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Slow Motions in Chicken Villin Headpiece Subdomain Probed
by Cross-Correlated NMR Relaxation of Amide NH Bonds
in Successive Residues
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ABSTRACT The villin headpiece subdomain (HP36) is a widely used system for protein-folding studies. Nuclear magnetic
resonance cross-correlated relaxation rates arising from correlated fluctuations of two N-H" dipole-dipole interactions involving
successive residues were measured at two temperatures at which HP36 is at least 99% folded. The experiment revealed the
presence of motions slower than overall tumbling of the molecule. Based on the theoretical analysis of the spectral densities we
show that the structural and dynamic contributions to the experimental cross-correlated relaxation rate can be separated under
certain conditions. As a result, dynamic cross-correlated order parameters describing slow microsecond-to-millisecond motions of
N-H bonds in neighboring residues can be introduced for any extent of correlations in the fluctuations of the two bond vectors.
These dynamic cross-correlated order parameters have been extracted for HP36. The comparison of their values at two different
temperatures indicates that when the temperature is raised, slow motions increase in amplitude. The increased amplitude of these

fluctuations may reflect the presence of processes directly preceding the unfolding of the protein.

INTRODUCTION

Dynamics of biological molecules are recognized to play an
important role in many biological processes. Dynamics of
proteins occur on a wide range of timescales and a variety of
nuclear magnetic resonance (NMR) techniques have been
devised for its characterization (1-3). Slow microsecond-
to-millisecond timescales dynamics have been shown to be
essential for many protein functions and hence many recent
works are geared toward elucidation of the details of slow
motions (4-6).

One of the recognized techniques to probe slow timescale
dynamics is residual dipolar coupling (RDC) experiments
(7,8). However, applications of this technique require sample
preparation strategies in several orienting media (7,8).

A number of cross-correlated relaxation experiments
(3,9,10) allowing one to study slow motions of various nuclei
have been developed. In this work, we utilize a technique
developed by Pelupessy et al. (11) for investigation of cor-
related fluctuations of NH bonds in neighboring amino acids.
The technique relies on the measurements of cross-correlated
relaxation rates caused by the fluctuations of two N-H dipole-
dipole interactions that depend on the fluctuation of the angle
between corresponding N-H bond vectors. Different time-
scales of motions contribute to the rate. Since the characteri-
zation of fast picosecond-to-nanosecond motions can be done
using '°N laboratory frame relaxation techniques, this ex-
periment allows direct separation of fast and slow dynamics.

As has been long recognized (12—17), in addition to dy-
namic information, cross-correlated relaxation rates depend
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on structural parameters. In the case of the dipole-dipole
cross-correlated relaxation experiment, they depend on the
structural angles between two N-H bonds in neighboring
residues. The angles can be usually obtained from either the
x-ray or NMR structure of a protein. In practice, the values of
the angles obtained from each of these structural techniques
can deviate significantly, and in this case, cross-correlation
experiments can provide additional information for valida-
tion of a protein structure.

In this work, we analyze slow microsecond-to-millisecond
dynamics involving successive residues in the chicken villin
headpiece C-terminal subdomain (HP36). Villin is an F-actin
bundling protein involved in the maintenance of the micro-
villi of the absorptive epithelia (18,19). Villin headpiece
subdomain is a 35-residue, autonomously folding, thermo-
stable motif at the extreme C-terminus of villin (20). The
subdomain spans residues 42—76 (residues 791-825 of intact
chicken villin) of the full-length 76-amino-acid residue villin
headpiece. The recombinant form of the subdomain (HP36)
has an additional N-terminal methionine residue designated
arbitrarily as residue 41.

HP36 is one of the smallest known examples of a coop-
eratively folded domain of a naturally occurring protein. This
small protein is a very popular system for computational and
experimental protein folding studies (20-31). The structure
of HP36, as determined by x-ray and NMR spectroscopy
(32,33), consists of three short helices (residues 44-51, 54—
60, and 64-74) surrounding a tightly packed hydrophobic
core. Fig. 1 shows a ribbon diagram of the protein. Wickstrom
et al. (34) conducted a molecular dynamics study that indi-
cated that the x-ray structure is a better representation of the
folded state at neutral pH compared to the NMR structure
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FIGURE 1 MolScript (57) diagram of 36-residue headpiece subdomain of
F-actin binding protein villin (HP36). Helices are in black. N-terminus is on
the left.

based on backbone conformation, core packing, C-capping
motif, and side-chain packing interactions. Backbone dy-
namics on the fast picosecond-to-nanosecond timescale has
been analyzed earlier using '°N laboratory frame relaxation
experiments (35).

The cross-correlated relaxation measurements described
below were performed at two different temperatures at which
HP36 is at least 99% folded. In the Theory subsection, we re-
late the experimental NMR cross-correlated relaxation rates to
the amplitudes of backbone motions in the presence of fast
and slow backbone dynamics. We show that in the limit when
the timescale of the slow motions 7, significantly exceeds the
timescale of the overall molecular tumbling 7., the slow motion
cross-correlated order parameters depend on the interbond
correlation and represent an ensemble average of a certain
function of interbond angles over all possible conformations.
We also show how to separate the cross-correlated order pa-
rameter into the structural and dynamic contributions.

