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Abstract

Characterization of the low energy excited states on the energy landscape of a protein is one of the exciting and challenging problems in
structural biology today. In this context, we present here residue level NMR description of the low energy excited states representing locally
different alternative conformations in the dynein light chain protein, in its dimeric as well as monomeric forms. Important differences have been
observed between the two cases and these are not necessarily restricted to the dimer interface. Simulations indicate that the low energy excited
states are within a free energy of 2—3 kcal/mol above the native state. In both the monomer and the dimer the energy landscape is very sensitive to
small pH perturbations. Nearly 25% of the residues (total of residues at pH 3.0 and 3.5 for the monomer, and at pH 7.0 and 6.0 for the dimer)
access alternative conformations. The observations have been rationalized on the basis of protonation—deprotonation equilibria in the side chains;
histidines in the case of the dimer and aspartates/glutamates in the case of the monomer. The possible relationship of the observed ruggedness of

the native energy landscape with the protein structure, and its implications to protein adaptability and unfolding have been discussed.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The stability and folding of a protein are intimately con-
nected with the shape of its energy landscape. A deep well, the
bottom of which corresponds to the native state would imply
high stability of the native state. In contrast, a potential well
with low lying excited states for the native state would have
significant influence on the dynamics and functions of the
protein. They also signify the structural adaptability, or sus-
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DTT, dithiothreitol; SDS-PAGE, sodium dodecyl sulphate Poly acrylamide gel
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ceptibility to unfolding in the presence of small external
perturbations [1—13]. Thus, identification and characterization
of such low energy excited states is a challenging and exciting
problem in structural biology today.

NMR?® chemical shift is a sensitive indicator of the en-
vironment and molecular conformation. In proteins 'H, '*C and
>N chemical shifts are sensitive to protein secondary structures
and are used to deduce the preliminary structural information
[14-19]. The temperature dependence of amide proton chem-
ical shifts in globular proteins has been investigated for over
more than three decades by many researchers and continues to
be investigated even today [20—27]. The amide proton chemical
shifts are directly proportional to bond magnetic anisotropy
(™) and this is crucially dependent on H-bonding, either intra-
molecular or inter-molecular. In the former case, the carbonyl
groups, the H-bond acceptors play a crucial role. The bond
magnetic anisotropy is proportional to » > where r is the
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distance between the affected amide proton and the centre of the
bond magnetic anisotropy, which lies close to the oxygen atom
in the carbonyl groups [26]. In case of solvent accessible
groups, H-bonding with solvent molecules influences the amide
proton chemical shifts. Thus the amide proton chemical shift is
critically dependent on the length of the H-bond the proton is
engaged in.

When the temperature of the solution is raised, thermal
fluctuations increase which results in an increase in the average
distance between atoms; X-ray crystallographic studies at
several temperatures (98—320 K) on ribonuclease-A indicated
that the protein volume increases linearly with temperature to an
extent of about 0.4% per 100 K [28]. Such an increase in the
distance between the atoms participating in a H-bond results in
weakening of the H-bond. Consequently, chemical shifts of
most amide protons move upfield when the temperature is
increased. Since bond magnetic anisotropy (¢*™) is proportional
to » > and molecular volume (V) is proportional to »°, there
is an inverse relationship of their variation with temperature
(6™l / V). However, over a small temperature range, (o°™)
may appear to decrease linearly with temperature, and con-
sequently amide proton chemical shifts would appear to vary
linearly with temperature. In BPTI (basic pancreatic trypsin
inhibitor) and lysozyme which are known to be extremely stable
under a variety of extreme conditions, including temperature, it
was indeed observed that the amide proton chemical shifts
change linearly with temperature over the ranges, 279-359 K
for BPTI and 278-328 K for lysozyme [21]. Such measure-
ments have been carried out on many other proteins [27,29] and
the temperature coefficients or the gradients of temperature
dependence of the amide protons have been found to span a
wide range, — 16 to +4 ppb/K. For a strongly H-bonded amide
this value is more positive than —4.5 ppb/K [21]. This is
because the lengthening of the average H-bond distance will be
greater for the inter-molecular H-bond, such as those with bulk
water, than for the intra-molecular H-bonds.

However, if the protein structure is not very rigid, as would
be the case for many systems, the chemical shifts would also be
influenced by local structural and dynamics changes, and then
the temperature dependence of chemical shifts may deviate
from linearity. Indeed, in certain situations the amide proton
chemical shifts have been seen to be non-linearly dependent on
temperature, and this has been interpreted to indicate existence
of alternative conformations the residues can access [30]. Iden-
tification of such residues provides a description of the energy
landscape of the protein in the native state.

