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Multidimensional NMR was employed to investigate the structural changes in the
urea-induced equilibrium unfolding of the dimeric ketosteroid isomerase (KSI) from
Pseudomonas putida biotype B. Sequence specific backbone assignments for the
native KSI and the protein with 3.5M urea were carried out using various 3D NMR
experiments. Hydrogen exchange measurements indicated that the secondary
structures of KSI were not affected significantly by urea up to 3.5 M. However, the
chemical shift analysis of 'H-'N HSQC spectra at various urea concentrations
revealed that the residues in the dimeric interface region, particularly around the
p5-strand, were significantly perturbed by urea at low concentrations, while the line-
width analysis indicated the possibility of conformational exchange at the interface
region around the p6-strand. The results thus suggest that the interface region
primarily around the p5- and p6-strands could play an important role as the starting
positions in the unfolding process of KSI.
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heteronuclear single quantum coherence; NMR, nuclear magnetic resonance.

Protein folding is an active and important research area
in current structural biology (1), and extensive studies on
the folding pathways for a number of proteins have been
performed by various experimental or theoretical meth-
ods. However, many of the studies have focused on the
folding of monomeric proteins for simplicity, even though
the self-association of proteins to form oligomers is a very
common phenomenon and key factor in the regulation of
proteins (2, 3). Equilibrium unfolding is one of the useful
methods for the study of protein folding and can provide
definite insights into protein stabilities and structural
changes during unfolding of proteins. Thus, circular
dichroism (CD) and fluorescence spectroscopy have been
extensively used to understand the global features of
unfolding, in particular for the oligomeric proteins (4-8),
while multidimensional nuclear magnetic resonance
(NMR) has been used to obtain the unfolding character-
istics at residue level (9-14).

Dimeric proteins take a large portion of oligomeric
proteins and are largely distributed in living organisms
(15). Their functionality is highly dependent on quatern-
ary structures since their biological activity is often lost
when the monomers separate from each other while most
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homodimeric proteins are composed of identical subunits
each containing an active site (2). Ketosteroid isomerase
(KSI) is a small homodimeric protein with six-stranded
B-sheets and three o-helices in each cone-shaped mono-
mer (Fig. 1), which catalyzes the isomerization of a wide
variety of A®-3-ketosteroid to A*-3-ketosteroid by intra-
molecular transfer of the C4p proton to the C6p position
(16). Homologous enzymes with 125 or 131 amino acid
residues per monomer from two different bacterial
sources, Comamonas testosteroni (previously known as
Pseudomonas testosteroni) and Pseudomonas putida
biotype B, have been extensively studied (17, 18).
Previous equilibrium unfolding studies by CD and
fluorescence spectroscopy revealed that both forms of
KSI followed a simple two-state folding mechanism (19,
20). However, recent equilibrium unfolding studies on
KSI from P. putida biotype B by other techniques such as
small angle X-ray scattering and NMR self-diffusion
measurement using pulsed-field gradient consistently
indicated the existence of a distinct intermediate
during unfolding (21).

In this study, we present multidimensional NMR
investigations of the structural changes in the early
stage of urea-induced equilibrium unfolding of KSI from
P. putida biotype B. Sequence specific backbone assign-
ments for the native KSI and the protein with 3.5 M urea
were carried out using various 3D NMR experiments.
The hydrogen exchange (HX) measurements as well as
the chemical shift change and line-shape analyses
of 'H-'N heteronuclear single quantum coherence
(HSQC) spectra were performed for KSI at various urea
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Fig. 1. Crystal structure of dimeric KSI viewed roughly
along the molecular 2-fold axis.

concentrations up to 3.5M. The urea concentrations of
lower than 3.5M were selected to investigate the subtle
changes in the early stage of unfolding, since the global
features of KSI have been shown to be almost identical
below 4 M urea from the previous urea-induced unfolding
studies of KSI (21). The results suggest that the
unfolding of KSI might begin at the dimeric interface
region primarily around the B5- and B6-strands, where
the interactions are weakened first in the unfolding
process by denaturant.

MATERIALS AND METHODS

Preparation of Labelled KSI Samples—Uniformly 1°N
labelled KSI was purified from Escherichia coli BL21
DE3 (Novagen Inc.) grown in 21 of minimal medium (M9)
containing >N ammonium chloride as the nitrogen
source. The 3C-, ®N- and 2H labelled protein sample
was over expressed in the M9 medium containing 3C
glucose, >N ammonium chloride and D,0, and purified
as previously described (19). Homogeneity of KSI was
confirmed by a single band in the PAGE analysis. °N-
labelled or triple-labelled KSI of ca. 1mM was dissolved
in 20mM potassium phosphate buffer (pH 7.0, 10% v/v
D,0) with 1 mM dithiothreitol (DTT) and a small amount
of sodium 2,2-dimethyl-2-silapentane-5-sulphonate (DSS)
for internal chemical shift reference. Protein solutions at
various urea concentrations were prepared by dissolving
KSI in the phosphate buffer described above with
appropriate amounts of urea and left at room tempera-
ture for 48h to reach equilibrium.

