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Characterizing the low energy excited states in the energy landscape of a
protein is one of the exciting and demanding problems in structural biology
at the present time. These describe the adaptability of the protein structure
to external perturbations. In this context, we used here non-linear
dependence of amide proton chemical shifts on temperature to identify
residues accessing alternative conformations in SUMO-1 in the native state
as well as in the near-native states created by sub-denaturing concentrations
of urea. The number of residues accessing alternative conformations
increases and the profiles of curved temperature dependence also change
with increasing urea concentration. In every case these alternative
conformations lie within 2 kcal/mol from the ground state, and are
separated from it by low energy barriers. The residues that access
alternative conformations span the length of the protein chain but are
located at particular regions on the protein structure. These include many of
the loops, 2 and B5 strands, and some edges of the helices. We observed
that some of the regions of the protein structure that exhibit such
fluctuations coincide with the protein’s binding surfaces with different
substrate like GTPase effector domain (GED) of dynamin, SUMO binding
motifs (SBM), E1 (activating enzyme, SAE1/SAE2) and E2 (conjugating
enzyme, UBC9) enzymes of sumoylation machinery, reported earlier. We
speculate that this would have significant implications for the binding of
diversity of targets by SUMO-1 for the variety of functions it is involved in.

© 2007 Elsevier Ltd. All rights reserved.
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imperative to know in detail the shape and the
energetic aspects of the funnel around the native
state, since it is these features that dictate the
structural adaptability, rates of inter-conversions
between alternate conformations, perturbations to
the energy landscape due to external agents such as
ligands, substrates, inhibitors etc, or even due to
changes in environmental conditions; these describe
the dynamic energy landscape of the protein.’*
These in turn are crucial to understanding diver-
sities in protein functions in a real system. However,
such information has remained extremely difficult to
obtain due to the absence of appropriate tools. NMR
spectroscopic studies as a function of pressure over a
wide range have been used in recent years to derive
some information on the accessibility of alternate
conformations by the different residues in a few

Introduction

Explicit description of the structure of the energy
landscape of a given protein is the most desired, yet
the most elusive topic in structural biology at the
present time. The three-dimensional structure of a
protein, determined either by X-ray crystallography
or by NMR spectroscopy provides a picture of the
native state of the protein at the bottom of the
folding funnel. NMR relaxation measurements
provide a measure of the dynamics at different
locations in the protein structure in terms of the time
scales and amplitudes of internal motions."” While
these are extremely important characteristics that
we need to know of the native state, it is also highly

Abbreviations used: HSQC, heteronuclear single
quantum coherence; SUMO, small ubiquitin-related
modifier; CD, circular dichroism.
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proteins.”® Pressure causes the protein to shrink, in
some sense, thereby resulting in population of some
low energy excited states. These show up as residue-
wise chemical shift perturbations in a systematic
manner.
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Alternatively, small temperature perturbations
can also be used to populate alternative conforma-
tions accessed by individual residues in a given
protein structure. These also will reflect in chemical
shift perturbations of the individual residues. How-
ever, the states populated by temperature perturba-
tions would of course be different from those
populated by pressure perturbations. While it is
still difficult to assess what these conformations are,
some knowledge about their energy profiles relative
to the most stable native state can be derived from
an analysis of the chemical shift perturbatlons in
either case. Williamson and co-workers’ > moni-
tored the temperature dependence of the amide
proton chemical shifts and observed that for any
residue non-linearity of this dependence is an
indication of the accessing of alternative conforma-
tions within a distance of 2-3 kcal/mol from the
native state. Protein accesses these low-lying states
for at least 1% of its time. Identification of such states
under mild external perturbation, such as urea, will
help in elucidating how the energy landscape of the
protein can alter due to small external perturbations.
Here, we have used this approach to characterize the
energy landscape of SUMO-1 in the native state
ensemble.

SUMO-1 (small ubiquitin related modifier), an
important protein involved in post-translational
modification, is a 101 amino acid residue polypep-
tide, which reversibly gets conjugated to many of
the target proteins by a process called “sumoyla-
tion”. Prior to sumoylation the protein gets activated
by cleaving off four residues from the C-terminal
end. Sumoylation proceeds via concerted action of
activating enzyme (E1), conjugating enzyme (E2)
and ligating enzyme (E3). E1 and E2 are the same in
all sumoylation reactions but E3, the ligating
enzyme, varies from substrate to substrate. E3-
SUMO complexes recognize the substrates and then
SUMO gets attached to the substrate via isopeptide
bond formed between the carboxyl termlnus of the
G97 residue and a lysine in the substrate.'*'* Post-
translational modification by SUMO and its con-
sequences in signaling is currently one of the major
areas of research. Four examples of functional
modulation in target protelns after SUMO modifica-
tion are known till date."®> SUMO modification can
be in competition with ubiquitination and can alter
the stability of the target protein. In recent years
sumoylation has emerged as a regulator of diverse
functions like signal transduction, transcription,
chromatin remodelling, DNA repair, viral infection
and nucleocytoplasmic shuttling.'™” Sumoylation
has also been shown to play an important role in the
neurodegeneratlve Huntington’s disease. ' Now,
SUMO-1 is also believed to be involved in many
non-covalent interactions as a potential regulatory
mechanism in signal transduction pathways. Recent
reports say that SUMO works as a “molecular glue”
to fac111tate the assembly of multiprotein com-
plexes.'”*" Tt has been suggested that SUMO-1
binds to parkin, an E3 ubiquitin ligase, and this
association modulates the intracellular localization