Earlier works on anisotropic interactions (i.e., dipolar and
chemical shift anisotropy) considered either the opposite
limit 7y < 7. (36) or only uncorrelated slow motions (37). In
contrast, we show how the experimental rates can be used to
obtain information on the amplitudes of slow microsecond-
to-millisecond fluctuations of the angles between two N-H
bonds in neighboring residues for any extent of interbond
correlations.

By comparing theory with experiment, we obtain the
values of dynamic slow motion cross-correlated order pa-
rameters, introduced in this work, and show that the average
amplitude of slow backbone motions involving successive
NH bonds increases with temperature. In addition, we show
that our data provides further evidence for the validation of
the high-resolution x-ray structure as closer to the actual
structure of the protein in solution.

MATERIALS AND METHODS
Sample preparation

The experiments were performed on '>N/'>C labeled villin headpiece sub-
domain expressed according to the procedure described in Bi et al. (38). The
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essence of the procedure consists of linking HP36 via a factor Xa cleavage
sequence to the C-terminus of the N-terminal domain of the ribosomal
protein L9. The following modifications were used: the protein was ex-
pressed in minimal media with 0.8 g/ml '’NH,Cl and 3 g/ml "*C-glucose. A
G50 column (size 2 cm X 100 cm) with 20 mM Tris, 100 mM NaCl, 5 mM
CaCl,, and 0.01% azide buffer at pH 7.5 was used for a first purification step,
followed by a cleavage by factor Xa. The cleavage was performed at room
temperature with eight units of factor Xa per mg of protein. The product was
lyophilized and purified by reverse-phase high performance liquid chroma-
tography. The identity and purity of the sample was confirmed by mass
spectroscopy, N-terminal sequencing, '>’N' NMR HSQC spectrum, and re-
verse-phase high performance liquid chromatography.

The protein was dissolved in 350 uL of 90% H,0/10% D,O to a con-
centration of 1.4 mM with 50 mM sodium acetate-d; buffer and the pH was
adjusted to 5.4. A Shigemi tube made of susceptibility-matched glass was
used.

NMR spectroscopy

The experiment for the measurements of NH/NH dipole-dipole cross-cor-
related relaxation rates is based on the interconversion between the double
quantum (DQ) coherences: (2N, N,") and (8N, H“N;H%) (11). The main
mechanism of the interconversion is due to correlated fluctuations of the
dipole-dipole interactions between hydrogen and nitrogen spins (N,H, and
NyH.,). In principle, the rates can also be measured using both DQ and ZQ
coherences. However, by selecting only the DQ coherence, one avoids the
effects of cross-relaxation involving the two amide protons.

The rates R}\P are obtained from the results of two experiments. In the first
experiment, the decay of the initial coherence 2N, N is detected and the
volumes of the peaks in the resulting spectrum /¢ are taken. In the second
experiment, the coherence resulting from the two dipole-dipole interactions
8N H“N} H? is detected. The volumes of the resulting peaks in the spec-
trum are denoted by /.;oss. The intensities I oss and /¢ are proportional to the
expectation values (8N,” HZN, HZ) and (2N N;') operators, respectively.

The rate R\P is then obtained from the ratio of /¢;oss and /iy,

1 Los(T)
Rexp — _t h 14 cross 1
uv T an Iref (T) bl ( )

where T is a relaxation delay.

Note that for a specific residue the magnetization transfer starts from the
amide proton H) and INEPT-like transfers are utilized to create the double-
quantum coherence 2NN involving two nitrogen spins in successive
residues. After the relaxation period, the magnetization is returned to the
original amide proton HY. Thus, for a residue i, correlations are seen only
with the successive residue i + 1.

The NMR data were acquired on a Bruker DMX spectrometer (Bruker
Biospin, Billerica, MA) operating at 500.13 MHz and equipped with a triple
resonance TBI probe (Bruker) with triple axes gradients. The experiments
were performed at 22 and 32°C. One-hundred percent methanol and ethylene
glycol samples were used for temperature calibration (39). Data were ac-
quired with a single relaxation delay of 43 ms. Two-dimensional spectra
were acquired in an interleaved manner with 256 scans for the reference and
1536 for the cross-peak experiments. A quantity of 512 X 32 complex points
were collected with a spectral width of 14 and 25 ppm in the 'H and '*N
dimensions, respectively. Three data sets were taken for each of the tem-
perature conditions and the data reported represents the average of the three
data sets. Acquisition times were 13 days for each temperature.

The data were processed by the NmrPipe/NmrDraw/NlinLS package
(40). "N and 'H assignments were taken from a previous report (20). Typical
errors in the NH-NH angles calculated from the NMR structure were ob-
tained from the ensemble of the 29 structures (available at http://people.bu.edu/
cjmck/pdb). To estimate typical errors in the angles calculated from the x-ray
structure we compared five different x-ray structures for various mutants of
HP36 corresponding to PDB entries 1 YRF, IWY3, 1WY4, 1 YRI, and 2F4K
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(25,33). The errors in the cross-correlated order parameters, (an,)iyn7 were

calculated by the propagation of the errors in the cross-correlated relaxation
rates.

