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Abstract

Inter-domain motion in proteins plays an important role in biomolecular interaction. Its presence also
complicates interpretation of many spectroscopy measurements. Nuclear Magnetic Resonance
(NMR) study of domain dynamics relies on knowledge of its rotational correlation function. The
Extended Model Free (EMF) approach has been implemented to analyze coupled domain and overall
motions for calmodulin, a dual-domain protein; however, the validity of EMF treatment in coupled
motion has not been tested. We performed stochastic simulations on a dual-vector system employing
two simple restraints to drive hydrodynamics and domain coupling: 1. both unitary vectors diffuse
randomly on the surface of a sphere, 2. vectors are correlated through user-defined inter-vector
potential. The resulting correlation curve can be adequately fit with either a single- or double-
exponential decay function. The latter is consistent with the EMF treatment. The derived order
parameters S2 range from about 0.4 to 1, while the motion separation, the ratio of overall and domain
motion time scales (tpy/ts), ranges from 1 to 4. A complete overlap between time scales occurs when
S2 is less than 0.4, and the correlation function effectively behaves as a single-exponential. The S?
values are consistent with theoretical predictions from the given potential function, differing by no
more than 0.03, suggesting EMF to be a generally valid approach. In addition, from the dependence
of S2 on T/t obtained from simulation, we found out a cosine potential, favoring extended
conformers, as opposed to the normally assumed cone potential, reached a better agreement to
experimental data.

Introduction

A multi-domain protein can possess inter-domain motion, i.e. domain swinging, twisting and
stretching etc. Proteins rely on this domain motion to explore their conformational spacell
and the process is essential for numerous biological functions.34 The time scale of domain
motion, ranging from ns to ms, depends on the magnitude of the energy barrier separating its
conformational states. In theory with a sufficiently accurate force field, the domain motion
could be studied using molecular dynamics (MD) simulations. However currently this is not
practical due to the length of simulation needed to sample this motion properlg.5 Experimental
approaches for studying domain motion include time-resolved spectroscopy® and NMR spin
relaxation.’ The domain rotational correlation function plays crucial role in data interpretation,
however, it is challenging to derive its functional form analytically.
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Fax: (301) 402—3405 Email: tjandran@nhlbi.nih.gov.
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NMR spin relaxation rates are functions of spectral densities. They correspond to data points
on the curve of the rotational correlation function of the vector bearing an interacting spin pair,
usually a bond vector. In the absence of domain motion, the correlation function for individual
bond vectors can be factored into a double-exponential decay function with correlatlon times
on the scale of ns and ps, respectively. This approach is known as Model Free (MF).©: 8.9 The
slower ns motion corresponds to the overall hydrodynamics of a rigid protein body, while the
local libration motion of individual bonds occurs on a ps time scale. The square of the
generalized order parameter S2 defines the amplitude of the ps motion. This measures the spatial
restriction of a bond vector within the overall diffusion frame. When domain motion exists,
both its time scale and amplitude could be close to the overall diffusion, therefore the
correlation function on the short ns time scale, or motion coupling, is not well defined. We
exclude extremely slow domain motions on pus—ms time scale, as their effect on correlation
function would be the ensemble average for all conformers with distinct geometry. 10

Currently two treatments of NMR data have been proposed to analyze the domain motion on
ans time scale. Both employ the backbone 1°N spin relaxation data of model proteins to derive
characteristic domain motion parameters. One approach is the Interconversmn between Two
distinct States (ITS) model, which has been applied to di-Ubiquitin (di- Ub|) 12 pj-Upi has
been known to assume both open and closed domain conformations and the equmbrlum is pH
sensitive. In Ryabov and Fushman's ITS model11:12 the overall diffusion frame of di-Ubi was
conserved for both states; the domain motion was taken into account by explicitly formulating
the exchange equilibrium between “open” and “closed” geometries into the total correlation

function.

