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ABSTRACT: We demonstrate the use of high-angle X-ray scattering to explore protein conformational states
in solution by resolving oxidation state- and temperature-dependent changes in the conformation of horse
heart cytochromec. Several detailed models exist for oxidation-dependent changes in mitochondrial class
I c cytochromes determined by X-ray crystallography and solution NMR techniques. These models differ
in the magnitude and locations of structural change. Our scattering measurements show that high-angle
X-ray scattering can discriminate between these models, and that the experimental scattering data for
horse cytochromec can be best reconciled with selected NMR models for the same protein. These results
demonstrate the ability to use high-angle X-ray scattering to resolve conformational states of proteins in
solution, and to relate these measurements to detailed structural models. Furthermore, temperature-dependent
changes are found in the high angle scattering patterns for horse cytochromec, illustrating the sensitivity
of these measurements to dynamic aspects of protein structure. These results demonstrate the ability to
use difference high angle scattering as a quantitative monitor of reaction-linked changes in protein
conformation and structural dynamics. Synchrotron-based high-angle scattering holds promise as a widely
applicable, high throughput technique for exploring conformational states linked to physiological protein
function, for resolving configurational differences between protein structures in solution and crystalline
states, and for bridging the gap between solution NMR and crystallographic structure techniques.

A central issue in structural biology lies in identifying the
range of configurational substates accessible to proteins under
physiological conditions and correlating these structural
variations to biological function (1, 2). Protein structure
determination by X-ray crystallography and solution NMR
differ in their ability to resolve structural variation. Crystal-
lography is inherently restricted to structure determination
under the set of conditions compatible with crystallization.
For protein molecules positioned at equivalent positions in
a unit cell, a single structure is resolved, and configurational
variability is expressed in the crystallographic B-factor.
Subtle structure differences are frequently resolved for
protein molecules occupying inequivalent positions in the
unit cell (e.g.,3), implying that crystallographic packing can
at least alter the very fine structure of proteins (or vice versa).
In contrast, structure determination by solution NMR yields
an ensemble of structures, frequently with a structural
variation that exceeds the uncertainty represented by the
crystallographic B-factors (4, 5). While general agreement
is usually found in overall protein structure measured by
crystallographic and NMR methods, structural models de-
termined by the two methods frequently differ in the details
of protein structure, particularly in loop and protein turn
regions that are potentially significant for understanding

biological function. In this paper, we have explored the use
of high-angle X-ray scattering as a means to detect reaction-
linked changes in protein structure, and to discriminate
between crystallographic and NMR models. Oxidation state-
dependent conformational changes in cytochromec have
been investigated as a test system.

Oxidation state-dependent changes in class Ic cytochrome
structures have been extensively studied. Resolution of
oxidation state-dependent changes in cytochromec structure
is significant for understanding the role of these configura-
tional changes in electron-transfer function, for example, in
resolving the source of the thermodynamic reorganization
energy during electron transfer (6, 7), and for understanding
the factors that control the dramatic oxidation state-dependent
change in cytochromec stability and dynamics (8-10).

Crystallographic studies have found that only subtle
structural differences are linked to oxidation state changes
in cytochromec. For example, a comparison of the oxidized
and reduced yeast iso-1-cytochromec crystal structures
showed a small, 0.3 Å rms difference in protein backbone
atom positions that is distributed roughly uniformly through-
out the protein (11). Individual side chain positions were
found to show larger positional variance (up to 4 Å variation)
for a small number of residues, primarily restricted to the
region surrounding the heme (11). The oxidation state-
dependent structural change has been found to be even
smaller in crystallographic studies of class I bacterial
cytochromesc (3, 12, 13).

In contrast, much larger oxidation state-dependent changes
in cytochromec structure have been reported from solution
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NMR studies. For example, an early NMR structure deter-
mination of horse cytochromec detected a 2.4 Å rms
difference in backbone atoms positions between oxidized and
reduced states (14). The variation included changes inR-helix
and protein secondary structures. In a more recent, higher-
resolution NMR study of the horse cytochrome, a smaller
oxidation state-dependent change in structure was seen,
corresponding to a 1.4 Å rms variation in backbone atom
position, which arose primarily from loop regions (15, 16).
A comparison of the crystallographic and NMR studies
indicates the need to reconcile the NMR and crystallographic
views of reaction linked structural change.

Recently, considerable success has been achieved in the
ab initio determination of macromolecular shape from
synchrotron X-ray scattering data for a variety of proteins
and nucleotide-protein complexes in solution, using small
angle scattering patterns as fitting criteria in global configu-
rational searches (17-23). These procedures produce low
resolution models of protein structure, either by reconstruct-
ing macromolecular shapes from a series of spherical
harmonics (18, 24), or by packing of spheres of uniform
electron density (20, 21). These methods have achieved
macromolecular shape reconstruction with 2-nm resolution
(18, 21, 25), and recent work suggests that scattering patterns
contain information on the shape of proteins up to a
resolution of about 0.5 nm (26).

The availability of high-flux, third generation synchrotron
X-ray sources and the development of large area solid-state
detectors have opened up new opportunities for collecting
high-precision, high-angle X-ray scattering patterns for
proteins in solution (27). The opportunity to detect high-
angle scattering is significant since it probes distance
correlations on length scales that are small compared to the
macromolecular dimensions, and potentially contains infor-
mation on the details of protein structure in solution (28,
29). Methods have been developed for accurately calculating
scattering patterns for proteins based on atomic coordinates
(30). We have recently extended the numerical precision of
these techniques to allow accurate calculation of protein
scattering based on atomic coordinates to high angle, and
included Debye-Waller expressions to account for the
effects of thermal factors (31). This work has shown that
high-angle scattering data is sensitive to the details of protein
folding and dynamic properties (26, 31, 32).

