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Abstract

Neutron spin-echo (NSE) spectroscopy was used to study structural fluctuations that occur in
hemoglobin (Hb) and myoglobin (Mb) in solution. Using NSE data to very high momentum transfer,
q (~0.62 A1), the internal dynamics of these proteins were characterized at the level of the dynamical
pair correlation function and self-correlation function in the time range of several picoseconds to a
few nanoseconds. In the same protein solution the data transitions from pair correlation to self
correlation mation as the momentum transfer, g, increases. At low ¢, coherent scattering dominates;
at high g, observations are largely due to incoherent scattering. The low q data were interpreted in
terms of the effective diffusion coefficient; the high g, in terms of mean square displacements.
Comparison of data from the two homologous proteins collected at different temperatures and protein
concentrations was used to assess the contributions to the data made by translational and rotational
diffusion and internal modes of motion. The temperature dependence of the decay times can be
attributed to changes in viscosity and temperature of the solvent as predicted by the Stokes-Einstein
relationship. This is true for contributions from both diffusive and internal modes of motion
indicating an intimate relationship between the internal dynamics of the proteins and the viscosity
of the solvent. Viscosity change associated with protein concentration can account for changes in
diffusion observed at different concentrations, but is apparently not the only factor involved in the
changes in internal dynamics observed with change in protein concentration. Data collected at high
g indicate that internal modes in Mb are generally faster than in Hb, perhaps due to the greater surface
to volume ratio of Mb and the fact that surface groups tend to exhibit faster motion than buried groups.
Comparison of data from Hb and Mb at low g indicates an unexpectedly rapid motion of the
hemoglobin af3-dimers relative to one another. Dynamic motion of subunits is increasingly perceived
as important to the allosteric behavior of hemoglobin. Our data demonstrate that this motion is highly
sensitive to protein concentration, temperature and solvent viscosity, indicating that great care need
be exercised in interpreting its effect on protein function.

Introduction

Hemoglobin (Hb) is the prototypical allosteric protein, the behavior of which has been
extensively studied, documented and described in thousands of papers and featured in
essentially every modern biochemistry text. Hb is made of four subunits, two o and two 3, each
structurally similar to myoglobin (Mb). In switching from the oxy- to deoxy-states, the two
af dimers of Hb rotate approximately 15° relative to one. The canonical description of the
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quaternary structural changes that Hb undergoes in support of its cooperative binding of oxygen
derives from crystallographic studies of the oxy (R-state) and deoxy (T-state) structures®. The
discovery of additional quaternary structures of the liganded state? has raised questions about
the details of this canonical model. NMR studies® have indicated that the structure of the
liganded protein in solution is intermediate between the R-state and a second
crystallographically defined R2-state2. These findings have triggered a re-thinking of the
structure, dynamics and conformational changes of Hb and how they relate to function®.

Recent WAXS studies® have revealed that Hb undergoes concentration-dependent structural
fluctuations that rapidly increase in amplitude as protein concentration is reduced below about
50 mg/ml (0.8 mM). The concentration dependence was interpreted as being due to
macromolecular crowding — damping of fluctuations at higher concentrations. The nature of
the concentration dependent intensity changes indicates that they are due to slow coordinated
motions of rigid bodies. Because Mb exhibits similar behavior, the rigid bodies were
hypothesized to be a-helices. This is consistent with observations from molecular dynamics
calculations on Mb that the a-helices undergo displacements as nearly rigid bodies within the
protein®’. The WAXS data indicate that in Hb at 5 mg/ml interatomic vectors of ~10 A length
fluctuate by +/- 1.2 A. Because the fluctuations are cumulative, interatomic vectors of ~60 A
length may exhibit fluctuations of +/- 7.2 A- approximately the magnitude of structural motion
seen in the R- to T-state transition. This supports the assertion that at low concentration, Hb is
exhibiting fluctuations in which it explores multiple quaternary states. Although the original
observations were carried out on bovine met-Hb®, more recent work on human CO-Hb has
revealed analogous behavior with amplitudes less than those observed for met-Hb (in
preparation). WAXS data provide information about the spatial scale of these fluctuations, but
provide no information about the time scale on which they take place. The NSE data reported
here provide the complementary time-scale information about these fluctuations.

Dynamic properties of proteins in solution have been increasingly tied to protein function®.
The fluctuation-dissipation theorem? dictates a quantitative relationship between the
fluctuations of a thermodynamic system at equilibrium and its response to external driving
force (as might be provided by a functional interaction). Consistent with this relationship,
intramolecular motions driven by thermal fluctuations appear to mimic conformational
changes that are required for function of the protein. For instance, the conformations of the
flap regions of ligand-free adenylate kinase appear to move through low energy pathways that
include conformations adopted in response to binding of ligand%:11, Normal mode analysis
of the fluctuations of Hb in the unliganded state define a free energy pathway that stretches
towards conformations close to those expected in the liganded form?2. These observations
indicate that detailed studies of the structural fluctuations of proteins in solution will provide
substantial insight into the motions that proteins undergo during function.

