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Abstract Protein dynamics can be studied by NMR
measurements of aqueous dilute liquid crystalline samples.
However, the measured residual dipolar couplings are
sensitive not only to internal fluctuations but to all changes
in internuclear vectors relative to the laboratory frame. We
show that side-chain fluctuations and bond librations in the
ps—ns time scale perturb the molecular shape and charge
distribution of a small globular protein sufficiently to cause
a noticeable variation in the molecular alignment. The
alignment variation disperses the bond vectors of a con-
formational ensemble even further from the dispersion
already caused by internal fluctuations of a protein.
Consequently RDC-probed order parameters are lower
than those obtained by laboratory frame relaxation
measurements.
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Introduction

Native proteins are customarily pictured as highly struc-
tured entities; a view that is supported by many lines of
evidence. Nonetheless, all proteins exhibit internal motions
on various time scales and amplitudes. Fast internal
motions, i.e. bond vibrations and librations as well as
peptide plane movements, take place in picoseconds to
nanoseconds (Bouvignies et al. 2005; Kay et al. 1989;
Lakomek et al. 2006). Slow internal motions, i.e. second-
ary structure and protein domain motions, occur at a sedate
pace in microseconds to milliseconds. NMR coherence
decays have revealed that bond librations and side-chain
reorientations amount only to a small reduction in struc-
tural order. The associated Lipari—-Szabo order parameter
(535) (Lipari and Szabo 1982a, b) in well-structured parts
of a protein is typically above 0.85 for amide moieties (Kay
et al. 1989), 0.9 for backbone bonds (Ferrage et al. 2006)
and 0.2-0.9 for side-chain methyl groups depending on the
length of the side-chain (Millet et al. 2002; Skrynnikov
et al. 2002). On slower time scales, in the ps-regime and
above, relaxation dispersion and exchange rate measure-
ments (Palmer 2004) have revealed larger but infrequent
excursions away from the most populated states. Recently,
residual dipolar coupling (RDC) data has revealed (Lak-
omek et al. 2005; Meiler et al. 2001; Tolman et al. 2001)
in the intervening time-scale, below ps and above 7,
anisotropic and correlated motions, that have been associ-
ated with order parameters in the range 0.6—1.0.

RDCs (Tjandra and Bax 1997) can be regarded as ideal
motional probes as they respond explicitly to all motions
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of internuclear vectors. Non-zero RDCs arise first when
molecular tumbling in solution is slightly anisotropic.
To that end a dilute liquid crystalline (LC) medium is
used to impose a subtle alignment on a biological macro-
molecule solute via steric and electrostatic interactions
(Prestegard et al. 2004). RDC observables are, of course,
averages over a dynamic conformational ensemble (Bax
et al. 2001; Louhivuori et al. 2006). The high structural
similarity among the most populated states prompts to
think that on average all conformations would, to an
excellent approximation, adopt a similar alignment. This
is the implicit assumption underlying the many structural
and dynamic data analyses of weak alignment NMR
spectroscopy—a method that is widely used today in
structural biology (Bax and Grishaev 2005; Blackledge
2005). Indeed it seems reasonable to imagine that the
dispersion of molecular alignments among the confor-
mations is small, perhaps negligible, in particular as no
apparent inconsistencies have been noticed in protein
structure determination. Furthermore it may also seem
reasonable to use in the analysis of dynamics an effective
alignment frame because usually the conformations are in
a fast exchange compared to molecular reorientation.

In this study we inspect critically the concept of a
common alignment frame for a protein structure on the
basis of experimental data. We find that a variation in
molecular alignment due to the ps—ns fluctuations can
contribute significantly to the RDC-probed order parameter
in the case of a small globular protein.

Theory
Protein motions captured by RDCs

A residual dipolar coupling reports essentially on the
average direction of an internuclear vector, e.g. a chemical
bond, relative to the main magnetic field of a NMR spec-
trometer. Both fast and slow internal motions perturb the
directions of a chemical bond and since RDCs are mea-
sured as an average over a longer time period this reflects
directly into the observed RDC. Besides internal motions,
the molecule experiences also rotational and translational
diffusion in the liquid sample. Anisotropic orientational
sampling in a dilute liquid crystalline medium is the basis
for observing a residual of a dipolar coupling (Tjandra
and Bax 1997). In practice, it may not be possible to de-
convolute the observed data to distinct motional modes, but
their identification will clarify the analysis.