and self-ubiquitination of parkin.”* We believe that
SUMO-1 is able to perform these many diverse
functions because of its dynamic structure and
adaptability in the native state. Previous structural
studies on SUMO-1 suggested that more than 50% of
the protein is actually unstructured.”®*> We have
also shown that the flexible part of the proteln is an
important site for substrate binding.” Equilibrium
folding studies on SUMO-1 indicated that the
protein goes through an unusual sequence of
transitions involving interesting structure forming
and breaking processes as the proteln folds from the
unfolded state to the native state.?® Here, we demo-
nstrate by studying curved temperature dependence
of amide proton chemical shifts, that a large number
of residues in SUMO-1 (1-97) access alternative
conformations; hereafter for sake of brevity we refer
to this protein as SUMO-1 only. These low lying
conformers are within 1-2 kcal/mol from the native
state. We further elucidate the changes in the
landscape of the protein at residue level in the
presence of sub-denaturing concentrations of urea.

Results

Thermal denaturation from CD

We monitored the thermal unfolding of SUMO-1
by measuring ellipticity at 222 nm as a function of
temperature as shown in Figure 1(a). Thermal
denaturation is fully reversible with a transition
mid-point (Ty,) at 334.64(+0.08) K (61.64 °C) and
shows a sigmoidal behavior. Sigmoidal behavior is
generally shown by proteins that unfold/fold in
cooperative manner illustrating a sharp transition
from a specific tertiary structure to a denatured
state. Equations (4) and (5) (see Materials and
Methods) were used to derive the equilibrium
constant (Kr@pp)) and the free energy changes
(AGT) as a function of temperature. The fitting of
AGY versus T data to equation (9) (Figure 1(b)) in the
temperature range of the transition yielded the
values of ACp and AH,,. From this AH,, the value of
AS,, was calculated as AH,,/T,,. All the parameters
so derived are summarized in Table 1. Then, using
equation (9), the free energy difference between the
native state and the thermally denatured state was
calculated to be ~6.5 kcal/mol.

Temperature dependence of amide proton
chemical shifts: theoretical simulations

Temperature dependence of amide proton chemi-
cal shifts in globular proteins has been investigated
for more than three decades by many researchers
and continues to be investigated even today.”” >
The amide proton chemical shifts are directly
proportional to bond magnetic anisotropy (o)
and this is crucially dependent on H-bonding, either
intramolecular or intermolecular. In the former case,
the carbonyl groups, the H-bond acceptors play a
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Figure 1. Thermal denaturation curve for SUMO-1
(pH 5.6) monitored by far-UV CD at 222 nm. Data are
normalized as described in Materials and Methods. (b)
Stability curve of SUMO-1 obtained by fitting the data in
the transition region according to equation (9).

crucial role. The bond magnetic anisotropy (o*™) is

proportional to 7~ where r is the 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. In the 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
that the proton is engaged in. The chemical shift of
an amide proton is also intimately related to the
local environment around it, especially the aro-
matic residues.

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.>* Such an

increase in the distance between the atoms partici-
pating in an H-bond results in a weakening of the H-
bond. Consequently, chemical shifts of most amide
protons move upfield when the temperature is
increased. Since bond magnetic anisotropy (o™") is
proportional to r ~3 and molecular volume (V) is
proportional to r° ((6®™) a 1/V), there is an inverse
relationship of their variation with temperature.
However, over a small temperature range, o*" may
appear to decrease linearly with temperature, and
consequently amide proton chemical shifts would
appear to vary linearly with temperature. In BPTI
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.” Such measure-
ments have been carried out on many other
proteins®®*° 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 am1de this
value is more positive than —4.5 ppb/K.” This is
because the lengthening of the average H-bond
distance will be greater for the intermolecular H-
bond, such as those with bulk water, than for the
intramolecular 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 alternate
conformations that the residues can access.'” A
theoretical description and simulation in the tem-
perature range 288-309 K, relevant to our present
experiments on SUMO-1 are presented below.