There are relatively few biophysical techniques that can provide insight into the slow correlated
motions that most proteins undergo during function. NMR provides information about the
motions of individual groups on fast time scales (e.g. picosecond)3 and residual dipolar
coupling provides some information about the coordinated slow motions that are often involved
in functional activities!4. Crystallography provides information about the flexibility of groups
not involved in crystal contacts'®. Wide-angle x-ray solution scattering (WAXS) can be used
to characterize the breadth of the ensemble of structures that a protein takes on in solution®.
Computational studies using molecular dynamics (MD) can provide insight into motions that
occur on the relatively fast timescales accessible to MD and normal mode analysis (NMA)
provides insight into modes of motion that may be involved in protein function1®. Although
these techniques provide substantial information about protein motions in solution, no
technique is comprehensive, and new approaches are badly needed in order to gain further
insight into these motions.

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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Neutron spin-echo spectroscopy’ is an underutilized probe of protein dynamics sensitive to
slow correlated 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 and length
scales more relevant to protein internal modes?8. At relatively small g, the NSE signal is
dominated by coherent scattering and one measures the intermediate scattering function S;;
(9,t), which records the correlations of density fluctuations due to relative displacements rj-r;.

1
Sii(q, t):NZ<exp[

7
—iq.(r;(1
=0) —r;0)> (1)

where q is the momentum transfer, t denotes the time shift and i and j run over all atoms.

At larger g, the signal is dominated by incoherent scattering by protons (within the protein,
since solvent is 100% D,0) and one measures the self correlation function,

Si(g, 1) = <expliq.(r;(0)r;(1))]> @)

Assuming that the atomic displacement distribution functions are Gaussian, equation 2
becomes9:20,

2
(. Dyl L
Si(g, )=exp( 6 <r}(1>) ©)

where <r;(t) > is the mean square displacement of atom “i”.

From the intermediate scattering function one can extract a generalized time- and wavevector-
dependent diffusion coefficient which corresponds to collective motion?t. The relaxation rate,
I'(q) is given by

[(q)=0/01In(S 3(q, )l=0 @)

and the effective diffusion constant, Deft(q), and correlation time, t, are obtained by

Der(q)=I(q)/q*=1/(¢*7). ®)

The effective diffusion constant is thereby a measure of the decay rate of structural features
with length scales corresponding to 27/g. Degs has contributions from translational and
rotational diffusion - both of which can be affected by inter-particle interactions — as well as
from internal modes of motion. In the limit of infinitely dilute solution, the effective diffusion
coefficient, Dgsr(q) becomes D°¢5(q), the single particle effective diffusion constant. At
experimentally approachable concentrations, inter-particle interactions become important and
collective diffusion is a factor. The structural and hydrodynamic interactions are related by?2

Dt (@)=D"c(q) H(q)/S(q) (6)
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where, H(q) is the hydrodynamic function23; S(q) is the structure factor. According to the
Stokes-Einstein relation, D°(q) = kT/67nR, for a rigid, spherical particle of hydrodynamic
radius R. However, for a protein, D°eff(q) will have contributions from translational and
rotational diffusion as well as internal modes of motion. Interpretation of D°g(q) in terms of
these contributions is a substantial challenge and, as shown in equation (6), determination of
D°¢(q) depends on measurement of Deg(q), H(q), and S(q).

Det£(q) is measurable from NSE, as indicated by equation (5). S(q) is measurable from SANS
or SAXS. H(q), however, is difficult to estimate?2:23, |t has a g-dependence similar to S(g) and
leads to an overall constant downshift of the high q data?l. For some systems, at q > 0.06
AL any oscillations in H(q) are below 1% and can be safely ignored?!. Doster and
Longeville?* use the relationship, (6), to estimate H(q) — which appears roughly proportional
to S(q) as a function of g. For the range of g examined in this study, H(q) appears to be nearly
constant and can be safely dropped from equation (6), leaving, to a very good approximation,

D(q) ~ Detr(q) S(q) @)

There remains the challenge of separating the contributions of rotational and translational
diffusion and internal modes from the values of D°q(q) obtained from (7). One approach is
to calculate from atomic coordinates the contributions of rotational and translational diffusion
to D°¢(q)18:21 and assume that what remains is due to internal modes. This has been done
with some success for tagq polymerasel8 and alcohol dehydrogenase?!. These calculations
require the calculation of hydrodynamic properties, in particular, the generalized 6x6 diffusion
coefficient matrix which can be obtained from atomic coordinates using the program
HYDROPRO?, This calculation involves the adjustment of a free parameter that is different
for each protein2>. While the use of the diffusion coefficient matrix for calculation of D°+(q)
appears straightforward18:21, the calculation, as currently used, ignores details of the hydration
layer of proteins and results in predictions that must be adjusted to fit the observed values of
the translational and rotational diffusion constants. Ignoring the hydration layer can lead to
substantial errors, even in calculation of SAXS or WAXS data from atomic coordinates26:27,
Using this approach - while cognizant of its limitations - leads to an estimate of D°¢(q) for
Hb and Mb that indicates rotational diffusion may contribute to variations in the value of D
°+(0) as a function of g by up to 25%. Although Doster and Longeville?2 assert that since Hb
is “almost spherical and the molecular scattering density distribution is homogeneous at the
low g-values, translational and not rotational displacements dominate the scattering function,”
we believe that at larger q > 0.2 A1, rotational diffusion may well contribute to our data (see
Figure 11 and associated discussion).

