doi:10.1016/j.jmb.2005.11.042

MB

J. Mol. Biol. (2006) 355, 879-886

Available online at www.sciencedirect.com

science (@orneer:

ELSEVIER

COMMUNICATION

Concordance of Residual Dipolar Couplings, Backbone
Order Parameters and Crystallographic B-factors

for a Small o/ Protein: A Unified Picture of High
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Using ensemble refinement of the third immunoglobulin binding domain
(GB3) of streptococcal protein G (a small a/p protein of 56 residues), we
demonstrate that backbone (N-H, N-C’, C*-H”, C*-C’) residual dipolar
coupling data 1n f1ve independent alignment media, generalized order
parameters from N relaxation data, and B-factors from a high-resolution
(1.1 A), room temperature crystal structure are entirely consistent with one
another within experimental error. The optimal ensemble size represen-
tation is between four and eight, as assessed by complete cross-validation
of the residual dipolar couplings. Thus, in the case of GB3, all three
observables reflect the same low-amplitude anisotropic motions arising
from fluctuations in backbone ¢/¢ torsion angles in the picosecond to
nanosecond regime in both solution and crystalline environments, yielding
a unified picture of fast, high-probability atomic motions in proteins. An
understanding of these motions is crucial for understanding the impact of
protein dynamics on protein function, since they provide part of the
driving force for triggered conformational changes that occur, for example,

upon ligand binding, signal transduction and enzyme catalysis.
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Protein dynamics is central to protein function
and is a prerequisite for catalysis, recognition and
binding to both small molecule hgands and
macromolecules, and protein signaling.'™ Briefly,
itis understood that proteln motions can be divided
into three main categories: ® (i) small random atomic
fluctuations on the sub-picosecond timescale (e.g.
bond librations) that are, in general, uniform
throughout the protein; (ii) correlated motions
involving the concerted movement of small or
large groups of atoms that can span the picosecond
to second timescale (e.g. crank-shaft motions along
the polypeptide backbone, which are both frequent
and fast; aromatic ring flips, which are fast but

Abbreviations used: RDC, residual dipolar couplings;
NOE, nuclear Overhauser effect; GB3, third IgG binding
domain of streptococcal protein G.
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infrequent; local unfolding, which is slow and
infrequent; and interdomain motions); and (iii)
triggered conformational changes. The first
category always represents random, essentially
axially symmetric, excursions about an equilibrium
conformation and is driven by the inherent kinetic
energy of a protein. The second category is also
driven by inherent kinetic energy and can involve
either random excursions about an equilibrium
conformation or transitions from one equilibrium
state (or sub-state) to another. The third category
always involves a transition from one equilibrium
state to another and, while triggered by an external
event such as ligand binding, still requires inherent
kinetic energy and, hence, the existence of the other
two motional classes, to take place.

In the crystalline state, crystallographic tempera-
ture (B) factors provide a measure of motional
amplitudes arising from the combined effects of
dynamic and static disorder within the crystal
lattice.>” Normally, the resolution of protein
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crystallography is not sufficient to yield anything
other than isotropic B-factors, which simply rep-
resent a Gaussian distribution about the equili-
brium position in which a given atom can be
located. For ultra-high resolution (<1 A) crystal
structures, however, anisotropic B-factors can be
obtained, which provide a picture of the direction of
the atomic motions. In solution, heteronuclear
relaxation measurements can, in principle,
yield motional information for almost all heavy-
atoms.lfSAmplitudes of motions, expressed
as model-free order parameters,'® can be probed
on timescales ranging from picoseconds to
nanoseconds by means of laboratory-frame
experiments,” while the dynamics of slower
motions ranging from microseconds to milliseconds
can be analyzed from rotating frame measure-
ments."" However, model-free interpretation of
relaxation measurements does not yield a physical
picture of the nature of the motions.