The other is the Extended Model Free (EMF) approach. The original EMF method, which
introduces an additional exponential term in the correlation function of the MF type, yielding
three exponentials, was proposed to account for slow motion of loop residues on the order of
1-3 ns.13 Within the EMF treatment the domain motion is separated from the overall diffusion
and characterized by a slow motion order parameter (Ss2), and its correlation time (tg) on a
short ns time scale, faster than the overall motion. This type of analysis was applied to a dual-
domain protein, calmodulin. For calmodulin an Ss2 value of 0.7 and 15 value of 3 ns were
derived, while its effective overall correlation time is 9 ns.14 Higher temperature leads to a
reduction of the order parameter and less separation between the time scales of the domain and
overall motions.1°

Here, we evaluate whether the EMF treatment is sufficient to characterize the correlation
function of ns domain motion in general, and in particular, which criteria can be used to confirm
that such a treatment is valid. Since our focus is on the domain motion, in order to simplify the
analysis, the correlation function term corresponding to the fast (ps) motion will be omitted
from here on. We use S2 instead of S¢2 since only one order parameter is present. We carried
out in silico stochastic simulations on a dual-vector system coupled with various inter-vector
potentials. From the trajectory a rotational correlation function was numerically calculated
which can be fit with exponential decay functions. At the outset it might seem that the
employment of diffusing vectors as a model for domain motion is not realistic. However it is
a good model to evaluate the validity of the Model Free treatment. A similar simplification
was made in a string-bead model employed for Brownian dynamics simulation on Pinl protein.

6 Here, our vector model remains a simple enough model to analyze, allows the evaluation
of various interaction potentials, and still captures the essentials of the relatively complex
coupled dynamics.

For all potentials used in the simulations, the obtained order parameters are consistent with
theoretical values when an appropriate overall diffusion frame is chosen. This affirms the EMF
approach as a good approximation for dynamic analysis of coupled-maotions involving inter-
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domain mobility. Finally, we discuss some experimental aspects related to the EMF approach
and its range of validity.

Methods and Theory

Brownian Rotational Simulation and Model Potentials

A system composed of two unitary vectors sharing the same origin, A and B (Figure 1), was
subjected to a stochastic simulation. Each vector was assigned an identical rotational diffusion
constant Dy, 16x108 s71. The characteristic correlation time t, is around 10 ns (to = 1/6Dy).
Both vectors diffuse randomly on the surface of the unitary sphere, but their motions are also
modulated through an inter-vector potential. Eq. [1] below, adopted from Zhou's algorithms,
17 was applied to calculate the propagation of Brownian dynamics trajectory,

aiv1=a; —[2a;+ (b; — a; cos 0) (dU/d cos 6)] D,At+ R — a; (R - a;)] \2D,At [1]

where a and b are time dependent coordinates of unitary vectors A and B, respectively, 0 is the
inter-vector angle, U is the potential function, R is a Gaussian random number with mean of 0
and variance of 1, the time-step At is 1 ps. Each trajectory consists of 5x108 steps. The full
time course of the simulation corresponds to 500 ps.

Simulations were carried out with various types of inter-vector potential, and within each
potential a range of coupling strength was also tested. The simplest potential model is diffusion
within the cone, and the vector A-B (Figure 1), serves as the cone symmetry axis. Specifically,
during a simulation the angle between vectors A (or B) and A-B, (180°-6)/2, must be less than
the given semi-cone angle B. There is no potential gradient (dU/dcos6 = 0) within the cone. A
set of cone simulations was performed with 3 ranging from 5° to 90° at 5° increments.

Other model potentials are cosine functions of 6 defined in Eq. [2], where i is the exponential
order and the scaling factor k is varied from 1 to 10 to adjust the potential strength. The cosine
potentials favor the fully extended conformer with 6 being 180°. The 6 value is restricted to
be greater than 90°.

Ui=(—1)*k,cos’ 6 [2]

EMF and its Correlation Function

The EMF treatment inherits the concept of motion separation, the overall and the internal, from
the classic MF approach.8 In addition to fast internal motion characterized by S¢ and s in MF,
for EMF one more internal motion occurs on a slower correlation time t5 with the order
parameter 832.13 Here since the fast internal motion (S¢2 and ) is not simulated, only one
order parameter S2, in place of Sg?, is present. The final correlation function (C) of vector A or
B in the treatment of EMF is the product of overall (C,) and internal correlation (C;) functions
(Eq. [3-6]). The overall motion is assumed to be isotropic with a single correlation time t,, and
the reason for this will be described later in the text.