Given the challenges involved in separating the various contributions to D°¢(q), we have
chosen a different approach. Here, we carry out a set of NSE measurements on two homologous
proteins (Mb and Hb) at different temperatures and protein concentrations, and analyze the
differences in D°gf(q) among these measurements in terms of the behaviors expected for
translational and rotational diffusion and internal modes of motion. In this way we are able to
extract from our observations insights into the motions contributing to those data. In particular,
we expect observations dominated by translational diffusion to behave approximately as D; =
kT/6mnR. As diagrammed in Figure 1, Hb is composed of 4 subunits, each of which is highly
homologous to the Mb molecule and Ry, ~ 413 Ry, Therefore, for comparisons of Hb with
Mb, we expect DY,p/D'y, = 4°1/3. Rotational diffusion scales as D, = kT/8anR3, and we would
expect D',/D"'mp ~ 1/4. Data that cannot be explained on the basis of these scaling arguments
may be dominated by the effect of internal modes of motion. We use similar scaling arguments
to analyze the effect of temperature, viscosity, and protein concentration on the dynamic
behavior of the proteins.

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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Examination of the WAXS scattering from Hb and Mb provides a useful context in which to
interpret the NSE data. In the range of coherent scatter, NSE data taken at a momentum transfer
of g probes the dynamics of structural elements (interatomic vectors) of a size corresponding
to roughly 2n/q. Typically, the dynamics of structural elements are highly dependent on the
degree of structural correlation that exists in that size range and WAXS provides a measure of
that correlation. Figure 2 displays WAXS data taken from both Hb and Mb (bovine met-Hb
and equine horse heart skeletal muscle Mb) using methods described previously®. The overall
distribution of intensity in the two patterns is very similar. Since Hb is roughly 4 times the
volume and mass of Mb, the WAXS pattern from Hb contains higher frequency terms. This is
most obvious at the position of the peak at 0.1875 A1 which is present in Hb but not Mb. This
peak corresponds to interatomic vectors ~33 A in length, roughly the center-to-center distance
between subunits in the Hb tetramer — features absent in Mb. The peak at 0.64 A1 corresponds
to interatomic vectors ~10 A in length and is present in essentially all proteins with a large o-
helical content because a-helices pack with a center-to-center distance of about 10 A. From
these data at concentrations of 150 mg/ml and 50 mg/ml, estimates for the structure factor, S
(9), were calculated, and are shown in Figure 3. At concentrations below 50 mg/ml, the form
factors of Hb and Mb change due to a broadening of their structural ensembles®, making that
data worthless for the estimation of S(q). The structure factors in Figure 3 were used to estimate
D¢ from Dess Using equation (6).

The NSE experiments carried out here provide measurements of the dynamical structure factor
Sij(a,1)/Sj j(g,0) out to t ~ 2 nsec. Data from Hb and Mb were collected over a range of q from
0.1t0 0.6 A-1. Data were collected at two protein concentrations (20 mg/ ml and 150 mg/ml)
and two temperatures (288°K and 310°K). A 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 as used
for the spectra and the fraction of coherent and incoherent scattering as derived from the
polarization analysis are plotted for Mb and Hb in Figures 4a and 4b respectively. At low g the
signal is largely coherent; at high g the signal arises from mainly incoherent scattering. The
transition point is at q ~ 0.26 AL,

Figure 5 includes representative plots of S; j(q,t)/S; j(g,0) for Mb (Figure 5a) and Hb (Figure
5b) measured at different q’s. The data segregate into two classes that correspond to the degree
of coherence in the scattering and clearly exhibit distinctive behaviors. The low g data exhibit
relatively slow decay times and can be characterized in terms of a single exponential decay.
At higher g > 0.26 A1 the coherent scattering contributes only modestly to the signal (8-15%)
and was analyzed as though due entirely to incoherent scattering. This data was not consistent
with a single exponential decay, but fit well to a *stretched exponential function’ without an
elastic background level. At these scattering angles, any coherent dynamics in our time window
would lead to an upwards motion of the S(q,t) curve, but this is not observed after D,O
subtraction, consistent with our decision to ignore the coherent fraction of the data at these g
values.

