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Abstract
Dematin is an actin-binding protein abundant in red blood cells and other tissues. It contains a villin-
type `headpiece' F-actin-binding domain at its extreme C-terminus. The isolated dematin headpiece
domain (DHP) undergoes a significant conformational change upon phosphorylation. The mutation
of Ser74 to Glu closely mimics the phosphorylation of DHP. We investigated motions in the backbone
of DHP and its mutant DHPS74E using several complementary NMR relaxation techniques:
laboratory frame 15N NMR relaxation, which is sensitive primarily to the ps–ns time scale, cross-
correlated chemical shift modulation NMR relaxation detecting correlated μs–ms time scale motions
of neighboring 13C′ and 15N nuclei, and cross-correlated relaxation of two 15N–1H dipole–dipole
interactions detecting slow motions of backbone NH vectors in successive amino acid residues. The
results indicate a reduction in mobility upon the mutation in several regions of the protein. The
additional salt bridge formed in DHPS74E that links the N- and C-terminal subdomains is likely to
be responsible for these changes.
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Introduction
Dematin (also known as band 4.9) is an actin-binding and bundling protein first isolated as a
component of the junctional complex that supports the red blood cell membrane, but dematin
is also abundant in human brain, heart, blood, skeletal muscle, lung, and kidney (Kim et al.
1998). Dematin consists of 383 amino acids, with a unique N-terminal domain and a 76-residue
C-terminal `headpiece' domain. The N-terminal domain has one actin binding site. The C-
terminal domain belongs to the villin-type headpiece family and also binds actin. Knock-out
mice lacking only the headpiece domain of dematin have a fragile red cell phenotype and
develop compensated anemia (Khanna et al. 2002). This phenotype becomes even more
dramatic in double knockout mice that lack both dematin headpiece and the adducin protein,
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another component of the junctional complex (Chen et al. 2007). Thus, the headpiece domain
of dematin plays a key role in the junctional complex of the red cell membrane.

The structure, folding and dynamics of villin-type headpiece proteins have been characterized
in several works (McKnight et al. 1996; Vugmeyster et al. 2002; Meng et al. 2005; Grey et al.
2006; Tang et al. 2006; Vermeulen et al. 2006). The structure of dematin headpiece (DHP) was
determined by solution NMR (Frank et al. 2004). DHP is composed of a well-folded helical
subdomain, which is very similar to the analogous region in the villin headpiece, and a more
mobile N-terminal subdomain, consisting of mainly loops and turns.

In addition to an actin-binding site, dematin headpiece contains a phosphorylation site that
reversibly regulates the actin bundling activity of the intact dematin, in vitro. The
phosphorylation of the headpiece domain reduces the actin-binding activity (Azim et al.
1995; Vardar et al. 2002). Studies of phosphorylated DHP are complicated by low production
yield and multiple phosphorylation reactions. Jiang et al. solved the structure of a DHP mutant
(DHPS74E) in which Ser74 is replaced with Glu (Jiang and McKnight 2006). They have shown
that the mutant protein closely mimics the conformation of the phosphorylated DHP. The
orientation and conformation of the N-terminal subdomain of DHPS74E are dramatically
altered, while the C-terminal subdomain remains very similar to the wild-type DHP. Figure 1
shows the change in conformation of the flexible loop region and an additional salt bridge that
is formed between Lys24 and Glu74.

In this work we investigate the backbone dynamics of wild-type DHP and its mutant DHPS74E
using several NMR relaxation techniques. Dynamics has been shown to play a significant role
in many important biological functions of proteins (Palmer 2004; Eisenmesser et al. 2005;
Mittermaier and Kay 2006; Gardino and Kern 2007). In recent years the importance of
complementary NMR approaches for studies of protein dynamics has been stressed in several
works (Engelke and Ruterjans 1997; Yang et al. 1998, 2006; Palmer 2004; Lundstrom et al.
2005; Wang et al. 2005, 2006; Mittermaier and Kay 2006). While traditional laboratory frame
relaxation measurements on 15N nuclei can provide valuable information on protein dynamics,
especially on the ps–ns time scale, in order to obtain a wider picture it is useful to perform
additional experiments that encompass other nuclei and/or reveal slower μs–ms timescales of
motions. For example, Wang et al. (2006) probed the dynamics of ubiquitin and calmodulin
proteins by looking at 13CO relaxation. Their data indicate that the CO order parameters report
on slower, and sometimes different, motions than the 15N relaxation order parameters. Chang
and Tjandra (2005) studied temperature dependence of protein backbone motion from
carbonyl 13C and amide 15N NMR relaxation. Their results suggest that fast local motion
experienced by these nuclei cannot be easily described by one single type of motion over a
broad range of temperatures.