Cytoplasmic dynein, the principal minus end directed ATPase
molecular motor has prominent role in various motility events
[31-36]. Cytoplasmic dynein is a 1.2 MDa multi-subunit protein
complex composed of various proteins ranging 10 kDa—
600 kDa [34—-37]. Among all the subunits dynein light chain
protein (DLCS), a 10.3 kDa protein (89 residues) is the smallest
subunit of the dynein motor complex. As DLCS is present in all
the functional dyneins, it is presumed to have an essential role in
the regulation and assembly of the motor complex [38]. Dro-
sophila DLCS8 has 94%, 71%, and 50% sequence homology
with DLC8 from human and rat, Aspergillus nidulans and

yeast respectively. This high sequence similarity and evolu-
tionary conservation indicates that the protein has multi-reg-
ulatory functions [39-41].

DLC8 is a dimer at physiological pH and a stable monomer
below pH 4.0 [42,43]. The structures of both dimer and
monomer have been solved [44,45]. The dimer is symmetrical
and each monomer of the dimer consists of two a-helices (a1,
residues 15-31; a2, residues 35-50) and five B-strands (B1,
residues 6-11; 2, residues 54—59; B3, residues 62-67; P4,
residues 72—78 and 35, residues 81—87) [44]. On the other hand
the monomer consists of two a-helices (a1, residues 15-29; a2,
residues 35-48) and four B-strands (31, residues 8—11; B2,
residues 55-58; B4, residues 72—78 and RS, residues 81-87)
[45]. Thus the differences between the two structures are,
(1) the P3 strand in the dimer loses its secondary structure
on dissociation to the monomer, and (ii) the helices a1 and o2
and the strands 31 and B2 get shortened by two residues. The
dimer binds the target molecules in an anti-parallel B-strand
fashion through its B3-strand, whereas the monomer form of
DLC8 is not capable of binding to target proteins [43]. This
property is expected to have a regulatory role in the protein
function.

We have characterized here the low energy excited states of
both the dimeric and the monomeric forms of DLCS in their
native state ensembles. This was based on the temperature
dependence of the amide proton chemical shifts. We also in-
vestigated the effects of small pH perturbations on the extent
and nature of the temperature dependences. The residues ac-
cessing alternative conformations in the dimer and the monomer
are seen to be somewhat different in some segments, although
there are many commonalities as well. These sites could be the
most susceptible sites for local unfolding in the protein struc-
ture, and would also represent the sites of structure adjustment
when required by the environmental perturbations.

2. Materials and methods
2.1. Overexpression and protein purification

The plasmids (vector pETI4B) harboring the gene for the
His tagged DLC8 were transformed into Escherichia coli
BL21(DE3) host cells for protein expression. The M9 min-
imal medium (with and without '*C labeled glucose) con-
taining '*’NH,CI and ampicillin (100 pg/ml) was inoculated
with recombinant BL21(DE3) cells. From an overnight seed
culture, a big culture (1 1) was grown at 37 °C to an ODgg of
0.6 to 0.8. Expression of protein was induced with a final
concentration of 600 uM of IPTG, and the culture was in-
cubated at 37 °C for another 6 h. The cells were harvested by
centrifugation at 5500 RPM for 30 min. The harvested culture
was lysed using extraction buffer (20 mM Tris, 10 mM
imidazole, 200 mM NacCl, pH 8) containing 50 pl leupeptin
(1.25 mg/ml H,0), 50 ul pepstatin (0.5 mg/ml DMSO or
methanol), 50 pl PMSF (50 mM iso-propanol), 1% Triton X,
50 pl lysozyme (50 mg/ml H,O). The lysed cells were son-
icated and spun at 35,000 rpm for 45 min to obtain a clear
supernatant. The protein was then purified using a Ni-
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chelating column. His tag was cleaved by incubating the
protein on the beads with thrombin for 12 h at room
temperature. DLC8 monomer was obtained by exchanging
the protein with pH 3 buffer (20 mM acetate, 200 mM NaCl,
2 mM DTT). The purity of the sample was checked using
SDS-PAGE. A protein sample in which the arginines were
selectively unlabelled was prepared following previously
reported procedure [46].

2.2. Gel filtration

Gel filtration was performed at pH 7.0, 6.0, 3.5 and 3.0 using
a Hi Load 16/60 Superdex 75 column (Amersham) with buffer
(20 mM phosphate, 200 mM NaCl, 2 mM DTT at pH 7.0, 6.0;
20 mM acetate, 200 mM NaCl, 2 mM DTT at pH 3.5 and 3.0) at
a flow rate of 1.0 ml/min with absorbance monitored at 280 nm
using Bio-Rad BioLogic LP system. Nearly 1 ml of 600 uM
protein was loaded on to the column.