From a molecular perspective, i.e. from the perspective
of an observer on a single molecule, external motions are
incidental and of no particular interest—at least if we
assume that molecule-medium interactions are negligible.
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It would therefore be sufficient to consider any disorder
present in molecular structures only in terms of internal
motions (Fig. 1). The averaging due to the fast ps—ns bond
fluctuations when inspected in the local sub-molecular
frame is given by the aforementioned S7¢ values. The
recently proposed (Bernadd and Blackledge 2004; Lak-
omek et al. 2006; Meiler et al. 2003; Peti et al. 2002;
Tolman 2002) substantial and frequent fluctuation of sec-
ondary structures, i.e. a-helices or f-sheets, relative to a
molecular frame will cause additional down-scaling of the
order parameter. We denote the corresponding order
parameter as Siﬁ and note that it has been reported to range
from 0.6 to 1.0.

From an ensemble perspective, i.e. from the perspec-
tive of an observer regarding every molecule in the
sample, both internal and external motions are manifes-
tations of the state space of the system (Louhivuori et al.
2006). Internal motions cause the conformational diversity
and external motions are responsible for the various ori-
entations and positions the molecules inhabit. A
conformational change is, from the ensemble perspective,
tied to a change in the effective alignment of that mole-
cule. This connection between the alignment and the
conformation seems like non-sense from the molecular
perspective since a conformational change does not
instantly change the orientation of the molecule. Since
RDCs are a time and ensemble average the ensemble
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'I‘@d
b Ve

Fig. 1 In the molecular perspective internal motions like (a) bond
fluctuations, (b) peptide plane motions and (c¢) secondary structure
movements all contribute to disperse a chemical bond away from its
average direction. (d) In the ensemble perspective both internal and
external motions contribute to fill the available state space. In a RDC
measurement the available state space is reduced to effective
alignment tensors of the constituent conformations
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perspective is an appropriate choice. In the vicinity of a
liquid crystalline particle conformations are not energeti-
cally equivalent (Louhivuori et al. 2006) and therefore
e.g. some side-chain conformations are not in a fast
exchange. This means that conformational changes due to
internal motions couple to the alignment and appear as
fluctuations in the effective alignment frame of a mole-
cule. We mark the corresponding order parameter as S5,
It should be emphasised that the alignment is not a
property of a free molecule, i.e. a molecule in void, but
rather a property of the whole sample including the LC-
particles. S, does not therefore correspond to any intrinsic
molecular motion, even though it might appear as one if
the molecular perspective is chosen for RDC data
interpretation.

Finally, we remind that molecular tumbling in solution
is the most effective averaging process with respect to the
laboratory frame. The associated order parameter SZ is on
the order of 107° in a dilute LC-medium (Bax et al. 2001;
Tjandra and Bax 1997). The order parameters are usually
normalized relative to Sf.

Dynamics modulated alignment

We reason that the variation in molecular alignment orig-
inates from the dynamics-induced modulation of van der
Waals and Coulomb interactions between the protein
conformations and the nematogens (Louhivuori et al.
2006). It may appear paradoxical that a transient confor-
mation could align as the internal ps—ns fluctuations are
much faster than the molecular translational and rotational
diffusion. This quandary is resolved as explained above in
what is formally referred to as Boltzmann’s ergodic
hypothesis of the equivalence between time and ensemble
averages. The suppression of some of the molecules
internal fluctuations by the presence of the LC-particle
imposes an unique alignment on each transient conforma-
tion. In other words, a transient conformation does not
align per se but rather may only exist if it is energetically
allowed. It is thus mistaken to justify the use of a single,
effective alignment frame solely on the fact that internal
fluctuations are much faster than translational or rotational
diffusion.

It is clear then that dynamics modulated alignment
(DMA) is a conceivable phenomenon and could very well
be expressed in experimental data. We will therefore pro-
ceed to search for experimental evidence of it. Our analysis
will be restricted to the ps—ns protein dynamics that is well
characterized by NMR relaxation measurements. On such
short time scales primarily bonds fluctuate and side-chains
reorientate while motions of secondary structure elements
are negligible (Palmer 2004).

Signature of dynamics modulated alignment

Of the many motions captured by residual dipolar cou-
plings, bond fluctuations and the overall molecular
tumbling are well understood. These two contributions
should be removed from the total order to expose any
additional motion attributable to either DMA or additional
intrinsic motion, e.g. in the form of secondary structure
fluctuations, or to both. If the additional motion is an
exclusive property of the protein, i.e. independent of the
LC-medium that was used in measurements, then it is
likely evidence of the reported sub-pis intrinsic secondary
structure fluctuations. On the other hand, if a change in LC-
media makes a difference then the excess motion may just
as well result from the alignment frame dispersion in
DMA. Obviously neither secondary structure nor align-
ment fluctuations are mutually exclusive and indeed it is
quite conceivable that both contribute to the observed
additional motions. The presence of DMA does not there-
fore disprove for example the recent findings (Lakomek
et al. 2005) of correlated backbone motions.