The absence of signals for the relatively large number of residues is due to
an inherent insensitivity of the NH-NH cross-correlated experiments, which
prevents the detection of residues with low signals. Three of the 36 residues
are nondetectable: residue 62 is a proline, hence L61 and P62 cannot be
detected. F76 cannot be detected since it is the last residue and does not have
a neighboring amino acid on the right of the chain. In addition, the intensity
of 142 in a regular HSQC spectrum is two to three times smaller compared to
other residues in the protein and as a result, it was not observed in this ex-
periment. The rest of the unobserved signals belong to loop residues or
residues at the end of secondary structure regions. Likely reasons for signal
losses for these residues will be discussed below.

RESULTS AND DISCUSSION
Theory

Slow motion cross-correlated order parameter
in the limit 75 > 7,

Cross-correlated relaxation is caused by concerted fluctua-
tions of various interactions, such as dipole-dipole or chem-
ical shift anisotropy (CSA). In our case, we are concerned
with concerted fluctuations of dipole-dipole interactions for
two NH bonds characterized by unit vectors u and v, which
belong to successive amino acid residues. We will assume the
existence of three timescales of motions: fast picosecond-to-
nanosecond timescale (7¢); slow millisecond-to-microsecond
timescale (7,); and nanosecond timescale of the overall mo-
lecular tumbling (7.), such that 7 < 7. < 7.

The experimental cross-correlated relaxation rate R3.P, is
proportional to spectral density at zero frequency, J,(0)
(3.11),

h 2
R = (—“ 0 VQ”N) 7,(0), @

41y

where ryy is the distance between N and H nuclei, wg is the
permeability of free space, and yy and yy are the gyromag-
netic ratios for 'H and '°N, respectively,

o) =2 " Caloyd, @)
0

where C,,(?) is the cross-correlation function of the bond
vectors fluctuations in the laboratory reference frame, and

Cult) = 5(Ps(u(n) - VO, @

where (...)_ denotes the thermal average over all possible
configurations of the vectors u and v in the laboratory
reference frame and P,(x) = (3x2 — 1)/2 is the second-order
Legendre polynomial.

Equation 4 takes into account internal bond fluctuations as
well as an overall molecular tumbling. The latter can be
separated with the use of Lipari-Szabo decoupling approxi-
mation (41), which, for isotropic tumbling with the correla-
tion time 7, leads to
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where
Con(1) = (Pa(u(0) - v(0))) ©)

is the two-bond cross correlation function, which takes into
account only internal fluctuations of the bond vectors and
{...) denotes the thermal average in the molecular reference
frame. With u = v, Eqs. 4-6 define the autocorrelation
function of single bond fluctuations.

To calculate RSP we will explore a two-component re-
laxation model introduced earlier (37). The fast component
describes the relaxation of bond orientations on the time-
scale 7; toward an intermediate quasiequilibrium state,
characterized by an instantaneous random position of the
slow fluctuating environment, which changes in an adiabatic
manner. The slow component describes the relaxation of the
bond environment to its equilibrium conformation. A simi-
lar two-component relaxational model has been considered
by Clore et al. (42) and applied to the analysis of auto-
correlated relaxation rates. However, the limit 7, > 7. was
not discussed.

Note that the formalism proposed below for the derivation
of the spectral density J,,(0) in the limit 7; < 7. < 75 is
different from the one employed in the earlier work (37)
based on the coupled single exponential kinetic equations for
the correlation functions of the fast and slow motions. We
will show that the spectral density expression can be obtained
without invoking any particular form for the time evolution
of the cross-correlation function CI™(¢). This is especially
important for slow motions, since they are likely not to follow
a single exponential relaxation.

Since C,, () in Eq. 5 is proportional to exp(—?/7..), the main
contribution to the integral in Eq. 3 originates from the time
interval ¢ ~ 7. > 7, where each bond vector is already in the
quasiequilibrium state described above.

It is convenient to rewrite Eq. 6 in the form

2
) ="T 3 (0000 @)
m=—2

using the addition theorem for spherical harmonics, where
Q, and Q, are the solid angles describing the positions of
the vectors u and v in the molecular reference frame. The
spherical harmonics Y,,,(€2,) and Y5,,(€),) can be expressed in
the slowly fluctuating local environment reference frame as

Yo (A (1)) = ;Dmk(‘l’i(f))sz(Qﬂ(f))a ®)

where Dy (W)) = DI%Z (W;) are the second-rank Wigner
matrix elements and W} represents the three Euler angles
relating the bond local environment reference frame to the
molecular reference frame; Qﬂ is the solid angle character-
izing the direction of the bond vector with respect to the local
environment reference frame.

Biophysical Journal 95(12) 5941-5950
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As shown recently (43,44), interbond interactions impose
certain constrains on the bond vector fluctuation on the
timescale 7y, and renormalize the values of the Lipari-Szabo
order parameters. In the derivation below, we assume that the
values S and S can be independently extracted from NMR
autorelaxation experiments. For ¢ > 7, the correlations be-
tween the components Yy (Q(#)) and Yo, (Q(0)) vanish.
According to the definition of the quasiequilibrium state
above, they can be replaced by their average values (Y2 (1))
and (ng(Qi)), respectively.