2.3. Circular dichroism

Thermal stability of DLC8 dimer and monomer was mea-
sured by recording far-UV CD spectra at 222 nm as a function
of temperature in the range 293 K to 318 K on a JASCO model
J-810 spectropolarimeter using a bandwidth of 1 nm. Protein
concentration of 40 uM in phosphate buffer (20 mM phosphate,
200 mM NaCl, 2 mM DTT at pH 7.0) and acetate buffer
(20 mM acetate, 200 mM NaCl, 2 mM DTT at pH 3.0) was used
in a fused quartz cell with a path length of 0.1 cm for dimer and
monomer experiments respectively. Data was collected in a
continuous mode at a rate of 1 K per minute. Data was
smoothened by three point averaging to minimize errors due to
thermal fluctuations.

2.4. NMR spectroscopy

2.4.1. NMR sample

For NMR studies the protein purified as described above was
concentrated to 1.0 mM. Phosphate buffer (20 mM phosphate,
200 mM NaCl, 2 mM DTT) and acetate buffer (20 mM acetate,
200 mM NaCl, 2 mM DTT), were used for the 2D experiments
on the dimer (pH values 7.0, 6.0) and on the monomer (pH
values 3.5 and 3.0) respectively. The final volume in all the
samples was ~ 550 pl (90% H,O+10% D,0).

2.4.2. NMR data acquisition and processing

All the NMR experiments were recorded using a triple
channel Varian Unity-plus 600 MHz NMR spectrometer equip-
ped with pulse-shaping and pulse field gradient capabilities. For
resonance assignments a series of 3D experiments HNCA, HN
(CO)CA, CBCANH and CBCA(CO)NH [47,48] were recorded
atpH 7.0, 27 °C. NOESY-HSQC was recorded at all the four pH
values (pH 7.0, 6.0, 3.5 and 3.0) with a mixing time of 150 ms,
40 complex points along '*N (¢;) dimension and 64 complex
points along 'H (#,) dimension. For the triple resonance ex-
periments the 'H and '°N carrier frequencies were set at
4.71 ppm and 119 ppm respectively. The '*C carrier frequency

was set at 56.0 ppm for HNCA and HN(CO)CA, and at
46.0 ppm for CBCANH and CBCA(CO)NH. Amide proton
chemical shifts as a function of temperature in the range 290—
315 K were measured by recording seven HSQC spectra
(293 K, 296 K, 300 K, 303 K, 306 K, 309 K, 312 K) with 160 #,
increments each. Both the dimer and the monomer were stable
over the entire temperature range at all the pH values. 'H
chemical shifts were calibrated relative to 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS).

All the data were processed using FELIX on a Silicon
Graphic, Inc. work station. Prior to Fourier transformation and
zero filling, data was apodized with a sine-squared weighting
function shifted by 60° in both dimensions for 2D and by 90° in
all dimensions for 3D experiments. After zero filling and
Fourier transformation the final matrix had 1024, 256 and 256
points along the F3, F, and F; dimensions, respectively, and the
2D HSQC experiments had 4096, 1024 points, respectively,
along the F, and F; dimensions. The digital resolution in the
spectra was ~ 1.7 Hz/point along F,. The chemical shift as-
signment was done using the peak picking macro of Felix which
finds the peak maximum using an interpolation procedure.
Chemical shifts were first calculated and fitted to a straight line
after which the deviations from linearity were used to derive the
residual curvatures. As a measure of curvature, the experimental
data (or, equivalently, the residuals from the linear fitting) were
fitted to a parabola, by using Marquardt non-linear least-squares
fitting. All protons for which the second-order coefficient (¢ in
the equation y=a+bx+cx?) differed from zero (using a 'H
chemical shift error of +£0.004 ppm) were treated as having
curved temperature dependence [8].

2.5. Simulations

Simulations of the temperature dependence of changes in
backbone "HN chemical shifts were carried out as described by
Williamson et al. [30] using Sigma Plot 8.0 in the temperature
range 290 K-315 K. We assumed a ground state shift of
8.5 ppm, with a typical hydrogen-bonded temperature gradient
of =2 ppb/K, [21] and an alternative state shift of 8.0 ppm, with
a typical non-hydrogen-bonded gradient of —7 ppb/K. Mulder
et al. [49] who measured an excited state in the L99A mutant of
T4 lysozyme, characterized by AG=2 kcal/mol, AH=7.1 kcal/
mol, and TAS (298 K)=5.1 kcal/mol. Hence we used these
values as illustrative estimates. Thus, the values used for the
different thermodynamic parameters during calculations are,
TAS (298 K)=5.1 kcal/mol which is equivalent to AS=
17.2 cal/mol K™ !, and AH=6.1 kcal/mol, AH=7.1 kcal/mol,
AH=38.1 kcal/mol, AH=9.1 kcal/mol corresponding to differ-
ence in the free energy (AG) at 298 K of 1, 2, 3 and 4 kcal/mol,
respectively. The shifts (9) and gradients (g) for the native state
(91, g1) and excited state (9,, g-) used for the above calculations
are 0;=8.5 ppm, 6,=8.0 ppm, and g;=—2 ppb/K, g,=—7 ppb/
K for convex shapes and 6;=8.0 ppm, 6,=8.5 ppm, and g;=
=7 ppb/K, g,=—2 ppb/K for concave shapes. In all the sim-
ulations, chemical shifts have been first calculated and fitted to a
straight line. Then, the deviations from the linearity have been
used to derive the residual curvatures.
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3. Results
3.1. Resonance assignments