All order examined by RDCs is captured by an overall
molecular measure called the general degree of order
(GDO) (Tolman et al. 2001). We employ its squared value,
©? =2/33 07, The components 3; are obtained from the
measured RDCs, e.g. by singular value decomposition
(SVD) (Losonczi et al. 1999), using a set of equations

&) VaVsh
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where the refined structural model is given by cc;, i.e.
internuclear vectors in the Cartesian {X, y, z} frame. The
constants for the two nuclei A and B are the gyromag-
netic ratios y and yg, the internuclear distance r,g and as
usual Planck’s constant # and the permeability of
vacuum fi,.

We aim to determine the ps—ns fluctuations, i.e. the Sig
contribution to 82, on the basis of the intrinsic difference
between amide (NH) and backbone (C*CO) bond fluctua-
tions. This difference is not large, but it is significant
(Ferrage et al. 2006). We find from molecular dynamics
(MD) simulations of ubiquitin and the B3 domain of pro-
tein G that the NH order parameter squared is on the
average (O3y) = 0.878 £0.002 and the corresponding
C*CO value <GSC“CO>0: 0.955 £ 0.001 when flexible tails
and loops are excluded from the evaluation. These values
are consistent with the average model-free order parameter
Sﬁs for NH obtained from laboratory frame relaxation
measurements (Hall and Fushman 2003; Tjandra et al.
1995). The fluctuations of C*CO bonds are being investi-
gated by cross correlated relaxation measurements (Chang
and Tjandra 2005; Ferrage et al. 2006; Wang et al. 2003).
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It follows that when 9% is determined using only the
NH couplings the result should be slightly smaller than
when only the C*CO couplings are used, provided that no
other motions play a role. Conversely, any additional
motion will partially mask the intrinsic bond fluctuations
and perturb the difference A = (0guco) — (k). Asym-
metric motions, i.e. motions that affect the two bonds
unequally, will either increase or decrease this difference,
or even keep it invariant, whereas symmetric motions will
only decrease it. Any change in A that is due to the
intrinsic secondary structure fluctuations, i.e. Siﬂ, will be
independent of the alignment medium. Any medium-
dependent variation in A cannot arise from medium-
independent intrinsic molecular motions and must be
attributed either to DMA or to some unknown, novel
medium-induced motion.

In order to remove contributions from S$> and such
superfluous factors as LC-medium density and sample
temperature that are present equally in 9%y and ﬁéxco, we
normalize A by ﬁ%lco :

5= <ﬁé“co> — <612\1H> <1312\1H>
<ﬁ2’co> <ﬂ2’co>

Furthermore we should note that the sample conditions of
the data sets used in this study to illustrate DMA are so
similar (cf. Clore and Schwieters 2004a, b; Cornilescu
et al. 1998; Tossavainen et al. 2003; Ulmer et al. 2003)
that we cannot see how they could have any significant
effect on the results to be presented. Alignment tensors are
determined from RDC data e.g. by using SVD (Losonczi
et al. 1999). The  parameter and its error are then obtained
using Eq. 2.

—1-

(2)

Amount of intrinsic bond fluctuations

Based on the MD simulation derived (d3,), and
(9¢uco), values, the normalized difference between the
average NH and C*CO bond fluctuations is without any
additional motion ¢, = 0.081 & 0.002. If the measured
<192“C0>0 differs substantially from the simulated value of
0.955, this value should be adjusted accordingly. It should
also be noted that if the internal bond fluctuations were
highly molecule dependent, it might be more sensible to
consider o, separately for each molecule rather than the
general J, shown here. Nevertheless, a J, parameter
derived from a system outside the influence of any
alignment medium serves to establish a numeric value
that includes all intrinsic motions and nothing else. Any
deviation from this baseline is then a sign of additional
motions.
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Local alignment frames

It may appear strange to use the general degree of order, a
molecular quantity, as a motional probe because local order
parameters are more informative. A locus-specific measure
of RDC-probed dynamics is obtained by combining, via
transformations, a non-redundant data set of at least five
alignments (Tolman et al. 2001). The obtained local GDOs
provide a clear measure of residue-specific dynamics, but
unfortunately the procedure would also mix up the eventual
fluctuations in alignments—the very effect we aim to
address. To differentiate between internal and alignment
fluctuations it only matters to observe whether & varies
from one medium to another. To this end 9* is a robust
measure that samples various bond directions. By taking
care to account for alignment frame fluctuations and pop-
ulation differences between the conformations (Louhivuori
et al. 2006), one could arrive at more precise local order
parameters.

