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ABSTRACT In the course of refining
atomic protein structures, one often encoun-
ters difficulty with molecules that are unusu-
ally flexible or otherwise disordered. We ap-
proach the problem by combining two
relatively recent developments: simultaneous
refinement of multiple protein conformations
and highly constrained refinement. A con-
strained Langevin dynamics refinement is
tested on two proteins: neurotrophin-3 and
glutamine synthetase. The method produces
closer agreement between the calculated and
observed scattering amplitudes than standard,
single-copy, Gaussian atomic displacement pa-
rameter refinement. This is accomplished with-
out significantly increasing the number of fit-
ting parameters in the model. These results
suggest that loop motion in proteins within a
crystal lattice can be extensive and that it is
poorly modeled by isotropic Gaussian distribu-
tions for each atom. Proteins 29:426-432,
1997. © 1997 Wiley-Liss, Inc.
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INTRODUCTION

The diffraction of x-rays from protein crystals
allows crystallographers to model complex molecu-
lar structures at atomic resolution. Implicit in the
vast majority of the models collected in the Protein
Data Bank is that only a single conformational state
contributes to the diffraction. Atomic motion is ordi-
narily modeled by a Gaussian distribution centered
at each atomic position, whose width is fit to maxi-
mize the agreement between the data and the model.

In general, if the resolution of the data extends to
approximately 1 A, anisotropic Gaussian motion of
the atoms can be modeled accurately (e.g., see Ref.
1). Limited resolution from most protein crystals
restricts modeling to isotropic displacements.

The description of atomic thermal motion by Gauss-
ian distributions assumes that each atom vibrates in
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a harmonic potential well. This assumption de-
scribes protein motion poorly, because the atomic
vibrations in these polymers are highly coupled (as
suggested by diffusely scattered x-rays?) and nonhar-
monic (as seen in side chains with multiple conforma-
tions in high-resolution structures). Nonetheless,
the Gaussian motion model has proved to be highly
effective in describing the scattering of many pro-
teins.

As the science of protein crystallography ad-
vances, a greater number of cases emerge in which
the crystal asymmetric unit accommodates a very
large protein and/or a large number of proteins. Also,
cases arise in which the motion of a moderately sized
protein is not described well by the isotropic model.
These situations require an alternative description
of protein motion to achieve reasonable agreement
with the diffraction data. One possibility is to de-
scribe the diffraction not as arising from a single
conformation of the protein, but by an ensemble of
several conformations.>7 Nuclear magnetic reso-
nance experiments,® and computer simulations of
protein motions® suggest that proteins sample sev-
eral conformations in solution. We show, as has been
shown previously,>*¢ that even within the confines of
a crystal lattice, some proteins are able to sample
quite varied conformations.

We have collected data from crystals of two dis-
tinct proteins: a highly flexible protein, neuro-
trophin-3, and a glutamine synthetase dodecamer.
In both cases we simultaneously refine 10 copies of
the protein against the diffraction data. The final
refined ensemble of structures shows significant
conformational variation between the copies, suggest-
ing that the variability is not described well by
Gaussian distributions. The multiple-copy models
lead to closer agreement between the observed and
calculated data than single-copy models.

In our refinement procedure, a fully constrained
algorithm moves the protein such that only main-
chain ¢-{ dihedral angles and side-chain torsion
angles are free to vary; this method is similar to
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torsion angle refinement described recently by Rice
and Brunger.'® Unlike previous work, the present
study combines the constrained algorithm with mul-
tiple protein copies and includes a single Gaussian
distribution width, identical for all atoms, to model
rigid body motions. We test the algorithm on struc-
tures that have a high degree of disorder. These are
poorly modeled by a single-protein copy, as suggested
by high values of R and Ry after conventional
refinement. The crystallographic R value is defined
as

\F(h, k, ) — F(h, k, D

R=, (1)
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where F,(h, k, 1) is the observed magnitude of the
structure factor with Miller indices h, k, and I, and
F.(h, k, 1) is the structure factor calculated from the
model. The Ry, calculated from approximately 10%
of the data that is removed from the refinement,
cross-validates the resulting model.!!

