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Protein Tertiary Structural Changes Visualized by Time-Resolved X-ray Solution Scattering
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We obtained a solution structural model of myoglobin (Mb) formed upon the CO photolysis of MbCO by
analyzing time-resolved X-ray solution scattering data. An experiment-restrained rigid-body molecular dynamics
simulation was used to find the best model whose theoretical difference scattering curve gives a satisfactory
agreement with the experimental data at the time delay of 10 ns. The obtained solution model shows structural
changes similar to crystallographic models for MbCO — Mb but also displays a noticeable difference in that
the N-terminus and F helix show larger structural changes.

Here, we report a transient solution structural model of
myoglobin (Mb) formed 10 ns after the CO photolysis of MbCO.
The model was obtained by analyzing experimental time-
resolved X-ray solution scattering data with an experiment-
restrained rigid-body molecular dynamics (MD) simulation. The
root-mean-square deviation (rmsd) between Mb and MbCO is
0.2—0.3 A,? underscoring the high structural sensitivity of time-
resolved X-ray solution scattering.

Knowledge of three-dimensional structures of proteins and
their temporal progression is essential for understanding protein
structure—function—dynamics relationships. Using short X-ray
pulses from a synchrotron, a pump—probe time-resolved X-ray
solution scattering technique was developed for tracking con-
formational changes of proteins in solution.>* The time resolu-
tion is in principle limited by the X-ray pulse width, which is
currently 100 ps and will soon be improved to better than 0.1
ps upon the delivery of X-ray free electron lasers. Time-resolved
X-ray solution scattering®~’ together with time-resolved X-ray
crystallography® can provide direct structural information, and
thus complements time-resolved optical spectroscopy in the
analysis of solution-phase reaction mechanisms. Moreover, time-
resolved X-ray solution scattering complements time-resolved
X-ray crystallography by probing the motions of proteins in
their natural environment rather than in a single crystal.

Tertiary/quaternary structural transition in hemoglobin (Hb)
was studied in depth with the time-resolved X-ray solution
technique, and the kinetics and some preliminary structural
analysis were given.® It was also demonstrated that Mb shows
a detectable difference scattering curve at the time delay of 10
ns upon the CO photolysis of carbonmonoxy Mb (MbCO), as
shown in Figure 1A. This result for Mb is significant for the
following reason. Hb consists of four subunits and thus large-
amplitude quaternary (rearrangements of subunits) structural
transitions as well as subtle tertiary (within a subunit) structural
transitions are possible between liganded and unliganded states.
In contrast, Mb is a single subunit and can accompany only
subtle tertiary structural changes. For example, known crystal-
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Figure 1. (A) Time-resolved X-ray solution scattering data at 10 ns
for MbCO — Mb in solution, and comparison with calculated difference
curves (Mb — MbCO) where various known crystallographic models
are used. (B) Experimental data and comparison with the difference
scattering curve from a solution structural model for Mb (MD10ns)

found from an experiment-restrained MD simulation and a reference
crystallographic model for MbCO (2g0r).

lographic models of liganded and unliganded Hb show rmsd
values ranging from 4 to 9 A through the quaternary structural
change,’ but the corresponding rmsd values between known
crystallographic models of Mb and MbCO are less than 0.3 A.'2
The fact that the data for Mb shows clear oscillatory features
(Figure 1A) supports the high structural sensitivity of time-
resolved X-ray solution scattering, yet extracting structural
information from the measured scattering data poses another
challenge.

In Figure 1A, the experimental difference curve is compared
with theoretical difference curves calculated by subtracting
theoretical scattering curves for MbCO using X-ray crystal-
lographic models from those for Mb using various known
crystallographic models. Among numerous available crystal-
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Figure 2. (A) Overlap of the obtained solution structure of Mb (green) and MbCO (magenta). The largest movements (indicated with arrows) are
seen in the F helix (blue) and the A helix (red). (B) Displacement plot between the refined Mb structure (MD10ns) and MbCO (2g0r) as a function
of amino acid sequence and comparison with those of crystal structures. Helices are labeled in the bottom. (C) Comparison of difference distance
maps for solution and crystal: (left) a difference distance map between the refined solution Mb model obtained from experiment-restrained MD
modeling and a reference crystallographic model for MbCO (2g0r); (right) that of crystal structures (2g0v—2g0r). Helices are labeled in the top.

lographic models, the three curves closest to the experimental
curve are shown. Crystallographic models do not provide a
satisfactory agreement with the experimental data, indicating
that the solution structure deviates from them. In addition,
crystallographic models also show some structural variations
among themselves, as evidenced by the fact that different
crystallographic models yield different scattering curves.
Normally, static X-ray scattering data is used for ab initio
three-dimensional shape determination from the envelop model,
bead model, and dummy-residue (DR) model.'*~'* Recently,
rigid-body modeling, where the tertiary structures are preserved,
has been applied to construct multidomain proteins from solution
scattering.!> This rigid-body modeling technique based on atomic
structures uses known crystallographic models to calculate the
scattering amplitude of the rigid-body that is determined by the
atomic structures. In addition, Monte Carlo (MC) simulations
using simulated annealing or restrained MD simulations are
combined with modeling techniques to avoid being trapped in
a local minimum in a refinement target function.'®'®!” These
modeling methods provide a large convergence to find structures
from the scattering data but require a priori assumptions, for
example, known crystallographic models. In our structural
modeling,* we have used a similar experiment-restrained rigid-
body MD approach that uses a priori knowledge based on the
available crystallographic models. In our approach, the protein
is divided">~'® into many (here we used eight) rigid bodies by
grouping atoms belonging to one or two alpha helices into one
rigid body. The heme is used as a separate rigid body. The
difference between the calculated scattering curve and the
experimental curve is used to calculate an MD force term in
addition to the usual van der Waals force term. A time-resolved
difference scattering curve rather than a static scattering curve