More recently, residual dipolar couplings (RDCs)
have been suggested as an additional approach for
analyzing motional amplitudes over the entire
picosecond to millisecond timescale.'** RDCs are
measured by inducing a very small degree of
alignment (~10"°) of the protein in the magnetic
field, typically by dissolving the protein in a dilute
liquid crystalline medium.** RDCs provide a direct
measure of the orientation of atomic vectors to an
external alignment tensor and provide a very
powerful tool in NMR structure determination.
The simplest and most straightforward application
of RDCs to dynamics involves the detection of
large-scale inter-domain motions, whose presence
is easy to ascertain, since the alignment tensor for
the two domains will be different.*>” By measur-
ing RDCs in several alignment media possessing
different alignment tensors (i.e. different orien-
tations and/or rhombicity), it is possible, in
principle, to derive detailed information on the
dynamics of individual vectors since, in
the presence of anisotropic motions, the RDCs in
the different media will not be consistent with a
single structure.

Early studies based on various mathematical
model-free formalisms of motion suggested that
RDCs provided evidence for much larger-scale
backbone motions than those reflected in the order
parameters derived from "N relaxation measure-
ments, leading the authors to conclude that proteins
exhibit large-scale concerted motions that are
present all the time over the nanosecond to
millisecond range; that is, these postulated motions
are frequent and of high probability."**"** If this
were true, it would represent a paradigm shift in
our understanding of protein motions. More
recently, we proposed a simple, intuitive approach
for analyzing RDCs.”>*® Rather than assume that
the RDCs can be represented by a single structure,
we sought to represent the RDC data by an
ensemble of structures in which the overall
calculated RDCs for the ensemble are given by the
average of the calculated RDCs of the individual

members of the ensemble. No assumption is made
with regard to either structure or the alignment
tensor, since the coordinates are refined, and the
magnitude and orientation of the alignment tensor
are optimized simultaneously.22 We do, however,
assume a single alignment tensor, an assumption
that is valid providing either the motions are faster
than the rotational correlation time of the molecule
or, if the motions are slower than this limit, they do
not affect the overall shape of the molecule. (Note
that the assumption of a single aliégnment tensor
also applied to the earlier studies.'**"**) Using this
approach, we were able to show that the order
parameters, S&y (dipolar), derived from RDCs
measured in multiple alignment media, are corre-
lated (with a correlation coefficient of ~0.8) with
those from relaxation measurements, S%;; (relax-
ation), and the latter are approximately 0.9 times
smaller than the former.*® Since S (relaxation) is a
product of axial and anisotropic components
arising from bond librations and conformational
motions (about the backbone torsion angles),
respectively, and since our analysis of the RDCs is
essentially insensitive to bond librations (which can
be considered to be constant throughout the
polypeptide chain), it follows that S%;; (libration)
~0.9, in agreement with molecular dynamics
simulations.?? The calculation of S%;; (relaxation)
from experimental relaxation data generally makes
use of an equilibrium N-H bond distance (Rnt,eq)
of 1.02 A derived from neutron diffraction.” Our
findings™ therefore imply that the effective, vibra-
tionally corrected, N-H bond length (rnmef), given
by (Rnt,eq/ §2)176 39 i 1.04 A, a value that coincides
exactly with the vibrationally corrected N-H bond
length derived from N-H and N-C' RDC measure-
ments in two alignment media.>" In addition, this
analysis of the RDC data is able to provide a
physical picture of the motions and to demonstrate
directly the presence of correlated short-range
(crank-shaft motions with anti-correlation of ¢;
and ¢;_1) and long-range (between residues close
in space but far apart in the sequence) motions.*
Very recently, ensemble averaged (using an
ensemble size of 16) molecular dynamics has been
suggested as a means of simultaneously refining
protein structure and dynamics from nuclear Over-
hauser effect (NOE) and relaxation order parameter
restraints in the context of the CHARMM empirical
force field including the implicit treatment of
solvent.”>® Since the generalized order parameters
are a direct measure of angular amplitudes of
motion for specific bond vectors, this approach
should, in principle, yield an estimate of the
expected distribution of structures consistent with
atomic motions on the picosecond to nanosecond
timescale. It should be noted, however, that
interproton distance restraints derived from NOE
data are (r—©)~1/¢ averages, and consequently NOE
refinement does not cross-validate with ensemble
sizes larger than 23435 Hence, the only effective
restriction on atomic positions arises from the order
parameter restraints and the full empirical force
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field, which is akin to carrying out a molecular
dynamics simulation in which atomic displace-
ments are restricted to lie within a tube of variable
diameter.