C, (1) =€/ 3]

Ci()=8+(1-8%) e/ 4]

C(t)=S%e /™y (1 - 52) el (5]

l/T,:l/T111+1/T.y [6]
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Curve Fitting and F-test

The correlation decay curve for the vectors was calculated numerically according to Eq. [7],
where a is the time dependent trajectory of the vector A, P, operator stands for the second order
Legendre Polynomial, T samples all time points ranging from 0 to T-t within the trajectory with
T being the full time course, and the angular bracket indicates the average over all available
T values. For each correlation curve a total of 1000 data points were calculated at the time
resolution of 100 ps. Correlation curves for vectors B and A-B were calculated similarly.

CA (t) :<P2 (ar : ar+1)> [71

The first step towards dynamics analysis is to establish EMF type motions, whose correlation
function should follow a double-exponential decay. The initial single- and double-exponential
curve fittings for correlation curve Cp were performed using non-linear minimization routine
within Grace (Grace Development Team). In order to avoid over-fitting and biased sampling
a total of 50 data points were extracted randomly from each 0.02 interval in the full correlation
decay curve Cp. For fitting the single-exponential curve, the correlation time t, is the only
variable (Eq. [5] with S2 = 1). S2 and ' are the two additional variables for the double-
exponential fitting (Eq. [5]). S% was set to vary in the range of 0—1. The correlations times
Tm and t' were set in the range of 0-2 t,. Theoretically 2 t, is the slowest time scale possible.
This occurs when vectors A and B form one rigid body.

The F-test was performed to justify the necessity of approximating the curve with a double-
exponential decaying function. F value was calculated according to Eq. [8],

(X12 —Xzz) (N = p2)
(x2%) (p2 = p1) 8]

where y12 and x,? are the chi-square of residuals out of single- and double-exponential fitting,
respectively, p; and p, are the number of variables used in single- and double-exponential
fitting, and N is the number of data points used in the fitting. The rejection probability function
Ps was calculated from the values of F, pp-p1 and N-pz.18 A threshold of 1% was used. A
similar F-test is carried out to check for the suitability between the double- and triple-
exponential decays. The exponential fittings of correlation curves for vector A-B (Cp_g) were
also subjected to the F-test.

Order Parameters from Simultaneous Minimization

When the correlation curve Cp was determined by F-test to be double-exponential and Ca_g
being single-exponential, the order parameter S2 and the correlation times t,, and 5 were
extracted from simultaneous minimization of Cp and Ca_g curves. Both share the same value
of 1. A three-dimensional grid search (S2, T, and t5) was performed to locate the minimum
using MATLAB 2007b (The Mathworks, MA). The same minimization was repeated on Cg
and Cag. The results for t,, were identical from both fits. The reported values of S? and t,/
15 were the average of the two and the error ranges were taken from the difference between
them.

Theoretical Order Parameters

It is straightforward to solve the closed formula for order parameter as long as the potential
function is available and the overall motion frame is defined. For the cone potential the order
parameter of vector A or B with respect to the vector A-B is given by Eq. [9]. For the three
cosine potentials (U;—3) the energy term needs to be included as a Boltzmann factor (Eq. [10]).
Integrations were carried out using Mathematica 6.0.1 (Wolfram Research Inc., IL).

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.
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J35in 0P (cos (/2 ~ 6/2)) db
fz_zﬁsin 0de

S cone=

[9]

[ ¢ Visin 6P (cos (n/2 ~ 6/2)) d6
fz/ze‘U"sin 6do

S vi=
[10]

Results

Potential Models

First we need to make sure that our Brownian simulations conform to the assigned potential.
Examples of conformer distribution are plotted along the inter-vector angle 6 (Figure 2). For
the cone potential the population scales with sin6. All cosine potentials (U;-3) tend to push
the conformer to be extended. The potential minima of U;_3 can approach, but cannot be equal
to, the completely extended conformer with 6 being 180°, since the energy at the polar point,
In(1/sin6), is infinitely high.