Assuming also the axial symmetry of the fast fluctuations
with respect to the local environment axis we have
(Y (Qh)y = (5/4#)1/2S£8k0 (8xo is the Kronecker symbol
and (Slfl)2 is the Lipari-Szabo autocorrelated order parameter
for fast motions (41)) and therefore, only the component
Do (P}) contributes to Eq. 8. Since D,y does not depend on
the third Euler angle, the latter could be set to zero and the
first two Euler angles represent the solid angle () describ-
ing the orientation of the local environment axis with respect
to the molecular reference frame. Then Dyo(V3) =
(47/5)"* Y2 (), and we have

Yan(Qu(1)) = Yau(Q,(1))S,. ©)

Variables Y5, (€ (#)) in Eq. 9 fluctuate slowly on the
timescale 73 > 7.. Therefore, due to the factor exp(—#/7.)
in Eq. 5, which effectively restricts the integration in Eq. 3 to
the values ¢ ~ 7, one can replace Y2, (€25 (7)) by Y21, (€23, (0))
in Eq. 9.

Thus, using Egs. 3, 7, and 9 we obtain

27,4
=SS, X (n(©
o 2Tc f of
e

J(0) =

()

(ug - vy)), (10)

where the vectors ug and v, characterize the directions of the
slow fluctuating local axes of the bonds’ local environment.
Equation 10 explicitly shows that, for the timescale 7, >> 7,
slow backbone motion contributes to the NMR cross-correlated
relaxation rates via the statistical average of {(P,(u; - v,)) over all
possible conformations characterized by different interbond
angles. One can also see that there is no information on the exact
values of internal correlation times of the slow motions.
In the absence of correlations of slow motions (Py(ug - V)
reduces to the form (P,(u; - vy)) = (S uv) , where
2——Z<Yzm IXY5, (). (11
Note that Eq. 11 has been obtained in the earlier work (37)
with the use of the different formalism, but the effect of the
interbond correlations on the NMR cross-correlated relaxa-
tion rates has not been analyzed. Equation 11 also defines the
limit of the correlation function CI(¢) at t — o,

Cl(t— o) = SISI(S2,)%, (12)
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provided that at + — oo, the correlations are always de-
coupled. Note that for u = v, according to Eq. 7,
C(t—> o) = S2, where

477/5 Z <Y2m ><Y2m( )) (13)
is the order parameter characterizing the motional amplitude
of the bond vector u in the molecular reference frame
including both fast and slow motions. With the use of Eqs.
7 and12, we obtain the expression

(8.7 = (S.)°(S), (14)

where (S ;)2 is the order parameter characterizing the amplitude
of slow motion of the bond vector u. Note that Eq. 14 is
identical with the expression of the generalized order parameter
in the extended model free formalism obtained for the limit
T <L Ty KL T (42).

The limit of the correlation function given by Eq. 12 has
been defined as the cross-correlated order parameter (36, 3).
However, in the regime 7. < 7, Egs. 11 and 12 do not
capture the physics of correlated bond dynamics, and the
quantity (P-(ug - vy)) itself characterizes slow backbone
motions. Therefore, (P,(us - v,)) has the meaning of a slow
motion cross-correlated order parameter, provided it re-
duces to the earlier definition, Eq. 11, in the absence of
correlations.

Separation of structural and dynamic contributions

If 0, is an instantaneous angle between the vectors ug and vy,
then (P,(us - v,)) in Eq. 10 equals to (P,(cos 6,,)). This
quantity contains both structural and dynamic contributions.
A pure structural contribution corresponds to the rigid
backbone for which the angle 6,, has a fixed value 67].
Dynamic contribution characterizes the effect of fluctuations
of the angle 6,,, with 6] being the angle between equilibrium
vectors ugd and vgi.

In the case of noncorrelated bond fluctuations, separation
of (P5(cos 6,,)) into the structural and dynamic contributions
can be done exactly under the additional assumption of the
axially symmetric slow fluctuations with respect to their
equilibrium orientations. This can be shown by introducing
the local equilibrium reference frames for vectors ug and vy
and presenting the components Y2, (€2) in the equilibrium
reference frame as

Y2m(QZ) = szk(qfiq>Y2k(QZ)7 (15)
k

where the Euler angles Wi describe the orientation of the
local equilibrium reference frame with respect to common
molecular reference frame, and QZ characterizes the direction
of the slow fluctuating local axis with respect to its equilib-
rium reference frame. If fluctuations are axially symmetric
with respect to the equilibrium axis, the terms with k # 0 in
Eq. 15 vanish. Then, using the addition theorem for spherical
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harmonics in analogy with Egs. 9 and 10 we can rewrite Eq.
11 in the form

(55,)" = (Pa(cos B)) = (S5, )3,uP2(cos 652), (16)

where (wa) dyn 18 the dynamic slow motion cross-correlated

order parameter, which equals

(Siim = SiS, (17)
in the absence of correlations between the vectors ug and vg.
The parameters S = (47/ 5)" *(Y0(23)) are the local slow
motion order parameters.

Since {P,(cos 0,,)) terms are directly measurable quanti-
ties in NMR cross-correlated relaxation experiments, an
important question arises. To what extent can they be sepa-
rated into the structural and dynamic contributions when the
correlations between bond vectors are significant, such that
Eq. 16 with the angle-independent order parameter (S5, )dyn
would be valid at least approximately with a controlled ac-
curacy? We address this important question below.