NMR Measurements and Backbone Assignments—NMR
experiments for backbone assignments were performed
at 298K on a Bruker Avance 800 spectrometer
(800.25MHz for 'H frequency; Korea Basic Science
Institute at Ochang) equipped with a triple resonance
probe and pulsed field x-, y-, z-gradient capabilities. Seq-
uence specific backbone assignments were obtained from
the triple resonance experiments, HNCA, HN(CO)CA,
HNCACB and HN(CO)CACB in TROSY type. HNCA
and HN(CO)CA spectra were recorded with 70 data
points along ¢; domain with a width of 6,840 Hz, 48 data
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points along #, domain with a width of 2,600 Hz and
1,024 data points along ¢3 domain with a spectral width
of 9,620 Hz. HNCACB and HN(CO)CACB spectra were
recorded with 122 data points along #; domain with a
width of 13,280 Hz, 48 data points along ¢, domain with a
width of 2,600 Hz and 1,024 data points along #3 domain
with a spectral width of 9,620 Hz. All 3D NMR spectra
were recorded using Echo-Antiecho method (22) in ¢,
dimension and States-TPPI method (23) in ¢#; dimension
with a relaxation delay of 1s.

2D NMR experiments were performed at 298K on a
Bruker DRX 500 spectrometer (500.13MHz for H fre-
quency) equipped with a broad-band inverse probe and
pulsed-field z-gradient capability. H-*N TROSY-HSQC
spectra were recorded with 256 data points along ¢
domain with a width of 2,030 Hz and 4,096 complex data
points along ¢, domain with a spectral width of 7,000 Hz
using States-TPPI method in #; dimension with a relax-
ation delay of 1s. All data sets were processed with
NMRPipe (24), and analysed by Sparky (25) and MARS
(26) to assign the resonances along the primary sequence
of KSI. The 'H chemical shifts were calibrated to DSS,
and indirect referencing was used for the determination
of N chemical shifts (27).

HX Measurements—KSI solution of 100 ul in potassium
phosphate buffer (pH 7.0, 100% H;O) with an appro-
priate amount of urea was mixed with 400ul DO
solution with the same salt, pH and urea conditions.
This protein sample was mixed vigorously for 1-2min
using a vortex machine, centrifuged for ca. 20 s to remove
air bubbles and then transferred to the probe for NMR
experiments. The dead time for HX experiment was
about 30 min due to relatively long preparation process
including the D3O mixing, temperature adjustment,
probe tuning and magnet shimming.

A series of 'H-""N TROSY-HSQC spectra were
recorded for ~24h to obtain the HX rates of amide
protons. Each HSQC spectrum was recorded with 128
data points along ¢; domain and 2,048 complex data
points along ¢, domain using States-TPPI method in #;
dimension with a relaxation delay of 1s. Scans of 16
were collected at each point along #; domain, and each
HSQC spectrum took about 40min to be recorded.
The decrease in the peak intensity of each residue with
time was fitted to single-ex ponential kinetics as given
by (28):

I(t) = (IO - Ioc)exp(_kext) +Ic>o (1)

where [ is the intensity at time zero, I, the intensity at
time infinity, and k.. the observed HX rate constant.
Since the dead time of 30 min for the HX experiment is
relatively long, any residues having the HX rates faster
than the dead time cannot be probed in this study.
In order to correlate the HX rates with protecting
structures quantitatively, the protection factor (P) was
calculated according to the following equation (29):

k;

P =
kobs

2
where k; and k., are the intrinsic HX rate constant
in polypeptide chain (30) and the measured one from

KSI, respectively.
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RESULTS AND DISCUSSION

Sequence specific backbone assignments were carried out
using the characteristic chemical shifts of the 3C* of 13
glycines in HNCA spectra, '3CP of 12 alanines, 3 serines,
4 theronines and 180 phase-shifted *C* of 13 glycines in
HNCACB spectra as starting points (31) as well as the
general characteristics of HNCA and HNCACB experi-
ments. A total of 110 and 107 residues were assigned for
the native KSI (without urea) and the protein with 3.5 M
urea, respectively. Figure 2 shows the finger print
H-1N HSQC spectrum of the native KSI, and the
HSQC spectrum of KSI with 3.5 M urea was very similar
to that of the native KSI. (See the Supplementary Data
for 'H and '°N chemical shifts.)