Establishing EMF Type of Motions

We evaluated single-, double- and triple-exponential curve fittings to the correlation curve of
vector A. For all simulations the triple-exponential function did not improve the fitting quality
since the amplitude of the third exponential decay was on the order of 107° or less and there
was no further decrease in chi-square (data not shown). The preference for individual curve
being single- or double-exponential decay was chosen based on the F-test (Table S1-4). For
the cone potential with semi-cone angle 3 ranging from 10° to 45° EMF motion is established
because the probability that the double-exponential fitting was unnecessary, as determined by
the F-test, was below 1%, the chosen cut-off for P value (Table S1). When 3 is either 5° or
over 50°, the single-exponential fitting is preferred over double, as judged by the larger P¢
values (> 1%) and the negative F value (Table S1). Examples of the curve fitting are shown
in Figure S1. The same F-test was applied to the fitting of the correlation curves obtained using
the cosine potentials U;_3. All motions simulated under cosine potentials with scaling factor
k covering 1 to 10 fall in the double-exponential, thus EMF regime (Table S2-4).

Establishing the Overall Motion

The presence of a double-exponential decay in a correlation curve indicates the presence of
two motions with distinct time scales. It is important to point out that in a complex coupled
system, one can not assume that there will be an overall motion. Adopting the EMF treatment
intrinsically imposes an overall motion in the analysis relative to which the order parameter is
defined. If this assumption is valid, however, then there should be an overall motion envelope
in the correlation function. In the case where a proper reference vector exists, it can be used to
separate the overall motion from the total correlation function. To locate the overall diffusion
frame an ad hoc approach is described below, while in reality the presence of more bond vectors
will help.

The motion under a cone potential with cone-size of 5° results in a single-exponential decay
correlation function for both vectors A and B. The correlation time is 2.0 14, the same as for
rigid diffusion of the two vectors. In fact the correlation curve of vector A-B, Cp_g, is
indistinguishable from Cp or Cg in this case. The system has not deviated significantly from
arigid diffusion and the amplitude of internal motion is minute. It is tempting to suggest from
this finding that the motion of the vector A-B represents the overall motion.

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.
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When the cone-size increases to 30°, the correlation function Cx out of the grid search of vector
Aalone is 0.57¢"Y2:00%0 + 0,43¢10.76%0 with a minimum chi-square value of 0.0183 (red curves
in Figure 3). The EMF parameters from the above fit are 0.57 for S2 and 2.00 1, for t,,. The
Tm value is close to the correlation time of vector A-B, 1.90 4, which was obtained from an
independent fit for curve Cp_g. If vector A-B represents the overall motion, both A-B and A
should share the same tp,. A simultaneous fit of correlation curves Cp and Cp_g results in the
functional form of 0.63e"Y1-90% + 0.37¢"Y0-7110 with a minimum chi-square value of 0.0206 for
curve Ca (blue curves in Figure 3). The co-fitting results in a higher S2, 0.63, and a shorter
Tm, 1.90 14. Based on the surface plot of chi-square along the dimension of order parameter
S2, the two fits are within the same minimum (Figure 3B). In addition there is virtually no
difference between the two fits on the correlation curve (Figure 3A). The S2 value of 0.63 is
consistent, vide infra, with the theoretically calculated order parameter. Thus the vector A-B
can be a reasonable reference for the overall motion.

If we choose vector A-B as the overall diffusion frame, then the internal motion is the local
diffusion of vectors A or B with respect to A-B. One question arises, why should the correlation
function of A-B be a single exponential decay characterized by t,? Obviously the overall
diffusion frame cannot be isotropic for a real dual-domain protein like calmodulin, but it is still
reasonable for us to treat the overall motion (C,) with a single correlation time t,,,. The coupled
dual-vector system is axially symmetric and the vector A-B is its long principal axis. According
to Woessner's anisotropic diffusion formula,19 the long axis of the overall diffusion frame has
only one time scale, free of any other motions on the perpendicular plane (Eg. [11]). In fact
the F-test on the curve fitting of the correlation curve Ca_g confirms its single-exponential
character.