When Eq. 16 is valid, one can use experimental cross-
correlation rates and knowledge of the structural angles, 651,
to extract information on the amplitude of correlated slow
fluctuations, described by the dynamic cross-correlated order
parameters (S, )dyn

For the case of an intermediate degree of correlations be-
tween the two interactions, the decoupling given by Eq. 17 is

not valid. Instead, we can write (S5, )dyn as

(S5)3n = SIS0 + Au, (18)

where A, is a measure of the actual strength of the corre-
lations between the local conformational fluctuations.

To illustrate the effect of the second term in Eq. 18, let us
assume a very strong correlation in the slow motions of the
two bond vectors such that 6,,, is fixed at a single value. This
scenario is referred to as the rigid fragment. For this case
(wa)dyn = 1, although the local order parameters S} and S%
can still be <1. With intermediate strength of correlations,
both terms in Eq. 18 can be of the same order of magnitude.

Under the assumption of the axial symmetry, the param-
eters S, and S} can be obtained from RDC experiments. In-
deed, according to the model free approach (45), the
definition of the RDC order parameter Sxp is identical with
the definition of the order parameter Sﬁ given in Eq. 13. Then
using Eq. 14 and the axial symmetry approximation we ob-
tain SRPC = STS%. Further, if the correlations of the slow
fluctuations of the two bond vectors are larger than the ne-
glected nonaxial contributions, then the order parameters
(83 )dyn obtained from the cross-correlated relaxation ex-
periment and the values of the single-bond local order pa-
rameters S and S} can be combined. This will give an
estimate of the strength of the correlations in the slow mo-
tions of the neighboring bond-vectors, given by A,, in Eq.
18. According to Meiler et al. (45) and Lakomek et al. (46),
the extent of nonaxial contributions is expected to be small
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for residues belonging to a-helices and B-sheets, thus ren-
dering the above analysis possible.

To determine the range of validity of Eq. 16 for correlated
fluctuations of the bonds’ local environment, we performed
numerical simulations using the following simple model.
According to its definition, {P(cos 6,,)) can be written as

(Pa(c0s 0u,)) = / a0’ / A2 £ (u,, v,)Py(cosB,,), (19)

where f (ug, vg) is the probability density of finding the
vectors U and v at given orientations

e—U(uS ,vs)/KT

fdQ dQs —U(ug,vs)/kT

flug, v,) = (20)

and U(u, V) is the potential energy constraining the ampli-
tude of the fluctuations. For U(ug, v,), we propose the form

—% = A,C0s” B, + A,cos” B, + Aycos’ (0, — 6, (21
where the first two terms describe axially symmetrical
uncorrelated motions of the vectors ug and v, with the
parameters A, and A, characterizing the amplitudes of local
restoring potentials. The values 6, and 60, are the angles
describing instantaneous orientations of the vectors ug and v
with respect to their local equilibrium axes. The third term is
responsible for the correlation effects, the strength of which
depends on the magnitude of the A,,. Purely uncorrelated
motions correspond to the limit A,, = 0, and the opposite
limit of strong correlations corresponds to Ay, > Ay, Ay

Note that the local order parameters S} and S} can be de-
fined within the same model as

S = /dﬂz/dﬂif(us, v,)P,(cos 0,). (22)

The results of the numerical evaluation of (Suv) dyn from
Egs. 16 and 19 are presented in Fig. 2. The values of A, A,
and A, have been chosen to satisfy the typical for NH bonds
condition that the order parameters generally exceed 0.5 (46).
As an example, the results of the simulations are presented for
the values A, = A,, although almost the same numerical
values of (S}, )dyn have been obtained for different combi-
nations of A, and A, as long as the product S} S} has been kept
at the same value. The deviation of the curves from the
straight lines characterizes the degree of the errors inherent in
the definition of the dynamic order parameter according to
Eq. 16.

It follows from Fig. 2 that the uncertainties in (wa)clyn
introduced by the approximate character of Eq. 16 do not
exceed 5% for 0° < 673 < 40° and 75° 673 < 90° for the
typical experimental values of (83, ) an = 0.7 . In addition,
the uncertainties are less for larger values of (S3, ) dyn-

At the same time, the simulations show that the separation
of the slow motion cross-correlated order parameter into
the structural and dynamic contributions represents a poor

Biophysical Journal 95(12) 5941-5950
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FIGURE 2 Cross-correlated dynamic order parameters for slow motions

(S5, )gyn = (P2(cos Oyy))/P2(cos 631) as a function of interbond angle 61

obtained by numerical simulations of the function (P(cosf,,)) defined
by Eq. 19. Parameters defining single bond potentials are A, = A, = 5.
The values of A, that define the interbond interactions are indicated on the
graph. The shaded rectangle represents the range of angles for which the
structural and dynamic contributions cannot be separated.

approximation in the vicinity of the magic angle (6] ~
54.7°), where Py(cos 0;3) ~ 0. Additionally, because of small
values of (P»(cos 6,,)) in this region, the experimental values
R are also expected to be small, thus providing an addi-
tional obstacle for extraction of meaningful data.

Validation of the protein structure

According to Egs. 2, 10, and 16, the knowledge of the correct
protein structure (which determines 653) is crucial for a reliable
determination of the slow motion cross-correlated order pa-
rameters from experimental cross-correlated relaxation rates.