The question we pose here is whether RDC
measurements in multiple alignment media, relax-
ation measurements and crystallographic B-factors
reflect different sorts of motion (in terms of
magnitude and timescale), as has been pro-
posed,'*?!® or whether these three independent
physical measurements can be explained by a
unified picture of concerted motions occurring on
the sub-nanosecond to nanosecond timescales.
To this end, we have carried out a simultaneous
ensemble refinement of RDCs, NH order
parameters and crystallographic B-factors using
complete RDC cross-validation for the small o/
protein GB3 (the third IgG-binding domain of
streptococcal protein G).

GB3 is 56 residues in length, and comprises a
mixed parallel/antiparallel four stranded B-sheet
with a —1,+3x, —1 topology, on top of which lies a
single a-helix.*® The RDC data, which are of very
great accuracy, represent four backbone vectors
(N-H, N-C/, C*-H* and C*-C’) per residue
measured in five different alignment media
(bicelles, polyethylene glycol/hexanol, phage pfl,
positively charged gel and negatively charged
gel);”” the crystallographic B-factors are obtained
from a highly refined, room temperature 1.1 A
resolution crystal structure,®® and can therefore be
deemed to be rather accurate; and finally, the S%;
(relaxation) order parameters are derived from
very careful °N relaxation measurements and
N-H atomic coordinates calculated from the
high-resolution crystal structure, and therefore
accurately take into account axially symmetric
diffusion anisotropy arising from the ellipsoidal
shape of the protein.”” Because GB3 is a relatively
rigid protein, as judged from relaxation measure-
ments, it provides an ideal platform for an in-depth
analysis of small-scale concerted motions, which
are at the core of all protein motions. Thus, even
GB3 can undergo conformational transitions, as is
evident by small but significant backbone displace-
ments in one of the B-strands upon binding its
target, the Fc region of immunoglobulins.*®

The potentials used for ensemble refinement
against RDCs have been described.”** In the
current work, two additional potential terms
for the §* order parameter and the crystallographic
B-factor were introduced into Xplor-NIH.*’

The order parameter S associated with motion of
a rigid bond vector in an ensemble of size N, is
calculated as:*
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where u; is a unit vector along the bond in question
in ensemble member i, and w; is the weight
associated with ensemble member i (normally

1/N,). The associated energy term, E,;gep, used in
ensemble refinement is given by:
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where S, is the observed order parameter for a
given bond vector and w4, is a scale factor.
"I;he crystallographic B-factor for atom k is given

by:
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where g; is the position of atom k in ensemble
member i, and jj is this atom’s ensemble averaged
position. Q; is the center of mass of the molecular
structure in ensemble i, and Q is the ensemble-
averaged center of mass. These latter two terms are
included so that the calculated B-factor is invariant
to intra-ensemble translations. The associated
energy term, Epg,, is given by:

EBfact = waact(B _Bobs)2 (4)

where B, is the observed B-factor value and wggact
is a scale factor. The B-factor restraint term super-
cedes the arbitrary and uniform relative atomic
position term used previously,”*** and ensures
consistency of the atomic r.m.s. displacement
amplitudes as measured by crystallography with
the angular motional amplitudes reflected by the
RDCs and relaxation order parameters.