Analysis of Data in the Small g Regime

The data collected at q < 0.26A1 are accurately fit using a single exponential, where

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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S," 7,1) ~
101 = op(=T)
Sii(q,0) (8)

Correlation times, T = 1/T, are tabulated in Tables | and I1.

Comparable NSE data in the small g regime have been reported for Mb28 and Hb24. Our
measurements on Mb correspond closely to those reported previously?8. Our data on Hb are,
for the most part, taken at higher g values than reported by Doster and Longeville (2007)24 and
at much lower protein concentrations. Furthermore, we measured data from met-Hb, whereas
they used oxy-Hb. In the region where there is overlap in q between the data reported here and
that reported previously?4, our data reflect significantly faster relaxation phenomena. We
believe this is due to a combination of two factors: structural fluctuations in Hb are highly
sensitive to protein concentration®; and liganded Hb appears to exhibit substantially lower
amplitude fluctuations than met-Hb (in preparation). Our data from met-Hb do not follow the
patterns established in the Mb data and suggest that Hb is moving quite differently from Mb
in these samples. This is most apparent when t is plotted as a function of g as in Figure 6. Mb
behaves as expected for a relatively rigid, freely diffusing quasi-spherical particle with t
decreasing as a function of q in the range of 0.1 < q <0.25 A1 (Figure 6a). If Hb behaved
analogously, we would expect to see a pattern similar to that of Mb, but shifted to a higher t
(slower) by a factor of 41/3 due to the larger size of Hb. However, in the same range, t for Hb
actually increases as a function of g. Both rotational diffusion and internal modes appear to
contribute to this anomalous behavior.

In Figure 6, these data are superimposed on SANS data from the two proteins to provide a
context in which to consider these observations. In the Hb data (Figure 6b), the very large t at
0.24 A1 coincides with a peak in the SANS data known to be due to the quaternary structure
of Hb, arising largely to inter-atomic vectors between different domains. Translational motion
alone cannot account for its value. However, we will show that this value can be interpreted
as arising from a combination of translational and rotational diffusion and falls within the range
expected on the basis of these motions (see below).

Analysis of Data in the Large q Regime

At large g, (> 0.26 A1), the data derive largely from incoherent scatter. In this range, S;i(q,t)
cannot be accurately fit with a single exponential decay function. They do, however, fit well
to a ‘stretched’ exponential2%:30 of the form:

Sii(g, D) ~
= exp[—(T
Si(q.0) = L= @

as shown in Figures 5a and 5b. Analysis of predicted quasi-elastic neutron scattering data from
MD simulations0 indicates that the stretch factor B(q) reaches a constant value for large g in
the range of 0.2-0.5 A1, 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 with 5 =0.4 0 and " = 1/zxyyy (See Tables I and 1), where iy i the Kohlrausch-
William-Watts characteristic time30. As indicated in equation (3), these data can be used to

. . 2()>= 61 S_i(q’l) . . .
obtain the mean square displacement, <% (0>=~ — "$(q, 0) versus time. As is apparent in
Figure 6a, the data for g > 0.4 A1 collapse onto a single curve as shown for Mb at 288°K and
150mg/ml. Data from both Hb and Mb at other temperatures and protein concentrations exhibit

similar behavior. This collapse onto a single curve is consistent with the processes at g > 0.40

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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A-1 being due to self motion of protons. The time dependence of <r;2(t) > ~ t# can be described
by a power law exponent of £=0.4 +0.03 (see solid line fits in the Figure 7a) which indicates
sub-diffusive motion. Data taken at q < 0.4 A1 do not collapse onto a single line as shown in
the data taken at q=0.382 AL in Figure 7a. This may be due to contamination by coherent
scattering or other factors. These values of mean square displacement are rather larger than
observed in hydrated powders of Mb3L.

In order to estimate the contribution of internal modes of motion on the MSDs, we calculated
the contributions from translational and rotational motions according to Le Coeur and
Longeville, (2008)32. Assuming a decoupling of the motions,

<r7(1)>=6D,t+R>Dyt, (10)

where Dy is the translational diffusion coefficient and Dy is the rotational diffusion coefficient
related to the rotational diffusion time by t, = 1/2D, Using literature values for these diffusion
coefficients (Riveros-Moreno and Wittenberg, 1972; Wang et al., 1997), the resulting MSDs
are plotted on the graphs in Figure 7. For all time-scales measured, the observed MSD is greater
than that estimated from equation (10). The difference between observed and calculated MSDs
is a measure of the contribution of internal modes of motion on the total motion of atoms in
the proteins. For short times, most of the motion is due to internal modes. As expected, for
longer times, the whole body motion of the protein (translational and rotational) accounts for
a progressively larger proportion of the motion.