In this paper, we have tested the idea of using high-angle
scattering to detect conformational states of proteins by
examining oxidation state- and temperature-dependent changes
in cytochromec. The advantages of the scattering technique
are that it is fast, applicable to a variety of physiologically
relevant solution conditions, including the variation of
temperature, pH, ionic strength, substrates, etc., and is
quantitatively relatable to single crystal diffraction. Further-
more, high-angle scattering measurements provide a useful
complement to NMR measurements. Both techniques use
comparable samples, but scattering provides a global measure
of all atom-atom distance correlations, while NMR provides
a high-resolution determination of a selected subset of atom-
atom distances. Therefore, solution scattering potentially
affords a significant adjunct to structure studies by providing
a means to explore protein conformation states in solution
in a manner quantitatively relatable to detailed structural
models, and to serve as a bridge between high-resolution

crystallographic and solution NMR studies. In this paper,
we have measured oxidation state- and temperature-depend-
ent changes in cytochromec solution scattering, and com-
pared these to scattering patterns calculated from crystallo-
graphic and NMR models.

MATERIALS AND METHODS

Sample Preparation.Horse cytochromec (MW ) 12 384)
was obtained from Sigma (type VI) and freshly prepared just
prior to use as 4 mM solutions (50 mg/mL) in a variety of
buffers (10 mM HEPES, pH 7.2, 10 mM Tris, pH 7.8, 10
mM phosphate, pH 7.0) and ionic strengths (0-250 mM
NaCl). These conditions are comparable to those used for
solution structure determination of horse cytochromec by
NMR techniques (14-16). In some experiments, scattering
measurements were made using horse cytochromec that had
been further purified by ionic exchange chromatography on
a cationic exchange resin Sephacel CM 52. Differences in
scattering pattering patterns were not detected between the
samples used as received from Sigma, and those purified by
additional chromatography.

X-ray Scattering Measurements.Initial X-ray scattering
experiments were performed at beam line 4-2 at the Stanford
Synchrotron Research Laboratory (SSRL). Subsequent ex-
periments were carried out at the BESSRC beam line 12-ID
of the Advanced Photon Source (APS) at Argonne National
Laboratory. The X-ray wavelength was set atλ ) 1.378 Å
(SSRL) and 0.949 Å (APS) by double-crystal Si(111)
monochromators. Scattered X-rays were collected using a
linear wire detector (BioLogic, Grenoble, France) at SSRL
and a two-dimensional mosaic CCD detector (27) at APS.
The sample-to-detector distances were set such that the
detecting range for momentum transfer were 0.02< q <
0.8 Å-1, where q ) (4π/λ) sin θ, and λ is the X-ray
wavelength and2θ is the scattering angle. Transmission
coefficients of the samples and solution backgrounds were
measured either using an air-filled gas detector placed at the
exit window of the sample holder (SSRL) or using a PIN-
diode mounted on the beam stop (APS) (27). Beam defining
slits at APS were adjusted to yield a 0.5× 0.3 mm beam
cross section at the sample. A pneumatic shutter synchronized
to the CCD detector data acquisition gated sample X-ray
exposure (27). Apart from the improved signal-to-noise and
shorter data acquisition times obtained at APS, the scattering
patterns collected from each X-ray source were indistin-
guishable.

Scattering patterns were collected using sample flow cells
to avoid radiation damage during data acquisition. Two
designs were used. A single chamber version was constructed
from 1.5-mm-thick Lucite, with a 2× 5 mm scattering
chamber covered with 25µm mica windows (Goodfellow).
Checks for sample integrity and radiation damage were made
by monitoring the UV-Vis optical absorption of the sample,
measured using a pair of 100µm optical fibers placed in
the flow path just after the X-ray scattering chamber, and
coupled to a tungsten-halogen light source and CCD-based
spectrometer (Ocean Optics). The light emitting and receiving
optical fibers were positioned with a spacing of about 100
µm to permit measurement of the optical absorption spectra
of the 4 mM cytochromec solutions (molar absorptivity,
reduced cytochromec, 550 nm ) 28 mM-1 cm -1).
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Measurements at APS showed evidence for radiation damage
after 20 s of exposure, detectable in optical absorption spectra
by the appearance of 630 nm absorption peak characteristic
of a disrupted His/Met cytochromec heme axial iron ligation
scheme, and detected in scattering patterns by an increase
low q scattering intensity and a broadening of highq features.
The deleterious effects of radiation exposure were found to
be eliminated by flowing the samples with flow rates in the
range 20 to 50µL/min. On the basis of the approximately
0.3-mm beam height at APS and the dimensions of the
sample cell, these flow rates correspond to X-ray exposure
times of 3 to 1.2 s, respectively, during continuous data
acquisition. The independence of the cytochrome optical
spectra and X-ray scattering patterns with flow rates in this
range indicates that the sample exposure times were suf-
ficiently short to avoid radiation damage.

