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Abstract

In aqueous solution some proteins undergo large-scale movements of secondary structures, subunits
or domains - referred to as protein ‘breathing’ - that define a native-state ensemble of structures.
These fluctuations are sensitive to the nature and concentration of solutes and other proteins and are
thereby expected to be different in the crowded interior of a cell than in dilute solution. Here we use
a combination of wide angle x-ray scattering (WAXS) and computational modeling to derive a
quantitative measure of the spatial scale of conformational fluctuations in a protein solution.
Concentration-dependent changes in the observed scattering intensities are consistent with a model
of structural fluctuations in which secondary structures undergo rigid-body motions relative to one
another. This motion increases with decreasing protein concentration or increasing temperature.
Analysis of a set of five structurally and functionally diverse proteins reveals a diversity of kinetic
behaviors. Proteins with multiple disulfide bonds exhibit little or no increase in breathing in dilute
solutions. The spatial extent of structural fluctuations appears highly dependent on both protein
structure and concentration and is universally suppressed at very high protein concentrations.
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Introduction

The function of most, if not all, proteins require some movement of structural elements relative
to one another. This may involve individual side chains, loops, folds or entire domains. Often
the movement corresponds to a transition between two or more functional states such as a

conformational change that occurs in response to binding of a ligand. A functional state is not
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strictly a single, rigid conformation, but rather an ensemble of structures that are accessible to
one another through relatively low energy conformational transitions. The magnitude of the
structural fluctuations within the ensemble that corresponds to the canonical ‘native state’ of
a protein is of critical importance for proper protein functionls 2 3, The scale of these
fluctuatlons has been studied by a Wlde variety of biophysical tools including NMR4; H/D
exchange X-ray crystallography » 75 8; inelastic neutron scatterlngg, and Raman
spectroscopy10 as well as comgutatlonal approaches such as molecular dynamics simulations
and normal mode anaIyS|s Fluctuations within the native ensemble of a protein involve
motions that range from atomic vibrations to slow, large- scale movements of subunits or
domains that are sometimes referred to as protein ‘breathlng

Because of the wide range of time scales under which these motions occur, the corresponding
differences in length scales, and the diversity of experimental approaches that have been
applied to their study, a uniform view of the nature of these fluctuations and their impact on
function has not yet developed. In part this is due to the fact that different experimental methods
may require rather different concentrations, temperature, buffer or other environmental
conditions. The form and scale of motion may be highly sensitive to differences in these
conditions. Motion may even be affected by crystal contacts in different crystal forms of the
same protein8? 14,15 Furthermore, since most experimental approaches are applied to proteins
in either a relatively dilute environment or a highly ordered crystal, their relevance to in vivo
protein function is uncertain. The crowded interior of a cell gives rise to a multitude of protein-
protein interactions that may alter the nature and magnitude of structural fluctuations exhibited
by proteins and potentially leads to functional properties very different from those in dilute
solutions16. The effect of this ‘macromolecular crowdmg is to stabilize protems17 18; 19;
20 and increase their rates of folding and refoldmg + 22523 proteins can be ‘crowded’ by
other macromolecules or by smaller metabolites or osmolytes. Osmolytes frequently shift the
native state ensemble towards species with more ordered, compact conformations24, strongly
suggesting that crowding, whether due to osmolytes or macromolecules, will suppress
conformational fluctuations.

Although in theory, wide-angle x-ray scattering from proteins in solution (WAXS) contains
structural information about proteins in solution the relative weakness of the scattering signal
has restricted its use. The availability of high flux, well-collimated x-ray beams at third
generation synchrotron sources has made possible the collection of high quality WAXS data
from proteins in solution out to 2 A spacing and has been shown to provide information about
the conformational changes induced by either Ilgands or changes in oxidation state26;
secondary structure content2’; and radiation damage

X-ray solution scattering provides information about the ensemble average of the scattering
from all proteins in solution. As the nature of the ensemble changes, corresponding changes
in scattering are detectable 29;30 The Debye formula for intensity of scattering from randomly
oriented objects such as protein molecules in solution expresses the intensity in terms of the
distribution of interatomic vector lengths in the object3 . The intensity scattered from a random
ensemble of proteins is the sum of that from the individual proteins. As the polymorphism of
an ensemble increases, sharp features in the scattering pattern will blur or become less distinct.
Asimple example is the scattering pattern from a uniform population of non-interacting spheres
of radius A, and another from a uniform population of slightly different radius B. Each will
have sharp, well defined maxima and minima but at somewhat different scattering angles. Mix
equal amounts of the two populations together and, in the absence of intermolecular
interference effects, to a very close approximation the scattering pattern from the mixture will
be the sum of the patterns from the individual homogeneous populations. The peaks and troughs
will lose sharpness because they represent the sum of two patterns in which the peaks and
troughs are at slightly different positions.