Figure 7b shows that the motion of protein hydrogens is sensitive to protein concentration.
Except at the shortest time scales, the mean square displacement of hydrogen is clearly greater
for Hb at 20 mg/ml than at 150 mg/ml. This is seen for both Hb and Mb independent of
temperature. A portion of the data used to derive the plots in Figure 7 is shown in Figure 8. In
all cases, decay times are shorter at 20 mg/ml than at 150 mg/ml. The concentration-dependence
of the low q data is consistent with the well known fact that diffusive motion will be faster at
low protein concentrations. But we also observe concentration dependence in the large q regime
where the data correspond to motions of individual protons. The effect of protein concentration
on the observed dynamics is quite dramatic. Figure 8 shows that both Hb and Mb undergo
much more rapid decay of correlations at low concentration than at high concentration.
Although this plot presents data taken at q = 0.46 A this trend was consistently observed for
all g and at both 288°K and 310°K.

The g-dependence of the Ty follows a power law such that twww~ o727 (inset Figure 7a),
indicating a diffusive-like character but with a g dependence much steeper than simple
diffusion (q-2). This kind of behavior has been measured for a large number of polymer
systems?0 for g < 1A-1 and for simulation-derived intermediate scattering functions for protein
backbone atoms30. To our knowledge this is the first NSE measurement on incoherent
scattering from proteins in solution exhibiting the same self-atomic motion of protons as seen
for polymers in this q range.

Discussion

The data collected in this study segregates into that arising from pair-correlation (small q;
coherent scattering) and self-correlation (large q; incoherent scattering). Analysis of the
coherent scatter provides insight into large scale, correlated motions including whole body
diffusion. Analysis of the incoherent scatter provides insight into motion of individual protons
which, in the time window available for this study, corresponds to internal modes of mation
of the protein. In the following discussion, while recognizing these differences, we will

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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nonetheless combine interpretation of these two data types as well as plot decay times derived
from them in the same Figures. This is done to simplify the discussion of the physical basis
for the observations and to move as quickly as possible from the data to conclusions about the
dynamic character of the proteins.

All NSE data reported here were collected in a time window of 1.4 ns (see, for instance, Figure
5) which, for the slowest decay processes limits the accuracy of the derived relaxation times.
As seen in Figure 5, the decay processes at low g extend for time periods far beyond the 1.4
ns window. The errors on the derived relaxation times (see Tables) were calculated from fitting
the data within this window, but may be subject to additional errors arising from small errors
in scaling and background subtraction. Nevertheless, the trends in relaxation times - as
observed, for instance in the low g data in Figures 5a and 5b - appear well defined by the data
and fully support our conclusions.

A key motivation for collecting NSE data on homologous proteins of different sizes at different
temperatures and protein concentrations was to use comparisons of these data sets to better
understand the contributions of translational and rotational diffusion and internal modes on the
observed decay times. The simplest predictor of the relationship between decay times collected
under different conditions is the Stokes-Einstein equation that states that for a solid sphere, the
translational diffusion constant can be expressed as

D=kT/6nnR. (11)

Generally, we would expect observations dominated by translational diffusion to behave
consistent with this relationship when temperature, viscosity or molecular radius are varied.
Conversely, there would seem to be no obvious reason for observations dominated by internal
modes to scale according to this relationship. Similarly, rotational diffusion of a rigid sphere
is predicted to behave as

D,=kT/87nR°. (12)

Changes in temperature, viscosity or particle radius should scale according to equation (12) if
rotational diffusion dominates.

The Effect of Temperature and Solvent Viscosity

The viscosity of an aqueous solution changes rather rapidly with temperature. The Stokes-
Einstein equation (11) indicates that t will scale like n/T. That is,

r=6mnR /kTq” (13)

This relationship can be tested using our data for Hb and Mb collected at two different
temperatures. We used the t observed at 288°K to predict the observations at 310°K according
to equation (13) in the form:

7T /n=67R /kq®=constant at a given q (14)

or

J Mol Biol. Author manuscript; available in PMC 2011 March 26.
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T1=0m1/12)(T2/T)72 (15)

where the subscripts indicate values at temperatures 1 and 2 and the viscosities are those of
D,0 at the relevant temperatures. This relationship is equally valid for both translational and
rotational motion. Figure 9a compares the observed values of T for Mb at 310°K with that
predicted from observations at 288°K using equation (14). The correspondence is striking,
indicating that differences in the decay times observed at different temperatures can be
attributed entirely to changes in temperature and viscosity of the solvent. It is not surprising
that low g data which is dominated by diffusion should behave this way.

Our observations on Mb (Figure 9a) and Hb (Figure 9b) indicate that the self-diffusion decay
times observed at high g and attributed to internal modes of motion also scale in this way. This
observation suggests an intimate relationship between the internal dynamics of the proteins
and the viscosity of the solvent. A close relationship between internal dynamics and solvent
viscosity has been observed by other techniques3®:36:37 and appears to be a fundamental aspect
of protein dynamics3®. The data reported here provide strong evidence for this relationship.

