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Abstract: For well-structured, rigid proteins, the prediction of rotational tumbling time (z.) using atomic
coordinates is reasonably accurate, but is inaccurate for proteins with long unstructured sequences. Under
physiological conditions, many proteins contain long disordered segments that play important regulatory
roles in fundamental biological events including signal transduction and molecular recognition. Here we
describe an ensemble approach to the boundary element method that accurately predicts z. for such proteins
by introducing two layers of molecular surfaces whose correlated velocities decay exponentially with distance.
Reliable prediction of 7. will help to detect intra- and intermolecular interactions and conformational switches
between more ordered and less ordered states of the disordered segments. The method has been
extensively validated using 12 reference proteins with 14 to 103 disordered residues at the N- and/or
C-terminus and has been successfully employed to explain a set of published results on a system that

incorporates a conformational switch.

Introduction

Accurate prediction of rotational and translational diffusion
coefficients of proteins is important for the interpretation of a
wide variety of biophysical data. For ideal spherical particles
of radius r in solution of viscosity 7, the translational (Dr) and
rotational (Dg = 1/7.) diffusion coefficients are described by
the Stokes—Einstein (SE) relations: Dr = kgT/(6;yr) and Dy
= kgT/(87tyr®). For globular proteins in aqueous solution, the
SE relation overestimates 7. by a nearly constant factor of 2:!
an empirical correction can be applied such that a robust and
accurate estimation of 7. is made using the molecular weight
and the consensus partial specific volume for globular proteins
(0.73 cm?® g™1). For globular proteins with arbitrary shape, 7.
can be predicted from atomic coordinates by two distinct but
related methods. In the bead method,> * a molecule is modeled
as a group of beads which covers the molecular surface or fills
the volume occupied by the molecule. By contrast, the boundary
element method uses a group of triangular patches for modeling
the surface®’ (Figure 1). Despite this difference, both methods
calculate various hydrodynamic properties of interest using a
similar formalism, which describes the hydrodynamic interaction
between beads or surface patches. Although both methods
predict the behavior of rigid proteins with reasonable accuracy,*®
they are inaccurate for flexible proteins that have long unstruc-
tured sequences; these can be best described by an ensemble
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Figure 1. Modeling the surface of an ensemble structure by the boundary
elements. In the left, the ribbon diagram and the molecular surface are
superimposed for an ensemble structure from the mouse prion protein
(residues 89—230) which has 38 and 6 disordered residues at N- and
C-terminus, respectively. In the right-hand panel, the boundary elements
(triangular patches) representing the molecular surface are illustrated. The
factor for correlated velocity (eq 11) is displayed on each surface patch by
color gradient (blue:1— red:0). Note that the surface patches on the ordered
part are blue and those on the disordered N-terminus become increasingly
red as their distances from the ordered part increase.

approach. Many proteins contain long disordered segments under
physiological conditions. Such proteins play important regula-
tory roles in many fundamental biological events including
signal transduction and molecular recognition.”'® Reliable
prediction of 7. for proteins containing disordered segments will
help to interpret 7. data from NMR relaxation, fluorescence
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depolarization, electric birefringence, and dielectric relaxation
measurements and to detect intra- and intermolecular interactions
and conformational regulatory switches between ordered and
disordered states of the disordered segments. Here we describe
a new method that accurately predicts 7. for proteins with
disordered segments by assuming two layers of molecular
surfaces whose correlated velocities decay exponentially with
distance. This method was extensively validated with 12
reference proteins that have 14 to 103 disordered residues at
the N- and/or C-terminus and has been successfully employed
to explain published results on calmodulin and the protein kinase
Syk.

Methods

Boundary Element Method. The boundary element method for
calculating hydrodynamic properties was originally proposed by
Youngren and Acrivos® and recently reviewed by Aragon.” The
essence of this method is briefly restated here. In a sticky boundary
condition, which is relevant to biomolecules in aqueous solution,
the velocity field of flow, v(y) at position y in the fluid, is described
by spatial integration of the Oseen hydrodynamic interaction tensor
(H) from a particle surface element (dS,) which experiences surface
stress force (f(x)) at position x in the fluid (eq 1). This hydrodynamic
interaction is inversely proportional to the distance of interaction
(Ix — yb) (eq 2). In eq 2, I is the identity matrix, and # is the viscosity
of solution.

v(y) = [H(x,y)f(x)dS, (1)
_ 1 E—y)®Ex—y)
Hex.y)= 8alx — Y'[ Ix —yI° @

For N finite surface elements, the purely shape-dependent terms,
H and dS can be rewritten as a 3N x 3N matrix G in three-
dimensional Cartesian coordinates (eqs 3 and 4), and the previously
unknown 3N x 1 surface stress force matrix, f, can be calculated
if the inverted matrix of G and a 3N x 1 velocity field matrix, v
(eq 5) are given.