Backbone assignment in the DLC8 dimer at pH 7, 27 °C was
achieved by a combination of several conventional three di-
mensional triple resonance experiments [47,48,50]. Assignment
of arginines at positions 4 and 71 was facilitated by a '"H-"°N
HSQC recorded on a protein which was uniformly '°N labelled
but for the arginines. Assignments at pH 6 were obtained by direct
transfer from assignments at pH 7. Sequence specific assignments
at pH 3 were obtained using the standard experiments [50] in
conjunction with HNN and HN(C)N experiments [51]. Then,
HSQC peak assignments at pH 3.5 were derived from simple
transfer from those at pH 3. However, on few occasions where
small movements of peaks resulted in some ambiguities, the
assignments were confirmed from observation of sequential NOE
connectivities in the "H—'>N NOESY-HSQC spectra.

3.2. Thermal stability of DLCS protein

We carried out thermal stability studies on the DLC8 dimer
(pH 7) and monomer (pH 3) [52] to assess the temperature
range where one can reliably study the temperature dependence
of the amide proton chemical shifts without significantly per-
turbing the structures. The thermal stability data for both the
dimer and the monomer are shown in Fig. 1. It is evident that
both the dimeric and monomeric structures are very stable over
the temperature range, 293—318 K used in the present study.

3.3. Temperature dependence of amide proton chemical shifis

We observed that amide proton chemical shifts for several
residues in DLCS8 exhibited non-linear dependence on tem-
perature, and as described in the Introduction this must be
interpreted to indicate the existence of alternate conformations
(low energy excited states), the residues can access [8,53]. In
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Fig. 1. Thermal stability of DLC8 dimer (pH 7, circles) and monomer (pH 3,

triangles) monitored by far-UV CD at 222 nm in the temperature range 293—
318 K.

0.01

(B)

-0.01 T T T T T T T T
0.01

Shift difference (ppm)

-0.01

290 295 300 305 310 315 200 295 300 305 310 315
Temperature (K)

Fig. 2. Simulations of the dependence of HY chemical shift variation with
temperature (290 K—315 K). In all the calculations shown chemical shifts are
calculated and fitted to a straight line. Then the deviations from linearity are used
to derive the residual curvatures. (A) Different curves show the dependence on
free-energy difference between the native and the higher energy alternate state:
AG=1 kcal/mol (dashed), AG=2 kcal/mol (solid), AG=3 kcal/mol (dotted)
and AG=4 kcal/mol (dash double dot dash); for these TAS at 298 K was fixed
at 5.1 kcal/mol and AH varied as 6.1, 7.1, 8.1, and 9.1 kcal/mol respectively.
The chemical shift and gradient parameters are: 9;=8.5 ppm, ,=8.0 ppm, and
g1=—2 ppb/K, g,=—"7 ppb/K for convex shapes and §,=8.0 ppm, §,=8.5 ppm,
and g;=—"7 ppb/K, g,=—2 ppb/K for concave shapes. (B) The solid curve is the
same as in ‘A’ (AG=2 kcal/mol); dashed curve, §;=8.1 ppm, 3,=8.0 ppm,
g1=—2 ppb/K, g2=—7 ppb/K, AG=2 kcal/mol; dotted curve, 6;=9.0 ppm,
9,=8.0 ppm, g;=—2 ppb/K, g,=—7 ppb/K, AG=2 kcal/mol. (C) The solid curve
is the same as in ‘A’ (AG=2 kcal/mol); dashed curve, §;=8.5 ppm, 6,=8.0 ppm,
g1=—2 ppb/K, g,=—4 ppb/K, AG=2 kcal/mol; dotted curve, §;=8.5 ppm,
6,=8.0 ppm, g;=—4 ppb/K, go=—7 ppb/K, AG=2 kcal/mol. (D) The solid
black curve (AG=2 kcal/mol) and the dotted curve (AG=3 kcal/mol) are the
same as in ‘A’; solid grey curve is for 6,=8.1 ppm, 6,=8.0 ppm, g;=—2 ppb/K,
2,=—4 ppb/K with AG=2 kcal/mol.

order to understand the parameters that influence such con-
formational fluctuations, we theoretically simulated the tem-
perature dependence of amide proton chemical shifts and
compared them with the experimental results obtained in the
temperature range 290-315 K.