Consider a residue having two conformational
states accessible to it, i.e. a native state and a higher
energy state. This high energy state could be either
due to local conformational change along the back-
bone or due to changes in the surrounding side-
chain packing. Of course, both of these effects can
influence each other. Each of the two states can be
assumed to have a linear chemical shift temperature
dependence as, 6; =06°+¢1T and 6,=06%+¢,T, where
g1 and g, are the gradients of temperature depen-
dence, 6; and 6, are the chemical shifts of the native
and excited states, respectively, and T is the
temperature. If P;, and P, are the corresponding
populations of the native and the excited states, the

Table 1. Thermodynamic parameters from the analysis of thermal denaturation profile of SUMO-1 at 27 °C, pH 5.6,

monitored by far UV-CD

AH,, (kcal mol 1)

AS,, (kcal mol ' K1)

Ten (K) AC, (kcal mol ' K1)

Stability curve AGY versus T 81.61+1.45

(equation (9))

0.24 334.64+0.08 1.71+£0.14
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observed chemical shift, 6,ps, Of the amide proton
will be given by:

Oobs = 01P1 + 82P> (1)

These populations depend on the free energy
difference between 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 that leads to non-
linear dependence of chemical shifts on tempera-
ture. To understand the influence of these factors we
performed simulations of HY chemical shift varia-
tion with temperature in the range, 288 K-309 K,
using a two state model following the procedure
described: "

(01 +&1T) +[(8 + g T)e” CXI]
1+ ¢ (AG/RT) (2)

6obs =

where, AG is the free-energy difference between the
two states and AG=AH-TAS, where, AH and AS
are the enthalpy and entropy differences between
the two states, respectively.

The 6,ps Obtained using the above equation was
best fitted to a linear equation and the residuals
were plotted against temperature to generate a
profile of the deviations. The results are summarized
in Figure 2. Figure 2(a) shows the curves for AG
variation, ranging from 1-4 kcal/mol, with 64, 85, &1
and g, being kept constant. It is interesting to note
that the curvature almost disappears for AG>3

Figure 2. Simulation of dependence of HY chemical
shift variation with temperature in the range 288-309 K. In
the entire set of calculations chemical shift was simulated
using equation (2) given in the text and fitted to a straight
line with temperature. The residuals (deviation from
linearity) thus obtained were used to show the curvatures.
(a) Different curves show the dependence of curvature on
free energy difference between the native state and the
alternate states. Convex shapes: AG=1 kcal/mol (contin-
uous line), AG=2kcal/mol (dotted line), AG=3 kcal/mol
(broken line), AG=4 kcal/mol (dot-dot-dashed). Concave
shapes: AG=1 kcal/mol (long dashed line) and AG=2
kcal/mol (dot-dash line). For these calculations TAS was
fixed to 5.1 kcal/mol at 298 K and AH was varied from 6.1
kcal/mol to 9.1 kcal/mol. The chemical shifts and
gradients were: 6, =8.8 ppm, 6,=8.0 ppm, g1=—2 ppb/K
and g, =—7 ppb/K for the convex shapes and &; =8.0 ppm,
8,=8.8 ppm, g1=—7 ppb/K and g,=—-2 ppb/K for the
concave profile. (b) The effect of variation in the chemical
shifts (6, and &,) on curvature: Dotted curve shows the
curvature for free energy difference of 2 kcal/mol with the
other parameters same as in (a); continuous curve,
61=9.0 ppm, 6,=8.0 ppm g;=—2 ppb/K and g,=-7
ppb/K and AG=2 kcal; broken curve, 6;=8.3 ppm,
6,=8.0 ppm, g1=—2 ppb/K and g,=—7 ppb/K and
AG=2 kcal. (c) The effect of variation in the temperature
gradients (g, and g,) on the curvature: Dotted curve is the
same as in (a) with AG=2 kcal/mol; continuous curve,
61=8.8 ppm, 6,=8.0 ppm, g;=—4 ppb/Kand g,=—7 ppb/
K and AG=2 kcal; broken curve, 6;=8.8 ppm,
6,=8.0 ppm, g1=—2 ppb/K and g,=—4 ppb/K and
AG=2 kcal.

kcal/mol in the given temperature range. If the
chemical shift of the ground state is upfield to that of
the excited state, the shape of the curve changes
from convex to concave as shown in the Figure. The
smaller the AG, the larger is the curvature. Figure
2(b) illustrates the dependence of curvature on
chemical shift differences for constant AG (for
these, AG was chosen to be 2 kcal/mol). Figure
2(c) shows the effect of gradients on the curvature,
when AG and chemical shifts are kept constant; here
again AG was chosen to be 2 kcal/mol. It is clear
that in either case (Figure 2(b) and (c)) the change in
the curvature is very small. Thus, AG appears to be
the most decisive parameter in defining the extent of
the curvature. We also observed that for a constant
AG, variation in AS (entropy) can cause a small
change in the curvature (data not shown). Similarly,
when the curvature is small due to some chosen
value of AG, small variations in chemical shifts and
gradients can make the curvature appear non-
existent (data not shown). Therefore, a linear
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dependence of amide proton chemical shifts on
temperature puts only some limits on AG values
and does not necessarily indicate absence of alter-
native conformations that the protein can access.

