.

signal (8-13%) and the spectra were analyzed as
though due entirely to incoherent scattering (Fig. 4).
The high g data are not consistent with a single expo-
nential decay, but fit well to a ’stretched exponential
function’ without an elastic background level.

The data collected at ¢ < 0.3 A~ and measured
out to 28 ns are accurately fit using a single expo-
nential, where

SCOh(q7t) -It

5(g.0) - ° @

Exponential fits resulted in estimation of the corre-

lation times, © = 1/T, which are provided in Table I.
In this low ¢ regime, IHP binding results in a

statistically significant change in correlation time at

Lal et al.

g ~ 0.2 A™! (Table I, Figs. 3 and 5). This is the
momentum transfer corresponding to the distance
between subunits in HbCO A and in particular, to
the «1—2 and «2—f1 distances (~33 A). At this val-
ue of momentum transfer, the scattering due to the
quaternary structure of HbCO A has the largest con-
tribution [cf. WAXS data Figure 1(B) and also Figure
6(A) from Ref. 26 for static neutron scattering meas-
urements]. Correlation times at ¢ < 0.3 A1 are con-
sistent with translational, rigid body motion.
However, it was previously shownZ® that in this ¢
regime (@ < 0.3 A™') NSE observations should be
interpreted as arising from a combination of transla-
tional and rotational diffusion, as well as subunit-
subunit domain motion. It is unlikely that the binding
of two ITHP molecules (molecular weight 680 D each)
would result in measurable changes in the rigid body
motion of a 64 kDa molecular weight protein. Conse-
quently, these data indicate that IHP binding
increases the rate of motion of af-dimers relative to
one another.

Furthermore, from the coherent intermediate
scattering function S°"(g,¢), one can extract a gener-
alized time- and wavevector-dependent diffusion
coefficient Dgi(q) which corresponds to collective

——HbCO A

S (q.t)/S(a,0)

S (q,t)/S(q,0)

A

S (q.1)/S(q,0)

S (q.t)/S(q,0)

0 0.01 0.1 1 10
Time [ns]

Figure 4. Incoherent domain. Normalized self correlation
functions Sin¢(q,t)/S(q,0) = Si(q,t)/S(g,0) of HbCO A (IHP) in
D,0, as measured with the NSE spectrometer IN11 (Institut
Laue-Langevin) at four momentum transfers g at a protein
concentration of 100 mg/mL and a temperature of 288 K.
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Table I. Parameters from exponential fits

HbCO A HbCO A +IHP
gAt A B Tkww (nS) < 7> (ns) A B Tkww (nS) < 7> (ns)
0.052 0.99 1.0 757.6 757.5 = 9254 0.98 1.0 174.8 174.8 = 51.0
0.103 0.99 1.0 31.1 31.1 =25 0.98 1.0 31.0 31.0 = 2.3
0.156 0.93 1.0 10.8 10.8 = 1.2 0.96 1.0 9.8 9.8 0.9
0.206 0.95 1.0 8.7 87+1.1 0.96 1.0 7.3 7.3+ 0.7
0.249 0.92 1.0 4.7 4.7 + 0.5 0.97 1.0 4.7 4.7 + 0.4
0.382 1.01 0.4 0.19 0.6 = 0.1 0.97 0.4 0.34 1.1 = 0.3
0.456 0.98 0.4 0.33 1.1 = 0.1 1.01 0.4 0.63 2.1 +0.3
0.521 0.99 0.4 0.24 0.8 =0.1 0.98 0.4 0.35 1.2 + 0.2
0.579 0.99 0.4 0.19 0.6 = 0.1 1.01 0.4 0.33 1.1 = 0.2

Characteristic time 7yyyw (ns). Average relaxation time < 1> = Tyww/ B ['(1/ B). Amplitude factors A. Stretch parameter B.

motion.>! The relaxation rate, I'(g) [from Eq. (2)]
and the effective diffusion constant, D.g(g), and cor-
relation time, 7, are related as:

r 1
Deff(Q):%:Tqiz~ 3

The effective diffusion constant is thereby a measure
of the decay rate of structural features with length
scales corresponding to 2m/q. Des(q) has contribu-
tions from translational and rotational diffusion—
both of which can be affected by interparticle inter-
actions—as well as from internal modes of motion.
The structural and hydrodynamic interactions are
related by25-3!