is used as the experimental curve. An MD simulation with
simulated annealing runs until it reaches the best structure whose
theoretical difference scattering curve gives satisfactory agree-
ment with the experimental data. We fixed the MbCO structure
at one of the crystallographic models for MbCO and refined
the Mb structure by starting from one of the crystallographic
models for Mb.

To check the validity of our rigid-body MD approach, we
generated a mock difference curve by using two known
structures for Mb and MbCO, also generated structural variants
by modifying the original Mb structure, and used these modified
structures as the starting structures. After rigid-body restrained
MD simulations, the final structures converged to the correct
structure with rmsd values less than 0.1 A (Figure S1, Sup-
porting Information),* confirming that our procedure can find
the global minimum faithfully.

After verifying that the restrained rigid-body MD simulation
works for mock data, we applied it to the experimental data
using various crystallographic models as starting structures
(Figure S2, Supporting Information).* The best agreement was
obtained for the case where MbCO was fixed at 2g0r and Mb
was fit starting from 2g0v: The result is shown in Figure 1B.
The agreement is satisfactory up to 1 A~'. In Figure 2A, the
obtained solution model of Mb and a crystallographic MbCO
model are superimposed. The obtained solution structure
provides us with the opportunity to compare it with the
crystallographic model. Detailed structural features can be
revealed with the aid of displacement plots (Figure 2B) and
difference distance maps (Figure 2C). Displacement plots
display the difference of distances between two structures as a
function of the amino acid sequence and can reveal the subtle
tertiary structural evolution of an Mb structure from a reference
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MbCO structure. Here, the distance is from the center of the
heme plane to the Ca atom of each residue. Since the heme
also moves a bit between MbCO and Mb, the absolute
movement can be slightly biased in the displacement plot.
The overall pattern of the solution model is similar to those
of crystallographic models. The most well-known structural
change for MbCO — Mb is the clamshell movement where
the E and F helices move downward relative to the position
of the heme. The solution model also follows the same
motion. However, there are also apparent differences in that
the solution model shows a larger displacement in the A and F
helices. This difference between the solution and crystal-
lographic models is more vividly visualized in the difference
distance map (Figure 2C) which plots the difference of the
distance between any possible combinations of two Co. atoms
in the two different structures. It is evident that the solution
model shows larger structural changes than the crystallographic
model especially in the F helix in contact with the heme and at
the A helix of the N-terminus. The N-terminus movement seems
to be restricted in the crystal structure probably due to the crystal
contact.

We also considered the effect of photoalignment induced by
polarized excitation on the experimental data. The polarized laser
light used in our measurement preferably dissociates the CO
ligands of the hemes whose plane lies in the plane of the laser
polarization. As a result, deoxy hemes and CO-bound hemes
are transiently oriented in the polarization plane and perpen-
dicular to the polarization plane, respectively. Then, this
transiently oriented sample will undergo rotational diffusion,
which, for Mb in solution, occurs on a similar time scale as the
10 ns time delay used in our measurement.?’ To account for
this issue, we examined the photoalignment effect on the 1D
X-ray scattering curve for a model system, namely, photodis-
sociation of an iodine molecule. For this reaction, we simulated
2D scattering patterns by taking into account the fact that the
probability of initial excitation is governed by the cos® 6
relationship (where 6 stands for the angle of the laser polariza-
tion and the molecular dipole moment) (see Figure S3, Sup-
porting Information). In other words, iodine molecules are
anisotropically photoexcited. Clearly, due to the photoalignment
effect, the 2D difference scattering image shows an anisotropic
pattern and thus is different from that obtained with photoex-
citation using unpolarized light (isotropic 2D pattern). However,
if we convert these two different 2D images into 1D curves by
integrating along the perimeter (as we did for our experimental
scattering data), the anisotropic effect is completely wiped out
and the resulting 1D curves are identical, as can be seen in
Figure S3b (Supporting Information). This result clearly dem-
onstrates that the photoalignment effect induced by polarized
excitation is not reflected in the 1D curve and the reduction of
a 2D image into a 1D curve simplifies the analysis of the
measured Kinetics. Thus, rotational diffusion of Mb molecules
will not influence the structural dynamics retrieved from 1D
curves, as in our work.
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In summary, we obtained a solution structural model of Mb
formed upon the CO photolysis of MbCO by analyzing time-
resolved X-ray solution scattering data. Experiment-restrained
rigid-body MD simulation was used to find the best model
whose theoretical difference scattering curve gives satisfactory
agreement with the experimental data at the time delay of 10
ns. The obtained solution model shows structural changes similar
to crystallographic models but also displays a noticeable
difference in that the N-terminus and F helix show larger
structural changes.
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