A two chamber flow cell, fabricated from stainless steel
with mica windows, was used to minimize the effects of
slight variations in the background scattering pattern detected
during the time course of data acquisition. A dual syringe
pump was used to drive protein and buffer background
solutions through each sample chamber. Scattering data was
collected using an automated data acquisition cycle, consist-
ing of a shuttered 2-D scattering image acquisition from the
first chamber, a 4 sdelay while the image file was saved to
disk, and a stepping motor repositioned the sample cell to
center the second chamber in the beam path, followed by
an equivalent shuttered 2-D scattering image acquisition from
the second chamber and subsequent file save and sample
repositioning. The 2-D image acquisition times were ad-
justed, typically in the range 8-10 s, to keep all pixels of
the charge accumulating CCD detector below saturation.
Scattering patterns were accumulated following 10-12 data
acquisition cycles, corresponding to total data acquisition
times of 80-120 s.

Temperature control was obtained by mounting the two
chamber stainless steel flow cell on a 9× 9 mm thermo-
electric cooler (Melcor). Temperature control of(0.1 °C
was achieved in the temperature region-10-100 °C.

The 2-D scattering images were corrected for spacial
distortion and sensitivity, and then were radially averaged
to produce 1-D map of scattered intensity versusq. The
scattering profile,I(q), for cytochromec was obtained by
averaging the difference between successive pairs of 1-D
measurements of scattered intensities measured for the
cytochromec solution and the solution background in the
data acquisition sequence. The error bars represent the
standard deviation measured between successive pairs of data
acquisition cycles.

Calculated Scattering Patterns.Solution scattering is a
function of the macromolecule concentration,n, the macro-
molecular form factor,P(q), and the solution structure factor,
S(q):

The form factor accounts for all contributions linked to the
structure of the macromolecule in solution, and it is the
component of primary concern in this report. Structure factors
in solution arise from nonrandom, or correlated particle-
particle distributions produced by interparticle interactions,
and modulate the observed scattering profile (33-35).

Experimentally, the modulation effect of the structure factor
was minimized by finding ionic strength and counterion
conditions that screen the interparticle electrostatic coupling,
as described in the results. Under these conditions,S(q) ≈
1, and the experimental scattering patterns can be compared
to form factors calculated from atomic coordinates.

Procedures for calculating scattering patterns from atomic
coordinates followed those developed by Svergun (30), but
were extended using numerical precision sufficient to permit
accurate calculation of solution scattering to high angle
(q < 2 Å-1) (31). In this approach, protein scattering is
calculated from the orientational average of partial scattering
amplitudes arising from the fixed atomic coordinates,Aa, the
solvent excluded volume,As:

whereΩ represents the unit solid angle. Previous studies
also examined the effect of a hydration layer (30) that was
not included in the present analysis. The coherent scattering
amplitude from the protein included effects of the Debye-
Waller atomic fluctuation factor (36), and was calculated as
follows:

wherefj is the atomic form factor,Bj is the Debye-Waller
B-factor, andN is the total number of non-hydrogen atoms
(31). Hydrogen atoms, which make a significant contribution
to the total macromolecular scattering were grouped to the
corresponding non-hydrogen atoms. The form factorfj for
the group is calculated from the group atomic geometry. The
Debye-Waller B-factor is proportional to the mean square
positional fluctuation, and is proportional to the absolute
temperature.

The solvent excluded volume was approximated by the
dummy atom model (30, 37). The total scattering amplitude
for the dummy atoms is

whereF0 is solvent electron density, andgj is the form factor
for the dummy atom, or group of atoms, with volumeVj:

andG(q) is a volume expansion factor (30) written as:

where Vo is the expanded atomic volume, andVm is the
average atomic volume for the group. The expansion factor
G(q) is useful, for example, to account for imperfect packing
of solvent molecules around the atomic groups. The expan-
sion factor is adjusted by changing the ratio of the dummy
atom radius to average atomic radius,ro/rm, typically in the
range 1.01 to 1.03. Using these procedures, we have
demonstrated the sensitivity of calculated wide-angle scat-

I(q) ) nP(q)S(q) (1)

P(q) ) 〈|Aa(q) - As(q)|2〉Ω (2)

Aa(q) ) F0 ∑
j)1

N

fj(q)eiq‚r j e-Bjq2/16π2
(3)

As(q) ) F0 ∑
j)1

N

gj(q)eiq‚rj (4)

gj(q) ) G(q)Vje
-q2Vj

2/3/4π (5)

G(q) )
Vo

Vm
e-q2(Vo

2/3-Vm
2/3)/4π (6)
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tering patterns to the details of protein structure and atomic
temperature factors (31).

Calculation of oxidation state-dependent changes in cy-
tochromec scattering were based upon structures in the
Protein Data Bank (38). Crystallographic structures for
oxidized and reduced yeast iso-1-cytochromec (11, 39) were
taken from the Protein Data Bank entries 1cty and 1ctz,
respectively. Two sets of structures are available for oxidized
and reduced horse cytochromec in solution, determined using
NMR techniques. Scattering patterns were calculated from
1akk, 1giw (15, 16), and1ocd, 2frc (14). Crystallographic
structures for horse cytochromec are only available for the
oxidized state. Calculations presented here used the1hrc
entry, determined using X-ray crystallography (40).