The NMR structure of HP36 (32) was solved in 1997 using
only two-dimensional homonuclear and 1H/ 15N heteronu-
clear methods. In contrast, the x-ray structure (33) is a high-
resolution structure solved in 2005. The structures differ in
the hydrophobic core packing, interhelical H-bonds, and in
the length of the helices. Chiu et al. (33) notes that the dif-
ferences between the x-ray and NMR structures are probably
not caused by lattice contacts or crystal solution differences,
but reflect the higher accuracy of x-ray structures.

The same conclusion was reached in Wickstrom et al. (34),
where the authors conducted a molecular dynamics study of
HP36 with explicit solvent using the NMR structure as a
starting point. The simulations diverge from the initial NMR
structure and spontaneously adopt a structure that is much
more similar to the x-ray structure, suggesting that the x-ray
structure is a more accurate representation of the structure in
solution at neutral pH. However, as the authors noted, the
simulation models they used can be limited in accuracy, and
additional experiments would be desirable to test the theo-
retical predictions.

Below we use the NH-NH cross-correlated experiment as
an independent tool for the validation of HP36 structure in
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solution. As has been first emphasized by Reif et al. (12),
NMR cross-correlated relaxation experiments are sensitive
methods for the validation/refinement of the protein struc-
tures. In the case of the NH-NH experiment, the technique
can provide additional information regarding the values of
the angle between successive NH bond vectors. Reif et al.
considered a rigid limit corresponding to the absence of in-
ternal motions for which the experimental rate is given by

rigid Mol YeYn 227c eq
R¥ = | ——5— | —Pa(cos@}). (23)

uv 3
ATry 5

In the presence of internal motions, a simple test to validate
the protein structure determined by either NMR or x-ray
techniques can be performed by comparing the experimental
rates R%P with the theoretical rates R1€. As follows from the
discussion in the Theory subsection above, the ratios
RSP /Rl should satisfy the condition 0 < RSP /Riigid < 1,
except in the vicinity of the magic angle of 54.7°.

In Table 1, we compare these ratios at 22°C using the
angles calculated from the NMR and x-ray structures. The
values of the angles are shown in Fig. 3.

According to Fig. 3, large discrepancies in the values of 651
are observed for L42, A49, V50, F51, G52, M53, T54, A59,
K73, G74, and L75. For all detectable residues from the
above list, the ratios R%P /R" fall very far outside the the-
oretically expected limit when the angles are taken from the
NMR structure. In fact, most of the values are negative.
When the angles are taken from the x-ray structure, the ratios
RSP /Rrigid for al] residues fall within the expected limits.

Note that the high-resolution x-ray structure that we refer
to was obtained at neutral pH on a N68H mutant, whereas the
NMR structure was obtained on a wild-type protein at pH 5.0.
The HP36 sample (with the wild-type sequence) used in this
study was at pH 5.4. Thus, despite the fact that experimental
conditions of the cross-correlated experiment were closer to
the conditions at which NMR structure was determined, our
data provides further evidence that the high-resolution x-ray
structure of HP36 is more accurate than the NMR structure.

Determination of slow motion cross-correlated
order parameters

To extract the values of cross-correlated order parameters for
slow motions from the experimental rates presented in Table
1, it is convenient to reduce Egs. 2, 10, and 16 to the form

) Rexp
(Suv)dyn = 21_ ‘ = h 2 (24)
¢ SESLPZ (cos67%) Kol Yu¥n 7? M

5 4y

The values of autocorrelated order parameters for fast
motions (Slfl)2 have been determined earlier at different
temperatures (35). In the same study, HP36 was shown to
undergo isotropic molecular tumbling. The equilibrium an-
gles between successive NH bonds 6] were calculated from
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TABLE 1

in HP36 at 22 and 32°C and R5;?/R'9id at 22°C

5947

Experimental cross-correlated relaxation rates for two N-H dipole-dipole interactions in successive residues

REP, 57! REP /Rrigd gt 22°C
Residue 22°C 32°C NMR structure X-ray structure
44 2.97 = 0.19 271 £ 0.21 0.81 * 0.05 0.73 £ 0.05
45 2.54 = 0.09 1.54 = 0.04 0.66 = 0.02 0.53 = 0.02
46 2.88 = 0.09 2.00 = 0.07 0.62 = 0.02 0.70 = 0.02
47 343 = 0.04 2.43 = 0.01 0.70 = 0.01 0.73 = 0.01
48 2.79 = 0.04 2.37 = 0.04 0.71 = 0.01 0.66 = 0.01
49 2.69 = 0.08 232 = 0.32 —1.01 = 0.03 0.61 = 0.02
50 295 = 0.16 2.02 = 0.01 —1.66 = 0.09 0.79 £ 0.04
53 3.85 = 0.02 2.20 = 0.12 —5.05 * 0.02 0.75 = 0.01
55 3.19 = 0.04 2.04 = 0.28 0.72 = 0.01 0.77 = 0.01
57 3.23 = 0.04 2.74 = 0.05 0.80 = 0.01 0.73 = 0.01
58 2.94 = 0.08 2.03 = 0.09 0.96 = 0.03 0.84 = 0.02
59 1.48 = 0.09 1.17 = 0.08 —0.58 = 0.03 0.76 = 0.04
63 279 =022 0.68 = 0.05 0.66 = 0.05
65 2.54 = 0.16 1.95 = 0.01 0.93 = 0.06 0.56 = 0.03
66 3.34 = 0.19 2.34 = 0.01 0.68 = 0.04 0.73 = 0.04
67 3.30 = 0.08 2.40 = 0.09 1.00 = 0.02 0.69 = 0.02
68 3.32 £ 0.07 1.58 = 0.08 0.64 = 0.01 0.79 = 0.02
69 3.07 = 0.09 191 = 0.12 1.01 = 0.03 0.71 = 0.02
70 3.30 = 0.10 1.98 = 0.12 0.68 = 0.02 0.71 = 0.02
71 3.17 = 0.17 1.83 = 0.10 1.20 = 0.06 0.76 = 0.04
72 2.08 = 0.10 1.21 = 0.08 0.60 = 0.03 0.71 = 0.03
73 —1.32 = 0.05 —1.00 = 0.05 —0.28 = 0.01 0.75 = 0.03