N
VO =D, Gy f, 3)
=1
G,= fA/ H(x,ydS, &)
N
£=G;'v(y) 5)
k=1

In the case of a rigid particle in which all the surface elements
translate and rotate as a single entity, the velocity field matrix can
be determined from any given translational (v,) and angular (,)
velocities of the whole body. The force and torque exerted by
translation and rotation of the particle in the fluid are vector sums
of the individual force and torque of the surface elements. They
are also directly related to velocities v, and @, through friction
tensors (3 x 3 matrices), K (eqs 6 and 7). The rotational (D,,) and
translational (D) diffusion tensors (3 x 3 matrices) are then
obtained from these friction tensors at a given temperature (7) (eq
8). On the left, the 6 x 6 matrix of the rotational diffusion tensors,
Dy, D, and D, correspond to the translational effect alone, the
rotational effect alone, and the coupling between them arising from
the screw-like properties of particles, respectively'' (eq 8). The
D, matrix is assumed equal to the transpose of the D,, matrix. The
same notations were used for the 6 x 6 matrix of friction tensors
on the right (eq 8).

(11) Brenner, H. J. Colloid Interface Sci. 1967, 23, 407-436.

N
Force= Y f0Aj=—K,v,— K, 0, (©6)
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Torque = 2 X, X fj(x)Aj =-K,v,~K,-0, @)
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Dy D, =k Ki K\ )

Dtr DH‘ B Ktr Krr
The eigenvectors of Dy and D,, represent the principal axes of
the translational and rotational diffusion tensors, respectively. The

rotational correlation time (z.) is derived from the average (Dis,)
of three eigenvalues (4, 1», 43) of the D,; (eq 9).

1 1
T2, A, +Ay)

Ensemble Generation. Ensemble conformers were generated
using a previously described method'* with the following modifica-
tions. Since deposited PDB coordinates do not generally include
the disordered flexible parts, the coordinates of any flexible parts
were modeled by using the molecular modeling toolkit (MMTK)"?
while retaining the coordinates of the structured part. Conforma-
tional heterogeneity of disordered segments was achieved by
rotating backbone and side chain dihedral angles of the modeled
template structure. From the junction between the rigid and flexible
parts toward the N- or C-terminus, the molecular coordinates were
rotated according to a pair of backbone dihedral angles (¢—1) and
side-chain dihedral angles (y;—y4) which were randomly selected
from an amino acid specific dihedral angle library. The ¢—1 angle
library was built from 500 low-homology and high-resolution X-ray
structures'® (resolutions < 1.8 A) excluding all residues in
a-helices, B-sheets, and turns determined by the DSSP."> The y
angles library was adopted from a published rotamer library.'*
Residues immediately preceding proline were treated as an ad-
ditional amino acid type, due to the restricted local conformation.'®
Overlap of van der Waals radii was evaluated in each step, and the
random selection of dihedral angles was repeated for each residue
up to 10 times until there was no van der Waals clash between
flexible and rigid parts. If clashes remained, the random selection
of dihedral angles was restarted from the previous residue. For
calmodulin and the protein kinase Syk, which have two domains
connected by a disordered region, simultaneous random selections
of all flexible dihedral angles and the evaluation of overall van der
Waals clash were repeated until the selected conformation caused
no van der Waals clash.

Molecular Surface Calculation. Triangulated molecular surfaces
were generated by the MSMS program'” using 1.1 A inflated van
der Waals radii to account for the uniform hydration thickness of
the protein molecules in aqueous solution.® In excess of 10,000
triangulated surfaces were calculated (as defined in .vert and .face
output files of the MSMS program) and converted to 700—1200
surface elements by the COARSEN utility included in the GNU
triangulated surface (GTS) library. The boundary of the rigid
segment was determined by noting the steady decrease of ['H]—"°N
NOE and N R, relaxation rates from the plateau values of the

T =

< 6D ©

iso
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Table 1. Reference Proteins for Validation
protein rigid part/disordered/ total® exp? SE® BE2? Dy
(1) ACTR(1018—1088) (1043—1081/2059—2112)
/CBP(2059—2117) /37/130 11.3 8.6 10.1 (12.9) 11.3(9.5)
(2) MoPrP(89—230) 127—224/44/142 13.4 9.7 13.1 (19.7) 10.8 (8.3)
(3) ShPrP(90—231) 128—225/44/142 13.6 9.8 12.7 (19.1) 10.9 (8.4)
(4) ShPrP(29—231) 128—225/103/203 16.0 13.4 16.1 (43.9) 11.9 (6.4)
(5) 127(1—103) 17—102/17/103 8.0 6.9 8.6 (10.3) 11.4 (10.2)
(6) PUF1(1—106) 25—95/35/106 9.4 6.7 9.9 (25.1) 11.3(9.7)
(7) PX(474—568) 517—568/57/109 8.4 7.6 9.5 (21.0) 13.6 (8.1)
(8) ttRNH(1—166) 4—152/17/166 13.7 10.0 13.5(15.2) 9.7 (9.0)
(9) IGFBP-6(1—107) 28—101/33/107 9.5 7.2 9.9 (13.4) 11.7 (9.4)
(10) Yfia(1—113) 3—92/23/113 10.6 6.3 10.1 (12.6) 11.1 (9.6)
(11) MAglc(1—162) 15—161/15/162 9.1 10.4 10.1 (11.0) 10.5(9.9)
(12) VMIP-II(1—74) 14—73/14/74 5.4 5.1 5.6 (6.1) 12.9 (12.1)