RESULTS

Interparticle Interactions.Previous work has shown that
prominent, electrostatically based, repulsive interparticle
interactions significantly distort solution X-ray scattering
patterns for horse heart cytochromec in a concentration-
dependent manner (41). These effects are clearly evident in
scattering patterns measured for cytochromec in low ionic
strength buffers, and with the 4 mM cytochromeconcentra-
tion used in the present investigation to get good signal-to-
noise in the high angle region. For example, the trace marked
by filled squares in Figure 1 shows the scattering pattern
measured for 4 mM cytochromec in 10 mM Hepes, pH 7.2,
with 10 mM sodium acetate. The scattering pattern shows a
prominent peak in scattered intensity atq ) 0.074 Å-1 and
significantly reduced scattered intensity at lower angles. The
amplitude and position of the peak in scattering intensity
arise as a consequence of nonrandom, particle distribution
in solution, characterized by the solution structure factor,
that arises because of significant, repulsive interparticle inter-
action (41). We have found that the strength of this inter-
action potential is strongly modulated by the nature of the
anion, and the ionic strength. For example, replacing 10 mM
sodium acetate with 10 mM sodium phosphate significantly
reduces the amplitude of the peak in scattered intensity, and

shifts it toward smallerq. These effects can be understood
to reflect a reduction in the mean force interaction potential
(34, 41), and can be correlated with charge compensation
by the known selective anion binding properties of cyto-
chromec (42). At higher ionic strength, electrostatic screen-
ing effectively reduces the interaction to the point where
scattering patterns accurately reflect the cytochrome form
factor (i.e.,I(q) ) nP(q)S(q), whereS(q) f 1). This can be
illustrated by the scattering pattern measured for horse
cytochromec with 100 mM sodium chloride (solid line trace
in Figure 1). Guinier analysis (43) of the scattering data yields
an Rg of 12.8 ( 0.2 Å, which is comparable to the 12.6 Å
calculated (30, 31) from the crystal coordinates (40). In the
following experiments, cytochromec scattering was mea-
sured in 0.25 M NaCl to minimize the effects of interparticle
interaction on cytochromec scattering patterns.

These measurements of cytochrome scattering patterns as
a function of ionic strength have shown that variation in the
interparticle interaction does not significantly alter high angle
scattering data. This is illustrated by the inset in Figure 1,
where scattered intensity is plotted on a logarithmic scale,
permitting a comparison of both high and low angle scattered
intensities. The data shows that although the interparticle
interactions are significantly modulated by changes in the
ionic composition of the solutions, the scattering data at
higher angle (q > 0.2 Å-1) are not detectably altered. These
results demonstrate that with the high ionic strength solutions
used in the following experiments, the high angle scattering
measurements reliably reflect the particle form factor and
are not detectably distorted by interference with solution
structure factors.

High Angle Scattering.The sensitivity of high angle
scattering to the details of protein structure can be tested in
a preliminary way by comparing scattering patterns for
proteins with different folding motifs. Figure 2 shows
experimental and calculated scattering patterns for three test
proteins, lysozyme, myoglobin, and horse cytochromec. The
high angle scattering patterns for all three proteins show
broad oscillatory features that are distinguishable and that
are in reasonable agreement with theoretical scattering
patterns calculated from crystal coordinates. The experimen-
tal scattering data for lysozyme and myoglobin deviate from
their calculated patterns at low angle, reflecting attractive
interparticle interactions that have not been minimized in
our experimental conditions (34).

The simulation of experimental high angle scattering based
on scattering patterns calculated from crystal coordinates
required the effects of atomic motion to be taken into account
(31, 44). This was accomplished in a manner analogous to
the treatment of thermal disorder in crystallography, by
including an angle-dependent weighting of the scattering
contribution from each atom with a Debye factor (36). In
these simulations, the weighting was calculated using the
crystallographic B-factors, multiplied by a common scaling
factor for B that was adjusted to approximate the experi-
mental data. The modulation of the amplitude of the
temperature factor was found to primarily affect the slope
of the diffuse scattering at higher angle (q > 0.3 Å-1), but
had negligible effect on the small angle scattering signal (31,
44). We have found that the scaling factor required to match
calculated and experimental high angle scattering data differs
for individual proteins. For example, the calculated scattering

FIGURE 1: Effect of ionic strength and counterion on X-ray
scattering for horse cytochromec. Scattering patterns are shown
for 4 mM cytochromec solutions in 10 mM Hepes, 10 mM sodium
acetate, pH 7.2 (0), 10 mM sodium phosphate, pH 7.2 (O), and 10
mM Hepes, 250 mM NaCl, pH 7.2 (s). These scattering patterns
were measured at SSRL, Stanford University, using a sample flow
rate of 50µL/min, and exposure time of 500 s.
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patterns for lysozyme and myoglobin in Figure 2 both used
the B-factors contained in the crystallographic files. In
contrast, the correspondence between the experimental and
calculated scattering patterns for horse cytochromec required
that the crystallographic B-factors be multiplied by a factor
of 3. Furthermore, we have noted that even within the highly
homologous set of mitochondrialc cytochromes, the details
of the high angle scattering patterns are distinguishable, and
that these proteins vary in the parameters needed to find
agreement between the experimental and calculated scattering
patterns (D. Tiede and R. Zhang, unpublished). These
findings indicate that high angle scattering patterns are
sensitive to the dynamic nature of protein structures, and
that these motions vary significantly within a set of homolo-
gous proteins. Atomic fluctuations considered here are only
the first in a hierarchy of motions that can be expected to
affect high angle protein scattering (36, 45, 46-48), and the
present treatment should be considered as a preliminary
approach. A more detailed consideration of the thermal
factors required for simulation of highq scattering for these
proteins will be presented elsewhere. The main point that
we wish to make here is that these scattering measurements
have shown that distinguishable protein structures exhibit
characteristic high angle scattering patterns, and that these

high angle experimental scattering patterns can be reasonably
accounted by calculation from crystal coordinate data pro-
vided that thermal factors are also taken into account. These
findings suggest that the high angle scattering data contains
information on the protein folding pattern and structural
dynamics, and that there is opportunity to make quantitative
comparison between experimental solution scattering data
and detailed structural models.