In addition to the autocorrelated relaxation experiments, several cross-correlated experiments
involving dipolar, chemical shift anisotropy (CSA), and isotropic interactions are now available
for assessing protein dynamics. Of particular importance is the 13C′–15N cross-correlated
isotropic chemical shift modulation relaxation experiment (CSM/CSM). The experiment
probes concerted slow motions of carbonyl-nitrogen nuclei by looking at the correlated
isotropic chemical shift modulations of the C′ and N nuclei belonging to the same peptide bond.
This relatively simple and sensitive experiment was developed by Wist et al. (2004) and
Pellecchia et al. (1999) and applied to ubiquitin and binase, respectively. It has been recently
used to study μs–ms dynamics of the C-terminal domain of human centrin 2 complexed with
P1-XPC by Kateb et al. (2006) and major urinary protein in the presence or absence of a
pheromone (Perazzolo et al. 2005). The changes in the isotropic chemical shift can be caused
by a variety of phenomena. Examples include variations of φ and ψ dihedral angles of the
backbone, slow collective motions of protein domains, dynamic intramolecular interactions,
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the existence of transient hydrogen bonds, and transient interactions between complexes or
fluctuating interactions with metal ions (Arnold and Oldfield 2000; Frueh 2002; Kateb et al.
2006).

Another type of experiment which will be also used in the present work was developed by
Pelupessy et al. (2003) in order to investigate correlated fluctuations of two NH bonds in
neighboring residues. The technique (we will refer to it as the NH–NH experiment) relies on
the measurements of cross-correlated relaxation rates caused by the correlation of two N–H
dipole–dipole interactions. Unlike the CSM/CSM experiment where the internal correlation
times of slow μs–ms motions enter explicitly into the spectral density, in the NH–NH
experiment the spectral density is independent of internal correlation times of motions slower
than the overall tumbling of the macromolecule. Rather, the motions are observed as an
ensemble average over different conformations, which allows the extraction of cross-correlated
order parameters of slow motions (Vugmeyster et al. 2004).

We combine laboratory frame 15N R1, R2, and heteronuclear NOE NMR relaxation, 13C′–15N
cross-correlated chemical shift modulation relaxation, and NH–NH cross-correlated
experiments to perform a detailed investigation of backbone dynamics in DHP and DHPS74E.
We show that the mutation leads to reduction in mobility in several regions of the protein.

Materials and methods
Sample preparation

15N/13C labeled DHP and DHPS74E proteins were prepared as described in Jiang and
McKnight (2006) and Frank et al. (2004). NMR samples were prepared in 20 mM sodium
phosphate, 0.02% sodium azide, 10% D2O and adjusted to pH 6.0. Final concentration of the
samples were 1.5 mM for DHP and 2.5 mM for DHPS74E.

NMR spectroscopy
NMR spectra were acquired on a Bruker DMX500 spectrometers equipped with a triple-
resonance TXI probe with a Z-gradient coil for 15N laboratory frame and CSM/CSM
experiments and with a triple-axes gradient coil for the NH–NH experiment. The temperature
was set to 25°C with 100% methanol sample used as a temperature standard. The data were
processed by the NmrPipe/NmrDraw/NlinLS package (Delaglio et al. 1995). Each dimension
was apodized by a 90° phase-shifted sine-bell window function and zero-filled once.

Laboratory frame 15N NMR relaxation measurements and model-free analysis—
Longitudinal, R1, transverse, R2, and heteronuclear NOE 1H–15N σNH, relaxation rates were
measured using standard pulse sequences (Farrow et al. 1994). The σNH rates were measured
from pairs of spectra recorded with (NOE) and without (control) proton saturation during the
recycle delay. The saturation period was 5 s in the NOE experiment and the recycle delay was
5 s in the control experiment. Each NOE experiment was repeated three times. For the
determination of R1 and R2 rates the peak volumes were fitted to a mono-exponential function
using CurveFit software available at
http://www.cumc.columbia.edu/dept/gsas/biochem/labs/palmer/software.html. The
uncertainties in rates were obtained by jack-knife simulations (Mosteller and Tukey 1977).

The initial estimation of the molecular diffusion tensors was performed using r2r1_diffusion
program (A.G. Palmer, Columbia University. The program is available at the web page
indicated above) on the basis of R2/R1 ratio and structural coordinates from pdb files 1QZP for
DHP and 1ZV6 for DHPS74E. Fast ModelFree Software (Mandel et al. 1995; Cole and Loria
2003) was used to perform the modelfree analysis using the extended modelfree formalism
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described by Lipari and Szabo (1982) and Clore et al. (1990). The modelfree procedure
optimizes both the diffusion tensor parameters and the parameters of internal motions (Mandel
et al. 1995). The modelfree procedure first attempts to fit spectral densities (which determine
experimental R1, R2 and σNH rates) using order parameters and relaxation times for fast and
slower time scales but without the use of the phenomenological chemical exchange term Rex.
If the results of the fits are unsatisfactory, the Rex term is included.