Our constrained protein model contains approxi-
mately 3 degrees of freedom per residue, approxi-
mately one tenth the number for fully flexible models
that have 3 positional degrees of freedom and one
Gaussian width per atom. Therefore, the dimension-
ality of the parameter space associated with the two
refinement methods is very similar if we use 10
copies in our method. However, the positional param-
eters in the single-copy refinement are highly re-
strained by potentials between atoms, as are the
values of the Gaussian widths between bonded at-
oms. In contrast, our refinements impose no re-
straints between the values of the dihedral angles
between copies. Although the dimensionality of the
parameter space is similar, in our refinement the
volume of accessible parameters within this space is
probably larger. We are cautious in comparing R
values obtained from the two methods and rely on
cross-validation, using Ry, to ensure that the mul-
tiple-copy refinements are meaningful and not sim-
ply overfitting the data.

MATERIALS AND METHODS

Because 10 protein copies are typically refined
simultaneously, we compensate by limiting the num-
ber of free parameters by constraining bond lengths
and angles to their ideal values. Main-chain ¢-{s
dihedral angles and side-chain x angles freely rotate.
The constraints are imposed with a technique de-
scribed below, used by Deutch and Madden'? to
simulate linear polymers and then applied to polyala-
nine by Grgnbech-Jensen and Doniach.!? The princi-
pal difference between this method and that intro-
duced earlier by Rice and Brunger!'? is that here we
solve an overdamped Langevin equation instead of
an undamped dynamical equation.

The method entails solving a set of linear equa-
tions at each time step, to obtain the tension that
each bond exerts on the bonded atoms. Once the
tensions (t) are known, an overdamped Langevin
equation gives the change in position of each atom:
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The sum is over all atoms to which the ith atom is
bonded, and v; is a force term that incorporates the
observed diffraction information. The forces on the
atoms are calculated from the gradients of the F, —
F.maps'# plus a noise term. A Gaussian noise term is
added to the forces. This sets the temperature scale
and introduces a random element that allows differ-
ent copies to undergo distinct trajectories. The ten-
sions are computed by ensuring that the time deriva-
tives of the constrained lengths are all zero:

Wy — 1)
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The tensions may be extracted after inserting Eq. (2)
into Eq. (3).

To preserve the angle between two bonds, a con-
straint is imposed between the two nonbonded atoms
in the triplet. Similarly, to preserve the planarity of
three bonds, dummy atoms are introduced and con-
strained a fixed distance from the four atoms in the
plane.

We initially impose a single isotropic Gaussian
atomic displacement factor that is the same for all
atoms. The positional displacements calculated from
the F, — F. maps are multiplied by a constant to
obtain a force. This constant is chosen, together with
the time step of the integrator, to preserve the
constrained lengths at each time step to within 0.001
A. During the course of refinement, bond lengths
typically do not drift by more than 0.01 A.

To maximize the convergence of the refinement,
the magnitude of the noise term is set to approxi-
mately one tenth the magnitude of the force term
due to the diffraction information. The simulation
contains no other force terms, such as nonbonded
interactions. Intramolecular van der Waals forces
are excluded because we are describing an ensemble
of structures for which these forces are not well
defined.

RESULTS
Neurotrophin-3

Neurotrophin-3 (NT-3) is one of the four proteins
that comprise the neurotrophin family, a group of
growth factors that controls the development and
maintenance of neurons. Two neurotrophin struc-
tures have previously been published: the murine
nerve growth factor (NGF) homodimer!>'® and the
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Table 1. Variation of R Values
vs. Number of Copies for NT-3
Constrained Refinement

No. of copies R Ripee

5 21.6 37.3
10 17.7 35.1
20 17.7 35.2

human brain-derived neurotrophic factor (BDNF)
and NT-3 heterodimer.!” The proteins consist of
approximately 118 residues forming a curved -
sheet. Both structures contain ill-defined loops (resi-
dues 42-48 and 59-74) and have high overall atomic
displacement factors (34 and 45.8 A2).

We obtained recombinant NT-3 from Amgen.!® The
crystals were grown in 12% polyethylene glycol, 0.5
M sodium citrate, and 15% dimethyl formamide at
pH 5.0. The crystals formed space group P2,2,2 and
diffracted to 2.6 A. The diffraction data were col-
lected at line X12-C of the National Synchrotron
Light Source (NSLS). The unit cell dimensions were
37.97, 51.9, and 65.99 A. The data set was 97%
complete with an R;ere. 0f 0.074 and and average I/'o
of 3.78.

The initial phases were obtained from molecular
replacement with the NGF dimer!® as the starting
model; by using X-PLOR'” and AMoRe,?® we ob-
tained the same rotation function solutions. Single-
copy refinement with isotropic Gaussian atomic dis-
placements, using the program X-PLOR, produced a
model with an R value of 28.4% and an Ry, of 37.9%
on data from 2.75 to 6.0 A. No waters were included
in the model because they did not significantly
decrease the R values. Although the final Ry, for
this model is high, we have several indications that
it represents an essentially correct solution: the
same rotation function solution was obtained with
different programs, the top solution was two stan-
dard deviations above the next best solution, and
finally, the molecular replacement procedure was
insensitive to the choice of starting models from the
previously solved NGF, BDNF, or NT-3 crystals.