Oxidation-Dependent Changes in High Angle Scattering.
The oxidation state induced changes in cytochromec provide
a useful test of the sensitivity of high angle X-ray scattering
to reaction-linked changes in protein fine structure. Three
different high-resolution structural models exist for oxidation
state-dependent changes in mitochondrial class I typec
cytochromes. One is based upon crystallographic data for
yeast cytochromec (11), and two models have been
determined for horse cytochromec in solution using NMR
techniques (14-16). Figure 3 shows backbone atom traces
for these oxidized and reduced cytochromec structures,
rotated to superimpose the heme coordinates. The crystal-
lographic studies of yeast cytochromec found that the
oxidized and reduced structures are nearly overlapping
(Figure 3a) having only a small, 0.3 Å rms difference in
protein backbone atoms positions. Much larger structural
changes were measured for horse cytochromec in solution,
with a more recent study (15, 16) finding a 1.4 Å rms
difference in backbone atom positions between the average
oxidized and reduced structures (Figure 3b), while an earlier
study (14) found a 2.4 Å rms difference between the average
structures, Figure 3c. The differences between these structural
models suggest that either the horse and yeast cytochromes
differ in their oxidation state-dependent change, or that
significant differences exist between the oxidation state-
dependent change in crystals and solution.

Scattering calculations based upon these structural models
suggests that high angle scattering measurements can resolve
subtle oxidation state differences if measured with sufficient
precision. For example, the lower pair of traces in Figure 4
shows the scattering patterns calculated using the oxidized
and reduced yeast crystallographic coordinates and B-factors.
At small angle,q < 0.2 Å-1, the two calculated traces are
found to be indistinguishable, but slight deviations are seen
in the calculated scattering patterns at high angle. The
difference scattering pattern is shown by the solid line trace
in Figure 5, plotted as the percentage change in scattered
intensity. The difference scattering pattern calculated from
the oxidized and reduced yeast cytochromec coordinates
shows broad oscillatory features with a maximum amplitude
corresponding to about a 5% change in scattered intensity.

Scattering patterns were also calculated for oxidized and
reduced horse heart cytochromec structures determined by
solution NMR (14-16). For example, the upper pair of traces
in Figure 4 shows the scattering patterns calculated from the
ensemble-averaged oxidized and reduced structures most
recently determined by NMR (15, 16). Again, scattering
patterns calculated from the oxidized and reduced horse
cytochromec structures were found to be indistinguishable
at low angle,q < 0.2 Å-1, but significant differences are
seen at high angle. The difference scattering pattern is plotted
in Figure 5, dashed line. The difference scattering pattern
calculated from the horse cytochrome solution structures is
clearly distinguishable from that calculated from the yeast

FIGURE 2: Comparison of experimental and calculated X-ray
scattering patterns for lysozyme, myoglobin, and horse cytochrome
c. Experimental scattering patterns were measured with protein
concentrations of 10 mg/mL for lysozyme and myoglobin and 50
mg/mL for cytochromec. The buffer solution was 10 mM Hepes,
250 mM NaCl, pH 7.2 for each protein sample. Data acquisition
times were 200 s for lysozyme and myoglobin and 96 s for
cytochromec, using a sample flow rate of 50µL/min for each case.
Data were collected at the BESSRC beam line, APS, Argonne
National Laboratory. Scattering patterns were calculated from
crystal coordinates, using the protein data bank entry6lyz for hen
egg-white lysozyme (51), 1ymb, for horse metmyoglobin (52), and
1hrc for oxidized horse cytochromec (40). The dummy atom
expansion factor,ro/rm, used for the lysozyme and myoglobin
calculated scattering patterns was 1.02, and 1.03 was used for the
cytochrome calculation. The calculated patterns used the crystal-
lographic temperature factors, scaled by 1 for lysozyme and
myoglobin, and scaled by 3 for cytochromec. Experimental data
are marked by the solid symbol (9) and calculated patterns are
indicated by the solid line (s).
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crystal structures. The horse difference pattern shows a high
peak amplitude, corresponding to an approximate 25%
change in scattered intensity atq ) 0.28 Å-1. The difference
scattering pattern was also calculated from the earlier NMR
models for horse cytochromec (14), and is plotted as the
dotted line trace in Figure 5. Comparison of the scattering
patterns calculated from all three models for the oxidation
state-dependent structural change in cytochromec shows that
the magnitude of the high angle scattering change increases
with structural divergence, and that the high angle scattering
pattern is remarkably sensitive to even the relatively small
structural changes (0.3 Å rms difference in backbone atom
positions) detected in the yeast crystal structures.