Ty=1 /6[).x'.\‘._\'_\‘ [11]

Order Parameter S2

The concept of order parameter imposes a certain reference frame. In the classical MF treatment
the reference would be the overall diffusion frame of a protein itself. Here the vector A-B, the
symmetry axis of ensemble conformers, serves as the overall diffusion vector. We are able to
predict the theoretical order parameters from the potential function alone (see Methods and
Theory for detail). As stated before, the current simulated order parameters were obtained from
co-fitting of Cx (or Cg) and Ca_g curves (Table S5-8), and they agree well with the theoretical
values with a maximum difference of 0.03 (Figure 4). For the cone potential most of the
obtained order parameters S2 are slightly lower than the theoretical values (Figure 4A). Similar
observations are seen for all cosine potentials (Figure 4B).

The differences in the order parameter, AS2, could result from several possibilities. First of all,
the length of simulation matters, e.g. S2 obtained using just one fifth of the length of the
trajectory can differ by as much as 0.05 from the theoretical value. The discrepancy can also
rise from the smaller separation between the overall and internal time scales. Generally AS2
increases when S? decreases. However this trend is reversed when S2 is lower than 0.5~0.6.
This complication comes from the incompleteness in conformer sampling when the coupling
is weak: for instance the 30° cone potential did not sample enough conformers at the edge of
the cone (Figure 2), which will lead to a slight increase in S2.

Nevertheless, the fact the observed S2 from simulation is consistent with theoretical prediction,
and the single exponential character of its correlation function indicates the choice of vector
A-B to represent the overall motion is accurate. The EMF treatment is a valid tool to extract
true order parameters.

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.
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Time Scale Separation T,/

MF theory was developed for cases where the overall motion occurs on time scales typically
2—3 orders slower than internal motion. When EMF theory was initially introduced to account
for the loop dynamics, the time scale separation was only about 10 fold.13 It has been assumed
traditionally that the order parameter, or more accurately, the generalized order parameter, and
the internal motion are independent of each other. Here, a strong correlation between order
parameter and the time scale separation exists (Figure 5). When S2 is higher than 0.85, the
motion separation ./t levels off at nearly 3—4 fold for all potentials. When the separation is
1, S2 reaches its minimum detectable value, ~0.4.

The overlap of time scales leads to the collapse of a double-exponential function to a single-
exponential one. When the coupling is weak and the order parameter is less than a certain value
(~0.4), the domain motion correlation time approaches that of the overall motion. For example
when the cone size is larger than 45°, the correlation curve is always single-exponential, though
the theoretical order parameters still possess significant values. In the case of this weak
coupling one cannot extract a true order parameter. The only manifestation of the domain
coupling would be the increase in apparent t,, value compared to the one under independent
diffusion (t,), e.g. the correlation curve of 60° cone potential follows a single exponential
decay with its correlation time as 1.1 t, (Figure S1).

Experimental S2 and T,,/T

When interpreted in the context of the dynamic study of calmodulin using NMR, the vectors
used in the simulation correspond to the “parallel” N-H bond vectors that are aligned along the
long-axis of the diffusion frame.14 We further compared our simulation results to the
experimentally characterized S2 and 1/t values on the N- and C-terminal domains of
calmodulin obtained at four different temperatures (Table l).15 Order parameters S2 from the
“parallel residues” were used. The overall motion t,,, was re-calculated to correspond to the
motion of the long-axis (Table 1). The S2 and /1 values are superimposed in Figure 5. The
parameters of the calmodulin domain dynamics at 43°C are close to the ones simulated from
the cosine potential U;. Motions at lower temperatures do not follow the results calculated
from either cone or cosine potentials. This is not surprising since the real domain potential
within calmodulin is expected to be much more complicated and temperature dependent.