J Mol Biol. Author manuscript; available in PMC 2008 January 30.
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Here we use a combination of wide angle x-ray scattering and computational modeling to
demonstrate that the loss of sharpness relative to a reference diffraction pattern can be used to
derive a quantitative measure of the degree of structural polymorphism in a protein solution.
This approach, when applied to multiple proteins representing a range of tertiary and quaternary
structures, demonstrates that structural fluctuations are highly dependent on both protein
structure and protein concentration and are suppressed at very high protein concentrations.

WAXS as a function of protein concentration

To probe the effect of protein concentration on the native ensemble, WAXS data from a broad
concentration range for five representative proteins was collected and processed as previously
described?>; 28, WAXS data was collected from solutions of bovine hemoglobin; hen egg
white lysozyme; hen egg white avidin; bovine serum albumin and equine myoglobin over a
broad concentration range (0.5 to 300 mg/ml) at 5°C with additional hemoglobin data sets
collected at 25°C, 37°C and 45°C. All of the protein solutions were in phosphate-buffered
saline except for lysozyme which was suspended in acetate buffer, pH 4.5 to maximize
solubility. WAXS patterns were collected and azimuthally integrated to generate one-
dimensional scattered intensity plots (see Methods;27). Figure 1 shows the radial trace of a
WAXS pattern collected from a solution of hemoglobin at 150 mg/ml, along with
corresponding traces of scattering from buffer filled capillary and empty capillary. Subtraction
of scattering from capillary and excluded volume-weighted scattering from buffer is used to
calculate scattering from the protein (top trace in Figure 1). Figure 2 shows radial traces of
WAXS patterns from (a) hemoglobin prepared at concentrations of 1 to 300 mg/ml and (b)
lysozyme prepared at concentrations of 1 to 300 mg/ml. The observed intensities are very
similar over the entire concentration range, with signal-to-noise ratio dropping as anticipated
for data collected from very low concentration solutions (i.e. below 10 mg/ml). Protein
concentration was estimated using three techniques: biochemically; scaling of diffraction
patterns normalized to incident photon counts; and from excluded volume estimates based on
wide-angle scattering data. Data were scaled to minimize the difference between each pattern
and a reference pattern, optimizing the fit by variation of the scale factor and excluded volume.
Estimates of concentration based on scale factor and excluded volume compared very well
with expectations up to the limit of solubility of 250 mg/ml for hemoglobin and 150 mg/ml for
lysozyme. Above these concentrations, both scaling and estimation of excluded volume
indicated a plateau in concentration reflecting the fact that the solubility limit had been reached
(data not shown).

Although WAXS patterns from hemoglobin prepared at concentrations of 1 to 300 mg/ml
appear very similar over the entire concentration range, examination of the x-ray scattering
patterns reveals that in those collected at concentrations below 50 mg/ml the intensity at
positions of peaks and troughs is highly dependent on concentration (Figure 2a). This is more
readily apparent in the comparison of scattering from hemoglobin at 4 mg/ml and 47 mg/ml
shown in Figure 3a. Scattering from lysozyme does not exhibit this behavior, with very little
change in the intensities at peaks or troughs apparent when intensity distributions are compared
(Figures 2b and 3b). Peak and trough intensities from hemoglobin and lysozyme patterns
plotted as a function of concentration (Figures 4 and 5) demonstrate that scattered intensity is
relatively constant as a function of concentration above 50 mg/ml but may change by 10% or
more at lower concentrations. The progressively lower signal-to-noise ratio of data from low
concentration solutions does not account for the observed changes in intensities observed in
this concentration range for hemoglobin as seen by the magnitude of the error bars relative to
the intensity changes (Figures 3a; 4). The small changes in intensity observed at concentrations
above 50 mg/ml are linear as a function of concentration and confined to relatively small angles
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of scattering, indicating that they are due largely to decrease in contrast at progressively higher
protein concentrations. The large intensity changes observed at low concentrations (less than
50 mg/ml) of hemoglobin appear to reflect an increase in the structural polymorphism of the
native ensemble of the molecule in dilute solution. Small changes in scattering from lysozyme
at concentrations less than 20 mg/ml (Figure 5) are suggestive, but not convincingly larger than
the expected errors in the weak scattering from these dilute solutions.

Hemoglobin Structural Fluctuations Resemble Rigid Body Motions

The observed changes in intensity at low concentrations were used to discriminate between
alternative models of the polymorphism by computing the effect of different forms of disorder
on the scattering pattern from a reference (high concentration) structure. The reference structure
was chosen to be hemoglobin at ~47 mg/ml because virtually all the change in intensity at
higher concentrations was due to change in contrast and at lower concentrations was due to
increase in disorder. Since the reference structure corresponds to a molecule that is itself
undergoing an unknown degree of structural fluctuation this construction provides a measure
of the difference in fluctuations between reference and model as opposed to an absolute measure
of fluctuation in the model.

Modeling of disorder was carried out in real space through transformations of the pair
correlation function, p(r), the distribution of all interatomic vector lengths in the specimen. The
pair correlation function was derived from the measured intensities through the autocorrelation
function, a(r), which was calculated from the measured intensities by32:

a(r)=4n ['s*1(s) [sin (27rs) / (27rs)] ds )
where I(s) is the distribution of scattered intensities, s = 2 sin(0)/A, 20 is the scattering angle
andx is the wavelength of incident x-rays The autocorrelation function is the spherically
averaged Patterson function (the map of all interatomic vectors in the scattering particles). The
pair correlation function (also called pair distribution function) is derived from the
autocorrelation function by multiplying a(r) by 4zr? to generate the distribution of interatomic
vector lengths.

