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Local structural and dynamic modulations due to small environmental perturbations reflect the adaptability of
the protein to different interactors.Wehave investigated here the preferential local perturbations inDynein light
chain protein (DLC8), a cargo adapter, by sub-denaturing urea concentrations. Equilibrium unfolding
experiments by optical spectroscopic methods indicated a two state like unfolding of DLC8 dimer, with the
transition mid-point occurring around 8.6 M urea. NMR studies identified the β3 and β4 strands, N-, C- terminal
regions, loops connecting β1 to α1, α1 to α2 and β3 to β4 as the soft targets of urea perturbation and thus
indicated potential unfolding initiation sites. Native-state hydrogen exchange studies suggested the unfolding to
traverse from the edges towards the centre of the secondary structural elements. At 6 M urea the whole protein
chain acts like a cooperative unit. These observations are expected to have important implications for the
protein's multiple functions.
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1. Introduction

DLC8, the smallest (10.3 kDa, 89 residues) light chain of the dynein
motor complex is a highly conserved protein that is found in all
organisms [1,2]. DLC8 interacts with proteins of diverse biological
functions [3–8]. The conserved nature, ubiquitous expression,
multiple biochemical forms, and numerous cellular targets of DLC8
strongly suggest that the protein might be playing a conserved
cellular function in multiple protein complexes [1,2,9] . DLC8 exists as
a homo dimer at physiological pH and a monomer at pH 3 [10,11].
However, DLC8 is functional only in its dimeric form. The DLC8 dimer
consists of two α-helices (α1, residues 15–31; α2, residues 35–50)
and 5 β-strands (β1, residues 6–11; β2, residues 54–59; β3, residues
62–67; β4, residues 72–78 and β5, residues 81–87) [2]. DLC8 is
involved in cargo trafficking across the cell. In this process it
encompasses small folding/unfolding events accompanied with
small structural/dynamic fluctuations in order to facilitate loading/
unloading of cargo molecules. pH dependent native energy landscape
analysis and target binding studies on DLC8 suggested small
environmental perturbations can efficiently modulate target binding
efficacies by regulating the dynamics of the dimer [12,13]. In view of
this it is important to monitor the structural and motional behavior of
the DLC8 in presence of various agents that cause differential local
perturbations in the protein. These slight perturbations create
ensemble of protein conformations which inter-convert amongst
themselves and are important from the functional point of view of the
protein.

Stability and unfolding features of DLC8 protein both in its dimeric
andmonomeric formshavebeen studied extensively using denaturants,
guanidine hydrochloride and urea [10,14–19]. These denaturants
interact differently with the folded protein; guanidine being positively
charged leads to efficient hydrophobic collapse via electrostatic
screening while urea is neutral and is a milder structure perturbing
agent. Being a chaotropic agent, urea has been thought to disrupt
hydrophobic interactions responsible for the globular structure of
proteins [20–24]. However, recent studies on urea interaction with
amino acids indicated that urea has preference for a favorable
interaction at polar amide surface, located mostly on the peptide
backbone [25,26]. Moreover, transfermodel analysis by Auton et al. [27]
clearly showed that urea's favorable interaction with peptide backbone
is thedriving force for urea-induceddenaturation,with nonpolar group-
urea interactions playing little or no role in the process. All these results
strongly suggest that hydrogen bonds between urea and the protein
backbone, contribute significantly to the overall energetics of urea
denaturation [25–27].

There are numerous effects of urea that can influence protein
function, such as solute-induced attenuation of hydrophobic/electro-
static interactionswhich are important between substrate and protein
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[28]. Moreover urea is present in the renal cells of many organisms.
Thus, in view of the possible implications of urea interactions to
protein stability and function, we explored here the preferential local
perturbations by sub-denaturing urea concentrations in native DLC8.
These, in some sense, also provide a simplistic identification of the
initiation sites of DLC8 unfolding.

2. Materials and methods

2.1. Protein expression and purification

DLC8 was expressed and purified as described elsewhere [11,13].