3.3.1. Theoretical simulations

Consider a residue having two conformational states acces-
sible to it i.e., a native state and a higher energy state. Following
the discussion in the Introduction, each of them can be assumed
to have a linear variation of chemical shift with temperature as,
01=0°1+& 1T and 0,=0°+g>T, where g, and g, are the
gradients of temperature dependence, d; and 6, are the chemical
shifts of the native and the excited states respectively, and T is
the temperature. If P; and P, are the corresponding populations
of the native and the excited states, the observed chemical shift,
dobs, Of the amide proton will be given by,

Oobs = 01P1 + 02P5.
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Fig. 3. Residues showing non-linear temperature dependence of amide proton chemical shifts in DLC8 measured at pH 7.0. The measured chemical shifts were fitted to
a linear equation. The residuals (observed value — calculated value according to the linear fit) have been plotted against temperature; total scale of y-axis is 0.06 ppm:
+0.03 to —0.03 centered at zero, and the temperature range is 290 K—315 K. The error bars give an indication of the approximate error in measured chemical shifts

(+0.004 ppm).

These populations depend on the free-energy difference be-
tween the two states. If there are more states contributing, then
the observed shift will be a weighted average over all the
accessible states. It is this complex dependence of chemical
shifts on many thermodynamic and other factors, which leads to
non-linear dependence of chemical shifts on temperature. To
understand the influence of these factors we performed sim-
ulations of HY chemical shift variation with temperature in the
range, 290 K—315 K, using a two state model [30] following the
parameters described in Materials and methods.

(5(1) +g1T) + [((52 +g2T)e*<AG/RT)]

dobs = 1 + e~ (AG/RT)

where, AG is the free-energy difference between the two states,
and AG=AH-TAS, where, AH and AS are the enthalpy dif-
ference and the entropy difference respectively. The results of
the simulations are shown in Fig. 2. Fig. 2A shows the curves
for AG ranging from 1-4 kcal/mol keeping the gradients and
chemical shifts of the native and the excited states constant.
Here, it is worthwhile to note that in the chosen temperature
range (290 K-315 K) the curvature almost disappears above
AG=3 kcal/mol. Fig. 2B and C show the dependence of
curvature on chemical shift differences and gradient differences
respectively, between the native and the excited states, when
AG is held constant (AG=2 kcal/mol). In Fig. 2B, three values
of §;: 8.5 (reference), 8.1 and 9.0 are considered, keeping the
other parameters the same as in Fig. 2A for convex shape of
curvature. Similarly, in Fig. 2C, three combinations of gra-
dients: (g1,g2) (ppb/K)=(—2, —7) (reference), (—2, —4) and
(—4, —7) are considered keeping the other parameters same as in
Fig. 2A for convex shape of curvature. From these it is evident

that neither the chemical shift difference nor the difference in
gradients, by itself changes the curvature to a noticeable extent.
Next, we carried out a simulation for a combination of changes
in ‘chemical shift difference’ and ‘gradient difference’ (6;=
8.1 ppm, 6,=8.0 ppm, g;=—2 ppb/K, g,=—4 ppb/K) keeping
the free-energy constant (AG=2 kcal/mol). This is shown
by solid grey line in Fig. 2D. Interestingly, this curve almost
exactly overlaps with the curve for which AG=3 kcal/mol in
Fig. 2A which has a lower curvature compared to that of the
curve with AG=2 kcal/mol; for ease of comparison, the
corresponding curve from Fig. 2A is redrawn in Fig. 2D as a
dotted line. This clearly suggests that although the appearance
of curvature confirms the presence of alternative states, the lack
of curvature does not necessarily imply the absence of low
energy excited states. These results will be of great help for
interpreting the experimental results on temperature dependence
of amide proton chemical shifts.

