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Most of the βγ-crystallins are structural proteins with high intrinsic stability, which gets enhanced by Ca2+-
binding in microbial members. Functions of most of these proteins are yet to be known. However, a few of
them were reported to be involved in Ca2+-dependent and stress-related functions. Hahellin, a microbial
homolog, is a natively unfolded protein that acquires a well-folded structure upon Ca2+ binding. Although the
structure of βγ-crystallin domains is well understood, the dynamical features are yet to be explored. We have
investigated for the first time the equilibrium dynamics, conformational heterogeneity and associated low-
lying free-energy states of hahellin in its Ca2+-bound form using NMR spectroscopy to understand the
dynamics of a βγ-crystallin domain. Hahellin shows large conformational heterogeneity with nearly 40% of
the residues, some of which are part of Ca2+-binding loops, accessing alternative states. Further, out of the
two Greek key motifs, which together constitute the βγ-crystallin domain, the second Greek key motif is
floppy as compared to its relatively rigid counterpart. Taken together, we believe that these characteristics
might be of importance to understand the stability and functions of βγ-crystallin domains.
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1. Introduction

The protein structures determined by NMR and X-ray Crystallog-
raphy are static, and correspond to the lowest energy or ground-state
conformation. The function of a protein depends on its brief
excursions to the slightly higher energy conformations [1–3]. These
excursions are possible due to the conformational flexibility associ-
ated with the structure. The protein molecules are dynamic entities
and have fast fluctuations of small amplitude about their equilibrium/
native structure. However, sometimes these fluctuations become
large enough to result in the less frequent deformations, which may
finally give rise to states that can be defined as ‘alternative states’ of
slightly higher energy than that of the ground state. These alternative
states are populated to a very small extent because of the highly
cooperative nature of protein folding and are hence difficult to study.
However, NMR spectroscopy plays an important role in this respect to
probe these fluctuations in solution state, as they influence various
relaxation mechanisms and thereby provide the details of the
involved molecular motions/dynamics. A better understanding of
native and near native alternative states together with the knowledge
of motions at various timescales present in the molecule is
indispensable as several proteins have been shown to function by
occupying these excited states [4].

The βγ-crystallin superfamily consists of members that belong to
various taxa that range from archea to vertebrates. Most of them are
structural proteins with high intrinsic stability, which further gets
enhanced upon addition of Ca2+, particularly in the case of microbial
members [5]. The functions of most of the members of this
superfamily are yet to be known; though a few of them have been
reported to be involved in Ca2+-dependent stress related functions
[6]. Since then there have been attempts to understand their Ca2+-
binding properties and biological function. To date, there is only one
report on the equilibrium dynamics of a βγ-crystallin domain [7],
perhaps because these domains are known to be structural proteins
with unknown functions. Further, the dynamics of other Ca2+-binding
domains, for instance EF-hand domains, are better understood.
Therefore, we set out to study the equilibrium dynamics at different
timescales and the presence of low-lying free-energy states in native
and near-native conditions of a microbial homolog of βγ-crystallin,
hahellin, using NMR spectroscopy [8]. Hahellin is a natively unfolded
protein that acquires a well-folded structure upon Ca2+ binding. The
study of its dynamics in the Ca2+-bound form will be crucial to
understand the characteristics of the βγ-crystallin domains.

http://dx.doi.org/10.1016/j.bpc.2011.04.001
mailto:atulks@tifr.res.in
mailto:chary@tifr.res.in
http://dx.doi.org/10.1016/j.bpc.2011.04.001
http://www.sciencedirect.com/science/journal/03014622
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2. Materials and methods

2.1. Protein expression and purification

Hahellin was overexpressed and purified as described elsewhere
[9]. Uniformly 13C/15N-labeled protein samples were produced in an
isotopically labeled M9 minimal medium containing 1 g/l 15NH4Cl
with or without 4 g/l 13C-glucose as the sole nitrogen and/or carbon
source, respectively. The protein overexpressed in the form of
inclusion bodies, which were subjected to denaturation and then
the protein refolding was carried out using ion-exchange chromatog-
raphy as described earlier. Size exclusion chromatography was
performed as the final purification step. The sample was prepared in
a buffer solution of 10 mM Tris·Cl, 300 mM NaCl, and 20 mM CaCl2 at
pH 6.7.