Starting from this partially refined model on NT-3,
we attempted multiple-copy, constrained refinement
with different numbers of copies, as shown in Table I.
With respect to 10 copies, the R and Ry, values were
slightly higher for five copies and remained virtually
unchanged for 20 copies. To optimize the speed and
results, we used 10 copies for the subsequent refine-
ments.

Compared with the standard single-copy refine-
ment, our 10-copy refinement generates a model
with a lower Ry, value, 35.1%, and a significantly
lower R value, 17.7%. Main-chain traces of the 10
copies, shown in Figure 1, illustrate disordered loops
and consistent atom positions in the center of the
four antiparallel B-strands. This is qualitatively

Fig. 1. An a-carbon trace of NT-3. The 10 copies were refined
simultaneously under strict geometrical constraints.

similar to what is observed when the three previous
crystal structures of neurotrophin are superim-
posed.!”

We chose a value of 20 A2 for the single atomic
displacement parameter used in this (and all subse-
quent) refinements. The R values are reported after
approximately 5,000 steps of Langevin dynamics.
Fast Fourier transforms were recalculated when the
maximum displacement of an atom exceeded 0.2 A.

The constrained multiple-copy and standard single-
copy refinement techniques have a similar number of
free parameters. The NT-3 data-to-parameter ratio
in both cases is 1.1, neglecting the effects of re-
straints in standard refinement. However, our
method has a higher accessible volume of parameter
space because the values of the dihedral angles are
not restrained. Therefore, it might be misleading to
compare our value of R with that obtained from the
single-copy Gaussian refinement. However, the de-
crease in the Ry, value suggests that the multiple-
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Fig. 2. A comparison of atomic positional variation in two
independent multiple-copy refinements. The positional variation is
defined as the root mean square deviation from the average
position for equivalent atoms in the 10 simultaneously refined
copies of the molecules. We plot these distances for all atoms in
neurotrophin-3 obtained at the end of two refinement runs. The
correlation coefficient is 0.97.

copy model is more accurate. If the loop motion
contained in the multiple models is approximately
correct, it is not surprising that a single copy is
unable to model such extensive conformational varia-
tion.

To assess the uniqueness of these refinement runs,
the NT-3 refinement was repeated several times
with different seeds for the random number genera-
tor. We evaluate the positional variation in each
atom among the 10 copies and compare this varia-
tion between two independent runs. We compute the
standard linear correlation

E rms?rms?
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where a and b are the models obtained from two runs
with different seeds, and rms; is defined as the root
mean square deviation of the 10 copies of atom i from
their centroid. The correlation yields a value of 0.97
between two runs, as seen in Figure 2. Although the
distribution of states obtained by multiple-copy re-
finement seems highly reproducible, the atomic posi-
tions are not exactly reproduced. The R values
between two composite models (each consisting of 10
structures) are approximately 15%.

We also compare the root mean square atomic
displacement between identical atoms in different
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Fig. 3. A comparison of positional variation in multiple-copy
refinement (thin line) and standard isotropic atomic displacement
parameter (thick line) as a function of atom number. For the
multiple-copy refinement the positional variation is defined as
87?/3 times the root mean square deviation from the average
position for equivalent atoms in the 10 simultaneously refined
copies of the molecules, plus the uniform isotropic displacement
parameter. The thin line represents the atomic displacement
parameters that describe isotropic Gaussian motion in standard
single-copy refinement. The values are plotted for all nonhydrogen
atoms in NT-3.

copies to the atomic displacement parameters ob-
tained from the standard single-copy Gaussian refine-
ment. A superposition of displacement as a function
of residue number is shown in Figure 3. The 0.85
linear correlation between these displacements indi-
cates a high similarity between the pattern of disor-
der modeled by the two methods. However, it is clear
from the figure that the displacement is found to be
far greater in the multiple-copy model than in the
single-copy one: the effective average atomic displace-
ment parameter is 84.5 A2 for the multiple-copy
model and 23.2 A2 for the single-copy, isotropic
displacement. The lower values of R and R.. suggest
that the disorder in N'T-3 crystals is more accurately
described by the multiple-copy models. This implies
that isotropic atomic displacements may account for
only a fraction of the overall disorder in some protein
crystals.