We have measured very high precision high angle scat-
tering patterns for cytochromec by taking advantage of a
third generation synchrotron source (27). The middle pair
of traces in Figure 4 shows experimental scattering patterns

measured for oxidized and reduced horse cytochromec, each
recorded at the BESSRC (12-ID) beamline at APS with 96
s of acquisition time. Evidence for radiation damage was
carefully monitored and reduced to negligible levels by
flowing the samples as described in the methods. The high
X-ray flux at APS permitted very high precision measure-
ments. The experimental error bars are plotted in the figure,
but for most data points the statistical variation is smaller
than the thickness of the plotted line. For example, the
average standard deviation measured with respect to the
amplitude of scattering in the region 0.2< q < 0.6 Å-1 was
0.45%. Hence, the experimental difference scattering patterns
can be measured with sufficient precision to resolve even
the small oxidation state-dependent changes predicted from
crystallographic models. The subtle oxidation state-dependent
changes in the experimental high angle scattering for
cytochromec were found to be highly reproducible, and
comparable difference scattering patterns were recorded at
APS and SSRL synchrotron sources, although the high flux
at APS offers the advantage of permitting much shorter data
acquisition times.

The experimental difference scattering pattern for horse
cytochromec is plotted in Figure 6, along with the calculated
difference scattering patterns from the crystallographic and
recent NMR models. The comparison shows that the

FIGURE 3: Comparison of oxidation state-dependent structural change for eucaryotic cytochromec measured by X-ray crystallography and
solution NMR. The backbone atom positions are shown for the oxidized cytochrome in red and the reduced cytochrome in blue, with the
two coordinate systems rotated to superimpose the heme group. Part A shows the crystallographic structures for yeast iso-1-cytochromec
(11), using Protein Data Bank entries1ctyand1ctz. Part B shows the averaged, energy-minimized solution NMR structures determined for
horse cytochromec (15, 16), using entries1akkand1giw.Part C shows the averaged, energy minimized solution NMR structures determined
for horse cytochromec (14) using protein data bank entries1ocdand2frc. Structures were displayed using WebLab ViewerLite (Accelrys).

FIGURE 4: Comparison of experimental and calculated scattering
patterns for oxidized and reduced cytochromec. The top pair of
traces shows scattering patterns calculated from the averaged,
energy minimized NMR structures1akk and 1giw (15, 16). The
middle pair of traces shows the experimental scattering patterns
measured for oxidized and reduced horse heart cytochromec
measured as described in Figure 2. The lower pair of traces shows
scattering patterns calculated for the oxidized and reduced X-ray
crystal structures1cty and1ctz for yeast iso-1-cytochromec (11).
Oxidized and reduced scattering patterns are shown in red and blue,
respectively.

FIGURE 5: Oxidized-minus-reduced difference scattering patterns
calculated from crystallographic and NMR models. The solid line
shows the difference pattern calculated from the yeast iso-1-
cytochromec structures (11). The dashed and dotted lines show
difference patterns calculated for horse cytochrome structures
determined in solution by NMR by Banci et al. (15, 16) and Qi et
al. (14), respectively. The amplitudes are plotted as the percent
change in scattered intensity.
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experimental difference scattering pattern is in good agree-
ment with neither model, although the general shape of the
experimental difference pattern is more similar to that
calculated from the NMR model. However, the amplitudes
of the positive features of the experimental difference pattern
are about 3-fold smaller than those calculated from the NMR
models, and there is an appreciable mismatch in the position
of the second positive peak. In contrast, the amplitudes of
the peaks in the experimental difference pattern are found
to be larger than those calculated from the yeast crystal-
lographic coordinates, and of opposite sign.

A major factor affecting the comparison between scattering
patterns calculated from the NMR models and the experi-
mental data is the unweighted averaging of structures across
the NMR ensembles. The coordinates for the ensemble have
only been deposited for the reduced form of horse cyto-
chromec (15, 16). We have found that scattering patterns
calculated for individual structures within this ensemble show
a wide variation, with only a subset of the structures being
compatible with experimental scattering data. In addition,
discrepancies between experiment and the NMR models were
found to be greater for the average ensemble-averaged
oxidized horse structure compared to the reduced one. This
can be seen from an inspection of Figure 4. Specifically,
the scattering pattern calculated from the oxidized cyto-
chrome NMR structure shows scattered intensities nearq )
0.3 Å-1 andq ) 0.65 Å-1 that are in excess of that seen in
experiment. These peaks are the positions of major discrep-
ancy in the comparison of experimental and calculated
oxidation state-dependent difference patterns, Figure 6. These
observations suggest that it is primarily the oxidized horse
cytochromec structure that is responsible for the discrep-
ancies in oxidation state-dependent changes seen between
experiment and model-based calculations.

Temperature-Dependent Changes in High Angle Scatter-
ing. The experiments described above demonstrate the
sensitivity of high angle X-ray scattering patterns to relatively
subtle reaction-linked structural change in cytochromec, and
suggest the feasibility of using high angle scattering as a
means to discriminate between models for protein confor-
mational states in solution. The sensitivity of high angle
scattering to changes in protein conformation can also be

tested by examining the effect of temperature. Temperature
can be expected to alter the population of conformational
substates, and to affect the dynamics of interconversion
between these states. An understanding of how these protein
dynamics are manifest in high angle scattering is important
for developing accurate, quantitative methods for calculating
X-ray scattering data based upon molecular models.

Figure 7 shows the scattering patterns measured for horse
cytochromec as function of temperature between 1 and 80
°C. As the temperature is raised from 1 to 60°C, the
scattering patterns show a progressive, reversible conversion
that includes a change in the shape of the lowq scattering,
q < 0.2 Å-1, a loss in the depth of the minimum seen atq
) 0.27 Å-1, and a progressive increase in the diffuse
scattering atq > 0.4 Å-1. Abrupt, irreversible changes occur
in the scattering patterns above 60°C, which presumably
reflects denaturation of the protein.