At low ¢, the temperature/viscosity scaling is less successful for Hb. The very low value of t
atq=0.11 A-1 cannot be accounted for by translational or rotational motions. This momentum
transfer corresponds to structural features that are ~ 60 A in size, approximately the size of the
af dimers of Hb that rotate relative to one another during quaternary switching. We suggest
that the observations at q = 0.11 A-1 may reflect relatively rapid rotations of the dimers relative
to one another.

The observation of a stretched exponential decay at these high q values is consistent with the
expected motion of the hydrogen constituents of proteins in solution. Diffusion of protein
hydrogens must necessarily be time-dependent and can be broken down into at least 3 time
regimes. At very short times their motion will be essentially harmonic, constrained to very fast
motion within a local energy well. At somewhat longer times their motion will include
movement in concert with the secondary structures, tertiary structures and domains to which
they are covalently attached. At very long time scales the mean square displacement will be
governed largely by whole-body diffusion of the protein. We would expect a fairly broad range
of variation in the first two processes, depending on the local environment of the proton. Since
all hydrogens in the protein contribute, the data constitute a weighted average over the entire
protein structure. The longer the time scale; the slower the process; resulting in the observation
of a multi-scale, stretched exponential decay.

The Effect of Protein Concentration

The breadth of the structural ensembles of both Hb and Mb change dramatically as a function
of protein concentration below 50 mg/ml®. The viscosity of protein solutions changes
substantially as a function of protein concentration and may contribute to these observations.
Solutions of Hb at 150 mg/ml are about 2.5 times as viscous as solutions at 20 mg/m|39:40:41
and for Mb*2 the difference is about a factor of 1.5. Using the Stokes-Einstein relationship to
scale the data at low protein concentrations to those at high concentrations, we obtain the results
shown in Figure 10a (for Mb) and 10b (for Hb). For low-q observations, this scaling works
exceedingly well, the data from the high concentration (150 mg/ml) specimen being quite
accurately predicted from the data collected on the 20 mg/ml solution. For high g, the data are
inadequate to make general statements. The scaling moves the data in the right direction, but
inonly 1 of 3 cases does it appear to accurately predict the high concentration data. The tentative
conclusion is that viscosity change associated with protein concentration can account for
observed changes in translational diffusion (as expected), but may not be the only factor

J Mol Biol. Author manuscript; available in PMC 2011 March 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lal et al.

Page 10

involved in the changes in internal dynamics observed with change in protein concentration.
In other words, a change in protein concentration changes viscosity (which, in turn, affects the
observed dynamics) but it may also change other properties of the solution that will have further
impact on dynamics. The fact that the spatial scale of structural fluctuations appears relatively
constant at protein concentrations above 50 mg/ml® - whereas viscosity will continue to
increase with concentration in this range - further supports the assertion that viscosity is not
the only factor contributing to the concentration-dependence of structural fluctuations.
Hydrodynamic interactions may account for part (or all) of this discrepancy. It has been
observed?3 that when macromolecular co-solutes are used to alter viscosity both translational
and rotational diffusion coefficients deviate strongly from the Stokes-Einstein laws. Viscosity
change due to change in protein concentration is analogous to that due to macromolecular co-
solutes.

The Effect of Protein Size

Qualitative comparison of the data from Hb with that from Mb suggests that decay processes
for Mb are - for the most part - slightly faster (lower t) than for Hb under similar conditions.
This is expected for low g observations where diffusion is a major contributor (however, see
below). But it also appears to be the case for the high-g observations which are dominated by
internal modes of motion. Given the homologous nature of Mb to the subunits of Hb, one would
expect the dynamics on internal modes of the two molecules to be roughly the same. One
possible origin of the differences is the different surface to volume ratios of the two molecules.
Numerous studies have indicated that chemical groups at or near the surface of a molecule are
more highly dynamic than those in the interior2®: 38, If this is the case, since Mb has a higher
surface to volume ratio than Hb, its average rate of internal dynamics should be greater. Our
observations are consistent with this interpretation, but fall far short of a proof.

Additional insight can be obtained by a quantitative scaling of the low g data from Hb with
that of Mb. To quantitatively scale the two data sets, we assume that Hb will act identically to
a Mb molecule with radius increased by a factor of 41/3. If translational diffusion dominates,
then equation (14) in the form, tp = (Rup/Rmb)TMb OF THb = 413 t\mp should be appropriate.
If rotational diffusion dominates, then, typ = (Ru/Rm)tvb OF THb = 4 tvb Should apply. As
shown in Figure 11, the low q data for Hb fall in the predicted range only at q ~ 0.24 A-1 where
it appears to arise from a combination of translational and rotational motions. At lower g, the
observed Ty, is too fast to be accounted for on the basis of whole-body motions. We conclude
that diffusion does not dominate the low q data for Hb. This suggests a substantial contribution
from internal modes in the small q regime.