2.2. Differential scanning colorimetry

The thermal denaturation of hahellin was studied by differential
scanning calorimetry (DSC) using VP-DSC Microcalorimeter (Micro-
Cal LLC). The protein concentration was 237 μM. The temperature of
the protein sample was increased from 10 to 80 °C (scan-up) and then
decreased back to 10 °C (scan-down) with a scan rate of 1 degree/
min. The scans were repeated to check the reversibility of the thermal
denaturation process. Baseline correction was done by recording
buffer solution under similar experimental conditions and then
subtracting it from that of the protein. The variation in the molar
heat capacity of hahellin with temperature wasmonitored. The curves
thus obtained were fitted with different models of thermal unfolding
(see the Supplementary material-1).

2.3. NMR spectroscopy

The 1H, 13C and 15N resonances of almost all the backbone nuclei
were assigned earlier using a standard suite of three-dimensional
(3D) NMR experiments, namely, 15N-edited TOCSY and NOESY, HNCA,
HN(CO)CA, HNCO, HN(CA)CO, CBCA(CO)NH, CBCANH. The assigned
chemical shifts have been deposited in the BioMagResBank (http://
www.bmrb.wisc.edu) under the accession number 15743 [10].

The sample for NMR spectroscopy was prepared by concentrating
the protein solution in a buffer (10 mM Tris.Cl, 300 mM NaCl, 20 mM
CaCl2, pH 6.75), with a volume of 540 μl. Later, 40 μl of 2H2O was
added for field locking purpose. The concentration of the protein was
estimated to be ~0.8 mM. The proton chemical shifts were referenced
using DSS (2,2-dimethy-2-silapentane-5-sulphonate), as an external
reference, at 0.0 ppm. The 15N chemical shift was referenced
indirectly. All NMR experiments were carried out at 25 °C on Bruker
Avance 800 MHz equipped with a pulsed-field gradient unit and a
triple-resonance cryo-probe that has actively shielded Z-gradients.
NMR data processing was done using Felix 2002 (Accelrys Inc.,
Sandiego) and spectral assignment was achieved using TATAPRO [11]
and CARA (http://cara.nmr.ch/doku.php). The temperature of the
NMR probe was calibrated using chemical shift differences of proton
resonances as observed in methanol (280 to 300 K) and ethylene
glycol (300 to 320 K) samples [12].

A set of 2D 1H-15N HET-SOFAST-HMQC experiments [13] was
recorded with a contact time (tc) of 200 ms. Selective 1H inversion
pulses were applied on water resonance and at the center of aliphatic
protons for the HETex- and HETnoe-SOFAST experiments, respectively.

The pulse sequences for the measurement of the longitudinal (T1)
and transverse (T2) relaxation times and the {1H}-15N heteronuclear
NOE of the backbone 15N nuclei have been described previously [14].
The transverse relaxation rates (R2) were measured with relaxation
delays of 23.36, 46.72, 70.08, 93.44, 116.8, 140.16, 163.52 and
186.88 ms. The CPMG delay (2 τcp) was set to 1.3 ms. The longitudinal
relaxation rates (R1) were measured with relaxation delays of 10, 50,
100, 200, 400, 600, 800 and 1000 ms. Certain duplicate spectra were
recorded for the estimation of errors in the measured intensities. An
interleaved 2D {1H}-15N NOE experiment was recorded with a 4 s
recycle delay. The spectral widths were 11 and 26 ppm along 1H and
15N dimensions, respectively. The spectra were acquired with 128 and
1024 complex points along indirect and direct dimensions, respec-
tively, and processed with 1024 and 4096 points using a 60° shifted
sine-square-bell window function.