Temperature dependences in SUMO-1 in the
native and near-native states

In a previous article, we observed that SUMO-1
unfolds via a Comglex pathway when subjected to
urea denaturation.”® There are two transitions with
mid points 2.42 and 5.69 M. Therefore, to investigate
the temperature dependences in the near-native
states created by low concentrations of urea, we
restricted the maximum concentration of urea to
0.9 M, which is much lower than the first transition
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mid-point (242 M) and the protein is ensured to
remain in the native state ensemble.

We have measured the temperature dependence
of amide proton chemical shifts in SUMO-1 by
recording '°N-'"H heteronuclear single quantum
correlation (HSQC) spectra as a function of tem-
perature in the range, 288-309 K, and at urea
concentrations of 0, 0.35, 0.7 and 09 M. The
folding-unfolding transition mid-point (T,,) for
SUMO-1 has been determined to be 334.64 K
(Figure 1), and thus in the above temperature
range the protein is clearly in the native state
ensemble. In the presence of the above concentra-
tions of urea the transition mid-point is reduced
marginally by only few degrees (3 °C at 0.9 M urea)
(data not shown).
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Figure 3. Residues showing linear and non-linear chemical shift variation with temperature for SUMO-1 at pH 5.6. (a)

Linear profiles and (b) non-linear profiles.
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The peak assignments in the native protein at 300
K, pH 7.4 have already been reported earlier.”> The
HSQC spectrum of SUMO-1 at pH 5.6 was very
similar, so most of the peaks were easily identified
by visual inspection. However, to remove some
ambiguities in crowded regions, we recorded the
standard triple resonance experiments (see Materi-
als and Methods) on a doubly (**C, 15N) labeled
sample and obtained all the sequence-specific
assignments. The HSQC spectrum of SUMO-1
with all the peak assignments at pH 5.6 and 300 K
is shown in Figure S1 (A) of Supplementary Data.
The peak assignments in the HSQC spectra at pH 5.6
in 0.35, 0.7 and 0.9 M urea could be readily obtained
since all these spectra were nearly identical; Supple-
mentary Data Figure S1 (B) shows an overlay of the
spectra at 0 and 0.9 M urea. At each of the urea
conditions, we could systematically monitor the
peak movements as a function of temperature in the
range 288-309 K, since the spectra were recorded at
every three degree interval. These experiments were
repeated three times with freshly prepared samples
on different days to check for the reproducibility of

N 60 V57 H35

0.02

the data and the profiles were indeed found to be
reproducible.

In the native state of SUMO-1, most of the residues
show linear dependence of the chemical shift with
temperature, however, some residues do show non-
linear dependence and with different profiles. Some
of these profiles are shown in Figure 3: Figure 3(a)
shows illustrative linear dependences, and Figure
3(b) shows illustrative non-linear behaviors. Some
residues show positive temperature gradients as
illustrated by K46. Among those that show curva-
tures, both convex and concave shapes are seen.
Eight out of 93 observable amide protons show
curvature in the temperature-dependent chemical
shift profiles.

We noticed many interesting patterns as the urea
concentration was changed from 0 M to 0.9 M. More
and more residues showed curved profiles, and also
several profiles changed. Some profiles, which were
linear at 0 M, showed considerable curvature at
0.9 M and vice versa. For a better appreciation of the
curvatures, all the chemical shift versus temperature
data were fitted to a straight line and the residuals
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Figure 4. Illustrative examples showing variations in the linear and non-linear profiles of chemical shift variation with
temperature. Chemical shifts were fitted to a straight line and the calculated residuals have been plotted against
temperature at different urea concentrations. In these plots y-axis range was 0.04 ppm, i.e. £0.02 ppm centered at 0.0 and
x-axis was 14-37 °C. Error bars indicate chemical shift measurement error, which was +0.002 ppm. For each row, urea

concentration is indicated on the right.
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were plotted against temperature as illustrated in
Figure 4. Clearly, different residues show different
profiles. Many profiles remain linear at all urea
concentrations, as seen in the case of N60. Few
profiles that are curved at 0 M become linear when
the urea concentration is increased, e.g. V57,
whereas, in most cases the curvature increases
with increase in urea, e.g. H35, K46, Q53. While
most of the curvatures are of convex shape some
residues depict concave shape, as in Q53. Figure 5(a)
shows a summary of the observed different tem-
perature dependence profiles along the sequence of
the protein. Figure 5(b) depicts the urea concentra-
tion-dependent changes in the number and location
of residues accessing alternative conformations on
the three-dimensional structure of the protein. We
did a similar analysis of the '>N chemical shifts with

oM

R,(S)

R,(S7)

AR,(S7)

40 60 80 100
Residue Number

Figure 6. Transverse 5N (R,) relaxation rates in
SUMO-1 under native condition and at 0.9 M urea are
plotted against residue number in the top two panels. The
error bars are indicated for each residue. The average
errors in the top and the middle panels were 0.6 and
0.45 s, respectively. The line in each box indicates the
average value. The bottom panel shows differences (AR,)
in the above transverse relaxation rates. AR, deviations
larger than 2 s~ (Wthh is more than three times the
averageerror (0.6s 1Y in the R, values) are taken to indicate
enhancement of conformational exchange when urea
concentration was increased.

ternperature at all urea concentrations. However, we
found "N to be less sensitive to temperature as
compared to amide protons. The deviations from
linearity (residuals) were similar or smaller than the
errors (~0.02 ppm) in chemical shift measurements
(data not shown). Hence, we refrained from an
interpretation of these deviations in terms of
accessing of the alternative conformations.