Predicted patterns for the model ensembles were computed by replacing each interatomic
vector in the pair correlation function of the reference structure by a set of vectors with a
Gaussian distribution of lengths. Models were constructed using both a wide range of Gaussian
distribution widths, and by varying the way in which those widths varied with the length of
the interatomic vector. The calculations were carried out by (i) extrapolation of the observed
reference-structure diffraction pattern to zero scattering angle using the Guinier approximation;
(ii) calculation of the autocorrelation function of the protein by a spherical Fourier transform
of the reference intensities (equation (1)); (iii) multiplication of the autocorrelation function
by 4xr? to generate the pair correlation function; (iv) convolution of that pair correlation
function by a Gaussian [or set of Gaussians] that replaces all interatomic vectors of a given
length by a distribution of vector lengths representing the range of motion for that interatomic
vector length; (v) generation of the new autocorrelation function by dividing by 4xr?; and (vi)
carrying out the reverse Fourier transform to obtain a diffraction pattern predicted for the model
ensemble. This process is similar to one used to model disorder in crystalline proteins on the
basis of diffuse scatterinng.

The properties of the ensemble of structures giving rise to the model diffraction pattern are
reflected in the details of the convolution carried out on the pair correlation function. The pair
correlation function corresponding to the model structural ensemble, (eg. 2) pm(r), is computed
from the convolution of the pair correlation function of the reference structure, p.(r), and a
Gaussian of half width o(r) (which may be a function of the interatomic vector length r).

J Mol Biol. Author manuscript; available in PMC 2008 January 30.
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Pn (1) =p:(0) exp (—1*/20°(1)°) ®

The “*’ inequation (2) denotes convolution. The form of this construction is sufficiently general
to be useful for a broad range of model types. The simplest model is one in which each atom
undergoes uniform uncorrelated fluctuations about an equilibrium position as might be
observed in a crystal. The effect of this type of fluctuation can be modeled by convolution of
the pair correlation function of the reference structure with a Gaussian of width, o, that is
independent of the length of the interatomic vector (the Uniform Disorder Model). According
to the convolution theorem this operation corresponds to multiplying the WAXS pattern by a
Gaussian with half-width inversely proportional to ¢. Disorder of this kind would result in a
progressive reduction of scattered intensity as scattering angle increases. This trend is not
observed in the experimental data as the predominant signature of the observed concentration
effects is that scattering is not significantly reduced at larger scattering angles. This indicates
that the structural fluctuations have a greater effect on long interatomic vectors than on shorter
ones and implies that the observed effect is due to fluctuations of rigid bodies in which short
interatomic vectors are relatively fixed in length.

To more closely approximate these observations, two additional models for disorder were
tested. In these models the fluctuations in interatomic distance increase in magnitude for longer
interatomic vectors. In the first of these models (the Nearest Neighbor Model), o(r) was chosen
to increase proportional to ~r%-5. This type of model is often used to model disorder in one-
dimensional systems where next-nearest neighbor distances are distributed as the convolution
of two nearest neighbor distributions. This model also predicts a significant decrease in
intensity at large angles and is thereby inconsistent with the observed data.

However, when fluctuations are modeled as proportional to interatomic vector length (o(r) o
r; Rigid Body Model) the predicted scattering at wide angles remains relatively constant while
peaks and troughs at moderate angle are blurred with a character similar to that observed. In
this model smaller structural elements of the protein move only slightly, resulting in small
changes of the intensity patterns at high scattering angles. However, larger structural elements
such as domains or secondary structures shift relatively more, affecting intensities at smaller
scattering angles. The value of o(r) giving rise to the calculated scattering pattern that most
closely approximates the observed low concentration (4.2 mg/ml) pattern for hemoglobin is o
(r) =0.12 (+/—0.03) r. In other words, to construct this model ensemble, each interatomic vector
of length 10 A in the reference structure was replaced by a Gaussian distribution of vectors
with average length 10 A and standard deviation of 1.2 A (0.12r). Corresponding replacements
were made for interatomic vectors of all lengths.