The reduced spectral density functions, J(0), J(ωN) and J(0.87ωH)
were calculated using 15N chemical shift anisotropy (Δσ) as−163 ppm
and average N―H bond length as 1.02 Å, at a magnetic field of 18.8 T.
The correlations between J(0)with J(ωN) and J(0.87ωH)were simulated
using Mathematica 7.0, with the assumption of completely rigid
molecule tumbling at ωN and ωH angular frequencies.

The temperature dependence of amide proton (1HN) chemical
shifts was monitored by recording [15N-1H]-HSQC spectra at temper-
atures ranging from 280 to 313 K with a constant interval of 3 K.
Thereafter, the temperature was reduced to 298 K to check the
reversibility and the stability of the sample by comparing its HSQC
spectra. The same experiment was performed at denaturing concen-
trations of 0.3, 0.6 and 0.9 M urea. All the spectra were referenced
using DSS as an external reference at 298 K and then adding the
correction of 0.01 ppm/K for the temperature change [15]. The peaks
in the HSQC at 298 K were assigned as described earlier [10]. The
spectra at other temperatures were assigned by visual inspection as
the changes in chemical shifts were small and unambiguous (see the
Supplementary Figures S1 and S2).

2.4. Determination of spectral density functions, tumbling time and λnoe/ex

The R1, R2 and {1H}-15NOE ratios were measured for 87 of 92
residues present in hahellin; the first three residues (Met1, Gly2 and
Glu3) could not be assigned. Hence, these and two Pro residues (P22
and P47) could not be used in measuring the relaxation parameters
associated with them.

The spectral peak intensities (heights) for the determination of
relaxation parameters T1 and T2 were determined as a function of time
using Felix software (Accelrys, 2002) and fitted as single exponential
decays with the help of a Mathematica program (http://www.
wolfram.com/). The error in the peak intensity was estimated as the
root mean square deviation of peak to peak intensity using duplicate
spectra. The {1H}-15N NOE was calculated as the ratio of the peak
intensities in the spectra recorded with and without 1H saturation.
The error was estimated as root mean square deviation of the noise in
the spectra.

The spectral density functions at zero Larmor frequency (J(0)), and
at Larmor frequency of 15N (J(ωN)) and 1H (J(ωH)) were obtained
using equations [16] as described in the Supplementary material-2.

The J(ωN) values thus obtained were plotted against J(0) and
fitted with an empirical linear equation, J(ωN,H)=α J(0)+β, to
obtain the associated intercept (β) and slope (α). The correlation
times were obtained using the equation [17]: 2α ωN

2τm
3 +5β ωN

2τm
2 +

2(α−1)τm
3 +5β=0; here, τm and ωN are correlation time and 15N

frequency, respectively.
The λnoe/ex valueswere obtained as a ratio of peak intensities in the

spectra recorded with (Isat) and without inversion (Iref) of aliphatic or
water proton resonances, using HETnoe/ex-SOFAST experiments.

2.5. Determination of curved temperature dependence of 1HN chemical
shifts

All the peaks in the spectra were picked manually and the
chemical shifts were collected for each temperature point. For each
residue, the 1HN chemical shifts were plotted as a function of
temperature and were fitted to a straight line. The deviations from
the straight line (the residuals) were then determined and plotted

http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu
http://cara.nmr.ch/doku.php
http://www.wolfram.com/
http://www.wolfram.com/


Fig. 1. DSC thermogram observed for unfolding of Ca2+-bound hahellin. The
experimental data points are shown by green circles and the best fit by the solid red
line. The fitting was done with non-two-state model.

Table 1
The thermodynamic parameters obtained by fitting the DSC curves to various models.
ΔHcal is the calorimetric heat and ΔHvan't is van't Hoff enthalpy. Tm is the melting
temperature of the protein.

Fitting model Tm (°C) ΔHcal

(cal mol−1)
ΔHvan't

(cal mol−1)
ΔCp
(cal mol−1 °C−1)

Two state 50.98±0.01 8.63E4±103
Non-two state 50.98±0.01 8.40E4±126 8.94E4±167
Two state, Cp 50.77±0.02 8.73E4±96 909±36
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against temperature, and were examined visually to observe the
curvature. Data analysis was done using SigmaPlot (version 11.0) and
a home-built Mathematica program.