The simulated annealing protocol, comprising
both torsion angle and cartesian coordinate
dynamics as well as cartesian coordinate minimiz-
ation, followed closely that described previously
(including the values of the scale factors for the
various terms in the target function).” In additjon,
the scale factor wgg,s was set to 0.1 kcal mol ' A™*
for backbone (N, C7 C’, O) atoms and
0.02 kcal mol ' A™* for side-chain atoms. while
the scale factor for S%; was increased geometrically
from 0.01 to 0.3. The published S%;; values, derived
from the "N relaxation data and crystallographic
coordinates with an axially symmetric diffusion
tensor, were obtained using a bond length of
1.02 A** and were therefore corrected for an
effective equilibrium bond length of 1.04 A,
by multiplying their values by a factor of (rognm/
Rqu\H)6=1.124.30 The target function, with the
exception of the two new terms and the omission
of the relative atomic position term** (which is no
longer necessary owing to the presence of the
B-factor restraints), was identical with that used
previously and comprises terms for the experimen-
tal restraints (RDCs, loose backbone and side-chain
torsion angle restraints, backbone hydrogen bond-
ing distance restraints, S order parameter
restraints and B-factor restraints for all heavy-
atoms), covalent geometry (bond lengths, bond
angles and improper torsions, weighted as
described® to allow for small variations in the
geometry of the peptide bond*”) and non-bonded
contacts (quartic van der Waals repulsion term,
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radius of gyration restraint,*’ multi- d1rnens1onal
torsion angle database potential of mean force,** a
empirical backbone hydrogen bonding 3potentlal
derived from proteln crystal structures,” and an
overall shape term®). One other minor modifi-
cation was incorporated with regard to the RDC
refinement, in that the optimized D, and rhombicity
values for the five alignment tensors were con-
strained to be absolutely identical for all members
of a given ensemble, rather than restrained by
harmonic spread terms.” Calculations were carried
out with ensemble sizes of N.=1, 2, 4, 8 and 16, and
20 sets of calculations were carried out for each
ensemble. The RDCs were subject to complete
cross-validation as follows. The N-H RDCs from
one medium, the N-C’ from a second medium, the
“-H” for a third medium and the C*~C’ from a
fourth medium were left out and used as the free
RDC data set. These were permuted to generate
eight different combinations of free RDC datasets.
(Note that complete permutation would generate
2880 possible combinations and this is far too large
a number for computational purposes; eight com-
binations, which represent a reasonable number for
computational tractability, were therefore randomly
chosen for the calculations. This number was
deemed sufficiently extensive for the purposes of
cross-validation, particularly as essentially the
same results were obtained for each combination).
Thus, for each ensemble size, a total of 160 N,
structures were calculated and the results reported
represent the averages and standard deviations for
these structures. All the calculated structures dis-
play very small deviations from idealized covalent

geometry, exhibit >94% of residues in the most
favorable region of the Ramachandran map with all
remaining residues in additionally allowed regions,
and favorable non—bonded Contacts (with <4 bad
contacts per 100 residues).**

The data in Figure 1 show a plot of the rm.s.
difference between observed and calculated values
of the free and working RDC data sets, the S%y
(relaxation) order parameters, the backbone
B-factors, and the free (i.e. not included as
restraints) ]HNa coupling constants as a function
of ensemble size. The RDCs and [y coupling
constants are structural parameters that can usually
be described using a single structure representation.
These observables, however, may be modulated by
motion, although, in general, both are relat1vely
insensitive to small-scale motions. The S%;; (relax-
ation) order parameters and B-factors are direct
metrics of angular and atomic displacement
motions, respectively, and can therefore be
described only by an ensemble representation (i.e.
N¢>2). For both the working and free RDC data
sets, there is large improvement in agreement
between observed and calculated values as N, is
increased from 1 (single structure representation) to
2 (ensemble structure representation), providing a
clearcut demonstration that these parameters are
modulated by motion; there is some further
improvement as N, is increased from 2 to 4, and
thereafter minimal, incremental improvements as
N, is increased from 4 to 16. These findings are
in agreement with our previously published
results.’** The free ¥y coupling constants also
show improvement from N.=1 to 2, and thereafter