2.2. Optical spectroscopy

2.2.1. Circular dichroism and fluorescence spectroscopy
Far-UV CD spectra were recorded at pH 7 on a JASCO model J-810

spectropolarimeter using a 1 nm bandwidth at 27 °C. The global
unfolding of protein was monitored at 222 nm. Steady-state fluores-
cence emission spectra were recorded with λex=295 nm on a Spex
Fluorolog-dM3000F spectrofluorimeter using a 1 cm path-length
cuvette with a band pass of 1.5 nm for both excitation and emission.
For all the experiments the protein concentration is 20 μM as a dimer
(20 mM Tris, 200 mMNaCl, 2 mMDTT, pH 7). Denaturation profiles of
DLC8 were measured as described by Chatterjee et al. [14] at 27 °C
(also see Supplementary material).

2.2.2. Data analysis
The analysis of optical unfolding data of DLC8 is complicated

because DLC8 is a dimer. Often the intermediate is not clearly
identified by the optical techniques and the model D⇔2U, described
as a two-state process can be used, with a concentration dependent
second order dissociation/unfolding approximation.

The spectroscopic signal measured from the CD/fluorescence has
been used to calculate fraction unfolded (monomeric protein) using
Eq. (1) and the equilibrium constant was determined using
concentration dependent second order dissociation Eq. (2).

fu =
Sd−Si
Sd−Su

ð1Þ

K =
½U�2
½D� =

2Pf 2u
1−fu

ð2Þ

Where fu is the apparent fraction unfolded, Sd is the spectroscopic
signal associated with the pure dimer, Su is the signal of the unfolded,
Si is the signal at varying concentrations of the denaturant, K is the
equilibrium constant for unfolding, and P is the protein concentration.

The free energies at various concentrations of urea (ΔGi) have been
calculated using Eq. (3) and the free energy ΔGi is calculated as ΔGi=
−RT ln Ki, (Ki obtained from Eq. (2)).

ΔGi = ΔG−m½Urea� ð3Þ

The free energy changeΔGwas determined by a fit for points in the
transition region of the denaturation curve using a linear fitting. In the
Eq. (3), ΔG is the intercept of the line which provides the free energy
of denaturation or unfolding at 0 M urea andm is the slope of the line
given by a plot of ΔGi vs [Urea] [29–34].

2.3. NMR spectroscopy

2.3.1. NMR data acquisition, processing and analysis
For NMR studies the protein purified as described above was

concentrated to ~1.0–1.5 mM. Tris buffer (20 mM Tris, 200 mM NaCl,
2 mMDTT,pH7.0)wasused for all theexperiments.AllNMRexperiments
were performed at 27 °C either on Bruker Avance 800 MHz or on Varian
Unity-plus 600 MHz NMR spectrometer. 1H chemical shifts were
calibrated relative to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). All
the triple resonance experiments required were recorded as discussed
earlier [13,14]. Native state hydrogen exchange experiments (NHX)
were carried out under the sub-denaturing conditions at various urea
concentrations (2, 4 and 6 M) as discussed by Mohan et al. [18]
Transverse relaxation rates (R2) were measured with the following
CPMG delays: 10, 30, 50, 70, 90, 110, 130, 150, 170 and 190 ms.
Longitudinal relaxation rates (R1) were measured with the following
inversion recovery delays: 10, 50, 120, 220, 350, 500, 700 and 900 ms.
For steady state heteronuclear (1H–15N) NOE experiments proton
saturation time of 2.5 s and relaxation delay of 2.5 s were used. A
relaxation delay of 2.5 s was used in the experiment without proton
saturation.

All the data were processed using FELIX 2002. Residue specific
cumulative chemical shift changes (ΔCS) at native state (0 M urea) and
at different concentrations of urea (1 M, 2 M, 4 M and 6 M) were
calculated as described earlier [16]. The most probable (ϕ,ψ) values
were obtained fromHα, Cα, Cβ, CO and 15 N chemical shifts by using the
TALOS algorithm [35] for the urea perturbed states (2 M and 4 M Urea)
as well for the native protein (0 M urea) for the purpose of comparison
as described by Chatterjee et al. [14] and are listed in S1-Table
(Supplementary material). The TALOS output file also provides the
range of phi and psi deviations (δphi and δpsi). In order to calculate the
significance of Δ (ϕ,ψ) values between two states we defined two new
parameters given by

Sphi = jΔϕ j
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk21;phi

q
+ k22;phiÞ ð4Þ

Spsi = jΔψ j
ffiffiffiffiffiffiffiffiffiffiffiffi
ðk21;psi

q
+ k22;psiÞ ð5Þ

where, k1,phi and k2,phi are the ratios δ(phi1)/phi1 and δ(phi2)/phi2 ; k1,psi
and k2,psi are the ratios δ(psi1)/psi1 and δ(psi2)/psi2 respectively and the
suffices 1 and 2 indicate two different urea concentrations.