The reversible changes in scattering seen in the temper-
ature region 1-60 °C are significant since they potentially
reflect transitions between configurational states related to
the folded, native structure. Scattering difference patterns are
plotted in Figure 8, showing the characteristic temperature-
induced changes. The top panel, Figure 8, shows the 2-25
°C, 40-25°C, and 50-25°C difference patterns for oxidized
cytochromec. Prominent features include the peak atq )
0.27 Å-1 due to the loss of the depth of the first minimum,
the peak nearq ) 0.55 Å-1 due to the progressive change
in the shape of the secondary maximum, and the increase in
the diffuse scattering atq > 0.55 Å-1. The changes in the
scattering seen between 2 and 25°C are significant since
they indicate that even room temperature scattering patterns
are influenced by the accessibility of thermally populated
configurations. The middle panel, Figure 8, compares the
2-25 °C difference scattering pattern for oxidized and
reduced cytochromec. The close correspondence demon-
strates the reproducibility of the measurement, and the
similarity in temperature-dependent changes in protein
conformation for both oxidation states of cytochromec. The
bottom panel, Figure 8, compares the 2-25 °C difference
scattering pattern with the oxidized-reduced difference scat-
tering pattern. These data show that both the oxidation state

FIGURE 6: Comparison of experimental and calculated oxidized-
minus-reduced difference scattering patterns. The experimental
difference pattern (0) is the difference between the scattering
patterns measured for oxidized and reduced horse cytochromec
shown in Figure 4. The solid and dashed lines are the difference
scattering patterns calculated from the crystallographic and NMR
models shown in Figure 4.

FIGURE 7: Temperature-dependent changes in X-ray solution
scattering for oxidized horse cytochromec. The scattering patterns
show a progression change with temperature. Traces are plotted
for 2 °C (red), 40°C (green), 50°C (blue), 60°C (black), and 72
°C (green). In the highq region (inset), the 2°C trace shows the
deepest minimum atq ) 0.27 Å-1 and lowest amplitude of diffuse
scattering withq > 0.4 Å-1. The order of amplitudes is reversed
in the lowq (<0.2 Å-1) region. Experimental conditionals were as
described in Figure 2.
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and temperature produce characteristic, clearly distinguish-
able changes in scattering.

DISCUSSION

In this paper, we have demonstrated that high-precision,
high angle X-ray scattering measurements provide a sensitive
monitor of protein conformation that can be quantitatively
compared to crystallographic or NMR structural models. This
was demonstrated by resolving difference X-ray scattering
patterns associated with subtle, oxidation state-dependent
changes in cytochromec fine structure. X-ray scattering is
fundamentally rooted in orientationally averaged atomic
scattering. By basing the analysis of macromolecular high
angle scattering on atomic scattering (28-30), and by
including the effects of thermal factors (31, 32), high angle
scattering becomes a direct measure of structural change that
can be quantitatively related to structural models. In par-
ticular, we have found that the shapes of difference high
angle scattering patterns calculated from models of oxidation-
dependent conformational change in cytochromec are
distinguishable, and depend on both the sites and magnitudes
of structural change. Hence, while we emphasize that analysis
of solution scattering data alone cannot unambiguously lead

to the determination of a single unique detailed structure, it
can identify which of several competing structural models
are consistent with experimental data. This can be important,
for example, in distinguishing between NMR and crystal-
lographic models for protein structure in solution. Difference
high angle scattering is a widely applicable technique for
exploring protein conformation in a variety of solution
conditions, potentially applicable in a high-throughput man-
ner at third-generation synchrotron sources. We anticipate
that the high angle scattering technique will have application
in a number of areas that include (i) testing for the
applicability of the sometimes differing details of crystal-
lographic and NMR models to solution states of proteins,
(ii) provide a method for extending crystallographic models
to fit scattering data recorded under a range of physiologically
relevant solution conditions not addressable by crystal-
lography, and hence provide a method for identifying
conformationally distinct structural states relevant to physi-
ological function, and (iii) extend the accuracy of NMR
structural determination by providing a method to discrimi-
nate between protein conformers not distinguished by NMR
data alone.

Reaction-Linked Changes in Changes in Cytochrome c.
Oxidation state-dependent changes in cytochromec structure
provide a useful model for calibrating the sensitivity of high
angle X-ray scattering to subtle reaction-linked structural
change. Three detailed models exist for oxidation state-
dependent changes in class I, mitochondrialc-type cyto-
chromes. The crystallographic models for yeast cytochrome
c (Y67F, C102T double mutant) show the smallest oxidation
state-dependent change, characterized by a 0.3 Å rms change
in backbone atom positions (11). NMR analysis for horse
cytochromec in solution shows a larger 1.4 Å rms oxidation
state change in backbone atom positions (15, 16). An earlier
NMR analysis of horse cytochromec found a larger 2.4 Å
rms difference (14). Difference scattering patterns calculated
from these models show that the magnitude of the high angle
difference scattering increases with structural disparity
between the oxidized and reduced states, and that remarkably,
even the subtle reorganization measured in the yeast crystals
can be detected with high precision high angle scattering
measurements. As outlined in the results, the experimental
difference scattering patterns for horse cytochromec are in
best agreement with the more recent NMR horse cytochrome
structures (15, 16), particularly by considering that major
differences between the experimental and calculated differ-
ence scattering patterns are likely to arise from discrepancies
with the averaged oxidized structure. This finding suggests
that a quantitative comparison between NMR models and
high angle scattering data will require a detailed comparison
between experimental data and scattering patterns calculated
for each of the structures within the NMR ensembles. The
ensemble of structures is currently available only for the
reduced horse cytochrome (15, 16). Preliminary analysis of
scattering patterns calculated from individual conformers
within this ensemble show a wide variation in agreement
with experimental scattering data (D. Tiede and R. Zhang,
unpublished), suggesting that it is possible to use high angle
scattering data to determine weighting factors for the
contribution of individual conformers to solution scattering.