“ Residues belonging to the rigid part, the number of the disordered residues including the unstructured leading sequence, and the number of total
residues in the protein constructs are shown, respectively. * Experimental rotational correlation times (7., ns) determined from SN R,/R, ratios were
taken from literature. For comparison, these values were converted to the standard condition (20 °C, water) assuming temperature-dependent viscosity
change is similar to water. (1) complex of p160 steroid receptor coactivator ACTR and general transcription activator CBP/p300 (pdb id: 1kbh,* 7.*:
8.5 ns at 31 °C'®); (2) Mouse prion protein (89—230) (pdb id: 1xyx,*® 7.°: 11.7 ns at 25 °C*'"); (3) Syrian hamster prion protein (90—231) (pdb id:
1b10,*? 7.°: 10.5 ns at 30 °C'°); (4) Syrian hamster prion protein (29—231) (pdb id: 1b10,** 7.&: 12.3 ns at 30 °C'°); (5) immunoglobulin-like module
from muscle protein titin plus a 14 leading sequence for histidine tag and factor Xa cleavage site (MHHHHHHSSIEGRG) (pdb id: 1tit,** 7.5*P: 8.0 ns at
20 °C?%); (6) redesigned apocytochrome b562 (pdb id: 1yze,** 7.5P: 10.8 ns at 15 °C2'); (7) Sendai virus phosphoprotein P plus a N-terminal 14 leading
sequence for histidine tag and factor Xa cleavage site (MRGSHHHHHHIEGR) (pdb id: 1r4g,*> 7.°*: 7.3 ns at 25 °C'*??); (8) Thermus thermophilus
ribonuclease HI mutant (cystein-free) (pdb id: 1ril,** 7.: 9.0 ns at 37 °C>*); (9) C-terminal domain of insulin-like growth factor (IGF) binding protein
6 plus 27 unstructured leading sequence (pdb id: Irmj,*” 7.°?: 8.3 ns at 25 °C>*); (10) ribosome-associated cold shock response protein Yfia from
Escherichia coli (pdb id: 1n3g,*® 7.: 8.8 ns at 27 °C); (11) Bacillus subtilis glucose permease IIA domain (pdb id: 1ax3,* 7.%: 6.2 ns at 35 °C2°);
(12) viral macrophage-inflammatory protein-II (pdb id: 2fht,>® 7.%: 4.7 ns at 25 °C?’). “ SE is the predicted rotational correlation time (z.”Y, ns) from
the empirical Stokes—Einstein relation (z.”' = kgT/(87nr®)/2) using the molecular weight and the consensus partial specific volume for globular proteins
(0.73 em’g™!). “BE2 and Dy are the 7. and the predicted translational diffusion coefficient (10~7 cm? s™1), respectively. They are obtained from the
ensemble approach to the boundary element method using two layers of molecular surfaces and their correlated velocity relation which is described in
this study. The values calculated from the conventional boundary element method, assuming that each ensemble structure is rigid, are shown in

parentheses in the columns for BE2 and Dr.

rigid segment. The experimental rotational correlation times (7.°*P),
determined from "N R,/R; ratios, were taken from the litera-
ture.12,18727

Boundary Element Calculation. All calculations were per-
formed using an in-house C program BE2 which reads the two
layers of molecular surfaces, evaluates their correlated velocity
factors with given y and & parameters (eq 11), and feeds them into
the standard boundary element method calculations to get rotational
and translational diffusion tensors for flexible proteins. Numerical
routines were adopted from the GNU scientific library (GSL). The
implementation of the standard boundary element method in the
program was extensively tested with fully rigid proteins (Table S1).
The predicted tumbling times are in excellent agreement with the
experimental data (Figure S1). For the calculation of flexible
proteins, the number of instantaneous or flexible surface elements
was 700 to 1200, and that of rigid surface elements was about
10,000, since computational cost mainly depends on the number
of instantaneous boundary elements. To minimize possible artifacts
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due to boundary element modeling and coarsening procedures,
extrapolation to an infinite number of surface elements was
performed using multiple calculations with varying numbers of
surface elements. There was no significant difference between the
extrapolation from six calculations using 700, 800, 900, 1000, 1100,
and 1200 surface elements and a single calculation using 800 surface
elements (Table 2; Table S2 and Figure S2, method a-ext). The
results from a single calculation using 800 surface elements are
therefore presented in Table 1. In order to find optimal y and &
parameters for a general prediction, absolute deviations of predicted
tumbling times (7.”"*%) from experimental data () were averaged
over 1000 ensemble structures (N = 1000) and 12 reference proteins
(M = 12) for each combination of  and ¢ parameters (eqs 10 and
11). A y and ¢ set with the minimum mean deviation was chosen
as the optimal set of v and & parameters.