We believe that our model provides a more physi-
cal picture of disorder than standard isotropic Gauss-
ian models. The weak electron density and large
displacement parameters suggest that the loops in
NT-3 are disordered. The lower R values indicate
that the conformational variation of the loops among
multiple copies better describes the distribution of
protein states within the crystal lattice than the
isotropic vibration approximation.

Glutamine Synthetase

Glutamine synthetase (GS) is a key enzyme in
nitrogen metabolism; it catalyzes the biosynthesis of
glutamine from ammonia, glutamate, and ATP. GS
from the bacterium S. typhimurium is a stable
complex, consisting of 12 identical chains each of 468
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amino acid residues, assembled in a dodecamer with
Dg symmetry (molecular weight 620 kd?!).

GS expressed in E. coli was isolated by ammonium
sulfate precipitation followed by a Cibachrom blue
affinity column, as described earlier.?? GS crystals
were grown by the hanging drop method of vapor
diffusion.?? In the presence of ADP, GS crystallizes in
space group C2 with 1 dodecamer per asymmetric
unit with cell dimensions 234.5, 133.9, and 196.8 A
and 3 = 101.2°. Data were collected from a single
crystal using synchrotron radiation at the NSLS
beamline X12-C under cryogenic conditions with
30% MPD as cryoprotectant. The data set is 98%
complete to 2.5 A resolution, with 200,000 unique
reflections, a 10-fold redundancy and an R, of
7.5%.

A 2.8 A room temperature model,2* obeying strict
12-fold noncrystallographic symmetry, was used as
an initial model for molecular replacement. Conven-
tional, single-copy refinement with isotropic displace-
ment parameters, implemented by using the pro-
gram X-PLOR,!” was attempted both with
noncrystallographic symmetry (NCS) constraints and
without, against the 2.5 A data set. With standard
refinement the data-to-parameter ratio is 11 with
NCS, and 0.9 without NCS constraints, neglecting
the effects of geometrical restraints. Releasing the
NCS constraints led to an increase in the value of
Ry, suggesting that the data were insufficient to
model all 12 monomers independently. In the case
where a single monomer copy was refined with NCS
constraints, we obtain an R of 30.3% and an Ry, of
31.9%. The refinement was performed with data
from 8.0 to 2.5 A. No water molecules were included
in the model. Further details on the conventional
refinement and a description of the GS structure will
be presented elsewhere.

In the present study we refined 10 highly con-
strained copies of the GS monomer, maintaining the
strict NCS constraints of the Dy dodecamer. In this
case, the variability of the model conformations
arises from two factors: 1) the ensemble of conforma-
tions of monomers in a specific position in the
dodecamer and 2) the ensemble of conformations of
the monomers at different positions in the do-
decamer.

Refinement with 10 copies of the molecule pro-
duced an R of 25.9% and an Ry, of 29.4%. As seen in
Figure 4, the outer regions of the dodecamer are
highly variable, whereas the 10 models overlap
closely in the inner portion.

We confirmed that the same results may be ob-
tained by using the program X-PLOR.! The pro-
gram was operated in the torsional refinement mode
by using a single atomic displacement parameter,
identical for all atoms. The final R and Ry, values
were 25.4 and 29.3%, respectively.

We also ran X-PLOR with 12 simulated annealing
copies, instead of the torsional refinement mode,

Fig. 4. The a-carbon trace of a glutamine synthetase mono-
mer, refined using 10 highly constrained copies of the molecule.

with a fixed atomic displacement of 31 for all atoms.
In this case the R and Rj.. dropped even further to 21
and 26%. We believe this is in part due to the
maintenance of strict NCS constraints. Previous
work by Burling and Brunger* with penicillopepsin
showed that when multiple copies with flexible bonds
are refined simultaneously in the absence of NCS
constraints, the R value may become extremely low
(below 10%) even though the value of Rj.. stops
falling. This indicates that the method leads to
overfitting when more than eight flexible copies are
used.

We also attempted the highly constrained refine-
ment with one copy per monomer and without NCS
constraints between the molecules of the dodecamer
and found that the Ry inevitably increases. The
refinement conducted with one model copy and no
NCS constraints has approximately the same num-
ber of unconstrained fitting parameters as the 10-
copy, NCS-constrained refinement. The observation
that the former leads to an increase in Rj.., while the
latter leads to a decrease, suggests that the 10-copy
NCS-constrained model is generating a more accu-
rate description of the scattering. Thus, the way one
chooses to model disorder, and not simply the num-
ber of free parameters, is crucial to the outcome of
the refinement.