Figure 1. Dependence of the

r.m.s. difference between observed

free

and calculated values for various
NMR observables as a function of
ensemble size (N.): (a) worklng
and free RDC data sets; (b) the S%;;
(relaxation) order parameter
restraints; (c) the backbone
B-factor restraints (N, C*, C' and
O atoms); and (d) the free *[iny
coupling constant dataset. Note
that free datasets are not included
in the refinement and are rep-
resented by open circles. Restraints
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only small incremental 1mprovements as N, is
increased further. In the case of Sy (relaxation)
order parameters and backbone B-factors, there is a
significant improvement in agreement between
observed and calculated values as N, is increased
from 2 to 4, and thereafter no significant change is
observed as N, is increased further. One can
therefore conclude that the optimal size of N,
required to represent all the data is between 4 and
8, and the small improvements in agreement for the
working RDC data sets up to N.=16 are not due to
over-fitting of the data. The backbone atomic r.m.s.
difference from the mean coordinates for each
ensemble calculation is ~0.3 A and remains essen-
tially unchanged for N._2 to 16. The latter is a direct
reflection of the impact of the B-factor restraints.
The backbone atomic r.m.s. difference between the
mean coordinates for the N.=2 to 16 ensembles to
the mean coordinates for the N.=1 calculations is
~0.2 A, and between the mean coordinates for the
N.=1 to 16 ensembles to the X-ray coordinates
ranges from 0.5-0.6 A.

Figure 2 displays correlation plots of observed
versus calculated values (N.=8) for the working
and free RDCs, the S%j; (relaxation) order par-
ameters and the backbone B-factors. As is evident
from the plots, the correlations for both the working
and free RDCs and the order parameters are very
high (correlation coefficients of 0.997-0.998) with a
slope of 1.0. For only a single res1due Gly41, which
exhibits the smallest measured S%;; (relaxation)
order parameter (Figure 2(c)) and is located in the
loop (residues 37-41) connecting the single o-helix

to the third B-strand, the calculated value of SIZ\IH is
slightly lower than the observed one (0.53 versus
0.5610.01). This might possibly be interpreted to
suggest some additional contribution from low-
amplitude motion on a timescale longer than the
rotational correlation time (~4ns) for Gly4l.
However, the value of SXy; (relaxation) for Gly41
is quite dependent on the diffusion model (axially
symmetric versus fully anisotropic) used to fit the
experimental relaxation data, and its Sy (relax-
ation) value is reduced to 0.5240.01 for the fully
anisotropic diffusion model.”” The scatter is a little
larger for the backbone B-factors with a correlation
coefficient of 0.94 but is within the uncertainties of
the experimentally determined B values.
Observable RDCs are a consequence of the small
degree of alignment of the protein in the magnetic
field arising from extremely weak, highly transient
interactions between the protein and the various
alignment media.** There always exists the possi-
bility, however remote, that these very weak
interactions could potentially induce structural
distortions of the same magnitude as the
motional amplitudes derived from the ensemble
calculations. This possibility, however, is excluded
by the near-perfect agreement between calculated
and experimental order parameters (Figure 2(c))
and calculated and experimental RDCs (Figure 2(a)
and (b)), since the relaxation order parameters are
measured in the absence of any alignment media.
Another set of calculations for N.=4 and 8 was
also carried out using the S{y (relaxation) order
parameters uncorrected for bond length (i.e. the

(a) (b) Figure 2. Comparison of
< 30 . 30 observed and calculated values
z T 8 of NMR observables for an
8 ] o ] ensemble size of N.=8. (a) Work-
2 10. < 104 ing normalized RDCs, (b) free
o o normalized RDCs, (c) Sy (relax-
£ _ @ _ ation) order parameters and (d)
5 5 backbone B-factors. In (a) and (b)
2 .10 £-10 the C*-H” (green), N-C' (blue)
£ o N-H 3 o NH and C*-C' (black) RDCs have
3 8;\:1-2' g ] 8(1\\]-3 beeln norrﬁaliZNedHtcz t(lil)e I;}a)rée
© -~ . scale as the N- re S
o -301 o Cac 30 o CaC according to bond length and
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s o 8 refinement) comprised RDCs
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%2 @ A ment media as follows: the N-H
B 0.8 o gshe ° RDCs from bicelles, the C*-H*
g 12 S 10+ B S o RDCs from the negatively
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o G4l < indicate the standard deviations
T T T T o o0 T T T y for the experlmentally deter-
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reported values calculated with 7y =1.02 A) for a
single (arbitrarily chosen) RDC cross-validation set
(in which the N-H RDCs for bicelles, the N-C’
RDCs in pfl, the C*~-H* RDC in negative gel and the
C“~C’ RDC in positive gel were omitted). The r.m.s.
difference between observed and calculated work-
ing RDCs was the same for the calculations with the
corrected and uncorrected Sy (relaxation) order
parameter restraints. However, the agreement
between observed and calculated free RDCs and
between observed and calculated S%y; (relaxation)
values was 20% and 60% worse, respectlvely, in the
calculations using the uncorrected S%;; (relaxation)
restraints. In addition, the deviations from idealized
geometry for bond angles and improper torsions
were 4-7% and 11-16%, respectively, higher for the
structures calculated with the uncorrected than the
corrected Sy (relaxation) restraints. These larger
deviations from idealized covalent geometry prob-
ably represent a partial attempt to account for
the bond libration component in the uncorrected
SXy (relaxation) restraints but cannot fully do so
with the force constants employed here for the
geometrical terms.