Several residues had to be excluded from modelfree calculations due to either spectral overlap
or very low signal intensity.

To follow the standard protocols for the analysis of laboratory frame relaxation data, the N–H
bond length was taken as 1.02Å and the 15N CSA tensors for each site were assumed to be
axially symmetric with the value of anisotropy −172 ppm (Kroenke et al. 1999). The
assumption of the constant value of the CSA and N–H bond length introduces apparent errors
in the values of the order parameters. As shown by Hall and Fushman (2006) the site-to-site
variability can be as much as 21 ppm, leading to average uncertainties of about 0.03 in the
values of order parameters for experiments performed at 500 MHz. These uncertainties are not
expected to affect the comparison of the dynamics of our two very similar proteins.

13C–15N cross-correlation experiments—In the 13C′–15N CSM/CSM experiment one
measures the differential auto-relaxation rates of the double-quantum (C′+N+ + C′−N−) and
zero-quantum (C′+N− + C′−N+) coherences involving C′ and N nuclei:

(1)

The RZQ and RDQ rates were obtained using the pulse sequence described in Wist et al.
(2004, 2005) and Perazzolo et al. (2005). Six to eight relaxation delays were used. 2D spectra
with 1024 × 64 complex points and a 1.5 s recycle delay were collected. For the determination
of RZQ and RDQ rates the peak volumes were fitted to a mono-exponential function using the
CurveFit software. The uncertainties in rates were obtained by jack-knife simulations. Several
auto- and cross-correlated relaxation mechanisms contribute to the relaxation rates RDQ and
RZQ. However, the difference in the rates depends only on cross-correlated mechanisms, given
by:

(2)

RDD/DD represents the contributions of cross-correlated dipole–dipole mechanisms and RCSA/
CSA is the contribution of the cross-correlated mechanism due to the chemical shift
anisotropies of C′ and N nuclei. The third term, RCSM/CSM, which is of main interest in this
work, is due to correlated isotropic chemical shift modulations of the two nuclei. The first two
terms were calculated on the basis of protein structure and CSA tensor components.

The dipolar contributions were calculated using the following expression:

where each term in the sum gives the contribution to the relaxation rate from two dipole-dipole
mechanisms involving C′i−1, Ni, and any 13C, 1H, or 15N nucleus in a protein, denoted by Xk.
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They were estimated using the bond distances and angles extracted from the NMR structures
(pdb entries 1QZP for DHP and 1ZV6 for DHPS74E).

Calculation of the RCSA/CSA rates requires the knowledge of N and C′ CSA tensor components.
Since 13C′ CSA tensors have a strong rhombicity (Tang and Case 2007), one has to take into
account all of the components of the CSA tensor. For consistency we treat 15N CSA tensors
as fully anisotropic as well. The components of the 15N and 13C CSA tensors were estimated
using the empirical rules derived by Loth et al. (2005) from the sets of auto- and cross-correlated
relaxation rates in ubiquitin. These empirical rules allow the calculations of the fully anisotropic
CSA tensor components (denoted by σαα) from the values of isotropic chemical shift based on
the specific motional models. In analogy to recent works performed by Perzzalo et al. (2005)
and Kateb et al. (2006) we have chosen the following tensor components: ,

 and  for C′ and ,  and
 for amide 15N. Here σiso stands for the isotropic chemical shift. The

chemical shifts were taken from the previously reported assignments (Frank et al. 2004; Jiang
and McKnight 2006). As noted in Perazzolo et al. (2005), the differences in the values of the
CSA components between various models are minor and do not affect the interpretation of the
C′N cross-correlated relaxation rates. Note that these empirical rules do not allow the estimation
of site-specific 15N CSA if one assumes an axially symmetric model for CSA tensor: one can

see that  is independent of isotropic chemical shift. The same
conclusion regarding the absence of correlation between Δσ and isotropic chemical shift was
reached by Hall and Fushman (2006). The value of ΔσN calculated using the empirical rules
of Loth et al. is −158 ppm, which is somewhat different from the value of −172 ppm used in
the model-free procedure. This difference has a negligible effect (less than 3%) on the estimated
RCSA/CSA rates.

Further details on the calculations of RDD/DD and RCSA/CSA rates are available in the
supplementary material.

The RCSM/CSM rate is related to the spectral density by (Frueh 2002)

(3)

The spectral density associated with the CSM/CSM contribution is given by

(4)

where ωC (t) and ωN (t) are instantaneous chemical shifts for C′ and 15N nuclei, respectively,
and <…> represents the ensemble average.