The theoretical curves for the temperature dependence of 1HN

chemical shifts were simulated for the temperature ranging from 280
to 313 K, using Mathematica (Version 7.0) and the figures were
generated using SigmaPlot (Version 11.0). Further details are given in
the figure legends.

3. Theory of curved temperature dependence of 1HN chemical
shifts

The theory of the non-linear temperature dependence of 1HN

chemical shift is as follows [18,19]. The protein is assumed to exist in
two equilibrium conformations, which are in fast exchange on the
chemical shift timescale. Thus, the observed chemical shift would be
the population weighted average of the chemical shifts corresponding
to the two states,

δobs = δ1p1 + δ2p2 ð1Þ

where,

δ1 = δ01p1 + g1T ð2aÞ

δ2 = δ02p2 + g2T ð2bÞ

and δn is the chemical shift, gn is the gradient of temperature
dependence and pn is the fractional population of conformation n. The
two states have been assumed to be separated by a free energy
difference ΔG given by

ΔG = ΔH−T ΔS: ð3Þ

The ΔH (enthalpy difference) and ΔS (entropy difference) have
been assumed to be independent of temperature. The populations of
the two conformations are related by,

p2
p1

= e−ΔG=RT ð4Þ

where R is the universal gas constant and T is the absolute
temperature.

Therefore, the observed chemical shift is given by

δobs =
δ01 + g1T

� �
+ δ0

2 + g2T
� �

e−ΔG=RT

1 + e−ΔG=RT : ð5Þ

This model explains the curved temperature dependence of an 1HN

chemical shift (see Supplementary material-3). To understand the
effect of ΔG, δ0n, gn etc., we have simulated the behavior of 1HN

chemical shift within the temperature range of 275–315 K using
Eq. (5).

The δobs values simulated as a function of temperature were fitted
to a straight line, and the residuals were determined and plotted
against temperature to produce the profiles of the deviations.

4. Results and discussion

4.1. Thermodynamic stability

The thermodynamic stability of hahellin was determined by DSC.
The variation of molar heat capacity with temperature results in a sharp
symmetrical bell shaped curve, which is a characteristic of the
cooperative two-state thermal unfolding (Fig. 1). The curve fitting
with the two-state model resulted in a calorimetric enthalpy of
83.93 kcal/mol and melting temperature as 51 °C. The van't Hoff
enthalpy was obtained as 89.43 kcal/mol by fitting the DSC curve with
a non-two-state model (see Supplementary material-1). The close
similarity of calorimetric enthalpy values to that of the van't Hoff
enthalpy confirms that the thermal unfolding of hahellin is indeed a
two-state cooperative process. Further, the ΔCp was determined by the
DSC curve without baseline correction and fitting it with the two-state
model with ΔCp effects. A positive ΔCp (909±36 cal mol−1 °C−1) is
expected as the protein unfolds on increase in the temperature. The
values of various thermodynamic parameters thus obtained are listed in
Table 1.

These thermodynamic parameters were incorporated into Gibbs–
Helmholtz equation to give the value of ΔGunfolding=5.87 kcal/mol.
This indicates that hahellin is marginally stable. Further, the melting
transition spans the temperature range of 40–60 °C with the melting
temperature as 51 °C. It shows that hahellin stays in the folded
globular native state ensemble below 40 °C. This allowed us to vary
the temperature of the protein from 7 to 40 °C to investigate the low
lying free energy states without causing any unfolding.
4.2. Curved temperature dependence of 1HN chemical shifts

The presence of curvature in 1HN chemical shifts as a function of
temperature, which is otherwise linear, is an evidence of the presence of
more than one (here two) states exchanging with each other with a fast
rate on the chemical shift timescale. The effects of chemical shifts (δ0n)
and temperature gradients (gn) of protein molecules belonging to these
states on the behavior of the temperature dependence of 1HN chemical
shifts were explored by simulating the curves. The simulated curves are
shown in Fig. 2. For all simulations, δ1 and δ2were set to 8.5 and8.0 ppm,
respectively, and gradients g1 and g2 were set to−2.0 and−7.0 ppb/K
respectively. In all the simulations, the observed chemical shifts were
calculated and then fitted to a straight line, and then the residuals were
plotted against temperature as mentioned earlier. The lower value of δ2