Relative Motion of Hemoglobin Subunits

The lowest q data from met-Hb indicate motion on an unexpectedly fast time scale, but at a q
value that reflects the size of the a of Hb. The af-dimers of Hb rotate relative to one another
during quaternary changes that have long been known to be associated with the cooperative
binding of ligands by Hb. The concentration-dependent t observed at g ~ 0.1 A1 suggests that
at concentrations considerably lower than that in red cells the ap-dimers are in rapid motion
relative to one another. On the basis of data24 collected on oxy-Hb at higher concentrations
and over a lower g range we would suggest that these motions do not occur — or are much
slower —in oxy-Hb at concentrations comparable to those in the intact red cell. NSE and WAXS
measurements on CO-Hb indicate that in liganded Hb, the moton of af3-dimers is slower and
of substantially smaller amplitude (in preparation). The apparent rapid motion of ap-dimers in
met-Hb at 20 mg/ml suggests that there exists a readily accessible, low energy pathway
connecting distinct functional states that greatly facilitates these movements and is highly
occupied at low protein concentrations. Hb and Mb, like all proteins, have evolved into
molecular machines whose properties are highly tuned to the needs of the organism. Their
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properties, from oxygen affinity to structural fluctuations reflect their functional requirements.
The unexpectedly low t observed at g (~ 0.1 A1) appears to reflect motions of af-dimers that
have evolved in response to the functional requirements of the molecules. This interpretation
is consistent with the notion that proteins in solution undergo fluctuations during which their
conformations follow low-energy pathways connecting functional sub-states0:11:35,

Recent work has pointed to a dominant role of dynamics in the allosteric behavior of
hemoglobin#®. The liganded form of hemoglobin in solution appears to be a dynamic
intermediate between two quaternary forms (the R and R2 form)3:47. The observed affinity of
Hb may arise from an ensemble average of all possible T and R conformations in solution8,
The data presented here demonstrate that the dynamic behavior of Hb is highly sensitive to
protein concentration, temperature and solvent viscosity, indicating that great care need be
exercised in design of experiments aimed at understanding its effect on protein function.

Wide-angle x-ray scattering (WAXS) data were collected at the BioCAT undulator beam line
(181D)*> at the Advanced Photon Source (APS), Argonne, IL. The experiments on protein
dynamics were performed at the NSE spectrometer IN11c at the Institut Laue Langevin,
Grenoble, using a wavelength of 5.5 A . The intermediate scattering function S(q,t) as function
of Fourier time, t was measured over a Fourier time range from 0.005 to 1.5 ns and a momentum
transfer range from 0.1 A1 t0 0.62 A1,

The NSE experiments were performed at two different concentrations of bovine met-Hb and
equine horse heart skeletal muscle Mb (Sigma-Aldrich): 20mg/ml (volume fraction = 1.5%)
and 150 mg/ml (volume fraction = 11.25%) dissolved in deuterated water. The experiments
were carried out at 288°K and 310°K. Data from pure deuterated solvent was measured in
separate runs.

In the wide angle regime g > 0.26 A1, for the Hb solution data the scattering from the deuterated
water (D20) has significant contribution and has to be subtracted carefully. This is done by
assuming that the scattering from the pure sample is reduced by the fact that DO is replaced
by Hb. In addition, the stronger scattering from the Hb will reduce the likelihood of scattering
from the D,O by the ratio of the transmission coefficient. Transmission coefficients were
determined at Argonne IPNS beamline SASI, at 5.5 A. For Hb at 150mg/ml the transmission
coefficient was 0.742, Hb at 20mg/ml, 0.816; for D50, 0.834. The values were used to scale
the D,0O data which was subtracted using factors of 0.742/0.834*0.8875=0.7896 for D,O
subtracted from the 150mg/ml solutions and 0.816/.834*0.985=0.9637 for D,0 subtracted
from the 20mg/ml solution. The first factor, is the ratio of transmission coefficients, accounting
for the fact that the D,O is “shadowed” by the Hb; the second factor is the volume faction of
D50 in the sample (1- excluded volume of Hb). Similar subtraction was also done for Mb. For
Mb at 150mg/ml a transmission of 0.7715, Mb at 20mg/ml a transmission of 0.8456 and for
D,0 atransmission of 0.8572 was measured directly at IN11c. The specific volume of Mb was
assumed to be 0.743 cm3/g and Hb 0.750 cm3/g.
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Figure 1.
Rendering of Hb tetramer and monomeric Mb. Hb is composed of four subunits — two o—
subunits and two B—subunits; each highly homologous to Mb.
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Figure 2.
WAXS I(qg) for 150mg/ml Hb and Mb in PBS buffer at 278K. Intensity is on an arbitrary scale
and has been shifted to allow visual comparison of the two scattering patterns.

J Mol Biol. Author manuscript; available in PMC 2011 March 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Lal et al.