Angles between two N-H bonds in successive residues used in the calculations of the R84 are taken from either NMR or high-resolution x-ray structure of

HP36.

the x-ray structure (see Fig. 3). Note that for almost all de-
tectable residues the values of 6 are outside the vicinity of
the magic angle 54.7°, which according to the discussion in
the Theory subsection justifies the separation of the order
parameters into structural and dynamics contributions re-
flected in Eq. 24.

Many signals from residues belonging to loops and ends of
the helices are within the noise level in the cross-correlated
spectrum (represented by /.o in Eq. 1). In addition, they are
either greatly reduced or completely within the noise level for
the autocorrelated spectrum (represented by [, in Eq. 1).
There are two major factors influencing the loss of the signal

180—— ; . . ; . ;
150} o .
120}, .
90+ o o N
60 . O o
30 Gog et eas

ol— - ACH—

45 50 55 60
residue #

6 °9 (degrees)

uv
.
.
.
.
o

L] «? oo ® -
oo 0

® epece
1

o 1 1
65 70

FIGURE 3 Comparison of angles between two N-H bonds in successive
residues, 6!, calculated using either NMR, 1VILpdb (open squares) or
x-ray, 1YRF.pdb (solid circles) structural coordinates. Helices are repre-
sented by zigzag lines and unstructured regions by straight lines. Typical
uncertainties in the angles are 2° and 1.5° for NMR and x-ray structures,
respectively.

intensities. The first factor takes place during the lengthy
magnetization transfer steps when coherence is transferred all
the way along the polypeptide chain from the amide proton of
one residue to the nitrogen of the neighboring residue. The
signal is diminished due to enhanced relaxation of various
coherences, likely because of more pronounced motions. The
second factor takes place during the relaxation period, de-
noted by T in Eq. 1. Equation 1 demonstrates that the reduc-
tion of the signal intensity during the relaxation period is due
to small cross-correlated rates. Small cross-correlated rates
can come from either small values of the structural factor
when the values of 65 are close to the magic angle of 54.7° for
which P;(cos62) ~ 0 or from small values of the S'ST (Slsw)(ziyn
indicating high amplitude of motions. Among the absent loop
residues, K75 is the only one with the angle being close to
54.7°. 142, L61, P62, and F76 are not observable. For the
remainder of the missing loop residues (L43, S52, and T54)
the absence of the signals are due to the dynamic contribu-
tions, taking place either during the lengthy magnetization
transfer steps or the relaxation period itself. They are probably
arising from large amplitude slow motions, since the auto-
correlated "°N order parameters are comparable to those of
otherresidues. Absent helical residues are F51, N60, and G74.
All of them are at the very ends of the helices, which are likely
to have strong dynamic contributions. Possible reasons are
weaker H-bonds or their role as hinges between the structural
elements and less ordered loops. In addition, F51 and N60
have structural angles close to 54.7°.

Biophysical Journal 95(12) 5941-5950
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The values of (S5, )3 dyn Obtained with the use of Eq. 24 are
shown in Fig. 4. Open square and solid diamond symbols
represent the data at 22 and 32°C, respectively. Note that the
midpoint of thermal unfolding transition is 72°C and 32°C is
the highest temperature at which the HP36 is >99% folded
(20). The results clearly demonstrate the presence of slow
motions in HP36. However, as we already discussed in the
Theory subsection above, the cross-correlated relaxation
experiments do not provide the extent of correlations be-
tween the bonds participating in the slow motions. Additional
RDC data would be desirable to clarify this question.

Uncertainties in the NH-NH angles provide an additional
source of error for the values of (S3, )dyn The average un-
certainty in the angles for the x-ray structure, estimated as
described in Materials and Methods, is ~1.5°. The propa-
gated errors in the values of (S3,); ayn are functions of
P>(cos 0‘;‘3) For example, the relative errors are 1, 5, 8, and
1% for 10, 30, 70, and 85°, respectively. The uncertainties are
largest in the vicinity of the magic angle, which are excluded
from our analysis.