Two factors contribute to the magnitude of the spectral density: the amplitude of the modulation
of the chemical shifts and the extent of correlations between the modulations of the two
chemical shifts. When the modulations of the chemical shifts are anticorrelated, the spectral
density can be negative.

NH–NH cross-correlation experiment—The experiment developed by Pelupessy et al.
(2003) for the measurements of NH/NH dipole–dipole cross-correlated relaxation rates is based

on the interconversion between the DQ coherences:  and . The main
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mechanism of the interconversion is due to correlated fluctuations of two dipole–dipole
interactions between hydrogen and nitrogen spins in neighboring residues denoted by indices
u and v. 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  are obtained from the results of two experiments. In the first experiment the
decay of the initial coherence  is detected and the volumes of the peaks in the resulting
spectrum Iref are taken. In the second experiment the coherence resulting from the two dipole–
dipole interactions  is detected. The volumes of the resulting peaks in this
spectrum are denoted by Icross. The rate  is then obtained from the ratio of Icross and Iref:

(5)

where T is a relaxation delay. Note that for a specific residue the magnetization transfer starts
from the amide proton  and INEPT-like transfers are utilized to create the double-quantum
coherence involving two nitrogen spins  in successive residues. After the relaxation
period the magnetization is returned to the original amide proton .

Data were acquired with a single relaxation delay of 43 ms. 2D spectra experiments were taken
in an interleaved manner with 256 scans for the reference and 1,536 for the cross-peak
experiments. 512 × 40 complex points were collected with a spectral width of 14 and 25 ppm
in the 1H and 15N dimensions, respectively. Three to four data sets were taken for each of the

samples and the data reported represents the average of the data sets. The errors in 
were calculated by the propagation of the errors in the cross-correlated relaxation rates.

The experimental cross-correlated relaxation rates  reflect the fluctuations of dipole–dipole
interactions for two NH bonds in successive amino acid residues (Pelupessy et al. 2003)
denoted by unit vectors u and v. We will assume the existence of three time scales of motions:
fast ps–ns time scale τf, slow μs–ms timescale τs, and ns timescale of the overall molecular
tumbling τc.

The rate  is proportional to the spectral density at zero frequency Juv (0):

(6)

where rNH is the distance between N and H nuclei, μ0 is the permeability of free space, and
γH and γN are the gyromagnetic ratios. In the case of a rigid backbone and isotropic overall
tumbling the spectral density is equal to

(7)

where P2(x) = (3x2 − 1)/2 is the second order Legendre polynomial, and  is the equilibrium
angle between bond vectors u and v.

Vugmeyster and McKnight Page 6

J Biomol NMR. Author manuscript; available in PMC 2009 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the presence of internal backbone motions the spectral density was obtained using a two-
component relaxation model (Vugmeyster et al. 2004) for the fast and slow motions of the NH
bonds. The fast component describes the relaxation of bond orientations on ps–ns time scale
toward an intermediate quasiequlibium state, characterized by an instantaneous random
position of the slow fluctuating bond environment. The slow component describes the
relaxation of the bond environment on the μs–ms timescale to its equilibrium conformation.
Thus, we assume that the limit τf<<τc<<τs is satisfied. Then for axially symmetric fast motions
the expression for spectral density is given by

(8)

where and  are the Lipari-Szabo 15N model-free order parameters for fast motions, and
θuv is the instantaneous angle between slow fluctuating local environment axes of the NH
vectors u and v for a given conformation. <…> indicates the statistical average over possible
conformations in the molecular reference frame.

The term ⟨P2(cosθuv)⟩ thus contains both structural and dynamic contributions. A pure

structural contribution  corresponds to the rigid backbone such that θuv has a fixed
value, which also corresponds to its equilibrium value . Dynamic contribution characterizes
the effect of slow fluctuations of the angle θuv. The equilibrium angle  can be obtained from
either X-ray or NMR structural coordinates.

In the case of uncorrelated bond fluctuations separation of ⟨P2(cosθuv)⟩ into the structural and
dynamic contributions can be done exactly with the use of addition theorem for spherical
harmonics under the assumption of axially symmetric slow fluctuations with respect to the
equilibrium bond vector orientations (Vugmeyster et al. 2004), and the spectral density can be
written in the form

(9)

 is the dynamic slow motion cross-correlated order parameter, which in the absence of
correlations in slow motions of different bond vectors is equal to

(10)

where and  are the order parameters characterizing the slow motion of NH vectors with
respect to the molecular reference frame. These order parameters can be extracted from the
residual dipolar coupling experiments.