A highly sensitive measure of the effect of structural polymorphism on a diffraction pattern is
the ratio of intensities measured from the reference structure to those computed for the model
ensemble. This ratio was calculated and compared to the corresponding ratio of diffraction
intensities measured from proteins at the reference concentration (47 mg/ml) to that measured
from proteins at low concentration (4.2 mg/ml) as shown in Figure 6a for hemoglobin. The
computed ratio in red derived from the model corresponds well to the observed ratio in black
over the full range of scattering angles, indicating that the form and scale of the model ensemble
closely approximates the fluctuations occurring in hemoglobin at 4.2 mg/ml. The quality of
data is sufficient to reject models in which the scale of fluctuations is outside the range 0.12 +
0.03 r. Extrapolated to zero concentration, the estimated fluctuation range for hemoglobin is
0.15 + 0.03 r — in other words, structural elements with characteristic length of 10 A would
need to exhibit motions of about 1.0 to 1.5 A relative to one another to account for the
observations.
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Structural fluctuations in other proteins

The observed intensities indicate that the structural fluctuations exhibited by lysozyme (Figures
2b, 3b) at low concentration are far smaller in magnitude than those observed for hemoglobin.
The intensity ratio observed for lysozyme (Figure 6b) is closest to that computed using a
Gaussian of width o(r) =0.06 r. Fluctuations this small produce changes in scattered intensity
that are not significantly greater than the noise level of the data and any Gaussian with width
in the range ¢ =0.06 + 0.05 r is consistent with the measured data.

At very low concentrations (< 2 mg/ml), wide angle scattering (0.15-0.3 1&‘1) from lysozyme
exhibits some decrease in intensity, suggesting an increase in local fluctuations of residues (see
Figure 2b). This effect is also observed in scattering from myoglobin and to varying degrees
in the other protein data sets. Although the weak scattering from proteins at these concentrations
makes it difficult to quantitate the effect, it suggests that at the lowest concentrations studied
here an increase in local fluctuations on the scale of residues (rather than secondary structures
or domains) does occur in most proteins.

Results of analogous WAXS experiments from solutions over a wide concentration range for
hen egg white avidin (Figure 7); bovine serum albumin (Figure 8) and myoglobin (Figure 9)
are summarized in Table 1. At each scattering angle, the concentration dependence of intensity
was approximated by [I = A exp(—aC/cqyo) + BC] where C is the concentration, A provides a
measure of the magnitude of the effect of structural fluctuations, ¢y, is the concentration at
which the effect is half maximum and ‘a’ is a constant of proportionality (= —In(2)). The linear
term, BC, is due to change in contrast over the concentration range studied. Intensity was fit
to this functional form at every scattering angle, and the average values of cq/, tabulated (Table
1). Approximate magnitude of the fluctuations giving rise to the effect were estimated as
described for hemoglobin (above) and then extrapolated to zero concentration. BSA exhibits
amodest but statistically significant effect at very low concentrations (<15 mg/ml). Myoglobin
and avidin exhibit significant increases in fluctuations with a magnitude comparable to that of
hemoglobin as indicated by their o(r)/r values.

The effect of temperature on hemoglobin breathing

The structural fluctuations observed in hemoglobin are temperature dependent, increasing
modestly as temperature rises. At higher temperatures, the fluctuations appear to occur at higher
concentrations before being suppressed by crowding as reflected in the cq» values (Table 1).
The effect is most clearly observed at small scattering angles. Figure 10 compares small angle
scattering patterns from hemoglobin at 5°, 37° and 45° C for 20 mg/ml solutions (Figure 10a)
and 150 mg/ml solutions (Figure 10b). In the 150 mg/ml solutions, statistically significant,
temperature-dependent differences were observed only at the first maximum (0.0253 A‘l)
which decreases in intensity (by roughly 9%) and sharpness with increasing temperature. At
lower concentration similar behavior is observed but the scale of the effect is larger. At 20 mg/
ml, the first maximum is flattened out compared to that at 150 mg/ml, and the effect of
temperature is to further decrease its intensity (by about 18%) and sharpness. Also, at low
concentration statistically significant, temperature-dependent differences are observed at the
positions of several minima and maxima at wider angles in the scattering pattern (data not
shown). At the higher concentration (150 mg/ml) macromolecular crowding appears to
suppress the increase in structural fluctuations induced by increased temperature. At all
concentrations of hemoglobin analyzed, the data indicate the presence of greater structural
fluctuations in the specimen at higher temperature, with the effect of temperature amplified at
lower concentrations.
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Discussion

The data presented here demonstrate concentration-dependent trends in the WAXS patterns
for a variety of proteins of different size and structure. We have interpreted these trends as due
to increase in the scale of collective motion of the proteins - that is, increase in the breadth of
the native ensemble - as protein concentration decreases. Alternatively, this trend could be due
to systematic changes in the structure of the proteins or to oligomerization or aggregation of
the proteins.

We believe that structural changes are unlikely to account for the observations because of the
similarity of the effect of decreasing concentration with the effect of increasing temperature.
An increase in the breadth of the native ensemble as temperature increases is expected on the
basis of first principles. Furthermore, there is no reason to believe that increased temperature
and decreased concentration should lead to similar changes in the structure of hemoglobin. The
fact that both increased temperature and decreased concentration lead to increases in
fluctuations is not only self-consistent but consistent with trends expected in response to
changes of these environmental variables.

Aggregation - the formation of dimers or higher order oligomers - cannot account for the
observations reported here. Evidence for non-specific aggregation can be readily observed by
small-angle x-ray scattering. In those samples with protein concentration over 100 mg/ml we
observe weak correlations that correspond to inter-protein distances. For instance, in the
hemoglobin sample at 257 mg/ml, there is a weak, diffuse peak in the pair-correlation function
at about 83 A (data not shown), closely corresponding to the average distance between
hemoglobin molecules expected in a solution at that concentration. As dimerization would
result in a peak at 60-65 A, this is clear evidence that the proteins are soluble with an average
of about 20 A between the surfaces of adjacent molecules.