Methods

The conformational ensembles of GB1 (850 members),
GB3 (150 members) and ubiquitin (2,400 members) were
generated by molecular dynamics using the CHARMM?22
parameter set (MacKerell et al. 1998) with a modified
backbone potential (MacKerell et al. 2004) and general-
ized Born model (Im et al. 2003). The proteins were first
heated to 300 K during 200 ps and then equilibrated for
2 ns at this temperature before sampling for 48, 34 and
3 ns for ubiquitin, GB1 and GB3, respectively. Subse-
quently the alignment of each conformation was
simulated using the PALES program (Zweckstetter 2006;
Zweckstetter and Bax 2000; Zweckstetter et al. 2004) in
order to achieve the alignment dispersion present in a real
sample. The alignments were predicted in the presence of
a neutral planar obstacle as well as using positively and
negatively charged bacteriophages carrying a surface
charge density 0.047 e/nm” and 10 mM ionic strength of
monovalent salt in pH 6.5 with a LC concentration of
1 mg/ml.

The refined structures 1P7F (Clore and Schwieters
2004a; Ulmer et al. 2003), 1D3Z (Clore and Schwieters
2004b; Cornilescu et al. 1998) and INYA (Tossavainen
et al. 2003) of the B3 domain of protein G, ubiquitin and
calerythrin were used to analyse experimental RDC data
available in various LC media (Table 1). The temperature
dependence of the experimental parameters were reported
(Cornilescu et al. 1998; Ulmer et al. 2003) to be minimal
in the temperature range used in the experiments.
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Table 1 9% and  of GB3, ubiquitin and calerythrin in various alignment media. 9% are shown in units of 10~%

Protein Medium (O%) (9%co) SEAS T (K)
GB3 (IP7F)* CTAB 2.073 2.349 0.117 + 0.006 302
PEG 0.614 0.750 0.181 + 0.009 304
PAG+ 1.079 1.242 0.131 = 0.007 298
PAG— 1113 1.320 0.158 + 0.006 298
Pfl 1.377 1.731 0.205 + 0.005 302
UBI (1D3Z)" Bicelles 0.695 0.788 0.118 + 0.005 304
CTAB 2.269 2.685 0.155 + 0.003 304
CAL (INYA) Pfl 4.451 4.728 0.059 + 0.001 318

Experimental temperature is shown for an easy comparison with ¢ variation
* pH 6.5, eng = 0.26 Hz, ecsco = 0.10Hz; Pf1 11 mg/ml, 100 mM NaCl

° ENH = 0.15 Hz
¢ pH 6.0; Pfl 30 mg/ml

An effective alignment tensor for each ensemble was
calculated using SVD (Losonczi et al. 1999). Either the
experimental or average PALES predicted RDCs were
used. Besides the refined structures (Table 1) experimental
RDCs were used also with the MD simulated—PALES
aligned structures in what we call the hybrid model
(Table 5). PALES predicted average RDCs were used in
conjunction with the MD simulated-PALES aligned
structures (Table 2).

Results and discussion
Analysis of experimental data

The wealth of high-quality residual dipolar coupling data
of the B3 domain of protein G (GB3) and ubiquitin (UBI)
and their refined structures (1P7F and 1D3Z, respectively)
allow us to determine GDOs and to calculate  values for
several cases (Table 1). The data for calerythrin (INYA), a

significantly larger protein (~20 kDa v. less than 10 kDa),
is also available (Tossavainen et al. 2003). The quality of
the refined structures in terms of an RMSD measure,
referred to as the quality factor (Clore and Garrett 1999), is
in all these cases good. Accordingly, in the evaluation of §
we employ only the NH and C*CO couplings that were
used to refine the GB3, ubiquitin and calerythrin structures.
The GDO values were calculated from the experimental
dipolar coupling data using a SVD algorithm against the
average structures of the refined ensembles.

The two most important observations are that 6 > 0,
and that § varies from one medium to another. Therefore it
seems that there are motions in addition to bond fluctua-
tions and we attribute them, owing to their medium-
dependency, at least partly to dynamics modulated
alignment.

The results are subject to the following uncertainties.
The errors in 6 were obtained by a Monte-Carlo (MC)
method from the experimental errors in RDCs. The largest
ambiguity originates from the ratio between the NH and

Table 2 Q and 6 parameters for simulated conformational ensembles of the B1 and B3 domain of protein G and human ubiquitin based

on PALES-predicted average RDCs

Protein Medium OQnn () Qcrco (°) Odirect dsvp

GB1 Negative 31.7 £ 0.2 31.1 £0.2 0.172 = 0.007 0.109 + 0.008
Neutral 11.82 = 0.04 7.38 £ 0.02 0.114 = 0.001 0.116 + 0.008
Positive 40.36 = 0.05 36.23 = 0.03 0.385 = 0.004 0.208 + 0.002

GB3 Negative 12.60 = 0.10 9.54 £ 0.06 0.082 = 0.003 0.097 + 0.009
Neutral 11.82 = 0.09 7.75 £ 0.05 0.096 = 0.003 0.100 = 0.009
Positive 23.0x04 20.6 + 0.4 0.119 = 0.010 0.107 = 0.007