It has been recently shown by numerical simulation with the use of a model potential
constraining the amplitude of fluctuations (Vugmeyster and McKnight 2008) that the validity
of Eq. 9 can be extended for correlated slow motions as well, if the angle  is at least 10°
away from the magic angle of 54.7°. Thus, the dynamic cross-correlated order parameter in
the general case can be represented as
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(11)

where Δuv is a measure of the actual strength of the correlations between the local
conformational fluctuations. Note, however, that the NH–NH cross-correlated relaxation
experiments alone cannot determine the actual strength of correlations in the slow motions.
Additional residual dipolar coupling experiments, which can detect fluctuations of individual
N–H bond vectors on a wide time scale range, would be useful for this purpose.

Results and discussion
Model-free order parameters and chemical exchange rates at 15N sites

The initial estimation of the global diffusion tensors was made using the criteria for residue
retention outlined in Pawley et al. (2001). Model-free analysis was performed with both
isotropic and axially symmetric global diffusion models using the Fast-Modelfree program
(Cole and Loria 2003). We have found no statistically significant improvement in the quality
of the fits for the axially symmetric model over the isotropic model of global diffusion, as
judged by P value of at least 0.35 for F-test. In addition, the choice of the diffusion tensor
model had no effect on the values of the order parameters and chemical exchange terms within
the experimental errors. The only exception was L61 in DHPS74E which was fitted with a
different motional model without any chemical exchange contribution when the axially
symmetric model was used, while the isotropic case yielded a very small chemical exchange
term. Therefore, we use the isotropic model for both proteins in the subsequent analysis of
experimental data. The optimized values of the molecular tumbling times τc are 5.2 for 1.5 mM
DHP and 5.7 ns for 2.5 mM DHPS74E.

To check for the possibility of a concentration dependence of the molecular tumbling times,
the DHPS74E sample was diluted in half and yielded the molecular tumbling time of 5.5 ns,
indicating a slight propensity toward aggregation at high concentration. To exclude any
possible effect of the aggregation on the comparative dynamics of DHP and DHPS74E, the
model-free analysis of R1, R2 and heteronuclear NOE rates and the C′–N CSM/CSM
experiments were performed at 1.3 and 2.5 mM concentrations of DHPS74E and yielded very
similar results. Hence, we conclude that the slight propensity of the samples toward aggregation
has a negligible effect on their internal backbone dynamics. All data shown are for the 2.5 mM
DHPS74E sample to take advantage of its higher signal to noise ratio.

The model-free order parameters which characterize the amplitude of motion on the fast ps–
ns time scale are shown in Fig. 2. Note, that the numbering of the residues starts with P9 in
order to be consistent with the numbering in the full-length C-terminal domain of dematin
headpiece protein. One can see that both proteins display a similar extent of fast backbone
motions with the exception of the loop region (residues 20–30). In the loop region the order
parameters are on the average lower in DHP, indicating larger amplitudes for the fast motions.
The latter observation is consistent with the earlier results of Jiang and McKnight (2006).
Residue K24 participating in the additional salt bridge could not be fit with any of the standard
motional models in either protein, suggesting a more complex motion.

The chemical exchange contribution to transverse relaxation rate Rex, which indicates the
presence of motions on the time scale slower than the overall tumbling of the molecule, can
be observed as an anomalous increase in R2 relative to that predicted for the dipolar and CSA
relaxation mechanisms. Most residues in both proteins were fitted with the motional models
that do not include a contribution due to Rex (see Fig. 2), meaning that this contribution is
negligible. Seventeen residues in DHP and 13 residues in DHPS74E required fitting with
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motional models with Rex ≠ 0. However for all residues in the N- and C-terminal subdomains
of both proteins Rex contributions are small, ranging between 0.2 and 1.2 s−1, with the exception
of K60 in DHPS74E for which Rex = 3.8 s−1. V20 and V21 in the loop region of DHP yielded
Rex contributions 2.6 and 4.5 s−1, respectively. In DHPS74E, V21 was fit without the Rex term
and V20 was excluded due to very low initial intensity. Note that negligible Rex contributions
for most residues have been reported in a number of other proteins as well. Examples include
basic pancreatic trypsin inhibitor (Millet et al. 2000), human ubiquitin (Tjandra et al. 1995),
and chicken villin headpiece subdomain (Vugmeyster et al. 2002).

The few obtained values of the chemical exchange rates do not allow one to make a definite
conclusion on the comparative slow motions in DHP and DHPS74E. This calls for other
techniques for the assessment of slow motions.