Fig. 2. (A) Simulations of the dependence of HN chemical shift variations with
temperature on difference in free energy between ground and excited states. The
calculation was done using enthalpy difference of 6.1 (big dash), 7.1 (dot–dot dash), 8.1
(dash), 9.1 (dotted) and 10.1 (solid line) kcal/mol, corresponding to free energy
difference at 298 K of 1, 2, 3, 4 and 5 kcal/mol, respectively. The TΔS was taken as
5.1 kcal/mol at 298 K. (B) Simulation of the dependence of HN chemical shift variation
with temperature on the features of excited states. The curve (dot–dot dash) is the
same as in Fig. 2A, for ΔG=2 kcal/mol. The other curves show a state with more similar
chemical shift to ground state (solid: δ2=8.3 ppm); more similar gradients (dotted:
g2=−4 ppb/K) and more similar entropy (dashed: ΔS=10.2 cal/molT−1 and
ΔH=5 kcal/mol, leaving ΔG still at 2 kcal/mol). (C) Simulation of the dependence of
HN chemical shift variation with temperature. The dotted curve is the same as in Fig. 2A,
for ΔG=2 kcal/mol. The solid (concave) curve shows the behavior when excited state
characteristics exchanged with ground state. That is δ01=8.0 ppm, δ02=8.5 ppm, and
gradients g1=−7.0 ppb/K and g2=−2.0 ppb/K. The change in free energy and change
in entropy have been kept same, that is ΔG=2 kcal/mol and ΔS=17.2 cal mol−1 K−1

at 298 K.
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compared to δ1 is justified as the protein is predominantly in a rigid β-
sheet conformation (δ1) and is expected to transform into a random-coil
conformation (δ2) upon increase in the temperature. Further, the g1 and
g2 values were set to −2.0 and g2=−7.0 ppb/K as they were
experimentally determined as average values corresponding to the
rigid β-strand and the flexible (C-terminal tail) parts of the protein,
respectively (see Fig. 4).

A simple observation of the simulation reveals that the curvature
decreases with the increase in ΔG and starts vanishing at ΔG=4 kcal/
mol in the temperature range of 280–313 K, keeping other parameters
constant (Fig. 2A). The curvature also decreases with the decrease in
the difference of the chemical shifts or temperature gradients of the
two conformational states or the decrease in the entropy change ΔS,
keeping ΔG constant (Fig. 2B). The nature of the curve is convex
(positive curvature) when the chemical shift of the ground state is
more down field shifted as compared to that of an excited state; the
concave curve is observed in the reverse situation (Fig. 2C). Based on
these results one can conclude that the absence of the curvature does
not guarantee the absence of alternative conformational state(s),
however, it does put some limits on ΔG values required for the
observation of the non-linear behavior.

4.3. The low lying alternative states

Themarginal stability is an essential quality of proteins as it allows
the access of slightly higher energy states which might correspond to
distinctly different conformations from the ground state, andmight be
crucial for the biological functions.

Although it is still very difficult to map thewhole folding funnel for
a protein, such investigations on the low lying free energy states may
throw some light on the free energy landscape at the bottom of the
folding funnel, where most of the protein functions are played.
Therefore, we set out to look into such low lying alternative states by
the method of non-linear temperature dependence of 1HN chemical
shifts, in native and near-native conditions generated by a mild urea
denaturation of the protein.