Conformational transitions in SUMO-1 in the
native and near-native states

The N transverse relaxation rates (R») provide
valuable indications for the conformational transi-
tions occurring on milliseconds to microseconds
time scales. The presence of conformational
exchange for a particular residue will contribute to
an increase in the transverse relaxation rate (R;)
(R2=Ryint+ Rex where R, ;y; is the intrinsic rate and
Rex is the contribution due to exchange). We
measured the R,s for SUMO-1 under native condi-
tion (0 M urea) and also at 0.9 M urea, and the results
are shown in Figure 6. It may be seen that the
flexible N terminus becomes even more flexible
when the urea concentration is increased, whereas,
in the central portion many residues show signifi-
cant increase in the transverse relaxation rates.
These reflect on the changes in the energy landscape
of the protein as the urea concentration is increased.

Discussion

Thermal denaturation

The thermal denaturation profile monitored by
far-UV CD reveals that SUMO-1 is a very stable
protein. It unfolds by a simple co-operative two state
process with a Ty, of 334.64(+0.08) K. This is in
contrast to the denaturant- dependent unfolding,
which was found to be complex.”® It is quite
plausible that the two unfolding phenomena popu-
late different denatured states.

For SUMO-1 we obtained higher AH and AC,
values compared to other proteins of similar size;
these data are available in PROTHERM data bank.
There seems to be a loose correlation that proteins
with low free energies of unfolding and large heat
capacities show higher increase in flexibility with
temperature.*® This could have some relevance to
many residues showing curvature in temperature-
dependent chemical shift changes in the near-native
condition of the protein.

Curved temperature dependence of amide
proton chemical shifts

As indicated earlier, curvature in temperature
dependence of amide proton chemical shift of a
particular residue indicates that the residue accesses
alternative conformations. Several studies per-
formed by Williamson and co-workers'®'* have
shown that the alternative states thus identified
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represent locally unfolded forms, typically consist-
ing of approximately five amino acid residues
centered on the residue that displays curved tem-
perature dependence.'”'? As shown in Figure 5(a),
in the native condition of SUMO-1, about eight
residues show curvature in temperature-dependent
chemical shifts. Upon addition of urea more
residues seem to be participating in conformational
exchange and thus acquire curved profiles. In the
case of 0.35 M and 0.7 M urea concentrations the
number of residues showing curvature in tempera-
ture-dependent chemical shift profiles are 11 and 13,
respectively, which increases to 25 at 0.9 M urea
concentration. Comparing the magnitudes of the
curvatures with those seen in the simulations for the
same temperature range, we can infer that the
alternative conformations lie within 2 kcal/mol
from the ground state and in some cases where the
curvature is very deep the energy may even be less
than 1 kcal/mol.

Figure 5(b) shows the progressive changes in the
number and location of residues that access alter-
native conformations. To start with, at 0 M condi-
tion, the residues exhibiting curved temperature
dependence are located either in the loop or at the
edges of the structural elements. As the urea
concentration increases, the residues located in the
close proximity of these residues attain flexibility. At
0.9 M urea, 25 out of 93 residues exhibit curvature
implying that the protein becomes conformationally
quite dynamic. Most of these residues are located in
the p2, B5 strands, at the edges of the helices, and in
the loops surrounding these elements.

Positive temperature gradients

As mentioned before, the temperature coefficient
for an amide proton is generally negative and this is
a consequence of weakening of H-bond on increas-
ing the temperature. Positive temperature coeffi-
cients originate from structural perturbations such
as changes in ring currents, or, in general, those
perturbations that cause downfield shifts of the
amides. In the present case, positive coefficients are
seen for the residues K46, L62 and V90 and these
residues are located in a1, at the beginning of 3 and
in R5, respectively. The possible reason for the
positive temperature gradient could be that these
residues are upfield shifted from their respective
random coil values in the native structure. If we
consider the chemical shift of the urea-denatured
state as random coil value, then these amides
resonate at least 1 ppm upfield compared to their
random coil values. As the temperature increases,
the local structural perturbation causes a downfield
shift of these amides. L62 and V90 have positive
gradients with a linear profile while K46 shows a
convex curve.