Page 17

e e e

—— colicrent Mb 280K | S0mer
e jophierent Mb 280K | 50mg
i incoticrent Mb 310K |

- i
e cfierent Mb 30K | 50mg
—— M 20m

coheremt Mb 280

b 288K 150mg/ml

g I 1 Hb 288K 150mg
—— Hb 310K 15(mg/m] H
= incoherent Hb 310K 150mg/ml |7
e coherent Hb 288K 20 mg/m|
—— H } Jem H

Figure 3.
Effective S(q) for 150 mg/ml of Hb and Mb (calculated as 1(g; 150 mg/ml)/1(g; 50 mg/ml).
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Figure 4.

Fraction of coherent and incoherent scattering as derived from polarization analyses are plotted
for (a) Mb and (b) Hb. The polarization analysis was carried out at the beginning of all NSE
spectra to determine both polarization and average signal for each detector. The detectors were
grouped together with the same grouping as used for the collecting spectra (analysis of
relaxation time).
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Figure 5.

Normalized intermediate scattering functions S(q,t)/S(q,0) of (a) Mb and (b) Hb in D,O
measured with the neutron spin-echo spectrometer IN11c (Institut Laue-Langevin in Grenoble)
at several wave-vectors g for concentration of 150mg/ml and temperature 288K. Solid Lines
indicate fits of the data to a single exponential (low g regime) and stretched exponential decay
function (high g regime).
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Figure 6.
Relaxation times, <t>, in nanoseconds (red) and small angle neutron scattering (SANS)
intensities, 1(q) (black) for (a) Mb and (b) Hb.
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Figure 7.

(a) Mean square displacement of the Mb protons at 288K obtained from S;(q,t) at g>0.26
A-L For the 3 largest values of g, a nearly perfect collapse of the experimental data onto a
single curve is obtained. The solid colored lines represent <r;2(t)>~t® with p=0.4. The solid
black line displays the results of the calculation of mean square displacement obtained using
equation (10). Inset shows the scaling txww ~ q~2/ for Mb 150mg/ml at 288K and 310K (b)
Mean square displacement of the Hb protons at 20mg/ml and 150mg/ml at 288K obtained from
Si(q,t) at g=0.46 A-1. The solid black line displays the results of the calculation of mean square
displacement obtained using equation (10).
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Normalized intermediate scattering functions S(q,t)/S(q,0) of Mb and Hb at g = 0.46 A1 and
T =288°K measuring the internal relaxation at 150 mg/ml (red) and 20 mg/ ml (black). These
plots clearly show that relaxation times observed at 20 mg/ml are substantially faster than those
seen at 150 mg/ml.
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Figure 9.

The effect of temperature and viscosity. Here, t is plotted as a function of g for (a) Mb and (b)
Hb for data collected at T=288°K and 310°K (150 mg/ml protein concentration). Also plotted
are predictions for 310°K as calculated from the data collected at 288°K and the Stokes-Einstein
equation as described in the text. For Mb, the predictions fall virtually on top of the
observations, indicating that temperature and solvent viscosity account for essentially all
differences between the 1 observed at different temperatures. For Hb, internal modes and
rotational diffusion contribute to discrepancies seen in the low q regime.
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Figure 10.

The effect of protein concentration. t is plotted as a function of g for (a) Mb and (b) Hb for
data collected at 288°K and concentrations of 20 mg/ml and 150 mg/ml. Also plotted are
predictions for 150 mg/ml calculated on the basis of the difference in viscosity of the low and
high concentration solutions. In the low q regime, viscosity appears to account for virtually the
entire difference observed. In the high g regime, the data are inadequate to support a conclusive
statement, but on the basis of limited observations, viscosity differences do not appear to be
adequate to account for all observed differences.

J Mol Biol. Author manuscript; available in PMC 2011 March 26.

Page 24
5T O S e AR N S S T T R
: 4 Hb 150mg/ml 288K :
! = Hb 20mg/ml 288K :
E @ = O Hb at 150mg/ml predicted from |
) Hb 20mg/ml (factor 2.5) ;
: w ]
i =
:
: O E
g : ®
0.1 0.2 0.3 0.4 0.5 0.6 0.7



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lal etal. Page 25

: , . . _ : . . . | | |
m i =
fjﬂ - q
H i =
W
_ T predicted l
Hb
.~ rotational =4 t
Mb
10 t —_
_ - T predicted ]
6 -7 = Hi = ]
; = @ translational =4 " t__ 1
i | Mb |
T (observed) N

. Hb Tw (observed) |

2 L ) l i ; . : . . . : |

Figure 11.

Hemoglobin does not behave like a larger version of myoglobin. t is plotted as a function of
g for Hb (open circles) and Mb (solid red circles) and compared to that predicted from the Mb
data (solid black circles) by scaling according to protein size assuming pure translation (lower
set of predictions) and pure rotational motions (upper set of predictions). At q = 0.24 A-lthe
Hb data is consistent with the predictions assuming a combination of rotational and
translational motion. At lower g, the observed motions of Hb are inconsistent with those
predicted on the basis of the behavior of Mb.
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