Artificial Data

As a controlled test of the method, we evaluated
how well an ensemble structure can be recovered in a
case where the target actually consists of 10 confor-
mations. Artificial diffraction data were generated
from a 10-copy NT-3 model produced in an earlier
refinement. The new algorithm was then used to
refine an initial NT-3 model against the artificial
data. The rms difference between the coordinates of
the starting model and the centroid of the target
ensemble was 0.8 A. The initial R value was 35.7%
for data between 2.5 and 10 A resolution. The
refinement decreased the R value to 9.1% and R, to
9.8%. The rms difference between the centroid coordi-
nates of the refined ensemble and the target en-
semble dropped to 0.5 A, showing a net improvement
in the centroid coordinates.
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Fig. 5. A comparison of effective atomic displacement param-
eters in the model from which artificial diffraction data were
calculated (thick line) vs. the refined ensemble of ten NT-3
molecules (thin line). The effective atomic displacement parameter
is defined as 8w?/3 times the root mean square deviation from the
average position for equivalent atoms in the 10 copies of the
molecules. The values are averaged over the atoms in each
residue.

The method was especially successful in describ-
ing the structural disorder. The effective atomic
displacement parameters in the 10-copy NT-3 model
from which the artificial data were calculated are
compared in Figure 5 with the corresponding values
for the refined model. Although the refinement cap-
tures the essential features of the disorder, it cannot
reproduce the exact details of the disorder, as sug-
gested by the residual discrepancy between the
artificial data and the structure factors calculated
from the final composite model and by the differ-
ences in atomic coordinates. This discrepancy affects
the difference between the R and Rj... values for the
NT-3 refinement as discussed later.

By contrast, conventional single-copy refinement
with isotropic atomic displacement parameters, us-
ing X-PLOR and the same artificial diffraction data,
led to a higher final R value of 22.4%. The isotropic
displacement parameters apparently capture only a
small fraction of the disorder explicit in the test
ensemble of 10 molecules.

CONCLUSIONS

Highly constrained multiple-copy refinements are
reported for two proteins that exhibit a high degree
of disorder, as suggested by the high atomic displace-
ment factors and the high R and Rg.. values that
were obtained from conventional single-copy refine-
ment. In both cases the multiple copy refinement
resulted in lower R and Rj.. values, without a
significant increase in the number of fitting param-
eters.

Experimental data are usually accurate to better
than 10%, as measured by the agreement between
symmetry-related Bragg peaks. The NT-3 refine-
ment results in an Ry, greater than 30.0%, suggest-
ing that the model falls short of a complete descrip-

tion of the scattering. Part of this discrepancy results
from a failure to model the scattering from water.

The gap between R and Ry, values in the NT-3
case probably arises from the fact that the disorder
in the protein is not modeled uniquely by our method.
We have shown that, although refinement runs with
different seeds yield highly correlated mean atomic
displacements, they do not yield identical structures.
The R value between ensemble models in alternate
runs is in the 15% range. The variability in final
models accounts for some of the discrepancy between
the R and Ry values.

Furthermore, we have shown that even with artifi-
cial data it is not possible to completely recover the
correct ensemble of models. The final agreement
between the artificial data and our refined model
was slightly better than 10%. We therefore conclude
that part of the discrepancy between R and Ry, for
NT-3 is due to the inability of our algorithm to
reproduce the exact details of the structural disorder
with the given data-to-parameter ratio.

In the other two examples, glutamine synthetase
and NT-3 with artificial data, the discrepancy be-
tween R and Ry, is much smaller. This is to be
expected for artificial data, where the correct model
is unambiguous. For the case of glutamine synthe-
tase, the NCS constraints increase the data-to-
parameter ratio by a factor of approximately 10 with
respect to the NT-3 refinement, leading to a higher
degree of correlation between refined models ob-
tained with different starting seeds.

The present study introduces an alternate, and
possibly more physically reasonable model for scat-
tering in protein crystals by eliminating the fitting of
isotropic Gaussian distribution widths for each atom
in the molecule. A uniform atomic displacement
factor value accounts for overall rigid body vibration,
whereas multiple copies of the protein represent its
distribution of states. Combining strict geometric
constraints with multiple-copy refinement leads to a
description of anisotropic disorder with a similar
number of fitting parameters as conventional refine-
ment with isotropic displacement parameters. By
testing this approach on two disordered proteins, we
achieve better agreement between the modeled and
observed data than is possible with standard refine-
ment.
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