The R1 and R2 values were extracted by fitting the peak intensities
to the equation, I(t)=B exp (−R1,2t). Steady state 1H–15N NOE was
calculated as a ratio of intensities of the peaks with and without
proton saturation. The errors in the NOEs were obtained as described
by Farrow et al. [36]. Reduced spectral density analysis was carried out
for calculation of spectral densities as described by Chatterjee et al.
[14]. For hydrogen exchange studies a series of HSQC spectra were
recorded at regular intervals of time for around 12 h. These decayswere
fitted to single exponential functions to obtain the first order rate
constants, kobs and hence the protection factors as described elsewhere
[18]. The highly protected non decaying residues are given a constant
value of log (PF)=9. The initial HSQC spectrum was recorded 8 min
(dead time) after adding D2O (S1-Figure, Supplementary material).

2.3.2. Resonance assignment of urea dependent HSQC spectra
The backbone resonance assignment of the DLC8 dimer (0 M urea)

at pH 7, 27 °C was reported earlier [11,13]. We assigned the
resonances in the HSQC spectra up to 6 M urea, in order to throw
light on the urea induced perturbations to the protein. As the spectra
were almost similar we were able to assign most of the resonances
using direct transfer from the 0 M spectrum. However, in case of
ambiguities, the resonances were confirmed with experiments such
as CBCA(CO)NH and CBCANH. The number of peaks assigned in the
HSQC spectra at 2 M, 4 M and 6 M urea are 88, 85 and 77 respectively.

3. Results and discussion

3.1. Urea induced equilibrium unfolding of DLC8 dimer

Equilibrium denaturation experiments using circular dichroism
and steady state fluorescence provide a convenient way to understand



Table 1
Summary of the thermodynamic parameters for urea denaturation of DLC8, at pH 7.0.

Model m ΔG Cm
(M)(kcal mol−1 M−1) (kcal mol−1)

Fluorescence D⇔2U 1.64±0.05 14±0.3 8.6
CD D⇔2U 1.89±0.04 16.4±0.5 8.7
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the protein folding/unfolding behavior. We investigated the stability
and unfolding characteristics of DLC8 dimer using urea induced
unfolding. Fig. 1(A–D) shows the raw data and the denaturation
profiles of DLC8 dimer at pH 7, at different urea concentrations as
obtained by means of far-UV CD spectroscopy and by fluorescence
spectroscopy (Trp 54 fluorescence).

The curves obtained from CD and fluorescence fit to a two-state
unfolding approximation (Fig. 1C, D). As DLC8 exists as a dimer under
the chosen experimental conditions, the denaturation curves have
been analyzed using the two-state model (best suited) D↔2U
(discussed in Materials and methods), and the summary of the
extracted thermodynamic parameters are given in Table 1. The
transitionmid points (Cm) obtained from two-state fits for CD (8.7 M)
and steady-state fluorescence (8.6 M) profiles are similar hinting that
the equilibrium unfolding of DLC8 appears to be a simple two-state
process. However, we observed that the thermodynamic parameters
(m-values and ΔG) obtained from CD and fluorescence (Table 1) are
different to a certain extent. Moreover, the spectral profiles of CD and
fluorescence above 6 M urea are also different (Fig. 1A, B). Both these
facts suggest that the denaturation of DLC8 dimer is more complex.
Further, Fig. 1A reveals that the DLC8 dimer retains its native
secondary folds until 7 M urea whereas, the transition in the tertiary
structure sets in from 6 M urea as revealed from the fluorescence
curves (Fig. 1B). As DLC8 dimer remains in native state up to 6 M urea,
the NMR characterization of the equilibrium states of DLC8 until 6 M
urea will provide snapshots of the early unfolding interactions at a
residue level.
Fig. 1. Denaturation profile of DLC8. (A) Far-UV circular dichroism and (B) fluorescence spe
(7 M), Pink (8 M), Brown (9 M), Cyan (10 M). Spectroscopic parameters for the unfoldin
fluorescence; are plotted against concentration of urea. The solid lines represent the best fi
3.2. NMR characterization of the urea perturbed equilibrium states