off (@)H(q)

Darlg)=2o10) @

where, H(q) is the hydrodynamic function;*' As
described®* however, for a protein, D(q) is the

1000 —
@ . 1
= “ + HbCO A
A ) HbCO A + IHP
v 100 =1 7
£ a® P s S
£ . = +
= /'
S 10 s, o q[A"]
g = * 0.1
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& 1 } . P g
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>
<
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Momentum Transfer q [A]

Figure 5. Relaxation times. Shown for both the coherent and
incoherent domains. In the coherent scattering regime
(<03 ,2\71), the relaxation time corresponds to that in

Eq. (2), based on a single exponential fit (inset shows De¢ vs.
g near 0.2 A”) versus momentum transfer q. In the incoher-
ent scattering regime (g > 0.3 /o-\’1), the relaxation time corre-
sponds to txww as defined in the discussion following Eqg. (4)
(Table I).
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single particle effective diffusion constant. S(g) is
the structure factor of the protein in solution. D.g(q)
is measurable from NSE, as indicated by Eq. (3). For
the range of ¢ examined in this study H(q) appears
to be nearly constant.2®

Recently, this principle of de Gennes narrowing
in Eq. (4) was also shown to hold for interdomain
motion in several proteins.® Following this principle
of de Gennes narrowing, the wavevector dependence
of the interdomain diffusion coefficient D.g(qg) is
inversely proportional to the interdomain structure
factor S(g). In this case, S(q) describes the relative
spatial arrangement of domains within the pro-
tein.?® This implies that the momentum transfer g
at which structural (spatial) correlations due to
domains are strong (narrow peak) the dynamics is
slow. The WAXS data in Figure 1(b) shows that
when IHP binds to HbCO A the static interdomain
correlation peak at the momentum transfer gq
~0.2 A1 (corresponding roughly to the center-to-
center distance between subunits in the HbCO A
tetramer) increases in width, that implies that as
the spatial correlations become less strong and the

__ 100
= ;

=5 q=0.456 A" 4

g

@

S

2 10 s
‘:.‘O'

© :

i i ——HbCO A
R HbCO A +IHP
=

1
0 0.01 0.1 1 10
Time [ns]

Figure 6. Root mean square displacement (RMSD) of hydro-
gens. RMSD of HbCO A and HbCO A + IHP solutions shown
as a function of correlation time for the incoherent neutron
scattering. For times less than about 1 ns, the RMSD is lower
in the presence of IHP; for correlation times greater than a
nanosecond, IHP induces an increase in RMSD.
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dynamics at this g becomes faster as observed by a
smaller 7 in Figure 5 at the same g. The D.g(q) at
this ¢ is larger for HbCO A+ IHP than HbCO A
alone [inset in Fig. 5 shows that 1/D.g(q) ~ S(q) is
broader for HbCO A + IHP than HbCO A; similar to
the trend exhibited by the WAXS data in Fig. 1(B)].
The changes observed in Dy should be dominated
by motion of af-dimers relative to one another as
the rigid body motions on binding of a small THP to
HbCO A should not change.

WAXS data reinforces the coherent S¢M(g,t)
interdomain NSE results quite precisely. This princi-
ple of de Gennes narrowing for interdomain motion
has been demonstrated for several proteins recent-
1y.31733 In our case too, the wave vector dependence
of the interdomain diffusion coefficient is inversely
proportional to the interdomain structure factor.
Changes in the interdomain diffusion coefficient and
interdomain structure factor observed on IHP bind-
ing are consistent with the principle of de Gennes
narrowing.