Summary and Discussion

We carried out stochastic simulations and employed the EMF approach to analyze the
correlation function of domain motions that are coupled. No theoretical approach to derive this
correlation function has been developed, and MD simulation for the required time scale is
impractical. To this end, we chose a simulation model of two randomly diffusing vectors A
and B that are correlated through an interacting potential. This conceptually is similar to the
two-body Slowlzy Relaxing Local Structure (SRLS) method20 for analysis of 1°N spin
relaxation data.ZL In the SRLS model the dynamic coupling was between the overall and local
diffusion tensors, the latter of which defines local motion of the N-H bond. In our model the
coupling is between two “local” vectors, and there is no explicit overall diffusion tensor. The
apparent overall motion from subsequent EMF analysis of the correlation curve is a result of
the strong inter-vector potential. The simple potentials we employed are one-state potentials
so that the internal domain motion is always faster than or equal to the overall motion. This is
different from di-Ubi model where 1y is longer than t 11 or other corrections to MF where
the internal motion correlation time 1, is longer than t,. 2 We also emphasize that the concept
of mation coupling implies a situation where the domain motion time scale is close to the ns
time scale of hydrodynamic diffusion. We now discuss some experimental aspects,
considerations, and range of validity related to EMF analysis.

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.
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Overall Diffusion Frame

Intrinsically, the EMF approach imposes a context of overall motion. Since this is not explicitly
well defined in our model system or for real multi-domain proteins in general, we must show
that one can choose a reference that can be used to reliably separate the overall motion envelope
from the full correlation function. Here, we have shown that the connecting vector A-B in the
limit of very small spatial restriction mimics the rigid tumbling of the two vectors. When there
is some spatial restriction, the diffusion of vector A-B has a correlation time close to that of the
slower component found for either vector A or B. In addition the calculated order parameter
from the simulated trajectory agrees well with the theoretical values. All of these taken together
indicate that the A-B vector effectively represents the overall motion in our simulation.
Furthermore we found the S value to be highly dependent on the accuracy of the overall motion
Tm, thus necessitating simultaneous fitting of the domain and the overall correlation function.
In practice there is no a priori overall reference frame in real multi-domain proteins.
Fortunately, relaxation data from a list of interaction (bond) vectors pointing to different
directions in each domain can be used in lieu of the A-B vector to allow determination of the
reference frame for the overall motion. For RNA molecules where bond vectors have limited
spatial distribution, a molecular elongation approach has been employed to separate the overall
motion from the domain motion.

Domain Motion Parameters

The domain motion order parameter from the EMF treatment of our simulations ranges from
0.4to 1, and is consistent with the theoretical values derived from the interaction potential with
a maximum deviation of 0.03. Domain motions with their order parameter lower than 0.4 will
not yield a double-exponential decay correlation function. Instead their correlation curve will
collapse to a single-exponential decay function due to the complete overlap between t,, and
5. We propose an S2 value of 0.4 as a divider for strong and weak coupling regimes. For cases
where the order parameter for the domain motion is undefined (52 < 0.4), weak domain motion
coupling may be manifested as an increase in the overall correlation time ty,. In fact a close
look at published results on protein domain motion reveals all extractable domain motion S2
values fall in the range of 0.6-0.9,14.15,24,25 \yhich indicates the EMF treatment is both the
necessary and a natural choice when strong coupling exists.

The overall motion correlation time t,, is always larger than t,, the assigned correlation time
for individual domain. Both correlation times are defined in Cartesian space. In our simulation
Tm ranged from 1.7 to 2.0 1, (Table S5-8) for all EMF type of motions. The motion coupling
slows down the domain sampling in Cartesian space. In contrast the domain motion correlation
time t4 can be either larger or smaller than 1, (Table S5-8). It seems counter-intuitive at the
first sight that a motion with g less than t, could ever exist in the system. The domain
correlation time t4 is defined within the reference (overall) motion frame. The 14 can be
interpreted as the time it takes to sample the domain conformer space, which will be faster than
its Cartesian diffusion when the conformer space is small. This is usually associated with higher
S2 (> 0.6-0.7, Table S5-8).