The nature of the structural fluctuations reported here can be surmised by the range of scattering
angles over which changes as a function of concentration are observed. Most of the
concentration-dependent intensity shift occurs at scattering angles corresponding to spacings
of 5 A or larger (1/d < 0.2 AL see for instance Figure 3a). This implies that the observed
effects are due to relative motion of structures with linear dimensions greater than 5 A.
Secondary structures such as a-helices and B-sheets have characteristic length scales of 10 A
or larger, making them strong candidates for the rigid bodies undergoing the fluctuations, but
relative motion of larger rigid structural elements such as domains cannot be ruled out on the
basis of our observations.

The scale of motion predicted by the Rigid Body Model for hemoglobin extrapolated to zero
concentration (0.15 r +/- 0.03) indicates that objects with characteristic length of 10 A would
need to exhibit motions of about 1.0 to 1.5 A relative to one another to account for the
observations. This is a significant size range as several lines of evidence suggest that this scale
of fluctuation approaches, but does not exceed the limit beyond which the protein tertiary
structure will be substantially disrupted. Chothia observed some time ago that relative motion
of secondary structural elements up to about 1.5 A can usually be accommodated by rotations
of side chains without breaking hydrogen bonds but that larger scale motions require
restructuring of an interface32. Consequently, the fluctuation range suggested by these data
will most likely occur without significant alteration in the pattern of intramolecular bonds that
stabilize the protein. The data presented here suggest that the scale of motion is a sensitive
function of the concentration in very dilute solutions.

Myoglobin and avidin appear to undergo structural fluctuations of a similar scale to that of
hemoglobin, with virtually the same concentration dependence of the observed effect when
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expressed in mg/ml (Table 1). Since myoglobin corresponds in size and structure to one of the
four subunits of hemoglobin, this observation suggests that the observed fluctuations in
hemoglobin are due not to the relative motions of its four subunits (i.e. inter-subunit), but rather
to relative motions of smaller structures (i.e. secondary structural elements).

Dynamics of proteins have been studied over multiple time scales, from picoseconds to
milliseconds and slower. Although extensive experimental and computational work has been
carried out on fast dynamics, slower time scales have proven less accessible. The spatial scale
of concentration-dependent changes in native ensemble reported here suggest that the motions
leading to these changes are slow, collective motions. In particular, the relative insensitivity
of scattering in the wide-angle range corresponding to spacings of 3-5 A, suggest that fast
dynamics involving individual atoms or groups do not change significantly as protein
concentration decreases.

Residual dipolar couEllngs (RDCs) have been used to study slow correlated motions in a
number of protelns mcludmg protein G 35 ublqumn , the B3 1gG binding domain of
streptococcal protein G (GB3) myoglobln 8 and hemoglobln . Cross-correlated chemical
shifts have also been used in studies of ubiquitin 40,41 Byt the nature, distribution and
significance of these motions remain poorly understood. Our results indicate that care should
be taken in choosing protein concentration at which these studies are carried out as results
could vary significantly at total protein concentrations below ~50 mg/ml.

The original study of dynamics in myoglobin mterpreted the RDC:s as reflecting large-scale
motions of secondary structures relative to one another3”, but this interpretation has been
questloned . No follow-up study to resolve the presence of collective motions in myoglobin
has been reported. The original work was carried out at 5 mM protein (85 mg/ml), a
concentration at which we would expect relatively little correlated motion based on the data
presented here. A study in which RDCs were used to determine the quaternary structure of
hemoglobin in solution39 also utilized 15N relaxation data to suggest significant
conformational exchange contributions at contact sites between the a1 31 and a23> dimers. More
recent work#3 has demonstrated that hemoglobin dynamics is dependent on the quaternary
structure, being more flexible in the deoxy state than the ligand-bound state. These NMR
studies have been carried out at concentrations in the range of 50-75 mg/ml. Our results suggest
that collective motion will be relatively modest at these concentrations and that studies carried
out as a function of concentration could be used to identify those aspects of the RDC data that
are due to slow correlated motions.

The effect of temperature on fluctuations is most readily observed at small scattering angles
indicating that increasing temperature has greater effect on large interatomic vector lengths
than on small ones. This contrasts with what is observed in protein crystals. In crystals, the
protein lattice restricts large-scale motions by forcing interatomic vectors to fluctuate in an
interdependent manner and thereby results in fluctuations in the interatomic vector lengths that
are essentially independent of length. In proteins in solution, interatomic vectors fluctuate
independently and without the restrictions imposed by a crystal lattice, resulting in fluctuations
in interatomic vector lengths that increase in magnitude as a function of length. Increase in
temperature or decrease in concentration enhance the scale of these fluctuations independently
and the effects of temperature and concentration are additive.