3.3.2. Low energy excited states in the dimer and the monomer

We measured temperature dependence of the amide proton
chemical shifts in the DLC8 dimer (pH 7) and in the monomer
(pH 3) by recording HSQC spectra as a function of temperature
in the range 290-315 K. The experiments were restricted to
315 K in order to be in the temperature range which is far below
the point of aggregation in the case of the dimer and also to be
well below the onset of unfolding for the monomer. Here, it
is worthwhile to mention that the HSQC spectra measured
at all the temperatures for both the monomer and the dimer
are qualitatively similar suggesting that indeed no structural
changes occur in the native state in the whole range. The
individual temperature dependences of the amide proton chem-
ical shifts were analyzed by fitting the chemical shifts to a
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Fig. 4. Residues showing non-linear temperature dependence of amide proton chemical shifts in DLC8 measured at pH 3.0. The measured chemical shifts were fitted to
a linear equation. The residuals (observed value — calculated value according to the linear fit) have been plotted against temperature; total scale of y-axis is 0.06 ppm:
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straight line. Then the deviations from linearity were used to
derive the residual curvatures, and the uncertainties were cal-
culated as described in Materials and methods. In our data
several residues exhibited curved dependence while others
displayed linear behavior with temperature. All the residues in
the dimer at pH 7 that deviated from linearity are shown in
Fig. 3. The curvatures are different for different residues and we
observe both convex and concave shapes. As described in the
simulations, the major determinant of the shape of curvature is
the relative magnitude of the amide proton chemical shift of the
native state vs that of the alternative state the particular residue
accesses [30]. Thus, the convex and concave shapes reflect on
different kinds of structural perturbations in the low energy
excited states.

Similarly, Fig. 4 shows the residues that are accessing low
energy excited states in the DLC8 monomer at pH 3. Com-
parison of Figs. 3 and 4 reveals that the residues accessing
alternative conformations, and so also the natures of the excited
sates (as depicted by concave or convex shapes, magnitudes of
curvature etc.,) have many differences between the dimer and
the monomer. In the background of the simulations described
above, the magnitudes and the patterns of the experimentally
observed curvatures indicate that the alternative conformations
accessed by each residue lie within ~2.5 kcal/mol from the
native state.

3.3.3. pH sensitivity

Application of small environmental perturbations such as
small concentrations of chemical denaturants, change in pressure,
pH change etc., is often useful to investigate the preferential
sensitivities of different residues to external perturbations, while
the protein itself remains entirely in the native state ensemble
[30,54]. In fact, these environment sensitive residues are those
which play prominent roles in various biological activities such as
signal transduction, enzymatic catalysis, macromolecular asso-
ciation, cargo trafficking, etc. Among the above mentioned en-
vironment perturbations, pH variation is a mild perturbation and
in general it changes the protonation states of the various residues

depending on the chosen pH range. In order to identify the pH
sensitive conformational dynamics in DLCS protein we measured
the temperature dependence of the amide proton chemical shifts in
both the dimer and the monomer at slightly different pH con-
ditions i.e., dimer at pH 6 and monomer at pH 3.5.

It is known that DLC8 exhibits a pH induced dimer-to-
monomer transition in between pH 7 and pH 3 with a transition
midpoint of pH 4.5 [42,55]. Therefore it is important to confirm
that the protein remains a pure dimer at pH 6 and a pure
monomer at pH 3.5. To examine this aspect we performed gel
filtration experiments at a low concentration (~ 100 uM), and
also at a higher concentration (~600 uM) of the protein. The
latter is almost at the NMR concentration. The results at both the
concentrations were identical and Fig. S1 of Supplementary
material shows a superposition of the chromatograms recorded
at pH 3 and 3.5 and at the higher value of the protein con-
centration mentioned. Clearly, the protein elutes as a single peak
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Fig. 5. Residues showing non-linear temperature dependence of amide proton
chemical shifts (black) along the polypeptide chain. The results are shown for
pH 7.0 and 6.0 (A) and for pH 3.5 and 3.0 (B). The arrows ({3 strands) and
cylinders (a helix) indicate native secondary structures.
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with equal width suggesting the existence of single species
(pure monomer). We made similar observations at pH 7 and 6,
which we published recently in a different context [56] and thus
do not wish to repeat that data here. Thus, we conclude that the
differences observed in the sites of conformational fluctuations
at pH 6 and 3.5 from those at pH 7 and 3 respectively, are due to
the local environmental perturbations. All the residues acces-
sing such low energy excited states in the dimer at pH 6 are
shown in Fig. S2 (see Supplementary material) and those in the
monomer at pH 3.5 are shown in Fig. S3 (see Supplementary
material). A summary of all these results at various pH values
i.e., pH 7 and 6 for the dimer and pH 3.5 and 3 for the monomer
is shown in Fig. 5. The number of residues accessing alternative
conformations in the dimer at pH 7 and 6 are 13 and 21
respectively (Fig. SA). Fig. 6A and B displays the locations of
these residues on the native structures [57] of the protein.
Likewise, the number of residues accessing alternative con-
formations in the monomer at pH 3.5 is 15 and that at pH 3 is 11
(Fig. 5B). The locations of these residues are marked with
red color on the native structure of the monomeric protein in
Fig. 6C and D respectively [45]. The differences in the low

(F)

Fig. 6. Residues exhibiting curved temperature dependence in DLC8 dimer
(A) pH 7.0, (B) pH 6.0 (PDB Id: 1f3c) and in monomer (C) pH 3.0, (D) pH 3.5
(PDB Id: 1rhw), are colored red on the three dimensional structure of the protein.
(E) Positions of all the titratable groups in the pH range 7.0 to 3.0 (aspartates,
glutamates and histidines) are marked with pink color on the monomer structure
(PDB Id: Ithw). (F) Zooming in on a particular region surrounding 32 strand in
the NMR structure of the monomer (PDB Id: Irhw) to show the side-chain
interactions. Only a few residues in al, a2 and 35 are shown for the sake of
clarity. DLC8 monomer image was produced using Insight II.