l_L_exp Tpred ,€ |
mean dev. (y, &) = Z 2 (= N(m ny.e)

m=1 n=1

(10)
Results and Discussion

Ensemble Approach to the Boundary Element Method. In
the classical boundary element method for rigid particles, all
the surface elements translate and rotate as a single entity,
and the velocity field matrix (v) can be determined immediately
if the translational (v,) and angular (m,) velocities of the whole
body are given (eqs 1—5). However, in the case of flexible
molecules, surface patches related to the unfolded chain do not
translate and rotate synchronously with other rigid patches.
Consequently, the velocity field matrix is not directly related
to the velocities v, and @), of the whole molecule, which makes
it impossible in practice to derive definite values for Dg (= 1/7.)
and Dr.

v =viyDes(-2L) 0zy=0e50) (1)
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Figure 2. Defining the rigid and instantaneous surfaces and their correlation
distance (0). A rigid surface (left, blue edges) which encloses a least set of
common atoms within the heterogeneous ensemble structures and an
instantaneous surface (right, black edges) which encloses one member of
the ensemble structures superimposed on the rigid surface are illustrated
for an ensemble structure of the mouse prion protein (residues 89—230).
The molecular surfaces are modeled by a group of triangular patches for
the boundary element calculations (2400 and 1200 triangular surface
elements are displayed here for the rigid and instantaneous surfaces,
respectively). The velocity of an instantaneous surface patch is hypothesized
to be correlated with that of the closest rigid surface patch by some factor
which decays with distance (0) between two surface patches (eq 11) (a).
Alternatively, a spatial distance (b) or residue number distance (c) to the
beginning of the flexible part may be used for the distance, d. For the
distances b and ¢, each surface element on both the rigid and instantaneous
surfaces is correlated with a specific residue based on the atomic coordinates
in the relevant member of the disordered ensemble.

To resolve this problem, a sub-boundary (“rigid surface”) is
introduced inside the real instantaneous molecular boundary (Figure
2), such that the rigid surface encloses a least set of common atoms
within the heterogeneous ensemble structures. It is then hypoth-
esized that the velocity of an instantaneous surface patch (v(yy)) is
correlated with that of the closest rigid surface patch (v(y’y)) by
some factor which decays with distance (0) between two surface
patches (eq 11 and Figure 2, distance a). That is, disordered parts
far from the rigid surface would be less likely to translate and rotate
synchronously with the rigid part (Figure 1). As the ¢ in eq 11,
the distance to the closest rigid surface element (Figure 2, distance
ainA) provides a more accurate prediction of 7. than alternatives
such as a spatial distance (Figure 2, distance b in A) or residue
number distance (Figure 2, distance c in residue) to the beginning
of the flexible part (Table S2 and Figure S2). For the calculations
of the distances b and ¢, each surface element is correlated with a
specific residue based on the atomic coordinates in the relevant
member of the disordered ensemble. The conformational space
accessible to the disordered part, especially close to the rigid
surface, will be constrained not only by the degrees of freedom of
dihedral angles or chain length but also by the shape of the
molecular surface around the beginning of the flexible part. The
distance to a closest surface element of the rigid portion of
the protein is thus more appropriate for describing the velocity
correlation.

Since our major interest is in the tumbling time of the rigid
part in the presence of disordered segments, the ensemble of
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disordered segments that affect the tumbling of the rigid part
can be treated as a mean viscous medium surrounding the rigid
part, by analogy with the effective medium theory in polymer
dynamics.”® In the absence of the disordered segments, the
velocity field decreases in inverse proportion to the viscosity
of the solution and the distance of interaction (Ix — yl), as
described by the Oseen equation (eq 2). On the other hand, in
the presence of the disordered segments, the additional effective
viscosity caused by the dragging force of the disordered
ensemble disturbs the velocity field, resulting in an effect similar
to the screening of the hydrodynamic interaction in a concen-
trated polymer solution. The velocity field decreases rapidly,
and the hydrodynamic interaction between two points separated
by a distance that is larger than a certain characteristic length,
termed the hydrodynamic screening length,”® becomes negligible.

In our description of the perturbation of the velocity field by
the disordered ensemble (eq 11), € is a modulator of the decay
rate for velocity correlation, and v is a generous distance margin
that in effect expands the given surface boundary and therefore
compensates for the ambiguity in the definition of the rigid
surface. More importantly, v also accounts for the differences
in the nature of the hydration between the rigid and disordered
parts.

Hydration of the Flexible Surface. The classical boundary
element method provides a unified description of specific
volume and translational and rotational diffusion coefficients
with a single universal hydration parameter for globular
proteins.”® Numerical calculations using beads and boundary
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0

Figure 3. Predictions of rotational correlation times (. = Dg~') with different sets of y and ¢ parameters (eq 11). Iz"¢ — 7.l is shown as color gradient
(blue:0 ns — red:>7 ns). The consensus y and ¢ parameters range is indicated by the yellow box. (A—L) 12 reference proteins, with the number of disordered
residues indicated. (A) ACTR(1018—1088)/CBP(2059—2117):37, (B) MoPrP(89—230):44, (C) ShPrP(90—231):44, (D) ShPrP(29—231):103, (E) 127(1—103):
17, (F) PUF1(1—106):35, (G) PX(474—568):57, (H) ttRNH(1—166):17, (I) IGFBP-6(1—107):33, (J) Yfia(1—113):23, (K) IIAglc(1—162):15, (L) VMIP-