In determination of the order parameters for fast motions
(35) the value of the chemical shift anisotropy was taken to
be —172 ppm for all residues and the value ryy = 1.02 A was
used for the bond length. As has been discussed in detail
elsewhere (47-53), the choice in the values of both CSA and
bond-length affect the resulting values of autocorrelated or-
der parameters. In contrast, the values of the cross-correlated
order parameters for two dipole-dipole interactions are
practically independent of the choice of the bond length,
because the same factor ry contributes to both autocorre-
lated dipole-dipole interactions, N,H,/N,H, and cross-cor-
related dipolar interactions of two successive bonds, N H,/
NH,. The variations in NH bond lengths across the residues
are absorbed in the effective values of Slf1 and Sf, (54). If Eq.
24 uses the same bond length as employed for the model-free
procedure (which yields ST and ST), then the values of
(S5.)3 dyn are essentially independent of the NH bond length.

uv
The uncertainty in CSA remains an essential factor in the
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FIGURE 4 Dynamic cross-correlated order parameters for slow motions
of N-H bonds in neighboring amino acid residues (S}, ) dyn are plotted versus
residues number at 22°C (open squares) and 32°C (solid diamonds).
NH-NH angles between two N-H bonds in successive residues were
calculated using the x-ray structure, 1 YRF.pdb. Dotted (22°C) and dashed

(32°C) lines represent the average values of (S, )dyn
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effective value of the cross-correlated order parameter
(8% ) ayn- Hence, site-specific variations in CSA (which have
not been taken into account in the determination of S, I and Sf)
could introduce an additional small uncertainty of ~3% or
less (51) to the site-specific values of (wa)dyn Taking into
account all of the above discussions of the structural and

>N CSA uncertainties, we thus conclude that they have a
small effect on the values of (S} ) dyn and the results presented
in Fig. 4 are reliable estimates of the amplitudes of slow
motions.

The effect of these uncertainties on the average values of
the cross-correlated order parameters is even less significant.
The average values of (S3, )dyn taken over all detectable
residues are 0.90 = 0.02 at 22°C and 0.82 = 0.03 at 32°C.
This result clearly indicates an average increase in the am-
plitude of the slow motions with increased temperature
within this narrow temperature interval.

The ratio of dynamic order parameters at two
temperatures is independent of
structural uncertainties

As can be seen from Eq. 24 the ratio of (S, )dyn at any two
temperatures can be determined without the knowledge of
61 angles, assuming that the structure of a folded protein is
temperature-independent. Thus, the ratio does not contain the
uncertainties introduced by the uncertainties in the structure
including the uncertainties in CSA parameters.

The ratio of (S5, )3 dyn at32°Cand 22°Cisdisplayed in Fig. 5.
Most residues have a decrease in the values of slow motion
cross-correlated order parameters at 32°C. This is most evi-
dent for residues in the third helix (residues 64—74). Order
parameters for residues A49, AS59, K65, and K73 do not
change within the error limits and those for residues D44,
K48, and A57 display a higher value at 32°C. The tempera-
ture-dependence of the dynamics is thus not homogenous
across the sequence. The average value for the ratio is 1.01 *=
0.02 in helix 1, 0.92 = 0.02 in helix 2, 0.83 = 0.01 in helix 3,
and 0.91 = 0.01 for all residues in the protein.
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FIGURE 5 Ratio of the dynamic cross-correlated order parameters
(wa) dyn at 32 and 22°C. As explained in text, the ratio is independent of
structural angles and reflects only the change in the N-H bonds dynamics
with temperature.
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The decrease in the cross-correlated order parameters in-
dicates that the slow motions of successive NH bonds become
more pronounced at higher temperature. Similar features of
backbone motions have been found for human ubiquitin
protein (35). The increase in the amplitude of the slow mo-
tions can be viewed as indirect evidence for a larger popula-
tion of states with higher free energies within the free energy
landscape and reflect the onset of protein unfolding events,
detected earlier by T-jumps experiments (55). Strong tem-
perature dependence of the slow motion order parameters for
the third helix suggests that it has a smaller stability compared
to the other two helices. Thus, the denatured state ensemble of
HP36 would be expected to have more structure in the first
two helices compared to the third one. This is in agreement
with the observations that the hydrophobic core of HP36
consists of residues F47, F51, and F58, which belong to the
first two helices (56), and that a significant structure was ob-
served in the HP21 peptide which spans helices 1 and 2 (22).

CONCLUSION

In this article, we investigated NMR cross-correlated relaxation
rates arising from fluctuations of two N-H™ dipole-dipole in-
teractions in successive residues. These fluctuations correspond
to the fast and slow internal backbone dynamics. We developed
a theoretical framework which clarified the meaning of cross-
correlated order parameters in the limit 7y < 7. < 74 for any
degree of correlations in the slow motions of the two bond
vectors. Under certain conditions and with well-defined error
limits, these order parameters can be separated into structural
and dynamic contributions. As a result, we introduced the
dynamic cross-correlated order parameter characterizing the
amplitude of correlated slow motions. To estimate the actual
strength of interbond correlations, we propose to combine cross-
correlated relaxation and residual dipolar coupling experiments.
We applied the cross-correlated relaxation technique to ex-
tract the dynamic cross-correlated order parameters for HP36.
The experimental data supports the notion that the high-reso-
lution x-ray structure of HP36 is more accurate than the NMR
structure. The ratio of the dynamic cross-correlated order pa-
rameters at different temperatures is independent of either the
structural angles or the variations in the values of chemical shift
anisotropies. The comparison of the dynamics indicates that for
most residues in HP36 and especially in its last helix slow
motions are more pronounced at higher temperatures where the
protein remains >99% folded. The increased amplitude of slow
motions can indicate the onset of protein unfolding events.
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