The correspondence of the behavior of hemoglobin and myoglobin also support the notion that
the concentration dependence of the structural fluctuations is a consequence of molecular
crowding. The measured effect is virtually identical for myoglobin and hemoglobin when
expressed in mg/ml, but would differ by a factor of four if expressed in terms of molarity. The
observed behavior is that expected for crowding, which is also referred to as the “excluded
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volume effect”, because it arises under conditions where high concentrations of molecules
occupy a si%nificant proportion of the solution volume, making it unavailable to other
molecules1®; 44,

The studies carried out on the proteins listed in Table 1 indicate that neither size, structure
class, subcellular location nor the presence of multiple subunits correlate with the measured
degree of breathing. For example, the studies of lysozyme indicate that it undergoes little if
any concentration-dependent structural fluctuations although it is roughly the same molecular
weight as myoglobin. These observations strongly suggest that lysozyme is a far more rigid
molecule than hemoglobin or myoglobin. Although BSA is a much larger molecule than
lysozyme, it also appears to undergo little concentration-dependent structural fluctuation until
very low concentrations. By contrast, Hushcha et al. 45 report a slight increase in the relaxation
time (i.e. decrease in amplitude) of collective motions of HSA segments with the increase of
protein concentration from 10 to 40 mg/ml in water based on acoustic relaxation spectroscopy.
Lysozyme and BSA are cross-linked by 4 and 17 disulfide bonds respectively, whereas avidin
possesses only one disulfide per chain and hemoglobin and myoglobin have none. The limited
data presented here implies that the presence of disulfide bonds may serve to brace or stiffen
the tertiary structure and preclude fluctuations from occurring on the scale seen in hemoglobin,
avidin and myoglobin.

The results reported here indicate that in dilute solutions hemoglobin, avidin and myoglobin
undergo structural fluctuations in which rigid structural elements undergo relative motions
with magnitudes that at very low concentrations can approach 15% of the length of the
corresponding interatomic vectors. Increase in the concentration of protein leads to suppression
of these fluctuations. An increase in temperature from 5° to 45° for hemoglobin results in a
correspondingly modest increase in the observed effect. The data indicate that increased
temperature results in movements that are slightly increased in spatial scale and are observable
to slightly higher concentrations. In other words, at a higher temperature, a more concentrated
protein solution is required to generate the same molecular ‘crowding’ effect.

It has been observed that proteins stored at low concentration are more likely to denature than
those at higher concentrations*6. For the most part, this phenomenon has been blamed on
interaction of the protein with the surface of its container. The data reported here suggest that
at low concentrations structural fluctuations around a native conformation may transiently
expose hydrophobic surfaces within the protein which can interact with the container surface
or with other proteins leading to adsorption or;)recipitation. Reduction of disulfide bonds in
both BSA and lysozyme result in aggregation4 +48 Itis likely that in the absence of disulfide
bonds, these proteins undergo fluctuations sufficient to expose hydrophobic surfaces that
interact with one another leading to precipitation. In high concentration solutions such as those
achieved within the cell cytoplasm, interactions among proteins may act to suppress most of
the large scale motion, thereby stabilizing protein structure.

Molecular crowding is a significant effector of protein function in high concentration
medial®. The crowded interior of a cell gives rise to a multitude of protein-protein interactions
that may alter the nature and magnitude of structural fluctuations exhibited by proteins and
potentially leads to functional properties different from those in dilute solutions. Here we have
experimentally demonstrated that protein dynamics are suppressed in concentrated solutions
as predicted by computer simulations19:20. This stabilization contributes to the functional
differences observed between experimentally dilute solutions and highly concentrated,
physiologically relevant microenvironments°.

WAXS provides a quantitative measure of changes in motion due to changes in protein
environment. Although the experiments described here analyzed only a small set of
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representative proteins, significant diversity in dynamic behavior was observed. These results
indicate that protein dynamics are highly sensitive to both structure and solution conditions
and suggest that proteins will be found to exhibit a far greater variety of dynamic behaviors
than that characterized to date.

Materials and Methods

Protein Preparation

Bovine erythrocyte hemoglobin (Calbiochem, EMD Biosciences, Inc., San Diego, CA), equine
myoglobin, bovine serum albumin (Sigma, St. Louis, MO) and hen egg white avidin (Affiland
S.A., Ans-liege, Belgium) were diluted in phosphate-buffered saline without calcium and
magnesium (Biowhittaker, Cambrex, Rockland, ME) to a final concentrated solution as
indicated in the figure legend, then serially diluted to the noted concentrations. Hen egg white
lysozyme (Sigma, St. Louis, MO) was diluted into 20 mM sodium acetate buffer, pH 4.5, with
serial dilutions carried out as for the other samples studied. All solutions were maintained at
4° C in a CoolSafe cooler (Diversified Biotech, Boston, MA) until data was collected.