1(1—74):14.

element modeling assume a solvent-excluded molecular surface
surrounded by a uniform thickness of hydration. For both
methods, an essentially identical consensus thickness of the
hydration layer (1.2 A in the bead modeling study?® and 1.1
+ 0.1 A in the boundary element modeling study®) yields
hydrodynamic properties in excellent agreement with experi-
ment. Our implementation of the boundary element method’
by using 700 to 1200 triangulated surface elements derived from
atomic coordinates of crystallographic or NMR structures and
a single uniform hydration layer thickness of 1.1 A also gives
excellent agreement with experimental data from 35 fully folded
globular proteins whose experimental 7.’s range from 2 to 125
ns (Table S1 and Figure S1).

On the other hand, the hydration thickness for an unfolded
disordered protein chain is not as well understood in detail as
for globular proteins. Since the molecular surface of the
disordered protein chain is largely exposed to solvent, interac-
tions with surrounding water molecules should be different for
an unfolded chain and for a folded globular protein domain.
Recent NMR relaxation studies have revealed that the hydration
of an unfolded protein is significantly higher than that of a
globular protein of similar size.*>*' The activation energy for
the dynamics of the most strongly bound part of the hydration
layer is about 50% larger for an unstructured protein than for a
globular protein.*® Therefore, the effective hydration layer for
the unfolded chain will be thicker than for the folded part, and
the general assumption of a uniform hydration layer should be
corrected for the unfolded chain. In our method, the thicker
hydration layer for flexible boundary elements may be consid-
ered in the calculation of velocity field correlation by the y
parameter, which effectively reduces the distance between rigid
and flexible surface elements.

Prediction of Rotational Correlation Times. Applying our
assumption of two surfaces and velocity correlation to the
boundary element method, tumbling times were calculated with
arrays of v and € values for 12 reference proteins which have
14 to 103 disordered segments at the N- and/or C-terminus,
represented by 1000 ensemble structures. The average deviation

6818 J. AM. CHEM. SOC. = VOL. 131, NO. 19, 2009

Table 2. Mean Deviations of Predicted 7. (ns) from the
Experimental Data?®

y (A
e(d)  0-4 4-8 8—12 12-16 16-20 20—24 24—28 28—32

0—4 3.679 4922 3.699 2591 1.805 1.343 1.137 1.557
4-8 4791 3.584 2481 1.650 1209 1.062 1492 2012
8§—12 3488 2396 1.506 1.022 0.949 1339 1.983 2.560
12—16 2378 1.454 0.833 0.798 1.227 1902 2.488 2.997
16—20 1.519 0.809 0.656 1.112 1.768 2371 2.895 3.343
20—24 0911 0.582 0.991 1.602 2211 2751 3.220 3.621
24—28 0.673 0.854 1.424 2.018 2.573 3.063 3.484 3.849
28—32 0.847 1.237 1.788 2363 2.873 3317 3.702 4.033
32—-36 1.072 1.560 2.095 2.629 3.103 3516 3.868 4.176

“For optimal y and ¢ parameters for a general prediction, absolute
deviations of predicted tumbling times (7”%) from experimental data
(7.P) were averaged over 1000 ensemble structures and 12 reference
proteins for each combination of y and & parameters (Table 1, eqs 10
and 11). The minimum mean deviation indicated in bold and underlined
is obtained with y = 4—8 A and & = 20—24 A.

from the experimental tumbling time (I7.P®¢ — 7.*P) for 1000
ensemble structures was represented by a color code for each
protein (Figure 3). Blue regions display good agreement between
prediction (7.”*%) and experiment (z.°P). A wide range of y and
& parameters results in good agreement for proteins with
relatively short disordered segments. In contrast, proteins with
long disordered segments require a more restricted range of y
and ¢ parameters for the same degree of agreement. This is
consistent with the expected behavior of proteins with short
disordered segments, which should be more similar to rigid
proteins than those with long disordered segments: any com-
bination of y and € will produce a good result in the limit of a
fully rigid protein. Surprisingly, there exists a consensus range
of y and & parameters [y: 4—8 A, e: 20—24 A] that give good
predictions for all proteins tested. The consensus range was
obtained by averaging the absolute deviation (It — 7.5) at
each combination of y and & parameters over the 1000 ensemble
structures and 12 reference proteins (Table 2). Although y and
¢ are not completely independent, a nonzero value of y is
necessary for minimum mean deviation from the experimental
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Figure 4. Comparison of predicted and experimental correlation times.
Predicted tumbling times (7?) from the empirical Stokes—Einstein method
(black square), the conventional boundary element method with rigid
assumption (blue triangle), and the method described in this study (red circle)
are compared with the experimental data (z.*?). The solid line represents
perfect agreement between 7.”*¢ and 7. The number of disordered residues
for each protein is indicated near the triangle symbol. A semilog scale is
used for the y-axis to cover the wide range of 7.,

data. Since the main purpose of the parameter y is to correct
the hydration thickness of disordered and rigid surface bound-
aries in the calculation of the velocity correlation, v should be
interpreted only within a reasonable range. The 7.” obtained
by using the consensus set of y and & parameters and an
ensemble average of 1000 structures gives Iz, — 7.5 &~ 0.6
(ns) (Table 2), which is sufficiently accurate for most purposes.