Considering the structural and motional perturbations created by
sub-denaturing conditions of urea are highly relevant to understand the
structural adaptability and the initial unfolding events, we investigated
the equilibrium states of DLC8 dimer created by different urea
concentrations (0 M to 6 M) at residue level using a variety of NMR
probes. These NMR probes reveal the small local perturbations that
might occur due to the vulnerability of that particular site of the protein
to the denaturant thereby leading to specific interactions of the protein
chain which otherwise are not detectable through normal optical
spectroscopic studies.

1H–15N HSQC spectrum is the fingerprint of a protein conformation.
Fig. 2A shows theHSQCspectraofDLC8atvarious concentrationsof urea
(0 M to 10M). The HSQC spectra from 0 M to 4 M urea are largely
similar suggesting that the protein exists as a dimeric species under
these experimental conditions. The 6 M spectrum does however
contains additional peaks which would imply some local unfolding. At
8 M urea (Fig. 2A), nearer to the transition melting point (~8.6 M urea,
ctra of DLC8 protein under different urea concentrations: Red (0 M), Blue (6 M), Green
g profile of DLC8 dimer obtained from (C) circular dichroism and (D) steady state
ts obtained as described in Materials and methods (Supplementary material).



Fig. 2. 1H–15N HSQC spectra at various urea concentrations. (A) 1H–15N HSQC spectra of DLC8 protein at pH 7, 27 °C at various urea concentrations (0 M to 10 M) (B) Summary of the
residues broadened during the sequential urea induced unfolding (0 M to 6 M) of DLC8 dimer: the broadened residues have been marked (black) on the primary sequence of the
protein. The secondary structural elements in the protein are marked above with cylinders (for helices) and arrows (for sheets).
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Table 1), the spectrum is a mixture of several species rather than a pure
dimeric protein; the other species populating the spectra could be the
partially collapsed dimer, and/or the monomeric protein and also the
unfolded protein. Finally at 10 M urea (Fig. 2A), the spectrum
correspond to the unfolded state, which is evident from the narrow
dispersion of the peaks in both amide proton and nitrogen dimensions.
We observed that at higher concentrations of urea (4 M and 6 M), some
peaks disappeared due to large line broadening effects. The peaks that
broadened due to such exchange are markedwith black on the primary
sequence of the protein (Fig. 2B).

3.2.1. Structural and dynamic perturbations
Amide proton and 15N chemical shifts are sensitive probes for the

local environment of a given residue in a protein structure. Hα, I3Cα,

image of Fig.�2
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and 13C' chemical shifts of an amino acid residue in a folded protein
have a well-established correlationwith secondary structures [37–40]
and hence the most probable dihedral angles (ϕ,ψ). We calculated the
amide proton chemical shift perturbations [16] and (ϕ,ψ) values from
Hα, Cα, Cβ, CO and 15N chemical shifts by using the TALOS algorithm
[35] as described in Materials and methods. The results of these
calculations are shown in Figs. 3 and 4. The local structural perturba-
tions (Fig. 3) vary significantly along the sequence above 1 M urea. At
2 M urea, the local perturbations are initiated at the β3 and β4 strands,
N-, C- terminal regions, loops connecting α1 to α2 and β3 to β4. The
perturbations in the region of β3 and β4 strands and its interconnecting
loop, which is a part of the dimer interface and also the cargo binding
site of the protein may have direct functional relevance. It has been
reported that this segment of the dimeric protein is themost vulnerable
Fig. 3. Chemical shift perturbation. Residue specific summed chemical shift changes (Δδ)
calculated fromΔHN andΔNshifts for DLC8protein between0 Mureaand at different urea
concentrations 1 M, 2 M, 4 M and 6 M. The horizontal line indicates the cut-off of the
deviations. This corresponds to more than twice the maximum error in the individual
chemical shift measurements.
region for external perturbations [17]. At 4 M urea, the local structural
perturbations extend along the helical segments (α1, α2).