An insightful physical meaning of domain motion correlation time 1 is not readily apparent,
as it should carry collectively all types of domain motions. Its counterpart in MF analysis is
the effective internal correlation time 1, which is the area underneath the internal correlation
curve and cannot be treated as a quantity descriptive of a single mode motion.8:9 Previously
we have employed experimental 15 along with S, in the context of wobbling-in-the-cone
model, to derive the cone diffusion coefficient Dy, which is more physically meaningful.15'
6 Clearly a model dependent analysis for 1 is necessary when a physically accurate domain
motion time scale interpretation is required. We can however use the derived 15 and S to set
a boundary for validity of the EMF treatment. Based on our current simulation the value of

J Am Chem Soc. Author manuscript; available in PMC 2009 September 24.
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13 may have an upper limit that is close to 1.1 t,, when order parameter S is in the weak-
coupling limit of 0.4 for EMF approach to still be valid (Figure 5).

Domain Sizes

Although vectors A and B in our model were assigned identical diffusion constants, implying
Aand B are similar in size, the main conclusion is expected to be valid for multi-domain protein
with different domain size. However the overall diffusion vector will experience a shift toward
the slower tumbling vector. A trial simulation was carried out with vector A tumbling 10 times
faster than vector B under potential U,. The proper overall diffusion frame is the slower vector
B now, the correlation function of which behaves as a single-exponential decay as expected
(S2 = 1). The extractable order parameter for A has a difference of 0.05-0.06 from theoretical
values, and the larger AS? may result from a coarse resolution on the numerically calculated
correlation curve.

NMR Experimental Considerations

Experimentally more data points from correlation curve will help to locate the proper dynamic
parameters. We previously derived experimental S2 and 1./t from relaxation measurements
at 3 different fields, 8.5, 14.1 and 18.8 T, the Iarglest field range available.15 The use of data
obtained at the 8.5 T has proven to be important. 4 Future study on slow motion may need to
cover even larger field ranges, and may include 13C relaxation, so that more frequency
components of spectral density, or correlation function, can be better defined.

With our simple model we have shown through simulations that the EMF approach is generally
applicable for correlation function of coupled motions. Since the result is on correlation
function, the EMF treatment should be applicable to the field of NMR as well as other
spectroscopies. From our study it is also clear that to characterize these types of motions, one
would need very long dynamic trajectories. Our simulations, which cover eight orders of
magnitude in time, still do not capture all the features of the correlation functions perfectly. At
the same time more proteins are being discovered with multiple domains as well as with large
unstructured fragments, where this type of simulation is also applicable with proper
modification. Further studies will clearly be needed with more sophisticated and appropriate
models to better interpret and derive diffusion parameters from spectroscopy analysis, which,
in turn, will help in understanding functionally relevant coupled motions in proteins.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representation of the dual-vector system. Angle 6 is the inter-vector angle. Dotted
lines in red define the space of the cone with semi-cone angle B. The symmetry axis of the cone
lies along vector A-B.
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Figure 2.

Representative histogram plots of the inter-vector angle 6 distribution under the 30° cone
potential (black) and cosine potentials U (red), U, (black) and U3 (orange) with potential
scaling factor k = 5.
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Figure 3.

Examples of exponential curve fittings for vector A under a 30° cone potential (A) and the chi-
square surface plot along the order parameter dimension (B). Red and blue lines in both panels
(A and B) correspond to best fit to correlation function Cp only and both Cp as well as Cp_g,
respectively. The numerically calculated correlation curve for vector A is shown in dots (A).

The fitted curves in (A) are not clearly visible due to their close agreement, thus strong overlap,
to the correlation function.
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Figure 4.

Order parameter S2 obtained from EMF analysis. (A) Cone potentials with different semi-cone
angle p and (B) Cosine potentials with different potential scaling factor k. Theoretical S values
are plotted as solid lines. Order parameters from the analysis are shown as circles for the cone
potential (black), potential U (black), U, (red) and U3 (blue).
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Figure 5.

The correlation between S2 and time scale separation t,,/ts. Experimental data from Table 1
are marked as solid circles in black. Dynamic parameters from simulations are shown as open
circles for the cone potential (black), potential U, (red), U, (green) and Us (blue). Error bars
that are not displayed are within the circles.
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