The presence of non-linear temperature dependence along the
protein sequence indicates that the associated residues access some
alternative conformations (Fig. 3). In the present study, all such
residues are distributed along the protein sequence and are as
follows: V6, L8, Y9, D11, H13, K15, Y17, V19, V23, G24, I32, N38, D40,
L41, G49, E53, Q56, H57, N58, D65, T68, S69, L74, S75, R76, D77, A80,
S81, S86 and K87. Some of these residues are at the edges of β-strands
and α-helix. Residues such as Y9, D11, H13 N38, D40, and L41 belong
to the Ca2+-binding loop of the first Greek key motif, while Q56, H57,
N58, L74, S75, R76, and D77 belong to the Ca2+-binding loop of the
second Greek key motif. Residues V23 and G24 are part of a local
structural motif called Tyr corner, which consists of a Tyr residue that
interacts with the preceding residue G24. All these positions in the
protein are associated with loose local structures which are bestowed
with the scope of some flexibility. All the curvatures are positive and
describe a situation where the excited state chemical shift is up-field
shifted as compared to that of the ground state.

It may be noted here that residues D11, T12, K15 and Y17
(~0.5 ppb/K), N78 and A80 (~1.6 ppb/K) and L41 (3.87 ppb/K) show
positive temperature coefficients (Fig. 4). Usually, the temperature
coefficients of 1HN chemical shifts are negative due to the increase in
the hydrogen-bond lengths caused by thermal perturbations. How-
ever, the complex architecture of the protein does allow an exception
to this rule due to subtle changes in the microenvironment favorable
for the positive temperature coefficient; for example D11, T12, K15
and Y17 might be affected by the ring currents of nearby situated
aromatic residues such as Y9, F14 and Y17 (Fig. 5). But L41, N78 and
A80 do not have any agency causing such effects. Interestingly, these
residues belong to the Ca2+-binding loops, where there is a possibility
of accessing the alternative conformations, which in this case might
be associated with downfield shifted chemical shifts.

Further, the above mentioned temperature dependence experi-
ments were carried out at increasing concentrations of urea, namely,
0.3, 0.6 and 0.9 M, under identical experimental conditions, to allow
more residues to access the alternative states by loosening the protein
scaffold. Interestingly, no apparent spectral changes were observed
(See Supplementary Figure S3). Comparing the experimentally
observed curvatures obtained at various sub-denaturing conditions,
with those of the simulated ones, we found that the alternative states
lie within ~2 kcal/mol free energy difference from the ground state.
This difference is found to be smaller (~1 kcal/mol) where the
curvature is stronger. The conformations belonging to these states are

image of Fig.�2


Fig. 3. Residuals obtained after fitting the straight line to the variation of amide proton chemical shift with respect to temperature. The number shown within the boxes denotes the
number of amino acid residue in the sequence. The two empty boxes correspond to P22 and P47. The vertical scale spans 0.05 ppm and the horizontal scale as 33 K of temperature
range.

Fig. 4. The temperature coefficients of amide proton chemical shift are plotted against residue number. The magnitude of gray and green bars corresponds to the value of
temperature coefficient; the bars corresponding to amide protons which remain even after 12 h after deuterium exchange are green colored. The horizontal black line taken as cutoff
(4.5 ppb/K) for amide protons involved in hydrogen bonding. The red bars indicate the residues that showed curved temperature dependence; the height of the bar corresponds to
strong (1.0) andmild curvature (0.5) in arbitrary unit, and was determined by visual examination of the curvatures. The location of secondary structure elements along the sequence
is shown by rectangular box (β-strand) and a cylinder (α-helix) on top of the plot.
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Fig. 5. The presence of curvatures, obtained from the temperature dependence of amide
proton chemical shift, is indicated in the sequence by red colored one letter amino acid
code. These locations of these residues are mapped on structure (ribbon diagram) of
hahellin and are indicated by red color. The aromatic side chains are depicted in cyan
color.

12 A.K. Srivastava, K.V.R. Chary / Biophysical Chemistry 157 (2011) 7–15
in a fast exchange at the chemical shift timescale as each residue
shows only a single peak in HSQC.