From the difference in (ϕ,ψ) values up to 4 M urea (between 0–2 M
urea and 0–4 M urea) (Fig. 4), it is evident that there are certain regions
in the protein, that are conspicuously perturbed due to the specific
interactions with the denaturant. These regions show up in both ϕ, ψ
values, althoughsomeof themaremore pronounced in theψvalues. The
perturbed segments are mainly concentrated in the interconnecting
loops and/or at the edges of the structural elements (Fig. 4). The most
perturbed regions are loops connectingβ1 toα1,α1 toα2 andβ2 to β3,
the C-terminal edge ofα2 and the N-terminal ofβ3 sheet. However, the
overall deviations in the torsion angles over the polypeptide chain are
small, suggesting that there is no drastic change in the secondary
structure of the protein under these conditions (up to 4 M urea).

As the structural perturbations are accompanied with variations in
the motional characteristics and the conformational dynamics of the
protein molecule, we carried out 15N relaxation measurements on the
protein in the folded state as well as at various urea concentrations.
Residue specific transverse relaxation rates (R2) reveal some distinct
patterns (Fig. 5). In the native state large R2 values in the region
spanning residues 65 to 74, belonging to the loop between β3 and β4,
and partly to β3 and β4 sheets suggest high degree of slow
conformational transitions in this segment of the molecule [11,41].
It is evident from Fig. 5 that qualitatively the patterns of the R2 values
are almost conserved up to 4 M urea.

Finally at 6 M urea, we observe noticeable changes in the chemical
shifts (Fig. 3) across the whole polypeptide chain, suggesting that
structural perturbations encompass all the structural elements and their
interconnecting loops. This indicates towards enhanced conformational/
structural fluctuations in all segments. This is also evident from the 6 M
HSQC spectrum (Fig. 2A) of the protein, where we saw several other
resonances corresponding to various minor conformations appearing,
although the dimeric species in the native state is still the predominant
conformation. However, at 6 M urea, several residues disappear due to
line broadening effects (Fig. 2B). Further, the residues in the β3 to β4
loop (aa. 65 –74), have almost similar R2 values as the remaining
polypeptide chain suggesting uniformmotional preferences in this state
of thedimeric protein.However, nonoticeable changeswereobserved in
the high frequency picosecond time scale motions as obtained from 1H–
15N steady state NOEs (S2-Figure), indicating nomajor dynamic changes
occurring at the faster timescales in the protein backbone under the
chosen experimental conditions.

Further insights into the motional characteristics were obtained
from the spectral density functions J(0), J(ωN) and J(ωH) that provided
direct information on both the slow (milli- to micro second time
scale) and fast (nano second and pico second) time scale motions in
the protein [42–44] in the native state and the urea perturbed states
(S3-Figure). Interestingly, there is a fair degree of variation in the
spectral densities, J(0) and J(ωN). The high frequency spectral density,
J(ωH), is rather uniform across the polypeptide chain, both in the
presence and absence of urea. This suggests that until 6 M urea
perturbations the protein lacks any additional high frequencymotions
compared to the native state, which is completely in line with the
conclusions drawn from 1H–15N steady state NOEs.

3.2.2. Stability of the DLC8 dimer and hierarchy of local perturbations
under sub-denaturing conditions

To understand the structural stability and hierarchy of the urea
induced perturbations in the DLC8 dimer, native state hydrogen
exchange experiments have been performed. The protection factors
calculated at all urea concentrations are given in Fig. 6. It is worth
noting that the structural elements of DLC8 dimer have differential
stability in its native state [18,19]. Fig. 7 represents the summary of
protection factors marked with gradient coloring on the three
dimensional structure of the protein (PDB ID: 1f3c). It is important
to note here that with the increase in urea concentration there is a