Mechanistic insights into the non-linear profiles

Understanding the possible reason for the con-
formational flexibility is very crucial for defining the

shape of the energy landscape. The eight residues
that clearly show curved temperature dependence
under the native condition, are: 122, Q29, T42, K46,
Q53, V57, F66, and A72. A closer look into the
structural arrangement of the side-chains around
these residues would provide some clues to the
origin of the conformational flexibilities. Figure 7
provides an insight into the behaviors of T42, K46
and A72. The side-chains of residues A72 and T42
are seen to be in close vicinity of H75 and H43 side-
chains. Now, as our experiments were performed at
pH 5.6, and at this pH the side-chains of histidine
residues (H, pK ~6) will be inter-converting
between protonated and deprotonated states, there
will be fluctuations in the surroundings of the
histidine side-chains. These in turn could induce
backbone fluctuations. We may mention here that
the pH of the solution changes by about 0.07 unit as
the temperature increases from 15 to 35 °C in a
buffer of pH 6.” In the present study, a similar pH
change is expected, since the experimental condi-
tions are comparable (pH 5.6 and temperature
range, 15-36 °C). However, this small change in
pH should not affect the protonation-deprotonation
of the histidine side-chains.

Further, in Figure 7 we also see that K46 and T42
are in close proximity to the side-chains of F36. Thus
ring flips of F36 can also cause local structural
fluctuations including backbone fluctuations. All
these effects account for the curved temperature
dependences observed for the residues, T42, K46
and A72. Similar arguments would apply for the
other five residues as well, though they are not
explicitly discussed here. Overall, there could be
both backbone fluctuations, and/or side-chain
fluctuations that would contribute to curved tem-
perature dependence of amide proton chemical
shifts.

Energy landscape of the native state ensemble

Identification of the residues accessing alternative
conformations in the native and near-native states
created by sub-denaturing concentrations of urea
enables characterization of the plasticity of the
energy landscape, on one hand, and provides a
gross view of the landscape of the native state
ensemble on the other. As shown in Figure 4, the
curvatures for H35 and K46 increase, whereas that
for Q53 remains almost the same. Simulation results
from Figure 2 illustrate that the increase in curvature
is a reflection on the contraction of the energy
landscape, i.e. the ground state and the excited state
come closer. In general, the energy landscape of
SUMO-1 seems to contract as the urea concentration
is increased and the effect of this is reflected by an
increase in the number of residues with curved
temperature dependence profiles. This is not too
surprising since upon interaction urea causes local
perturbation in the structural elements and these
disturbances will be relayed to the neighboring
residues because of side-chain packing. At least 25
out of 93 observable peaks show signatures of
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Figure 7. Zoom on a particular portion of the structure of the protein. Topological arrangement of His side-chains and
aromatic rings around the residues showing curved temperature dependences. Residues with curved temperature
dependence, T42, K46 and A72, are located at <10 A from the His side-chains or aromatic rings.

alternative conformations. Judging from the location
of the residues on the protein structure, it is obvious
that edges of helices, p2, 5 and loops around them
are more vulnerable sites for perturbations.

Further, from the N transverse relaxation rates
(Rp) (Figure 6), which provide insights into milli-
seconds to microseconds time scale conformational
exchange, we observe sequence-wise variations as
the urea concentration is increased from 0 M to
0.9 M. The N-terminal residues that are already
flexible attain greater flexibility as evidenced by
decrease in Rj. A significant increase in the R, can be
discerned in the structured part of protein. The
residues with AR,>2 s ! have been identified and
mapped on the structure of the protein. The cut-off
of 2 57! was chosen because it was more than three
times the average error (0.6 s 1) in the R, values.
Figure 8 provides an all-inclusive (0, 0.35, 0.7 and 0.
9 M urea) comparison of the residues showing
curved temperature dependence (a) with those
showing AR,>2 s ! (b). Interestingly, there is a
nice correlation between the two.

The alternative states identified by curved tem-
perature dependence of amide proton chemical
shifts are within 1-2 kcal/mol from the ground
state. These states are in fast exchange with the
ground state on the chemical shift time scale because
we observed only one peak for each residue. This
implies that the exchange rate for the excited state to
the native state inter-conversion is at least ~1000
s . The activation free energy, AG, can be given

as: 4G,y = — RTIn'K where K is the rate constant.
The highest possible activation energy for such an
exchange rate has been calculated to be ~4 kcal/
mol.*® This implies that there is an energy barrier
between the two states and this is about 2-3 kcal/
mol above the excited state.