WAXS Data Collection

Wide-angle x-ray scattering (WAXS) data were collected at the BioCAT undulator beam line
(18ID) at the Advanced Photon Source (APS), Argonne, IL49. The experimental layout was
arranged as previously described2®. The sample cell consisted of a thin-walled quartz capillary
(1 or 1.5mm 1.D.) attached to a programmable pump (Hamilton Microlab 500 series) that was
adjusted to deliver continuous flow through the capillary during data collection. The ambient
temperature of the air surrounding the capillary and sample tubing was manipulated by
attachment of an ethylene glycol bath to the brass capillary holder and through an outer layer
of tubing surrounding the inner sample tubing during data collection. The x-ray scattering
pattern was recorded with a MAR165 2kx2k CCD detector. The specimen to detector distance
was approximately 170mm and was calibrated using powder diffraction rings from either
silicon or silver-behenate. The beamline is capable of delivering approximately 2 x 1013
photons/sec/100 mA of beam current. As previous experience on the BioCAT beamline has
demonstrated that proteins under a variety of physical conditions are damaged after exposure
times of a few tenths of a second to a few seconds at these intensity levels, in these experiments
8 to 32 20 um aluminum foils were used (depending on the concentration of protein in the
samples) as x-ray beam attenuators to control the incident beam flux. In most cases, a data set
consisted of a series of 1 second exposures with four from buffer, seven from protein solution
and five from the empty capillary. Exposures from sample and buffer were alternated to
minimize the possible effects of drift in any experimental parameter. Incident beam flux was
monitored using nitrogen gas filled ion chambers. Integrated beam flux during each exposure
was used to scale scattering from protein solutions with scattering from buffer solutions.
Diffraction data was collected using a flow cell in which no protein was exposed to beam for
more that 100 ms. At these exposure levels, the effect of radiation damage on radio-sensitive
test proteins is undetectable?8. Outlier patterns, generated due to passage of small bubbles
through the x-ray beam during the exposure, were removed prior to averaging. Standard
deviations of the observed data were calculated, with error propagation formulae used to
calculate their effect on the final estimate of scattering from protein.

Scattering Data Analysis

The two dimensional scattering patterns were integrated radially to one-dimensional scattering
intensity profiles using the program Fit2D version 12.077°0; 9152 The origin of the
diffraction pattern was determined from the powder diffraction rings from silver-behenate and/
or silicon powder. Scattering from samples should be separable into four individual
components: that due to scattering from the protein; from the bulk solvent; from the solvent of
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hydration; and from the capillary. Scattering from the solvent of hydration (boundary layer),
although potentially important at small angles of scattering, is generally at least two orders of
magnitude weaker than any other contribution in the range of angles studied here3. Scattering
from protein was estimated according to:

Iprolzlobs - Icap = (I = Vex) Lsolvent 2)

where lops Was the measured scattering from the protein sample; I¢5, the measured scattering
from the empty capillary; vey is the estimated proportion of the solution taken up by the protein
(excluded volume), and Igyent Was estimated by

Isolvem:Ibkgd - Icap 3)

where lpygq is the measured scattering from the capillary containing buffer. Scattering from
empty capillary does not adequately reflect the scattering it contributes when the capillary is
filled with buffer or protein solution, due to absorption of scattering by buffer and/or protein.
This was accounted for by modeling the capillary scatter as

Ieap=(scale factor)“I ., (observed) +constant (absorption correction) 4)

The scale factor and constant were selected by empirically fitting the capillary scatter to the
scatter from buffer-filled capillary in the scattering range (1/d) = 0.05 to 0.2 A~1 since scatter
from buffer is negligible in this range (see Figure 1).
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Figure 1.

Measured scattering intensities as a function of spacing (1/d = 2 sin (6)/A). For each specimen,
data was collected for empty capillary (dotted curve); buffer-filled capillary (long dashed
curve); and protein solution-filled capillary (bottom black solid curve). From these three
measurements, the scattering from buffer alone (short dashed curve) was estimated as was the
scattering from protein (upper solid curve (multiplied x10)).

J Mol Biol. Author manuscript; available in PMC 2008 January 30.



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

1duasnuey Joyiny vd-HIN

Makowski et al.

Page 15

3000 -

2500 A

2000

1500 A

relative intensity

1000 A

500 -

0.0 0.1 0.2 0.3 0.4
1/d

1000

800 A

600 -

400 A

relative intensity

200 A

0.0 0.1 0.2 0.3 0.4
1/d

Figure 2.

WAXS as a function of 1/d. (a) WAXS from bovine met hemoglobin. The figure is a
superposition of 21 traces from solutions prepared at concentrations of 1; 2; 8.2; 10.2; 12.8;
16; 20; 25; 30; 35; 40; 47; 55; 64; 87; 102; 119; 162; 189; 257; and 300 mg/ml. (b) WAXS
from hen egg white lysozyme. The figure is a superposition of 24 traces from scattering from
solutions prepared at concentrations of 1; 2; 4.1; 8.2; 10.2; 12.8; 16; 20; 25; 30; 35; 47; 55; 64;
75; 87; 102; 119; 139; 162; 189; 220; 257; and 300 mg/ml. Data from solutions of 55-300 mg/
ml were nearly indistinguishable. Data from 1 and 2 mg/ml solutions are readily identified due
to their increased statistical fluctuations. Scaling of patterns indicated that under the conditions
used, hemoglobin had a solubility of approximately 250 mg/ml and lysozyme a solubility of
approximately 150 mg/ml. Scattering from solutions prepared at concentrations greater than
this were virtually identical as judged by scaling, estimated excluded volume and intensity
distribution.
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Figure 3.