That a consensus is obtained in this case indicates that the
relation of the correlated velocities between the disordered chain
and the rigid surfaces of any given member of ensemble is
essentially the same for all proteins tested. More importantly,
the average stochastic influence of the disordered segments on
the overall rotational tumbling of the rigid part can be described
in a systematic way, regardless of the amino acid sequence or
length of the disordered segments.

In contrast to our method, application of the empirical SE
relation' to proteins with disordered terminal segments always
underestimates 7. (Figure 4). This is because of the general
preference of disordered segments for extended conformations;
proteins containing disordered segments occupy a larger effec-
tive volume and therefore have lower density than rigid globular
proteins of equivalent molecular weight. Since the SE relation
is density-based, it is biased in this case. By contrast, application
of the conventional boundary element method, where each
ensemble structure is assumed to be rigid, always overestimates
the 7. because the effective volume of the molecule is smaller
than expected due to the flexibility of the disordered chain. In
addition, the resulting distribution of tumbling is substantially
broader (blue curves in Figure 5), and the maximum of the
distribution occurs at significantly greater 7. values than
predicted by our method or measured experimentally.

Conformational Sampling and Averaging of the Ensemble.
The conformation of the disordered segment in our method is
represented by a set of ensemble structures generated by
applying backbone (¢—) and side-chain dihedral angles
(%1—x4) randomly selected from an amino acid specific coil
library, rejecting conformations that exhibit steric clashes. Sets
of ensemble structures generated from this coil library have
provided good representations of the unfolded state of proteins
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Figure 5. Distribution of the predicted rotational correlation times (z.”™)
for 1000 ensemble structures. Red histograms display the distribution of
7.”* from the ensemble approach to the boundary element method using
two layers of molecular surfaces and their correlated velocity relation. For
comparison, the distribution of 7" from the conventional boundary element
method assuming each ensemble structure is rigid is displayed in blue
histograms. The x-axis shows the rotational correlation time in nanoseconds,
and the bin size is 0.3 ns in all histograms. The y-axis is in arbitrary units
and represents the population at each 7.”*® bin. (A) ACTR(1018—1088)/
CBP(2059—-2117), (B) MoPrP(89—230), (C) ShPrP(90—231), (D) ShPrP-
(29-231), (E) 127(1—103), (F) PUF1(1—106), (G) PX(474—568), (H)
ttRNH(1—166), (I) IGFBP-6(1—107), (J) Yfia(1—113), (K) ITAgle(1—162),
(L) VMIP-II(1-74).

in the interpretation of residual dipolar coupling (RDC) and
small-angle X-ray scattering (SAXS) data:'* ensemble structures
were generated by adding consecutive peptide planes and
tetrahedral junctions in the inverse direction to the protein
sequence, starting from the terminus of the folded domain and
progressing to the terminus of the flexible domain. Apart from
this minor difference in implementation of the coil library, the
sampled conformational space or conformational preference for
disordered segments should be essentially the same in the
published version'> as obtained by our ensemble generation
method.

The mean value for conformation-dependent tumbling times
can be obtained by an ensemble average according to a
probability distribution of the conformations. In the disordered
state of proteins, the free energy is dominantly affected by chain
elasticity, excluded volume or steric exclusion, and solvent
interaction.*® Since all ensemble structures generated in our
method are supposed to have the same bond lengths, bond
angles, and excluded volume, the internal energy and thus
probability for each ensemble structure can be assumed equal,
and the conversion from one conformation to another might be
expected to be faster than tumbling because of the zero or low-
energy barrier between conformations. In principle, the tumbling
times in different conformations are averaged by two mecha-
nisms, depending on the rate of interconversion between
substates. If the interconversion is faster than the time scale of
tumbling, all molecules would experience a similar mean
tumbling time, even while averaging was occurring at an
individual molecule level. On the other hand, if the conversion
is slower than the time scale of tumbling, molecules would
experience different tumbling times; in this case, the ensemble
average would be applicable. When interconversion is rapid,
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Figure 6. Convergence of the predicted rotational correlation time (7.”*%).
The prediction was made from the ensemble approach to the boundary
element method using two layers of molecular surfaces and their correlated
velocity relation. The difference between the 7.”*® averaged over n ensemble
structures (7.”°!{n}) and the 7.”"*¢ averaged over 10* ensemble structures
(T°4(10%}) is plotted as a function of the number of ensemble structures
(n). As the number of ensemble structures increases, the difference
approaches toward zero, indicating convergence.