Table 1
Comparison of number of residues accessing alternative conformation in
structural regions in DLC8 dimer and monomer

Structural element Number of residues accessing

alternative conformations

Dimer Monomer

al 5 6
a2 3 5
Bl 2 1
p2 1 3
p3 2 -
pd 4 0
B5 3

energy excited states detected at pH 6 as compared to those at
pH 7, and at pH 3.5 as compared to those at pH 3 must be
attributed to the changes in the protonation states of the various
side chains in the measured pH range (see below).

4. Discussion
4.1. Native state energy landscape of DLC8

As mentioned earlier identification of the residues accessing
alternative conformations provides a description of the native
state energy landscape of the protein. While the pH sensitivity
of conformational dynamics indicates, on one hand, finer ad-
justments at residue level, the results at both the pH values (7
and 6 for the dimer and 3 and 3.5 for the monomer) put together
indicate the overall vulnerabilities in the native state, since
neither of the pH perturbations take the protein out of the native
state ensemble. Overall, the numbers for residues which can
access alternative conformations considering either of the pH
values are: 25 for dimer and 22 for monomer (Fig. 5), which is
around 25% of the total number of residues in the protein.
Table 1 provides a comparison to indicate the differences in the
number of residues accessing alternative conformations in the
various structural elements in the dimer and the monomer. It is
interesting to see that the residues that access alternative con-
formations in the dimer and the monomer are somewhat dif-
ferent in different regions (Fig. 5), although the dimer and the
monomer have nearly same secondary and tertiary folds [45].
Importantly, the differences are not necessarily restricted to the
dimer interface. The N-terminal helices are more dynamic in the
monomer whereas the C-terminal B-sheets are more dynamic in
the dimer. Similarly, many residues which are dynamic in the
al and a2 helices in the monomer lose this dynamic nature in
the dimer (Table 1), and likewise, several residues which are not
dynamic in the P4 strand in the monomer acquire dynamic
character in the dimer (Fig. 5). It is also important to mention
here that the lack of curvature or the presence of linearity does
not necessarily indicate the lack of alternative states; the linear
or non-linear behavior is a complex interplay of chemical shift
gradients of the ground and the alternative states, magnitudes of
the shift differences between the two states, and temperature
dependence of the free-energy difference between the two states
[30]. Even so, it is clear that a large number of residues in DLC8
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access alternative conformations, both in the dimer and in the
monomer.

The differences observed in the positions of the residues
accessing alternative conformations in the dimer and in the
monomer due to small pH perturbations provide insights into
the sensitivity of the conformational fluctuations due to envi-
ronment perturbations in the two cases. In fact, the perturbation
of the dimer landscape would have functional significance since
small pH differences are known to exist in different parts of a
cell [58—62]. It is evident from Fig. 6A and B that several of the
residues that access low energy excited states are surrounding
the dimer interface of the molecule which is also the cargo
binding site [44]. It can be envisaged that the observed sen-
sitivity of conformational dynamics at the dimer interface due to
small environmental perturbations can significantly influence
the cargo binding nature of the protein. Likewise, in the
monomer (Fig. 6C and D) [45], noticeable differences have
been observed in both al and a2 helices. Interestingly, the a2
helix participates in several inter-monomer contacts once the
dimer is formed and hence its sensitivity to small perturba-
tions may have a crucial role for the proper formation of the
functional dimer.

Another important point to be noted at this stage is that there
are many differences in the energy landscapes of the dimer and
the monomer of DLC8 (Table 1 and Fig. 6A-D). The dif-
ferences are not just restricted to the dimer interface. This
implies that the structural perturbations caused by dimer for-
mation travel through the protein structure via side-chain in-
teractions and this then causes local changes in the protein
dynamics.

These results augment the conclusions previously derived
from relaxation measurements [42] on DLCS8 dynamics at
different time scales. The present data provides information on
the ranges of free energies of the near native states accessed by
the fluctuating residues and indicate that for those which exhibit
curvature in the temperature dependence of amide proton
chemical shifts, the alternative states lie within 2—3 kcal/mol
from the ground state.