Slow motions detected by 13C–15N cross-correlation chemical shift modulation experiments
Figure 3 presents the experimental results for C′–N cross-correlated relaxation rates given by
Eq. 1, which are plotted as a function of residue number. The sum of the contributions from
cross-correlated dipole–dipole mechanisms (DD/DD) and the cross-correlated mechanism due
to the chemical shift anisotropies of C′ and N nuclei (CSA/CSA), estimated as described in
“Materials and Methods” section, are represented by the dashed lines. The lower line indicates
a limit of totally rigid molecule with the square of the order parameters of 1. The upper line is
drawn for the CSA/CSA and DD/DD contributions scaled by the square of the order parameters
of 0.5, which represent a limit of a very flexible molecule. The Rexp rates of residues that fall
within the dashed lines can be explained solely by the CSA/CSA and DD/DD contributions.
However, the rates of the residues that are outside the band of the dashed lines have significant
contributions due to the CSM/CSM mechanism and therefore participate in slow concerted
motions.

Almost all of the residues belonging to the C-terminal subdomains in both proteins do not show
contributions due to CSM/CSM mechanisms. By contrast, the N-terminal subdomains have a
large number of residues with significant CSM/CSM contributions, which provides direct
evidence for the enhanced mobility of the N-terminal subdomains on μs–ms time scale. Further,
the comparison of the two proteins reveals that for many residues in the N-terminal subdomain,
including the flexible loop region, RCSM/CSM contribution is reduced in DHPS74E compared
to DHP. This indicates a reduction in mobility upon the mutation. One of the possible reasons
for this difference can be the formation of the extra salt bridge between K24 and E74 in
DHPS74E. It is interesting that for these two residues the mobility of the backbone remains
similar in both proteins. Hence, the sites of changes in dynamics are not directly correlated
with the point of mutation.

It is worth noting that the residue V20 in DHP has a very large Rexp rate of −14.2 ± 0.9 s−1,
indicating extensive slow dynamics. It is likely that this residue acts as a hinge between the
more structured region of the N-terminal domain and the loop residues. Unfortunately, no
quantitative comparison could be made to V20 in DHPS74E due to low initial intensity of the
signal. However, the loss of the signal intensity indicates extensive dynamics for this residue.

Using the expression for the RCSM/CSM rate given by Eqs. 3 and 4, it can be shown that in the
fast exchange limit assuming a two-site exchange between two conformations, the C′N CSM/
CSM cross-correlated contribution is given by (Wist et al. 2004)

(12)
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where pa and pb are the populations of the two sites (pa + pb = 1), ΔωN and ΔωC are differences
in isotropic chemical shifts (in frequency units) between the two conformations for 15N
and 13C, respectively, and kex is the rate of exchange between the two conformations.

It is interesting that the majority of residues show positive RCSM/CSM contributions (these
residues are above the dashed line region of Fig. 3), whereas a few show negative ones.
Since 15N has a negative gyromagnetic ratio and 13C a positive one, using Eq. 12 we conclude
that negative RCSM/CSM rates indicate correlated motions, and positive rates indicate
anticorrelated motions. This is in contrast to the conclusions made about rates involving nuclei
with the same sign of gyromagmetic ratios (Fruh et al. 2001;Frueh 2002), when negative
RCSM/CSM rates reflect anticorrelated motions.

All residues that have large 15N Rex contributions (V20 and V21 in DHP and K60 in DHPS74E)
also show RCSM/CSM contributions. On the other hand, many residues in the N-terminal domain
that show the presence of slow motions by the means of C′–N CSM/CSM experiment have
negligible 15N Rex contributions. As has been argued in several works (Massi et al. 2005; Kateb
et al. 2006) whether or not the chemical exchange contribution with a given kinetic constant
kex is seen in a specific type of NMR relaxation experiments depends on the type of nuclei
involved; whereas in a single-quantum 15N relaxation experiment the exchange contribution
is weighted by the square of the isotropic chemical shift differences , in the C′–N
experiment both 15N and 13C chemical shift differences come into play and the exchange
contribution is weighted by the product ΔωNΔωC. As a result, it is possible that the same
motional process remains invisible by single quantum relaxation experiments, while the
multiple quantum C′N relaxation rates are able to detect it when |ΔωN|<|ΔωC|.

A question remains (which is out of scope of the present paper) regarding the exact time scale
of the detected slow correlated motions. Relaxation dispersion on the multiple quantum C′–N
coherences would be a logical step to undertake, but the approach yet has to overcome a number
of technical challenges (Wist et al. 2004). It would be interesting to perform the C′–N
experiments as a function of temperature for the two proteins in order to further explore the
differences in the dynamics. Regardless of the exact time scale of motions, it is clear that the
C′–N CSM/CSM experiment is a powerful tool in assessing the differences in dynamics of
DHP and its phosphorylation-mimicking analog DHPS74E.