The NMR timescale for 1H resonances at 800 MHz spectrometer, is
about 400 s−1 (taking chemical shift difference of 0.5 ppm, as the
Fig. 6. Reduced spectral density functions at (A) zero frequency (J(0)), and at frequency of
residue number. The associated errors are shown on the top of each bar.
same difference was used in the simulation), which implies that the
rate of interconversion between these conformations would be at
least 400 s−1. Considering it as a minimum of the rate constant, k, for
such exchange reaction, the maximum possible activation free energy
barrier could be estimated as 3.44 kcal/mol using ΔG≅−RT ln k, at
298 K. The fact, that the chosen sub-denaturing (or near-native)
conditions do not affect the observation made in the native state,
reveals that the free-energy landscape is not malleable.

4.4. Conformational dynamics

The intramolecular motions associated with a macromolecule at
various frequencies can be described in terms of spectral density
functions, which can be calculated from experimentally derived
relaxation parameters. There are two techniques commonly used for
such investigations; Model Free approach and Spectral Density
Mapping. We have used reduced spectral density mapping because
it is easier to perform and does not involve any model per se.

In reduced spectral densitymapping, the spectral density functions,
J(0), J(ωN), and J(0.87ωH) are calculated from relaxation parameters,
R1, R2 and {1H}-15NOE.

The slope (α, 0.038) and intercept (β, 0.207 rad nsec−1) were
obtained for the best fit to the plot of J(ωN) against J(0); ωN is
5.098×108 rad sec-1. The cubic equation produced three roots
(correlation time, τm); −189.00, 0.59 and 4.71 nsec rad−1. We
assigned tumbling time for hahellin as 4.71 nsec rad−1, which is
expected for 10 kDa globular protein. This shows that hahellin exists
(B) 15N (J(ωN)) and (C) 1H (J(ωH)) nuclei, are shown by bars and plotted against the

image of Fig.�5
image of Fig.�6
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as a monomer even at higher concentrations. The second root, that is
0.59, is possibly the correlation time for faster internal motion.

The value of J(0) is sensitive to the very slowmotionswhereas J(ωN),
and J(0.87ωH) are sensitive to the relatively faster motions atωN and
ωH frequencies, respectively (Fig. 6). The plots of J(0) against J(ωN)
(Fig. 7A) and that against J(ωH) (Fig. 7B) show clustering of the amino
acid residues in the specific regions. Such type of plot can be used for
qualitative analysis of the spectral density functions. Here, the red
curve (Fig. 7) is obtained as follows: for isotropic rotor the spectral
density (J(ω)) is given as,

J ωð Þ = 2
5

τ
1 + ω τð Þ2

: ð6Þ

If the dynamics is limited to a single motion, one can write

J 0ð Þ = 2
5
τ or τ =

5
2
J 0ð Þ: ð7Þ

Putting τ equal to 2.5×J(0), one can obtain a relation between J(0)
with J(ωN) and J(ωH) as given below:

J ωNð Þ = J 0ð Þ
1 + 6:25 ωN J 0ð Þð Þ2 ð8Þ

and

J ωHð Þ = J 0ð Þ
1 + 6:25 ωH J 0ð Þð Þ2

: ð9Þ

This is the basis for the simulated red curve shown in Fig. 7A and B.
Most of the residues fall in the regions described by the simulated
curves (Eq. 8 and 9) and therefore are described as ones with
restricted N―H bond motion relative to the overall tumbling of the
molecule [20]. However, there are some distinct deviations. The
Fig. 7. Correlation plot obtained by plotting (A) J(ωN) and (B) (J(ωH)) against J(0) The
simulated correlation is represented by the red thick line. The regions of fast and slow
motions are shown by light purple and cyan colors, respectively. Each blue dot
represents the location of amino acid residue on the plot; the relevant ones are assigned
with residue number followed by one letter code.
residues E89, T90 and N92 lie in the region of extremely low J(0) and
high J(ωN)/J(ωH) and therefore they are found to be highly flexible.
Residue T91 is located in the same region but with a slightly negative
J(0) value, and therefore it is not shown in Fig. 7. These residues belong
to the C-terminal end of the protein. The residues A80 and H57 belong
to the very low J(ωN)/J(ωH) and high J(0) values, showing relatively
slow motion and might be involved in a conformational exchange.
Besides these, thereareother residues showingconformational exchange
and can be more clearly seen in the J(0) versus J(ωN) plot. These include
D77 and N58 and also N27, S48, G49, N68, A72 and D79. Except N27, the
residues involved in μs–ms timescale motions belong to the second half
of the protein sequence that consists of C-terminal Greek key motif. It
indicates that this part is relatively less rigidandhas a tendency toadopt a
floppy conformation to facilitate suchmotions. In contrast, thefirst half of
the protein sequence (N-terminal Greek key motif) does not show such
signatures. The heteronuclear {1H}-15N NOE (See Supplementary Figure
S4) reveals that all the amide protons are sufficiently rigid with respect
to the molecule. All this indicates a synchronized segmental motion of
the second Greek key motif. This prompted us to explore the
compactness and the structural heterogeneity along the protein
sequence using a set of 2D 1H―15N HET-SOFAST-HMQC experiments,
as described below.