Correlations with target binding sites

SUMO-1 is known to bind to a variety of target
proteins with diverse structures. It is therefore
imperative that there is an induced adjustment of
the structure to acquire maximum specificity of
interaction, and the adaptability of the protein
structure as can be gauged by the residue-wise
accessing of alternative conformations described
above would be of great significance. In our
previous study we have identified the non-covalent
interaction site of SUMO-1 with Dynamin, a protein
involved in clathrin-mediated endocytosis.”> In
recent years, it has been shown that the prominent
mode of non-covalent interaction by SUMO-1
proceeds by recognition of SUMO binding motifs
on the substrate site.®™*! Figure 8(c) shows the
residues that were seen to be perturbed when GED
(GTPase effector domain) of Dynamin25 and SBMs
(SUMO binding motifs)***! interacted with SUMO-
1. The binding surfaces for these two substrates lie
on the opposite faces of the protein. In sumoylation
reaction, SUMO-1 covalently attaches to the side-
chain of a lysine in the target molecules. This modi-
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Figure 8. Comparison of residues with curved temperature dependence profile shown in (a) with the residues

showing AR,>2 s '

when urea concentration was increased from 0 M to 0.9 M (b) and the residues involved in

substrate binding (c). For (b), all the residues colored in red are showing both the properties, i.e. curved temperature
dependence and AR,>2 s . The residues in blue are those that have AR,>2 s ! but do not show curved temperature
dependence. In the case of (c) residues of SUMO-1 engaged in non-covalent interaction with GED (cyan) and with
SBMs (pink) are indicated on the three-dimensional structure of the protein. Some residues are labeled to judge the
locations. (d) The residues of SUMO-1 involved in interaction with E1 (dark green) and with E2 (orange) enzymes are

highlighted.

fication is mediated by cascade of three enzymes,
namely El (activating enzyme), E2 (conjugating
enzyme) and ligating enzymes (E3). The crystal
structure of SUMO-1 in complex with E1 enzyme
(SAE1/2) has been solved recently. The authors
have shown that the substrate E1 (SAE1/2) recogni-
tion site lies near and around the C terminus of
SUMO-1.** The site where SUMO-1 binds with its
E2 (UBC9) has also been identified by NMR
chemical shift perturbations.”> Figure 8(d) sum-
marizes the results of these interactions with
SUMO-1 in color-coded manner on the protein
surface. Interestingly, there is a close match between
the residues that are perturbed on protein binding
and those that were seen to be accessing alternative
conformations in the present study.

In a recent similar study using variable pressure
NMR spectroscopy on ubiqutin and NEDDS it has
been shown that the two proteins exhibit conforma-
tional fluctuation in the evolutionarily conserved
enzyme-binding sites.** These proteins also have a
structurally similar locally disordered conformer in
equilibrium with the native folded conformer. Thus
they seem to have similar structures not only in their

basic folded states, but also in their high-energy
states. The authors showed that the structure of the
protein in these excited states is similar to the
structure of the protein in the complex with their
activating enzymes. Thus, these high energy con-
formers are suggested to be the functional forms of
the protein. SUMO-1, a UBL (ubiquitin-like protein),
is similar to these two proteins in many respects:
they have the same three-dimensional fold, the
mechanisms by which they get ligated to the
substrates are also similar. It is quite exciting to
note that our findings provide similar insight into
the details of SUMO-1 binding to its substrate.

Conclusions

We have attempted here to obtain a residue level
view of the energy landscape of the native state
ensemble of SUMO-1. Curvature in temperature
dependence of amide proton chemical shifts pro-
vided a useful insight into the rapid accessing of
alternative conformations by the individual residues
in the protein structure. The data enabled identifica-
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tion of residue level changes in the energy landscape
due to addition of small concentrations of urea, the
protein still remaining entirely in the native state
ensemble. In the native state of the protein, only
eight residues show curved temperature depen-
dence and this number increases as small amount of
urea is added to it. At 0.9 M almost 27% of residues
spread over the length of the chain attain conforma-
tional flexibilities. These occur at particular regions
on the protein structure, namely, edges of the
helices, p2, p5 strands and the loops connecting
the different structured elements. We also observed
that while a large number of residues displayed the
typical linear temperature dependence with nega-
tive coefficients, some residues displayed positive
temperature coefficients. These also reflect on some
local structural perturbations other than simple
H-bond disturbances. The alternative states
accessed by the various residues are within 1-2
kcal/mol from the ground state. The transverse
relaxation rates indicate occurrence of slow con-
formational transitions for many residues and this
concurs largely with the accessing of alternative
conformations by the different residues. These will
have great significance for the adaptability of the
protein structure due to external perturbations and
thus are functionally very significant. We actually
observed a close correlation between the sites
accessing alternative conformations and the sites
involved in binding to different substrates, like E1
and E2 enzymes of sumoyalation machinery, GED,
and SBMs.

Materials and Methods

Protein preparation

SUMO-1 was prepared and purified as described
elsewhere.”” The purity of the protein sample was
confirmed by SDS-PAGE.

NMR samples

For NMR studies °N and (*°N, '*C) labeled protein
samples were concentrated to ~1.0 mM in an ultrafiltra-
tion cell using a 3 kDa cutoff membrane. Protein was
exchanged with phosphate buffer (pH 5.6) (100 mM
phosphate, 150 mM NaCl, 5 mM EDTA, 1 mM DTT). The
final volumes of the samples were ~550 pl (90% H,O +
10% *H,0).