In conclusion, the present data demonstrate that,
for a small, relatively rigid, protein such as GB3, the
RDCs in multiple alignment media, the model free

ENH (relaxation) generalized order parameters from

N relaxation measurements, and the backbone
B-factors from a high-resolution, room temperature
crystal structure are entirely consistent with one
another, and reflect the same low-amplitude, high-
probability, anisotropic motions arising from fluc-
tuations in backbone ¢/¢ torsion angles on a
timescale in the picosecond to nanosecond regime
in both solution and crystalline environments that
can be well represented by ensemble sizes of N.=
4-8. Although all three observables reflect the same
motions, highly accurate RDCs in multiple align-
ment media can provide significant new insights
into the nature of these motions, since ensemble
refinement, of the type described here, permits one
to obtain a direct physical picture for the motions of
different bond vectors and to ascertain the presence
of correlated atomic motions.*

The results presented here also have considerable
impact with regard to the widespread use of RDCs as
long-range orientational restramts 1r1 NMR macro-
molecular structure determination.** Specifically, one
can conclude that, for most practical purposes, it is
perfectly legitimate to use RDCs for structure
refinement in the context of a single structure
representation, since, for the majority of NMR
structure determinations, the average atomic
r.m.s. difference from the mean coordinate positions
(i.e. the precision) is generally larger than the
amplitude of the motions detected by the RDCs,
relaxation measurements and crystallographic
B-factors. Moreover, the accuracy of the measured
RDCs required to analyze motions is much higher
than that required for NMR structure determination.

In contrast to bond librations, which are
uniform along the polypeptide chain and axially

symmetric, high-probability = conformational
fluctuations in the sub-nanosecond regime are
non-uniform, anisotropic and exhibit distinct
variations along the polypeptide chain. In the
case of GB3, the variations are relatively small, as
expected given the very high degree (~90%) of
secondary structure content. GB3 contains two
regions that exhibit relatively large amplitude
motions (S°<0.8) on the sub-nanosecond time-
scale, one in the turn connecting strands 1 and 2,
and the other in the loop connecting the C-terminal
end of the single a-helix to strand PB3. Perhaps
more interesting are two other regions that exhibit
lower than average order parameters: the
N-terminal half of strand B2 and the N-terminal
region of the a-helix. This increased mobility is
suggestive, since these two regions comprise the
site of interaction of GB3 with its biological target,
the Fc region of immunoglobulins, and it is
precisely the backbone of these two regions that
exhibit clearcut, albeit small, structural differences
between the free and bound states of GB3.%® Thus,
it may be that the presence of larger than average
atomic fluctuations at the sub-nanosecond level are
an important component for effecting triggered
conformational changes that are a key component
of the function of most proteins.

Here, we have focused on motions that occur on a
timescale shorter than the rotational correlation
time. However, RDCs are potentially sensitive to
large-scale, high-probability motions on longer
timescales up to the millisecond regime. The
presence of large-scale motions involving the
concerted movement of a large number of residues
(e.g. inter-domain motion) on such longer time-
scales can be ascertained qualitatively, since the
alignment tensors for the separate domains will
be different.>*” Ensemble refinement of such
systems would have to explicitly include multiple
alignment tensors and thus would become more
involved. There is also the possibility that there are
insufficient data to simultaneously determine both
alignment tensors and motion in the absence of
additional information.
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