At larger g, the signal is dominated by incoher-
ent scattering by hydrogens (within the protein,
since solvent is 100% D50O) and one measures the
incoherent or self correlation function,

Sine o pl-ia.(ri(0)-ri(t))] 5, (5)

In this range, the S™™(q,¢) data (measured out to
1.4 ns) cannot be accurately fit with a single expo-
nential decay function. They do, however, fit well to
a ‘stretched’ exponential*®*3 of the form:

S (q.t)

> o1t (6)
S(g,0)

as shown in Figure 4. The processes giving rise to
the data at ¢ > 0.30 A™' are the self motion of
hydrogens within the protein. Analysis of predicted
quasi-elastic neutron scattering data from MD simu-
lations indicates that the stretch factor f(q) reaches
a constant value for large ¢ in the range of 0.2—
0.5 A7, with the specific value dependent on the
nature of the atoms contributing (e.g., main chain;
side chain). Our observations are consistent with
these predictions and derive an excellent fit to the
stretched exponential with f = 0.4 and T = l/tgww
(see Table I), where txww is the Kohlrausch—William—
Watts characteristic time.*> The characteristic times
estimated from the stretched—exponential fits repre-
sent an average over all hydrogens in the protein.

As can be seen in Figures 4 and 5 (at
qg > 03 A_l, Table I), IHP binding appears to result
in a modest suppression of the average self motion
of the hydrogens in the protein. This result would
seem inconsistent with a simultaneous decrease in
the correlation times observed at g ~ 0.2 A™! and
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attributable to faster dimer—dimer rotation dynam-
ics. But these two observations need not be mutually
exclusive. First, in the case of the wide angle meas-
urements, we observe an average correlation time.
This might include, for instance, increased correla-
tion times for hydrogens in direct contact with the
binding THP molecule, but decreased times for
hydrogens at the a1B2 and «2B1 interfaces. Second,
the slowing appears to be associated with very short
correlation times (<1 ns). To demonstrate this, we
used the curves in Figure 4 to calculate the average
root mean square displacement (RMSD) of these
hydrogens as a function of correlation time. As
shown in Figure 6, the RMSD decreases in response
to IHP binding for correlation times less than a
nanosecond, and increases upon IHP binding for lon-
ger correlation times. This is consistent both with
the pair correlation observations made at low g by
NSE and the estimates of ensemble breadth based
on WAXS data. The blue line in Figure 6 shows that
RMSD on IHP binding can be described by a power
law with an exponent of 0.46 which indicates that
the motion for the hydrogens is subdiffusive.

Discussion

NMR studies of IHP binding to HbCO A” indicate
that some residues, such as «a40Lys become more
rigid on IHP binding. Those same studies’ indicate
that several amino acid residues at the interdimer
(al1B2 or a2B1) interface exhibit significant confor-
mational exchange in response to IHP binding. The
affected residues include the proximal B92His in the
B-heme pocket, and residues located in the flexible
joint (BC helix-aFG corner) and switch («C helix-
BFG corner) regions that play an important role in
the dimer—dimer rotation of Hb during the oxygena-
tion process. Our observations of enhanced dynamics
at a wavevector q corresponding to the distance
between a1B2 and a2B1 subunits suggests that the
increased dynamics at these interfaces observed by
NMR is associated with extensive motion of the of3-
dimers relative to one another.

Cammarata et al.***® collected time-resolved
WAXS (tr-WAXS) data from Hb as little as 200 nsec
after laser photolysis. This corresponds to the slow-
est processes accessible to NSE and, in NSE data is
confounded by diffusive motion of the entire mole-
cules. The inter-subunit motions detected here by
NSE occur at time frames not yet reached by tr-
WAXS. Conformational changes involved in switch-
ing from low-affinity deoxy to high affinity liganded
structures typically are much
motions observable by NSE. Nevertheless, the cou-
pling of slow and fast dynamics is becoming a com-
mon theme in protein function at different length
and time scales. Here, we show that the motion of
apf dimers relative to one another in the Hb

slower than the
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tetramer is modulated by IHP binding in the
absence of a gross re-arrangement of quaternary
structure.

The picture that emerges from these measure-
ments suggests increased dynamics at the level of
quaternary structure and the residues involved in
dimer-dimer interactions, coupled with a modest
increase in the rigidity of individual subunits. The cor-
respondence of increased structural fluctuations with
decreased oxygen affinity is a theme that has received
substantial support recently.® The NSE measurements
reported here provide strong additional evidence of
this pattern of response to allosteric effectors.