UBI Negative 13.21 £ 0.04 9.87 £ 0.02 0.090 + 0.001 0.106 + 0.003
Neutral 16.95 + 0.09 13.16 = 0.08 0.080 = 0.002 0.085 + 0.005
Positive 15.84 = 0.06 12.86 = 0.05 0.092 + 0.002 0.104 + 0.007
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C*CO bond length. We used ryy = 1.02 A (Jeffrey 1992,
p- 270) and rcrco = 1.53A (Engh and Huber 1991; Leh-
mann et al. 1972). An eventual error in the bond length
ratio is systematic and affects the absolute  value, but it
does not abolish the variation in 6 from one medium to
another. It should be noted that customarily when a
structure is refined against RDCs ryy is set to 1.04 A
(Ottiger and Bax 1998) to obtain the average directions of
the more mobile amides consistent with less mobile bonds,
e.g. those of the C*CO vectors. In other words, it is
desirable to obtain the same magnitude of alignment tensor
irrespective of the couplings employed. Further uncertainty
stems from the discrete sampling of directions by the non-
uniform and dissimilar distributions of NH and C*CO
bonds, but as will be shown later on it does not seem to
matter that much. Furthermore, as mentioned above, no
motional effects including the consequences of discrete
non-uniform sampling can be seen in J when the excess
fluctuations are small compared to Sis. Large alignment
fluctuations on the other hand lead categorically to nearly
uniform sampling of directions.

Simple model of wobble

A simple approximation of internal bond motions considers
fluctuations about the mean direction only as axial, i.e.
including just the zero-order spherical harmonics Y.

2 2
ﬁz = 4?7[ Z <Y0mY5m> ~ % <3<C2>079—1) (3)
m=-2

Assuming that the internal bond (f) and alignment (Q)
fluctuations are independent and on different timescales,
they can be separated and treated independently (Brai-
nard and Szabo 1981; Petersen and Chan 1977). If an
isotropic sampling of bond directions is also assumed,
then the combined effect of the fluctuations will be
Soo = SpSq. It would then be clear from Eq. 2 that ¢
values remain invariant even in the presence of alignment
fluctuations.

However, it is evident from Table 1 that the o parameter
varies from one medium to another implying a coupling
between the alignment fluctuations and o. It is therefore
reasoned that Sygo cannot be factorised. This is not a con-
tradiction since neither of the previously mentioned
assumptions are entirely valid in this case. (i) The two
fluctuations are not completely independent since there is a
slight coupling between the alignment and the ps—ns bond
motions (Louhivuori et al. 2006). (ii) Since alignment
fluctuations are not a real motion, but rather a manifesta-
tion of the state space available in the system, alignment
fluctuations can be said to affect all time-scales.
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Therefore we propose the following simple ad hoc
model to describe the combined effect of internal bond
motions and alignment frame fluctuations.

0 ~ % 3eos?(6, + Q) — 1]° )
Essentially this means that we are considering a model
where a molecule’s wobble about an average orientation
amplifies the effect of internal bond motions. As a conse-
quence the effective opening angle of internal bond
motions is increased from the initial value of 6, by Q.

In the absence of alignment fluctuations (Q = 0) 6, can
be calculated using Eq. 5 from the GDO values determined
for the MD simulated ensembles.

(0%) ~ % [3cos?(0,) —1]° (5)

Accordingly, 6, for NH and C*CO were calculated from the
previously mentioned MD-derived (03y), and (Oaco),
and found to be 11.82° and 9.99°, respectively. Then {93y;)
and (Og.co) were calculated using Eq. 4 and plotted as
functions of increasing Q (Fig. 2). Finally, é versus Q was
calculated from <1312\1H> and <ﬁézco> using Eq. 2.

When the internal bond and alignment fluctuations
combined reach the magic angle the alignment is lost all
together. The normalized difference in the NH and
C*CO probed order, denoted by J, is available from mea-
surements and shown in Fig. 2 for the B3 domain of protein
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Fig. 2 Calculated effective order parameters <ﬁ2> for the NH
(dotted) and C*CO (dashed) bonds and the ¢ parameter calculated
from them as the molecule is subject to a fluctuating alignment of
increasing angle Q in addition to internal bond fluctuations
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G in CTAB doped bicelles, positively and negatively
charged stretched polyacrylamide gels, polyethylene-glycol
lamella and filamentous phages, and for ubiquitin in bicelles
and CTAB doped bicelles. The  value of calerythrin was
smaller than the proposed general minimum of 0.081 and is
therefore omitted. The symbols in the figure are larger than
the errors obtained by MC analysis. It needs to be stressed
that Q should not be interpreted as a real measure of
molecular motion since alignment fluctuations are only an
ensemble property affecting RDC data.