Slow motions detected by NH–NH cross-correlation experiment
To further examine the differences in the motions of DHP and DHPS74E, the NH–NH cross-
correlation experiments were performed.

Because of the inherent insensitivity of this experiment, signals from many residues are
missing.

A careful analysis of the spectra shows that the signal intensities of all N-terminal subdomain
residues are either greatly reduced or within the noise in the auto-correlated spectra (which is
denoted by Iauto in Eq. 5) and are completely within the noise for all residues in the cross-
correlated spectra (denoted by Icross in Eq. 5). The signal to noise ratios of the N-terminal
subdomain residues are diminished by approximately a factor of two or more in the
autocorrelated spectra compared to the helical C-terminal subdomain residues. Typical signal
to noise ratios in the cross-correlated spectra for the C-terminal domain residues are no larger
than ~4:1, while they are ~7:1 in the auto-correlated spectra. We thus conclude that the most
probable factor leading to the absence of signals of the N-terminal residues in the cross-
correlated spectrum are the losses during the lengthy magnetization transfer steps due to
enhanced relaxation of various coherences, likely because of more pronounced motions.
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In contrast, the C-terminal subdomains in both proteins are significantly more structured and
hence we were able to detect the signals for most residues.

Table 1 contains raw experimental rates  for the C-terminal subdomains and angles 
calculated from the NMR structures. Most missing residues are in the loop regions or at the
very end of secondary structure elements. Possible reasons for large dynamic contribution in
these residues are weaker H-bonds or their role as hinges between the structural elements and
less ordered loops. In addition, A73 in DHP and L42 in DHPS74E are expected to have a low
intensity due to the structural factor, since their NH–NH angles lie very close to the magic
angles of 54.7° and 125.3°. Residue 55 is a proline, and therefore S54 and P55 are
nondetectable.

Note that residues with angles in the vicinity of the magic angle (where Eq. 9 is invalid) had
to be excluded from the analysis. These residues were R49 and L75 in DHP and A52 and K72
in DHPS74E. In addition, due to the absence of  value for K60 in DHP (K60 was not included
in the analysis of the 15N laboratory frame rates due to signal overlap) the neighboring residue
G59 had to be excluded as well.

Dynamic cross-correlated order parameters  were extracted from the experimental rates

using Eqs. 4 and 6. Figure 4 summarizes the values of  for the C-terminal subdomains

of both proteins. For the majority of residues the values of  are smaller than 1, which
clearly indicates that the C-terminal subdomains of both proteins participate in slow motions.
As summarized in Table 2, the amplitudes of these motions are on the average comparable for
the two proteins for residues belonging to the second (residues 54–60) and third (residues 62–
73) helices. In contrast, the first helix (43–51) shows larger amplitudes of slow motions in

DHP, as indicated by lower values of .

As can be seen from Fig. 1, the first helix forms an interface between the flexible N-terminal
subdomain and the C-terminal subdomain. Since the N-terminal subdomain changes its
structure and dynamics upon the mutation, its interaction with the first helix very likely governs
the observed changes in the dynamics of this helix. Table 1 highlights the fact that the values
of NH–NH angles for equivalent residues in the two proteins can be quite different, despite
almost identical amino acid compositions and secondary structures of DHP and DHPS74E. It

is therefore possible that the low values of  observed in the first helix of DHP imply
that it samples a number of conformational states with different inter-bond angles. Since there
are no stringent constraints on the values of the NH–NH angles in an alpha-helix, it can
accommodate relatively large changes in these angles without being destroyed.

The errors in the NH–NH angles were obtained from the ensemble of several models present
in the NMR-derived structural coordinates. While it is possible that actual experimental errors
in the NH–NH angles may be larger than the estimate obtained from the dispersion of the NMR
structure ensemble, it is clear that all of the differences between DHP and DHPS74E cannot
be attributed solely to the errors in the angles. If this were the case, experimental rates given
in Table 1 would be very close for corresponding residues of the two proteins. For many
residues the relative differences in experimental rates between DHP and DHPS74E are much

larger than the reported differences in .

Note that the first helix hosts two key residues of the hydrophobic core: F47 and F51 (Frank
et al. 2004). Low order parameters for slow motions in the first helix of DHP suggest that the
conformational fluctuations are characterized by a somewhat different rearrangement of the
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hydrophobic core geometry. In DHPS74E due to diminished flexibility of the N-terminal
subdomain new hydrophobic contacts are formed by L19, V20, V21, and L75 (Jiang and
McKnight 2006), thus rendering the hydrophobic core more rigid.