which is the most likely case for a disordered ensemble, the
averaging is performed over the time for an individual molecule,
but it will be the same as the averaging performed over ensemble
conformations if the duration of measurement or observation
is long enough that a system accesses all the substates with
equal probability. The various methods for measuring the
rotational tumbling time, such as NMR relaxation, electric
birefringence, fluorescence depolarization, or dielectric relax-
ation, differ in their sensitivity to motions on different time
scales. For example, NMR relaxation measurements (R; and
R,) are relatively insensitive to motions slower than the tumbling
time, as indicated by long time scale molecular dynamics.™
However, the bias in the comparison between the ensemble
average and the NMR measurement should be negligible since
the chance of interconversion on the time scale of tumbling
would be very small. Furthermore, the calculated tumbling times
for ensemble conformations are sufficiently homogeneous that
the possible difficulties arising from the ensemble average under
the influence of an ambiguous interconversion rate may be
ignored (Figures 5 and 6). The distribution of tumbling times
calculated for each ensemble structure is narrow, with its
maximum occurrence found at the ensemble averaged mean
tumbling time (Figure 5). This is consistent with the dominant
influence on the tumbling of the rigid portion of the protein of
the flexible surface elements near the rigid boundary, which
unlike boundary elements located further away from the
interface do not change their structure much between individual
conformers in the ensemble of the flexible portion. In accordance
with the narrow distribution of calculated tumbling times, a
relatively small number of ensemble structures (~1000) is
sufficient to achieve practical convergence (Figure 6). Global
parameters of a disordered ensemble, such as tumbling time,
size, and shape, appear to require a smaller number of ensemble
structures (1000—2000) for convergence than do local param-
eters such as bond vector orientations (measured by residual
dipolar couplings), which require up to 50,000 ensemble
structures for convergence.'?

Generalization for Multidomain Proteins with a Disordered
Linker Region. The validation described above was carried out
for proteins with N- and/or C-terminal disordered segments.
However, the relation of velocity fields between the rigid and
the instantaneous surfaces (eq 11) should also be valid for
multidomain proteins connected by a disordered linker because
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no assumption was made on the conformation of the disordered
chains to describe the relation: the domains can be regarded as
special conformations formed by the disordered segments. In
an ensemble for such a protein, each domain would retain its
fold but overall conformation would fluctuate due to the
heterogeneous conformations of the linker. For each ensemble
structure, the 7. of a specific domain can be calculated by
defining the rigid surface to enclose the domain of interest and
the instantaneous surface to enclose the whole molecule. Once
the rigid and instantaneous surfaces are defined, the subsequent
boundary element calculations are identical to those for the
proteins with terminally disordered segments.

Two domains connected by a disordered linker affect the
tumbling of each other. However, this coupling of tumbling
becomes negligible as the length of the disordered linker
increases beyond a certain length. The velocity field calculations
adopting the residue number distance to the beginning of the
flexible part as d (Figure 2, distance c; eq 11) show that two
velocity fields separated by about 20 and 45 disordered residues
would be correlated to about 36% (*1/¢) and 10%, respectively
(Table S2 and Figure S2). In the disordered segment, each
residue is at a different distance from the beginning of the
flexible part and its contribution to the tumbling of the rigid
part is additive, but diminishes as the distance increases. For
example, 7. of the rigid globular portion of the Syrian hamster
prion protein is 7.4 ns (calculated) and the addition of 44
disordered residues increases the 7. by 6.2 ns (measured), but
addition of a further 59 disordered residues only increases the
7. by another 2.4 ns (measured) (Table 1). Although the residue
number distance (Figure 2, distance c) is not the best predictor
for 7., two domains connected by a disordered interdomain linker
of about 45 or more residues may be regarded as decoupled
within the approximate limit of projected error (1.1 ns for the
method using the distance c).

Application to Calmodulin. To validate the application of the
method to a protein containing rigid domains separated by a
flexible region, we performed calculations for calmodulin
(CaM). CaM plays a critical role in Ca?*-dependent signaling
pathways and has two globular Ca?" binding domains connected
by a flexible linker.>**” The flexibility of the linker is essential
for CaM to rearrange the Ca>" binding domains and bind tightly
to numerous target proteins. NMR relaxation data for the Ca*-
ligated Drosophila CaM showed that the tumbling times for
the N- and C-domains are 7.1 and 6.3 ns at 35 °C, respectively;
at 20 °C the corresponding correlation times would be 10.4 and
9.2 ns for the N- and C-domains, respectively.’” On the basis
of the crystal structure of the Ca*'-ligated Drosophila CaM
(PDB id: 4CLN)*® the calculated tumbling times for the full-
length protein (residues 1—148; dumbbell-like overall confor-
mation) and the isolated N-domain (residues 4—76) and
C-domain (residues 82—147) are 14.1, 4.9, and 4.3 ns at 20
°C, respectively. The measured tumbling times are significantly
shorter than the tumbling time expected for the dumbbell-like
conformation, but are much longer than expected for the isolated
domains, suggesting that the tumbling of the N- and C-domains
is partly decoupled due to the flexibility of the interdomain
linker. However, it remains unclear whether the measured
tumbling times are explained by complete or partial disorder
of the linker. We therefore applied our method to estimate the
7. of the CaM, assuming that the linker is completely disordered.
An ensemble for the full-length CaM was generated with
residues 1—3, 77—81, and 148 being completely disordered
while retaining the N- and C-domain folds as in the crystal
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structure (number of ensemble structures 1000). The boundary
element calculations were performed separately for the N- and
C-domains using the consensus parameter set [y: 4—8 A e
20—24 A]. For instance, the rigid surface was defined to enclose
the N-domain when the 7. is calculated for the N-domain. The
tumbling times for the N- and C-domains calculated using our
approach (10.1 and 9.5 ns at 20 °C, respectively) are in excellent
agreement with the experimental data, suggesting that the
interdomain linker is completely disordered in the Ca**-ligated
form of CaM.