When the experimental ¢ values are placed on the (9, Q)-
curve we see that for both GB3 and ubiquitin in bicelle
medium the effect of DMA is small enough to be compa-
rable to that of bond fluctuations. Non-axial bond
fluctuations will naturally complicate the situation and
might invalidate such a comparison. The precision in J is
modest owing to the functional form of the (¢, Q2)-curve. In
other media, particularly in those carrying surface charges
on the nematogen, the alignments fluctuate noticeably. For
example in filamentous phages the alignment of GB3 fluc-
tuates even more than 13°. Thus 9% may fall even below 0.7.
However, this does not mean that the molecule is somehow
reorienting itself with such large-amplitude motions. It only
tells that quite likely there are more than one major align-
ment modes separated from each other sufficiently to give
the impression of large-scale motions if the alignment
fluctuations are interpreted simply as real, molecular fluc-
tuations around an average direction as was done in Eq. 4.
Nonetheless, the medium-dependent variation in é shows
that DMA contributes to RDC-probed dynamics.

Analysis of simulation data

The sources of the medium-dependent variation in § found
from the experimental data can be many. Fortunately, they
can be assessed via computer simulations. We consider the
variation in the protein shape and charge distribution due to
the ps—ns dynamics. These fluctuations give rise to a family of
conformations whose members do not all align in exactly the
same way. Simultaneous variation in the shape and net elec-
tric dipole moment may lead to a substantial alignment
fluctuation. However, it is also conceivable that dynamics of
the nematogen contributes to the protein alignment dispersion.
Other microscopic heterogeneity in obstructing nematogens
may also add to the variation of protein alignments but we are
unequipped to examine these effects. Neither are the possible
effects of hydration fully explored in this study.

The average NH and C*CO RDCs of the simulated
conformational ensembles were calculated and the GDO
values were determined using SVD against the average
structure of the ensemble. The average of the cosine matrix
cicj of Eq. 1 was taken to present the best possible average

structure. In this way we aimed to mimic the experimental
procedure where GDOs were determined from the mea-
sured couplings against the refined structure. Alternatively,
the knowledge of all NH and C*CO vectors of the dispersed
ensembles allowed us to calculate directly <cz> 0o OF Eq. 3
and hence also the order parameters and o for the various
cases. The two methods, direct and SVD, give similar
values, with only GB1 in positive alignment medium
showing a larger discrepancy (Table 2). Since both exhibit
similar overall tendencies the methods can be assumed to
be qualitatively consistent.

The alignment simulations in the neutral, positively and
negatively charged media were not intended to match
specifically any of the experimental conditions, but nev-
ertheless the values are somewhat comparable. The
simulated ¢ values are more uniform, but comparable in
size (Table 2). Only the B1 domain of protein G seems to
be significantly susceptible to DMA. The lack of dispersion
in 0 was unexpected in light of the clear dispersion found
from experimental data (Table 1). Because of this and
since the limited sampling of GB3 leaves a shadow of
doubt on the exact values reported in Table 2, further work
was done to understand the source for the lack of disper-
sion in ¢. First, non-uniform sampling of bond directions
was addressed. Second, the possible increase in PALES-
predicted alignment dispersion due to hydration was con-
sidered. Third, a hybrid model was used to circumvent any
shortcomings in PALES-predicted RDCs.

Non-uniform bond direction sampling

The finite sampling of bond directions may influence the
parameter. Therefore, we calculated the fraction of vectors
oriented along the three principal directions as suggested
by Fushman et al. (2000). The fractions f; are a convenient
measure of the uniformity of the bond direction sampling.
In the case of uniform sampling f, =f, =fi =1/3,
whereas a significant deviation from 1/3 is a sign of non-
uniform sampling. The Fushman-fractions calculated from
the MD ensembles show gratifyingly that the sampling is
rather uniform (Table 3).

Nevertheless, the possible effects of discrete, non-
uniform sampling of bond directions was tested using the
MD ensembles. The C*CO bonds of every conformation
were first rotated one residue at a time to point, on average,
at the same direction as the NH bonds did, on average. A
new set of RDCs was then calculated using the twisted
structures and the original Saupe matrices. Singular value
decomposition was then used to obtain an effective GDO
value using the twisted structures and the new average
RDCs. From the NH and C*CO GDO values the ¢
parameter was calculated using Eq. 2. As can be seen from
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Table 3 The fraction of vectors oriented along the three principal
axis calculated for the MD simulated ensembles of GB1, GB3 and
ubiquitin

Protein Bond 1 Iy fx
GBl1 NH 0.54 0.26 0.20
c*CO 0.45 0.29 0.26
GB3 NH 0.55 0.26 0.19
Cc*CO 0.45 0.29 0.26
UBI NH 0.49 0.31 0.21
Cc*CO 0.37 0.34 0.29

Table 4, § parameters changed, but mostly within the
margins of error. Both GB1 in positively charged medium
and ubiquitin in neutral medium experience a sharp drop in
0. It seems that this is due to the fact that the C*CO bonds
rotated pre-dominantly closer to the magic angle dimin-
ishing C*CO couplings sufficiently to render them much
more labile in the face of the applied MC error. However,
non-uniform bond direction sampling does not seem to
influence ¢ significantly in most cases.