4.2. Relationship between sequence, structure and pH sen-
sitivity of DLCS landscapes

The roughness of the energy landscape and the consequent
fluctuations in the native state of a protein is a reflection on the
nature of the interactions between the side chains of the different
amino acid residues in the three dimensional structure of the
protein. While this is not generally predictable, some insights
may be obtained in some cases by closely examining the struc-
ture and the properties of the amino acids along the sequence.
For example, the behaviors of residues with titratable groups,
which are likely to be affected by a pH perturbation, can provide
useful clues. An observed perturbation at such locations would
indicate that conformational fluctuations could be arising due to
existence of species with different protonation states; a change
in the protonation state of a side chain causes a local change in
the electrostatic potential, and thereby results in some pop-
ulation of an alternative conformation on energetic considera-

tions. Inter-conversion between the major population and the
minor population so created leads to the so-called conforma-
tional fluctuations.

In the above background it is interesting to note that most of
the residues with titratable groups in the side chains in DLCS8
(Fig. 6E) are located in the regions which are exhibiting con-
formational fluctuations, and hence, their perturbation by small
pH changes provides useful mechanistic insights. In the case of
the dimer, the sensitivity of conformational dynamics can be
readily traced to partial protonation of the His side chains as
described earlier [42]. There will be inter-conversions between
charged and neutral His and there will also be charge—charge
repulsions. These will cause fluctuations in local electrostatic
potentials and consequently in local side chain packing, which
in turn will affect the main chain conformations. Among the
three histidines, His 55 (pK 4.5, [55]), His 68 and His 72 (both
have pK of 6.0, [55]), the latter two would be the major
contributors to the observed differences in the fluctuations of
the native state in the pH range of 6—7.

In the case of DLC8 monomer His 68 and His 72 do not have
any effect on the observed differences as they are completely
protonated below pH 4.0. On the other hand His 55 (pK 4.5,
[55]), would have a significant effect. At pH 3.5 the side chain
of His 55 will be protonated to the extent of 90% and exchange
between protonated and free His will contribute to a local
dynamics. The environmental perturbation due to this dynamics
would get relayed through the 32 strand and the a1, a2 helices
and the p5 strand due to the close packing of the side chains in
the protein structure (Fig. 6F). The side chains for a few residues
of al, a2 and B5 are shown in the figure and all of these
residues are seen to exhibit curved temperature dependence. At
pH 3.0, the population of protonated His will increase and this
results in the observed perturbation differences. Similarly, the
perturbations at the other titratable groups such as aspartates and
glutamates in the ol and a2 helices (see Fig. 6E) would also
cause local relays and contribute to the accessibility of different
low energy excited states. All these influence the native energy
landscape of the protein.

4.3. Potential unfolding initiation sites in the DLC8 monomer

The roughness of the native energy landscape of a protein
would also have repercussions on the unfolding pathways of the
protein. Baxter et al. [53] suggested that the alternative states are
the most probable candidates for the earliest cooperative un-
folding events which might further develop into partially un-
folded forms. On these grounds, the following sites: Val 22,
Asp 23, Cys 24, Leu 29 in the a1 helix; Lys 31, Phe 32, Asp33,
in the al—a2 loop; Asp 37, Ile 42, Lys 43, Glu 45, Lys 48 in the
a2 helix; Cys56, Ile 57 in the 2 strand and Ala 82, Leu 84, Leu
85 in the B5 strand may be identified as potential unfolding
initiation sites for the protein. These results in conjunction with
those derived from relaxation data [63] which monitor con-
formational exchange at ms—ps time scale suggest that un-
folding in DLCS8 can start from many different locations in
the protein structure and these include both structured and
flexible areas.
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5. Conclusions

We have obtained here residue level view of the low energy
excited states of both the dimeric and the monomeric forms of
the dynein light chain protein. Significant differences are seen in
the native energy landscapes of the dimer and the monomer
although they have similar structural topologies. The differ-
ences are not necessarily restricted to the dimer interface. This
has a bearing on the side-chain packing and the relay of per-
turbations through the protein structure. It is interesting to note
that the conformational dynamics observed for several residues
both in the dimeric and in the monomeric forms are envi-
ronment sensitive. His 68 and His 72 side chains contribute in
the observed differences in the dynamic character in the dimer,
whereas His 55 and other residues with carboxylic acid side
chains are the major contributors for the monomer. The rough-
ness of the dimer energy landscape provides rationales for
the adaptability of the protein structure to bind various cargo
molecules in order to carry out the cargo trafficking in an
efficient manner. On the other hand, the results obtained for the
monomer throw light on the formation of a stable functional
dimer as the a2 helix and the 32 strand participate in a number
of inter-monomer contacts in the DLC8 dimer. The monomer
results also provide insights into the many potential unfolding
initiation sites in the protein.
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