4.5. Compactness and conformational heterogeneity

A parameter λ (Isat/Iref) is derived from the ratio of the peak
intensities obtained in a reference spectrum (no inversion) to those
obtained when a selective pulse inverts the water (HETex-SOFAST) or
the aliphatic resonances (In HETnoe-SOFAST) of the protein. The
inverted aliphatic resonances reduce the intensities of N―H cross
peaks by spin-diffusion/NOE effect as they relax towards the
equilibrium. Similarly, the inverted water resonances lower the
N―H cross peaks intensities through exchange of amide protons
with that of the solvent (water). The measures of spin-diffusion/NOE
and amide–water exchange are λnoe and λex, respectively. The
compact structure will have λnoe less than 1 but λex≈1; however
the open or less compact structure will exhibit λnoe≈1 but λex less
than 1 [13]. Thus, these values provide complementary information
about the structural heterogeneity and the local compactness of the
protein structure. The residues belonging to the first Greek key of
hahellin are characterized by an average value of λnoe ~0.1 and the λex

~0.7 in the regions of defined secondary structure elements; the loops
show relatively lower λex and higher λnoe (Fig. 8A). However, the
residues belonging to the second Greek key motif show λnoe ~0.2–0.5
and λex ~0.2–0.6, except at the C-terminal end where they possess
λnoe≈0.9 and λex≈0.1. Based on these results we demonstrate that
the second Greek key motif possess a fair amount of plasticity (Fig. 8B,
C).

5. Conclusion

We have studied the motional dynamics in hahellin, a βγ-
crystallin domain, at residue level. Hahellin is shown to possess
large structural heterogeneity as nearly 40% of amino acid residues
access alternative states, even in the native state ensemble. These
alternative states are accessed with conversion rates of at least 400 Hz
and are separated from the ground state by an activation free energy
of 3.44 kcal/mol. Most of the residues show linear temperature
coefficient with a negative slope, while a few show positive
temperature coefficients. The latter might arise due to the complex
protein architecture. We attempted to increase the number of
residues accessing these alternative states by slightly altering the
protein scaffold using chemical denaturation (0.3 to 0.9 M urea). The
mild denaturation maintained the native state ensemble, and did not
affect the curvatures. This shows that the free energy landscape at the

image of Fig.�7


Fig. 8. Structural heterogeneity in hahellin: (A) λnoe (filled circle) and λex (open circle) are plotted against residue number. The location of secondary structure elements along the
sequence is shown by rectangular box (β-strand) and a cylinder (α-helix) on top of the plot. The values of λnoe (B) and λex (C) are mapped on hahellin's structure (ribbon diagram)
with color coding defined by the color bars. The white color is used for proline residues.
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bottom of the folding funnel is sufficiently robust against such
perturbations.

We also observed the residues involved in slow motions (μs–ms)
that belong to the second Greek key motif of hahellin, making it
relatively more floppy. A similar type of observation (using B-factor)
is made (data not shown) in Protein S that has the closest match in
structure with hahellin (RMSD, 1.3). Thus, this study is an attempt to
understand the dynamical features of such domains and might be
crucial for the understanding of stability and function in the βγ-
crystallin superfamily.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bpc.2011.04.001.
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