Hydration shell

Since the MD simulated conformational ensembles seemed
to be less susceptible to DMA than NMR-based ensembles,
it was plausible that PALES failed to impose a realistic
dispersion of alignments. We hypothesised that the addi-
tion of a hydration shell to the molecules would make them
more globular and therefore more susceptible to alignment
dispersion due to steric interactions. To test whether this
hypothesis could account for the observed lack of disper-
sion, a hydration layer needed to be added to the molecules.
This was done with a rough model of the hydration shell in
the form of increased atomic radii in PALES. Atomic radii
were increased by 1, 2, 3, and 4 10%, but no increase in DMA
was observed neither for GB1 nor for ubiquitin. The lack of
a hydration shell does not therefore seem to be the cause

Table 4 Alignment fluctuations in the MD ensemble before (dsyp)
and after (¢'syp) C*CO bonds were superimposed on NH bonds

Protein Medium dsvD ¥'svbp

GB1 Negative 0.109 0.113 + 0.008
Neutral 0.116 0.116 + 0.007
Positive 0.208 0.130 = 0.008

GB3 Negative 0.097 0.116 + 0.006
Neutral 0.100 0.106 = 0.006
Positive 0.107 0.113 = 0.006

UBI Negative 0.106 0.109 + 0.003
Neutral 0.085 0.018 + 0.008
Positive 0.104 0.092 + 0.007

@ Springer

for the difference in DMA between simulations and
experiments.

Hybrid model

Another possibility was that PALES dispersed the align-
ments sufficiently, but that the predicted RDCs had some
issues that were reflected in the effective alignment and
ultimately in 0. To overcome this, we calculated the
effective alignments of the MD ensembles using experi-
mental RDCs instead of PALES-predicted ones. This was
done for GB3 in Pfl and CTAB-doped bicelle media and
for ubiquitin in bicelle media with and without CTAB. As
can be seen from Table 5 and Fig. 3 this seems to be the

L0 [ T e e

GB3
O CTAB
o© prl
Ubiquitin
[ bicelles
HH cTAB

Lo bviely
30 35 40 45 50 55

OO’HHMH‘\HH\HH\HH\HH
) 5 10 15 20 25

Q (%)

Fig. 3 Hybrid model. Calculated effective order parameters <1§2> for
the NH (dotted) and C*CO (dashed) bonds and the & parameter
calculated from them as the MD simulated conformations are subject
to a fluctuating alignment of increasing angle Q in addition to internal
bond fluctuations

Table 5 Hybrid model

Protein Medium 0 Ohybrid

GB3 CTAB 0.117 0.133 = 0.005
Pfl 0.205 0.265 = 0.004

UBI Bicelles 0.118 0.093 = 0.008
CTAB 0.155 0.139 = 0.006

Alignment fluctuations in simulated conformational ensembles of
the B3 domain of protein G and human ubiquitin based on experi-
mental RDCs (Jpyirig) compared to those in the refined, experimental
structures ()
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major cause for the lack of d-dispersion. What this suggests
is that when experimental RDCs are available DMA can be
estimated consistently from a MD-simulated conforma-
tional ensemble even without structures refined against
experimental RDCs.

Competition of interactions

In the neutral medium only the molecular shape fluctua-
tions contribute and DMA is comparable to the internal
bond vector fluctuations. Neither in the simulation nor in
the experimental data is there a lot of difference between
the smaller molecules GB3 and ubiquitin. Calerythrin
resembles more an oblate ellipsoid (Fig. 4) and is expected
to fluctuate less than the smaller, globular proteins in the
absence of electrostatic interactions.

It is more intricate to rationalize the reduced order
parameters in a charged media as both molecular shape and
charge distribution fluctuations are present. It may not be
possible to simplify the dynamics of a complex set of
interactions to provide lucid understanding to the causes of
DMA. To begin with, GB1, GB3, ubiquitin and calerythrin
carry under experimental conditions a net charge of —1.22,

Fig. 4 Causes of molecular
alignment fluctuations for (a)
GBI, (b) GB3, (c) ubiquitin and
(d) calerythrin illustrated for
example conformations. The
variation in the molecular shape
and charge distribution are
simplified by showing the
molecular principle axes (grey)
and net electric dipole moments
(orange)

—3.09, +1.39 and —8.45, respectively. In the repulsive
electrostatic potential the alignment is, to a crude approx-
imation, governed by the direction and size of the net
electric dipole moment in relation to the molecular shape
tensor.