NMR data acquisition and processing

All the NMR experiments were recorded using a triple
channel Varian Inova 600 MHz NMR spectrometer
equipped with pulse-shaping and ]i)ulse field gradient
capabilities. For all the experiments 'H and N and "*C
carrier frequencies were set at water (4.74), 116.63 and
56 ppm, respectively. The proton chemical shifts were
referenced using DSS as external calibration agent at
0.00 ppm whereas "°N and ">C was referenced indirectly
as described by Wishart et al.*> For resonance assignment,
several 3D experiments (reviewed by Tugarinov et al.*%),

namely, HNCA, HN(CO)CA, "N-edited TOCSY, C(CO)
NH, and HC(CO)NH were performed. For the HNCA
spectrum the delay T\ was set to 25 ms. A totalof 64 and
43 complex points were used along t, (*C) and 1 (°N)
dimensions, respectively. The HN(CO)CA spectrum was
recorded with the same T\ parameter, the same number of
t, and t; points, and the Tcc delay was set to 9 ms. C(CO)
NH and HC(CO)NH were performed with 64 and 43
complex points, respectively, along the t, (**C) and t; (**N)
dimensions. For the ’N-edited TOCSY-HSQC the mixing
time was 80 ms. A total of 80 and 43 increments were used
along the indirect 'H () and N (#) dimensions,
respectively. In every case 1024 complex data points
were collected along f;. Temperature coefficients of the
backbone amide protons in SUMO-1 in 0, 0.35, 0.7 and
0.9 M urea were determined by recording eight 'H-""N
HSQC spectra in each case with 2048 data points and 256
t; increments in the temperature range, 15-36 °C, at 3 deg.
C intervals. Temperature calibration was done using
glycerol. All the data were processed using FELIX on a
Silicon Graphic, Inc. work station. Prior to Fourier
transformation and zero-filling, data were apodized with
a sine-squared weighting function shifted by 60° in both
dimensions. After zero filling and Fourier transformation
the final matrix had 4096 and 1024 points along F, and F;
dimensions, respectively, for all the HSQC experiments.
The chemical shift assignment was done using peak
picking macro of FELIX. The chemical shift data were then
analyzed by linear regression to estimate the slope and
hence the residuals (deviation of the experimental values
from the expected values). 15N transverse relaxation rates
(R>) were measured using CPMG delays, 10, 50, 70%, 90,
130, 170%, 210, 250 ms, where asterisks indicates duplicate
measurements required for error analysis. Pre-scan delay
was 1 s. The rates were extracted from single exponential
fits using the Sigma Plot 8.0 software.

CD measurements

Far-UV circular dichroism (CD) at 222 nm was used to
monitor the thermal unfolding of SUMO-1, on a JASCO-
J810 spectropolarimeter, using 1 nm bandwidth for the
measurements. Experiments were performed with 80 uM
protein using quartz cuvette of 0.2 cm path length placed
on a thermostatted cell holder attached with a thermo-
meter. Data were collected at pH 5.6 in phosphate buffer
using automated experiment manager application of
JASCO software. The temperature was raised from 10 °C
to 80 °C with heating rate of 0.5 deg.C/min, monitoring
ellipticity at 222 nm. At every 2 deg.C interval, samples
were equilibrated for 10 min and a spectrum from 260 nm
to 210 nm was collected. At the end of the heating
experiment, the sample temperature was returned to 10 °C
with the same rate as during heating to check the extent of
reversibility.

CD data analysis

The thermal denaturation data obtained from experi-
ment was smoothened using three points averaging.
Thermal unfolding of SUMO-1 showed a two-state
(N<U) sigmoidal behaviour. At each temperature, T,
the unfolded fraction (f,pp) was calculated using
equation (3):

o Sobs - SO
faPP - SF _ SO (3)
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where, fapp is the relative CD signal that shows the
apparent unfolded fraction, Sy, Sops and Sg represent the
CD signal for the completely folded state, at a
particular temperature, and for the thermally unfolded
state, respectively. The apparent equilibrium constant of
unfolding (Ktepp)) and the corresponding free energy
change (AG’y) at temperature, T were calculated using
equations (4) and (5), respectively:

Japp
KT = (4)
(app) 1 _fapp
AGY = —RT In(Kr(app)) (5)

where R is the gas constant and T is the absolute
temperature. The associated changes in enthalpy (AHry)
and entropy (ASt) were calculated at temperature T, as
follows:

AGY = AHy — TASt (6)

If we assume that heat capacity change (AC,) between
native state and denatured state is independent of the
temperature in the range of experimental conditions, then
AHt and ASt can be written as:

AHt = AH,, + ACP(T — Tm) (7)
ASt = AS, + AC,1 I (8)
T — m P n Tm

where AH,, and AS,, are the enthalpy and entropy
changes, respectively, at the transition mid point (Ty,). So

at temperature Ty, Kypp will be 1 and thus AGY,=0.

So equation (6) can be rewritten as:

T
AGY = AH,, (1 —T—) +AG, (T—

m

T
T — T lnﬁ) 9)
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