Applications to an Order-to-Disorder Switch. As an example
of the utility of our prediction method, we describe its
application to obtain insights into the structural basis for an
order-to-disorder regulatory switch in the protein tyrosine kinase
Syk.** The Syk kinase plays a important role in signaling
through the antigen B cell receptor, binding the receptor through
two tandem SH2 domains connected by a folded 45 amino acid
interdomain A. Upon phosphorylation of Tyr-130 in the
interdomain A, Syk dissociates from the receptor. On the basis
of changes in the rotational tumbling times of the two SH2
domains in wild-type Syk (z. = 19.2 ns, derived from NMR
relaxation measurements) and in a Tyr130Glu mutant that
mimics the phosphorylated form (7. = 12.1 ns), Zhang et al.>*
suggested decoupling of the two SH2 domains in the phospho-
rylated Syk by a mechanism involving disordering of interdo-
main A. Predicted values of 7. for the isolated SH2 domains
(7.5 and 7.6 ns for the N- and C-terminal SH2 domains,
respectively, estimated using a beads approximation) provided
qualitative support for the mechanistic model.** However, since
the predicted and measured 7. values differ so significantly, it
is unclear whether the decreased rotational tumbling time in
the Glu130 mutant results from complete or partial disordering
of Syk. We therefore applied our method to estimate rotational
correlation times in this system. Following the same procedures
used for the 12 reference proteins, three protein models were
constructed based on the crystal structure of Syk* (PDB id:
1A81): (i) full-length Syk containing both SH2 domains and
the folded interdomain A (residues 2—262; rigid residues
11—260; number of ensemble structures 1000); (ii) the N-
terminal SH2 domain plus interdomain A (residues 2—159; rigid
residues 11—114; number of ensemble structures 1000); and
(iii) interdomain A plus the C-terminal SH2 domain (residues
115—262; rigid residues 160—260; number of ensemble struc-
tures 1000). In the full-length Syk (model (i)), interdomain A
(residue 115—159) was assumed to be ordered and globular,
while in models (ii) and (iii) the interdomain A was assumed
to be completely disordered, leading to an assumption that the
two SH2 domains are decoupled. The boundary element
calculations were performed using the consensus parameter set
[y:4—8 A, £220—24 A]. The resulting 7 for the full-length Syk,
and the N- and C-terminal SH2 domains with disordered
interdomain A are 20.4 ns, 12.6 ns, and 11.3 ns, respectively.
Similar boundary element calculations were performed with a
full-length Syk ensemble in which the interdomain A is
completely disordered while both SH2 domain conformations
are retained (number of ensemble structures 1000), so as to
verify whether the 45 disordered residues of the interdomain A

are enough to decouple the two domains. The resulting 7. for
the N- and C-terminal SH2 domains are 13.3 and 13.0 ns,
respectively, which are close to the values based on the
decoupling assumption made in the models (ii) and (iii),
implying that the two SH2 domains are almost, if not com-
pletely, decoupled. These values are in excellent agreement with
the experimental data in the limit of projected error of prediction
(0.6 ns), which strongly supports the suggestion that the
interdomain A behaves like a disordered chain and that the two
SH2 domains are decoupled in the Tyr-130 phosphorylated
state.>*

Concluding Remarks

An ensemble approach to the boundary element method has
been applied to the problem of molecular tumbling of proteins
with long disordered segments. In the presence of disordered
segments, the tumbling of the folded, rigid portion becomes
slower than it would be for this part alone. The dragging effect
can be described in a systematic way regardless of the sequence
or length of the disordered segments, using the assumption of
two surface boundaries and the specific relation between them.
In general, the presence of disordered residues farther than a
defined cutoff distance from the rigid part has a negligible effect
on the tumbling of the rigid domain, although the disordered
regions do contribute to the heterogeneity of the ensemble
conformations. These observations explain the significant dis-
crepancies between experimental data and values calculated
based on the assumption that each ensemble conformation is
rigid. Extension of the classical boundary element method or
bead modeling into the problem of a disordered ensemble is
largely limited by poor understanding of the motional coupling
between the rigid and disordered segments and the hydrody-
namic nature of the disordered chain. Nevertheless, the tumbling
times predicted by our approach are in excellent agreement with
experiment. This prediction method is therefore sufficiently
accurate that it can be utilized to identify important biological
events such as inter- and/or intramolecular interactions between
unfolded and folded regions of a protein and to probe the
mechanistic basis of order—disorder switches.
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