A competition between the steric and electrostatic
alignment arises when the dipole moment is mostly along
the long axis of the molecule and comparatively small.
GBI is a good example of this (Fig. 4). In GBI dipole
moments are pointing roughly to the middle of the long and
short axis in two slightly separated groups. The situation is
similar in GB3, but with the dipole moments concen-
trated in a single, tight group. Furthermore, the dipole
moments in GB3 are larger than in GB1 and dominate the
alignment. In the globular ubiquitin the dipole moments are
directed along the shortest of the molecular axes. Thus both
the shape and electrostatics act in synergy to narrow the
cone of alignments. In spite of this the globular shape of
ubiquitin ensures that modest alignment fluctuations
remain in charged media. In the refined structures of
calerythrin the dipole moments are spread out slightly more
than in the MD simulated ensemble of GB1 and directed
similarly roughly to the middle of the long and short axis.
Alignment fluctuations in calerythrin are small (Table 1),
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even though the combination of an oblate ellipsoidal shape
with dipole moments directed away from the short axis
suggest a competition between the steric and electrostatic
alignments. Calerythrin contains a flexible hinge-region
that has a slightly ambiguous structure in INYA (Tossa-
vainen et al. 2003). It is thus possible that the lack of
restraints in the structural refinement has led to somewhat
more compact structures with slightly distorted net dipole
moments. Analysis of an attractive potential is more
involved and not easily reduced to the analysis of the net
electric dipole moment relative to the shape tensor. The
variation in the position of the net charge influences the
alignment that can fluctuate substantially as exemplified by
the aforementioned 6 values for GB3.

In general a small globular protein that carries many
charges and yet only a small net electric dipole moment is
the most vulnerable to molecular alignment fluctuations.
The shape as well as the charge distribution is perturbed by
dynamics of long side-chains at the molecular surface. For
large proteins the effects are expected to have less impact
on the overall molecular alignment.

Conclusions

Internal motions are, at least to a good approximation,
medium-independent. Therefore one would expect that e.g.
relative differences between NH and C*CO bond fluctua-
tions, denoted by the d parameter, would remain the same
from one medium to another. However, we find that this is
not the case for protein G and ubiquitin. The changes in
from one medium to another imply the presence of an
additional medium-dependent ensemble property involved
in the alignment phenomenon.

The simulations suggest that the effective alignment of a
molecule fluctuates as a response to the variation in
molecular shape and charge distribution caused by protein
dynamics. This alignment modulation is at its highest when
steric and electrostatic interactions compete for the domi-
nance in a small globular protein. Also flexible loops and
termini may cause a fluctuating alignment. The alignment
fluctuation as a phenomenon is known and e.g. used to
point out domain—domain motions in modular proteins
(Bewley and Clore 2000; Fischer et al. 1999) and flexi-
bility of polypeptides (Chou et al. 2001; Goto et al. 2001).

Here we were able to consider only alignment effects
due to protein dynamics that occur in the ps—ns range
owing to the limitations of molecular dynamics simula-
tions. Other states accessible via slower motions are of
course also expected to contribute to the variation in
molecular alignment depending on their population, shapes
and charge distributions. We also expect that dynamics of
nematogens and other variation in the media contribute as
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well to the bond vector dispersion underlying the observed
RDC signals.

It is perhaps perplexing that molecular alignment fluc-
tuations do not show up as clear inconsistencies in
refinement of protein structures in particular when a
number of RDCs obtained from measurements in various
media are used simultaneously. It should be emphasized
that the dynamics modulated alignment is a process that is
nearly uncorrelated from the intrinsic vector fluctuations.
Consequently it will, to an excellent approximation, only
scale RDCs but leave their directional information content,
used in the structure determination, intact. Thus the aver-
aging due to DMA appears much as the averaging due to
the molecular tumbling. Even a substantial wobble in the
alignment can be compensated by increasing the strength
of LC-medium to acquire large enough couplings for
quantitative analyses. It should be stressed that the pres-
ence of DMA does not, for example, invalidate the recent
finding (Bernad¢ et al. 2005) of long-range interactions in
o-Synuclein nor the previously mentioned supra-t. back-
bone motions, but gives a rationale for the low $? values.
Perhaps indicative of fluctuating alignments are the chal-
lenges in predicting precisely RDC-data on the basis of a
single structure.

In studies of dynamics where the dispersion of a vector
direction rather than its average direction is of interest we
expect that the alignment fluctuations are worth to consider
as they will inevitably incorporate into the RDC-based
order parameter. In this study the evidence of molecular
alignment fluctuation was established using the average
molecular parameter, general degree of order. Conse-
quently the site-specific variation in the order and its
correlation to the secondary structure that have been
reported in the RDC-probed dynamics studies was not
addressed. It is conceivable that an alignment fluctuation
could result in some site-specific variation in 9* depending
on the direction of the bonds, but unlikely in any correlated
variations.
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