image of Fig.�3


Fig. 4. Torsion angle perturbation. Residue specific changes in (ϕ, ψ) values for DLC8 protein at different urea concentrations were calculated using the TALOS algorithm [35]. The
plots (A) Δphi and (B) Δpsi, show deviations with increasing urea concentrations as: 0 M–2 M (top panel) and 0 M–4 M (bottom panels). The error bars in the figure indicate the
significance of deviations of phi and psi for each residue as described in material and methods.
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decrease in the extent of protection and the loss of protection
traverses from the edge towards the centre of the structural elements,
this may reflect the “hierarchy” of local perturbations. It is evident
from Figs. 6 & 7 that the dimeric protein has differential segmental
stability in its native state and also in the presence of urea up to 4 M.
However, at 6 M urea, all the segments have almost similar stability
suggesting that the molecule is acting as a single co-operative unit.
This is also in accordance with the motional characteristics and
chemical shift perturbations discussed above.

3.3. DLC8 dimer unfolds via a monomer

In order to obtain more insights into the complex nature of
unfolding transition and the variety of the species present at the
transition zone of the denaturation curve in urea, we recorded the
NMR spectrum of the DLC8 dimer at 8 M urea (Figs. 2A & 8). It is
evident from the spectrum that the number of peaks present in the
spectrum is much more compared to the dimeric species (88
backbone resonances). We compared the HSQC spectrum at 8 M
urea with those of the dimeric species, the denatured protein (Fig. 2A)
and the monomeric DLC8 (H55K) mutant at pH 7 (Fig. 8). A few peaks
corresponding to the monomer are identified and marked in Fig. 8 for
illustration. From Figs. 2A and 8 it is reasonable to conclude that,
during the unfolding transition, DLC8 monomer is present.

3.4. Comparison of the initial events in the denaturation process induced
by urea with those by guanidine–hydrochloride

Guanidine–HCl and urea are completely different genres of
denaturants and their denaturation mechanisms also vary. Thus one
expects important differences in their effects on the protein structure
and dynamics. In view of these, the comparative study of the response
of the DLC8 protein to differential external perturbations by urea and
Gdn–HCl is significant. Though certain similar behaviors were
observed in the various segments of the dimeric protein under the
influence of both the denaturants, there are certain differences also.

The first point of difference lies in the signature of unfolding curve
in the two cases as monitored by CD and fluorescence (Fig. 9). In the
case of urea, both CD and fluorescence yield similar denaturation
profiles indicating towards a two state transition. In the presence of
Gdn–HCl, however, the curves obtained from CD and fluorescence do
not superimpose suggesting that the equilibrium unfolding of the
protein is complex with accumulation of stable intermediates [10,17].
This indicates that the nature of the intermediates accumulated in the
initial stages of unfolding transition induced by urea and Gdn–HCl are
different. Indeed, similar differences have been previously reported
for the monomer [14]. However, in the present case we cannot rule
out the possibility of the insensitivity of these optical probes to sense
the structural changes of the protein during the denaturation process
especially when the intermediate species are sparsely populated and
have very high structural similarity (as like DLC8 dimer and
monomer) to that of the native protein.

DLC8 dimer remains in its native state ensemble (Fig. 2) until 4 M
urea. However the spectrum at 6 M urea shows some additional
resonances resulting from the onset of unfolding transitions. This is
consistent with the fluorescence curve (Fig. 1B). At 6 M urea the
residues disappearing due to line broadening effects (Fig. 2B) are
concentrated mainly in the C-terminal end and the loop between β3
and β4 sheet. These segments of the protein may thus be assumed to
be the most vulnerable sites for urea perturbation. In contrast, in
presence of Gdn–HCl the conformational transitions are conspicuous
in the N-terminal end, the loop between β2 and β3 sheets, the loop
between β3 and β4 sheets and the C-terminal end. This indicates that
the extent of perturbation is comparatively more widespread in case
of Gdn–HCl. Secondly, at 6 M urea, the entire polypeptide chain has
almost similar R2 values suggesting uniform motional preferences in

image of Fig.�4


Fig. 6. Protection factors (PFs) from hydrogen exchange. Residue specific protection
factors (PFs) for DLC8 protein at different urea concentrations, 0 M, 2 M, 4 M and 6 M. A
protection factor (PF) of 9 is given to the residues that are not decayed during the
measurement time (12 h, see Materials and methods).