The NH–NH experiment turned out to be a more informative technique for detecting slow
μs–ms motions in the C-terminal subdomains compared to either the 15N single quantum or
the C′–N CSM/CSM experiments. The spectral density expression given by Eq. 8 is
independent of the internal correlation times and the slow motions enter as a “quasistatic”
distribution of conformations, where each conformation is characterized by the angles θuv
between two NH bonds belonging to neighboring peptide planes. On the contrary, the CSM/
CSM experiment detects the motions of the nuclei belonging to the same peptide plane and the
magnitudes of the RCSM/CSM rates given by Eq. 12 are explicitly dependent on the internal
correlation times, as well as the product of the populations and the chemical shift differences.

We have thus observed a reduction in dynamics in several regions upon the mutation. We can
describe these changes in terms of the population shift model (Monod et al. 1965; Gardino and
Kern 2007). It is likely that DHP samples a variety of states with higher free energies within
the free energy landscape of conformations, but in DHPS74E the mutation stabilizes the ground
state and shifts the equilibrium toward this state. While the single quantum 15N and C′–N CSM/
CSM measurements highlighted the differences in the N-terminal subdomains, the NH–NH
experiment demonstrates that the differences in the ground and higher energy states are also
likely to involve changes in the hydrophobic core.

Phosphorylation in DHP serves as a switch controlling the conformational state of DHP and
the actin bundling activity of dematin (Jiang and McKnight 2006). The availability of a larger
variety of conformational states in DHP compared to its phosphorylation-mimicking analog
DHPS74E may be an indication that these conformations are facilitating the acting bundling
activity.

Conclusion
Below we summarize the findings on the comparative backbone dynamics of DHP and its
phosphorylation-mimicking analog DHPS74E. Three techniques were used: 15N laboratory
frame R1, R2, and 1H–15N heteronuclear NOE experiments, 13C′–15N cross-correlated
chemical shift modulation relaxation, and cross-correlated relaxation of two 15N–1H dipole–
dipole interactions involving neighboring residues. These techniques turned out to be
complementary for the comparison of the dynamics of DHP and DHPS74E.

Fast backbone motions of NH vectors are comparable in both proteins except for the flexible
loop region, where DHP shows larger amplitude motions. Few residues yield non-negligible
chemical exchange contributions and hence it is not possible to compare slow μs–ms motions
based on this information.

Correlated slow motions of adjacent C′–N nuclei show an overall reduction in mobility for the
N-terminal subdomain of DHPS74E, including the flexible loop region. With the exception of
few residues, slow μs–ms motions are not seen in the C-terminal subdomains.

In the NH–NH experiment the N-terminal subdomain is not observed because of enhanced
dynamics in these residues. Slow motions have been detected in the C-terminal subdomains
of both proteins. The amplitudes of slow motions of successive NH bond vectors are similar
in both protein in helices 2 and 3 of the C-terminal subdomains, whereas helix 1 is more flexible
in DHP.
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The additional salt bridge formed between K24 and E74 in DHPS74E is likely to stabilize its
ground state and reduce the number of the conformations available within the free energy
landscape, thus rendering the mutant less flexible compared to the wild-type DHP. The
backbone mobility of K24 and E74 themselves remains roughly the same, indicating that the
changes in dynamics are not directly related to the site of mutation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Comparison of the structures of DHP (black) and DHPS74E (white). The side chains of Lys24
and Glu74 that are involved in the salt bridge between the N- and C-terminal subdomains are
shown as sticks. This figure was produced with MOLMOL (Koradi et al. 1996)
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Fig. 2.
Experimental R1, R2 and heteronuclear NOE rates, Rex contributions, and generalized 15N
model-free autocorrelated order parameters (Sf)2 representing ps–ns time scale motions of N–
HN backbone bond vectors in DHP (red circles) and DHPS74E (blue triangles) versus residue
number
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Fig. 3.
Experimental rates Rexp (circles) as defined in Eq. 1 versus residue number for DHP (red) and
DHPS74E (blue). The band between the two dashed lines represents the range of rates that can
be explained by the contributions from CSA/CSA and DD/DD cross-correlated mechanisms
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Fig. 4.

Dynamic cross-correlated order parameters for slow motions  describing the amplitude
of fluctuations of two N–HN dipole–dipole interactions involving successive residues. The data
are shown for the C-terminal subdomains of DHP (red circles) and DHPS74E (blue
triangles) as a function of residue number. Helices are represented by zigzag lines and
unstructured regions by straight lines
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Table 2

Average values of the dynamic cross-correlated slow motions order parameters  for
secondary structure elements of the C-terminal subdomains of DHP and DHPS74E

DHP DHPS74E

Helix 1 0.57 ± 0.06 0.80 ± 0.07

Helix 2 0.71 ± 0.04 0.77 ± 0.09

Helix 3 0.77 ± 0.05 0.78 ± 0.08
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