The theory of conformational selection indicates
that a protein undergoes structural fluctuations in
solution and that only a sub-set of those conforma-
tions are capable of binding to a specific ligand. The
more dynamic the protein, the smaller the propor-
tion of conformations capable of binding. Conse-
quently, enhanced dynamics may often be associated
with decreased affinity.*®

In conclusion, NSE measurements demonstrate
that, on average, IHP induces an increase in the rate
of coordinated motions of Hb subunits relative to one
another. This is coupled with a decrease in the aver-
age magnitude of higher frequency modes of individu-
al residues. The D.y(q) inferred from the coherent
intermediate scattering function measured by NSE
possesses an inverse q dependence on the interdo-
main structure factor measured by WAXS. The prin-
ciple of de Gennes narrowing explains faster
dynamics at 0.2A7" on binding of IHP (inter domain
S(q) in the WAXS data shows a broadening also the
Dei(q) is larger), relative to HbCO A alone (interdo-
main S(q) in the WAXS data is narrower and also
D.i(q) is smaller). The changes observed in D.g(q)
should be dominated by motion of ap-dimers relative
to one another as the rigid body motions on binding
of a small IHP to HbCO A should not change. The
principle of de Gennes narrowing supports this inter-
pretation of changes in the relative inter-domain
motion of a protein on binding of a small molecule.

These results indicate that NSE has great
potential for studying the dynamics and interactions
of macromolecular systems in solution close to physi-
ological conditions. We have chosen a well-studied
system, i.e., hemoglobin and its interactions with
allosteric effector, to test the power of NSE. Our
NSE results are consistent with published NMR and
WAXS results on hemoglobin and hemoglobin + IHP
interactions. This suggests that NSE methodology
can be applied together with other complementary
techniques to study structures and dynamics of oth-
er important, complex macromolecular systems.

Materials and Methods

NSE is a very high-resolution neutron scattering
technique where we measure up to sub-neV energy
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transfer between the probe and the sample nuclei.
The energy transfer is encoded in the change of spin
precession angle of the neutrons which is measured
as change of polarization at the detector. This ener-
gy transfer can be related to various correlation
functions from the sample and here the structural
correlation function S(q,t) is measured. In our previ-
ous paper?® we developed the methodology to mea-
sure motion (from two different nuclei) scattering at
different times to measure collective coordinated
motion of protein subunits at low momentum trans-
fer and measure self local motion (from same nuclei)
at different times at large momentum transfer in
the same experiment. The self local motion is mea-
surable because of the large incoherent hydrogen
scattering cross-section from the protein dominates
the signal at large momentum transfer. During NSE
experiments, a sample of DO salt buffer is mea-
sured with equal statistics, which allows us to sub-
tract the signal of the buffer in the experimental
analysis. Through these high resolution X-ray and
neutron scattering experiments both spatial and
dynamic correlations of intramolecular motions of
protein molecules are measurable in solution.

Wide-angle X-ray scattering (WAXS) data were
collected at the BioCAT undulator beam line (18ID)*’
at the Advanced Photon Source (APS), Argonne, IL,
USA using methods previously described in detail.?"3®
Rg and P(r) were calculated using the program
GNOM.* The experiments on protein dynamics were
performed at the NSE spectrometer IN11 at the Insti-
tute Laue Langevin, Grenoble, France, using a wave-
length of 55 A and the high intensity 30 degree
detector option IN11C for the high ¢ data. For the low
q data we used a wavelength of 8.5 A and the high
resolution detector of IN11A. The correlation function
S(q,t) as function of time, ¢ was measured over a time
range from 0.005 to 28 ns and a momentum transfer
range from 0.10 to 0.65 AL

The first sample was about 3 mL of HbCO A
solution, at a concentration of about 100 mg/mL in
50 mM sodium phosphate at pH 7.1 in heavy water
(D20). Subtraction was done with the matching buff-
er for the sample. The second sample was about
3 mL of HbCO A solution, at a concentration of
about 100 mg/mL in 50 mM sodium phosphate at
pH 7.1 in D,O and 3 mM IHP. Again, subtraction
was done with the matching buffer for the sample.
The samples were measured at a temperature of
288 K.
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