Fig. 5. Transverse relaxation rates. Residue specific 15N transverse relaxation rates (R2)
for DLC8 protein at different urea concentrations: 0 M, 2 M, 4 M and 6 M.
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this state of the dimeric protein (Fig. 5). Such is not the case of the
protein in presence of Gdn–HCl in the pre transition zone. Hence, it
can be assumed that the unfolding transition is more cooperative in
urea than in guanidine–hydrochloride.

4. Conclusion

Our NMR approaches have revealed several interesting facts related
to the structural and dynamic behavior of the DLC8 dimer to urea
perturbation in the pre transition zone at a residue level. The
denaturation curves derived from optical spectroscopic data revealed
a two-state transition like profile unlike in the case of guanidine–
hydrochloride. However, intricate detailing revealed more complex
processwith accumulation of sparsely populated intermediates. Various
NMR probes were used to identify the initial structural and motional
perturbations of the protein in the presence of urea. Until 4 M urea, the
behavior of the protein was found to be quite similar to the native
protein with slight local perturbations. These initial perturbation sites
include the β3 and β4 strands, N-, C- terminal regions, loops connecting
β1 to α1, α1 to α2 and β3 to β 4. These regions may act as potential
unfolding initiation sites. Themodulations in the cargo binding sites, i.e.
β3 and β4 strands and their interconnecting loops in the presence of
external perturbant reflect the adaptability of the protein's function in
response to the solvent environment. Interestingly, at 6 M urea, the
perturbations become more conspicuous. At this stage the secondary
structural elements of the protein start loosening and the protein
behaves more like a single unit with uniform motional preferences
throughout the polypeptide chain. The HSQC spectrum at 8 M urea,
close to the transition midpoint shows population of multiple
conformations, one of those corresponds to the monomer. The stability
and hierarchy of local perturbations in the dimer in presence of urea,
probed by HX gave us a direct glimpse of the variable extent of
vulnerability of the residues of the dimeric protein onureaperturbation.
The α2 helix, the β4 and the β5 sheets were found to be initially more

image of Fig.�6
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Fig. 7.Hierarchy of amide proton protection. Summary of protection factors markedwith gradient coloring on the three dimensional structure of the protein (PDB ID: 1f3c). The color
codes are: yellowb4, 4bblueb5, 5bgreenb7 and redN7. The residues which are not decayed during the measurement time (PF=9) are given red color. The primed and the
unprimed labels distinguish the two monomers. The images were produced using Insight II.
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protected from urea perturbation than the other structural elements.
With increasingurea concentration, the probable hierarchy of unfolding
seemed to originate from the edge of the structural elements and
gradually move towards the centre. Until 4 M urea, the differential
stability pattern of the structural elements weremore or less conserved
Fig. 8. Comparison with monomeric mutant H55K. 1HN–15N HSQC spectrum of DLC8 protein
Residues I57, G59, A82 corresponding to the monomeric and dimeric species are annotated
as that in the native state, but the protein displayed uniform protection
throughout the polypeptide chain at 6 M urea indicative of some sort of
cooperative nature of the protein at the pre transition zone. All these
facts point towards the possibility of a more concerted transition with
simultaneous dissociation of the dimer into monomer and unfolding of
at pH 7, 27 °C with (A) 8 M urea (B) H55K mutant which is a monomer at pH 7, 27 °C.
and marked with circles and squares respectively as illustrative examples.
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Fig. 9. Equilibrium unfolding profile of DLC8 by optical spectroscopy. Normalized
spectroscopic parameters (fraction apparent– Fapp) for theunfoldingprofile of DLC8dimer
obtained from circular dichroism (circles) and steady state fluorescence (triangles); are
plotted against concentration of (A) Urea (B) Gdn–HCl. The solid lines represent the best
fits obtained as described in Materials and methods (Supplementary material).
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the monomer in presence of urea as denaturant. These features are
distinctly different from those induced by Gdn–HCl perturbation that
results in the accumulation of stable intermediates.
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