Calculation of difference scattering patterns based on each
of the three models for oxidation state-dependent change in

FIGURE 8: Temperature-dependent difference X-ray scattering
patterns for horse cytochromec. The top panel shows the 2°C
minus 25°C (0), 40° minus 25°C (O), and 50 minus 25°C (2)
difference scattering patterns measured for oxidized cytochrome
c. The middle panel compares the 2 minus 25°C (9) and 1 minus
25 °C (O) differences scattering patterns measured for oxidized
and reduced cytochromec, respectively. The lower panel compares
oxidation state- and temperature-induced difference scattering
patterns. The oxidized-minus-reduced difference scattering pattern
measured at 25°C is marked by the open symbol (O), and the 2
minus 25°C measured for oxidized cytochromec is marked by
the filled symbol (9).

6612 Biochemistry, Vol. 41, No. 21, 2002 Tiede et al.



cytochromec show that the reaction linked structural change
is best resolved in high angle scattering region, with
negligible changes predicted to be detected in the small angle
scattering region (q e Rg

-1). This result can be understood
from the fact that high angle scattering probes short-range
atomic distance correlations that are expected to be a more
sensitive monitor of internal atomic reorganization than are
the overall size and shape parameters detected by small angle
scattering. However, experiments show that small, oxidation
state-dependent variations are also seen in the small angle
data. These observations are in agreement with earlier studies
that showed an oxidation state-dependent change in the
apparentRg measured for horse cytochromec in solution
(8). The finding that high angle difference patterns can be
explained by models for internal atom reorganization that
do not produce changes in small angle scattering suggests
that the observed small angle differences are not directly
linked to the structural change reported at higher angles.
Instead, we would suggest that the small angle changes arise
from an oxidation state-dependent modulation of interparticle
interactions that are not fully screened in these relatively
concentrated cytochromec solutions, even at high ionic
strength. A variation in the interparticle interaction that
slightly perturbs scattering in the small angle region, and
would have a much smaller effect on high angle scattering
data.

Temperature-Dependent Changes and Protein Dynamics
in High Angle Scattering.Experimental results presented
here, and previous computational studies (31), show that
temperature-dependent changes in protein conformation and
dynamics are manifest in high angle X-ray scattering data.
Thermal factors and incoherent, liquidlike or rigid-body
motions in proteins have been identified to significantly effect
Bragg diffraction intensities and produce X-ray diffuse
scattering in crystals (36, 45-47). Numerical calculations
of scattering patterns based upon atomic models show that
thermal motions will also significantly affect high angle
solution scattering. For example, the inclusion of crystal-
lographic temperature factors in calculations of protein
scattering patterns results in a modification of scattering
amplitudes in aq-dependent manner, with negligible effects
calculated in the small angle region (q < 0.3 Å-1), but with
increasing impact at high angles (31). The primary effect of
atomic Debye-Waller factors on macromolecular scattering
is calculated to be an increase in the drop-off of scattered
intensity at high angles, lowering the level of high angle
scattering compared to the small angle,I(0) amplitude (31).
This effect is opposite to the experimentally observed
temperature induced high angle changes that we measured
for cytochromec.

Experimentally, temperature-dependent changes are ob-
served in high angle scattering for cytochromec, even in
the temperature region between 1 and 25°C far from
denaturation. Increases in temperature were found to weaken
the high angle undulatory scattering patterns, and to raise
the high angle diffuse scattering levels compared to theI(0)
scattering amplitude. A similar trend was seen the tem-
perature-dependent scattering for lysozyme (49), and for
surfactant mobility-dependent changes in micelle scattering
(44). The temperature-induced weakening of the high angle
undulatory features combined with an increase in the level
of the high angle diffuse scattering cannot be duplicated in

calculations of scattering patterns by increasing individual
atomic temperature factors alone. Instead, in the case of
micelle scattering, we found that the effect of surfactant
mobility on high angle scattering required inclusion of a
Debye term for the atomic group defined by the surfactant
molecule (44). This approximation makes physical sense
since the surfactant molecule can be considered to be
incoherently positioned with respect to a constant micelle
structure (50). This approximation is analogous to the
analysis of crystallographic data in terms of terms of a static,
time-averaged structure that produces Bragg diffraction, with
liquidlike or incoherent rigid-body motions that create diffuse
scattering (36, 45, 46-48). We anticipate that methods of
this type will also be needed to account for high angle
scattering for proteins in solution. A more detailed examina-
tion of methods to account for protein dynamics in high angle
scattering will be examined in an separate report. Main points
to be made here that high angle difference scattering patterns
are found to be sensitive to changes in protein conformation
states, as indicated by oxidation state- and temperature-
dependent changes in cytochromec scattering, and that these
difference scattering patterns can be quantitatively compared
to detailed structural models. These results suggest that
difference high angle scattering can be used to follow
reaction-linked changes in protein structure and dynamics.
This technique offers promise for providing a new, widely
applicable technique for exploring conformational states
linked to physiological protein function.
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