Comparison of solution scattering from hemoglobin and lysozyme. Solution x-ray scattering
from (a) hemoglobin and (b) lysozyme as observed from specimens at 47 mg/ml (black curves)
and 4.1 mg/ml (red curves). Error bars represent +/— the standard deviation of 7 independent
measurements of solution scattering using 4 buffer and 4 empty capillary patterns (see
Materials and Methods). The red error bars in (a) appear significantly larger than the random
fluctuation in measurements due to the fact that the error calculation included estimates of the
error in the scale factor which could introduce systematic errors into the intensity calculation.
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Scattering intensity from hemoglobin as a function of concentration. The observed scattering
intensities at selected 1/d values have been plotted as a function of concentration. Error bars
represent + standard deviation of 5-11 individual observations. The solid lines represent fitting
of the data to a function of the form | + A exp(—aClcy») + BC as described in the text.
Approximate magnitude of the fluctuations giving rise to the effect were estimated as described
for hemoglobin and then extrapolated to zero concentration in order to aid comparison among
different proteins. Scattering from hemoglobin at the 1/d values indicated normalized for .
Each of the 1/d values chosen for these representative plots corresponds to a peak or trough in
the scattering curves in Figure 2a ((a) 1/d = 0.0253; (b) 1/d = 0.0400 AL (b) 1/d = 0.0636
AL (b) 1/d = 0.0981 A~1)). Note the vertical scale in (a) is compressed in order to visualize
the magnitude of the effect.
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Figure 5.

Scattering intensity as a function of concentration of lysozyme. The observed scattering
intensities at selected 1/d values have been plotted as a function of concentration. (a-d)
scattering from lysozyme at the 1/d values indicated. Each of the 1/d values chosen for these
representative plots corresponds to a peak or trough in the scattering curves in Figure 2b ((a)
1/d = 0.0428; (b) 1/d = 0.0523; (c) 1/d = 0.0783; (d) 1/d = 0.0943 1§C1)). Error bars and fit
curves were calculated as described in Figure 4.
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Figure 6.

Ratio of intensities from reference state and low concentration state. Intensity ratios from the
reference state (47 mg/ml) and low concentration state (4.1 mg/mL) calculated directly from
scattering data (black curves) compared from the corresponding ratio computed from the
reference state intensity and a model for disorder as described in text (red curves). (a)
Hemoglobin observed ratio compared to that calculated using a model for structural
fluctuations in which each interatomic vector was replaced by a distribution of vectors
corresponding to a Gaussian with half-width of 0.15 times the length of the vector. (b)
Lysozyme observed ratio compared to that calculated using a model for structural fluctuations
in which each interatomic vector was replaced by a distribution of vectors corresponding to a
Gaussian with half-width of 0.06 times the length of the vector.
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Scattering intensity as a function of concentration of avidin. The observed scattering intensities
at selected 1/d values have been plotted as a function of concentration. (a-d) scattering from
avidin at the 1/d values indicated. Each of the 1/d values chosen for these representative plots
corresponds to a peak or trough in the scattering curves in Supplementary Figure 3 ((a) 1/d =
0.0546; (b) 1/d = 0.0669; (c) 1/d = 0.1449; (d) 1/d = 0.2381 A~1)). Error bars and fit curves

were calculated as described in Figure 4.
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Scattering intensity as a function of concentration of BSA. The observed scattering intensities
at selected 1/d values have been plotted as a function of concentration. (a-d) scattering from
BSA at the 1/d values indicated. Each of the 1/d values chosen for these representative plots
corresponds to a peak or trough in the scattering curves in Supplementary Figure 2 ((a) 1/d =
0.0452; (b) 1/d = 0.0603; (c) 1/d = 0.0891; (d) 1/d = 0.1552 f\*l)). Error bars and fit curves
were calculated as described in Figure 4.
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Scattering intensity as a function of concentration of myoglobin. The observed scattering
intensities at selected 1/d values have been plotted as a function of concentration. (a-d)
scattering from myoglobin at the 1/d values indicated. Each of the 1/d values chosen for these
representative plots corresponds to a peak or trough in the scattering curves in Supplementary
Figure 3 ((a) 1/d = 0.0570; (b) 1/d = 0.0835; (c) 1/d = 0.1028; (d) 1/d = 0.1562 A~1)). Error
bars and fit curves were calculated as described in Figure 4.
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Figure 10.

Effect of temperature on the observed scattering intensity from hemoglobin. The observed
scattered intensities at low angle (1/d values from 0.020 to 0.050) have been plotted for
hemoglobin solutions at 5°C (black); 37°C (blue) and 45°C (red). Error bars were calculated
as in Figure 4. Data from hemoglobin at 20 mg/ml (a) and 150 mg/ml (b) was collected as
detailed in Methods.
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