The HX experiment has been widely used in the NMR
studies of protein folding because it can provide informa-
tion about the presence or absence of protecting struc-
tures at amino acid resolution (32, 33). The HX rate for
each of the amino acid residues of KSI was measured at
both native (0M urea) and 3.5 M urea conditions, and the
protection factors (P) were estimated by Eq. (2) using the
observed HX rates. Two features can be easily seen in
Fig. 3A and B, where the P-values for the native KSI and
the protein with 3.5M urea are expressed in log scale.
Firstly, the protection factors vary significantly with the
positions of residues in protein. Roughly, the residues
located at «3-helix, B3-strand and adjacent to N- and
C-terminal exhibit lower protection factors than those in
other secondary structure elements. In fact, the HX rates
for many of the residues in these secondary structure
elements were too fast to be detected experimentally with
the dead time of about 30min even at the native
condition. As a result, the HX rates of only 53 relatively
well-protected amino acid residues were properly mea-
sured, while the protection factors for the undetectably
fast residues were set to an arbitrary number (log P=2
in Fig. 3). Figure 3C shows the solvent accessible surface
areas (SASA) for the backbone amides of KSI (34).
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Fig. 2. Fingerprint 'H-'>N HSQC spectrum of the native
KSI. Some of the labels are not shown because of severe
overlaps between resonances.

Vol. 144, No. 2, 2008

217

As might be expected, a comparison between Fig. 3A
(or B) and C shows that there is a close correlation
between the protection factor and SASA, where the
residues with large backbone SASA are less protected
from the solvent than those with small SASA. Secondly,
the protection factors for most of the 53 residues
decrease almost uniformly with faster exchange rates
as the urea concentration increases from 0 to 3.5M,
while there are no meaningful differences in the urea-
induced change of protection factor between the residues.
Since the protection factor can be related to structural
characteristics of protein including the extent of solvent
exposure (35), the result implies that the secondary
(or tertiary) structures of KSI are not affected signifi-
cantly by 3.5M urea, though there could be an uniform
increase in the rate of backbone fluctuation as a result
of the decreased thermodynamic stability of protein at
higher urea concentrations. This result is consistent with
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Fig. 3. Plots of the protection factors as a function of
residue number for KSI at OM (A) and 3.5M (B) urea
conditions. The protection factors were calculated by Eq. (2)
using the observed HX rates. The residues having undetectably
fast exchange rates are represented by light gray bars, whose
values are set to an arbitrary number (log P=2). (C) Plot of the
solvent accessible surface areas for the backbone amides of KSI
as a function of residue number.
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those of previous equilibrium unfolding experiments
using CD and fluorescence spectroscopy that the second-
ary structures of KSI were not significantly altered by
urea up to the concentration of 4 M (19).

The peak positions of a majority of the residues in
'H-N HSQC spectra at 0 and 3.5M urea conditions
were very similar in overall. However, some of the res-
onances showed small, but distinct differences in the
shifts at the two wurea conditions, which could be
attributed to the local perturbations in the structural
characteristics of KSI by urea. In order to further
investigate the local structural perturbations, 'H-°N
HSQC spectra were collected from the KSI samples at
various urea concentrations of 0, 0.5, 1.0, 2.0, 3.0 and
3.5 M. Resonance assignments for KSI at 0.5, 1.0, 2.0 and
3.0M urea conditions were achieved by a comparison of
the observed 'H->N HSQC spectra with those of KSI
at 0 and 3.5M urea conditions, which have been fully
assigned by 3D NMR experiments. Figure 4 shows the
representative 'H-'>N HSQC spectra of KSI at 0.5 and
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Fig. 4. Representative 'H-'°N HSQC spectra of KSI at the
urea concentrations of 0.5 and 3.5 M. Intensities of the three
boxed residues (Trpl20, Glul22 and Vall23) are significantly
reduced with the increase in urea concentration.
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3.5M urea conditions. While the spectra look very
similar each other, the peak intensities of three reso-
nances from Trpl20, Glul22 and Vall23 residues are
significantly reduced with the increase in urea concen-
tration. Figure 5A shows the plot of the 'H line-widths as
a function of residue number at 3.5M urea condition,
where the residues with the line-widths of greater than
the average (ca. 30Hz) appear to be localized in the
regions around the 5- and f6-strands. When the line-
widths of the residues were normalized to the corre-
sponding values of native KSI (0M urea condition) for
comparison, the three residues Trpl20, Glul22 and
Vall123 were found to have the largest normalized line-
widths. Figure 5B shows the plot of the normalized 'H
line-widths for these residues as a function of urea
concentration. As can be seen in Fig. 5B, the normalized
'H line-widths for the three residues are gradually
increased with the increase in urea concentration,
while the average value for all the other residues
remains almost the same at all urea concentrations.
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Fig. 5. Plots of (A) the 'H line-widths as a function of
residue number at 3.5M urea condition and (B) the line-
widths for Trpl120, Glul22 and Vall23 as a function of
urea concentration. The line-widths at each urea concentra-
tion were normalized to the corresponding values of native KSI
(OM urea condition). The ‘Average’ represents the average value
of normalized line-widths for all the other residues of KSI.
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In general, the line-width will increase if there exists a
chemical or conformational exchange between two differ-
ent sites with a slow exchange rate on NMR time scale,
and the rate becomes faster due to enhanced overall or
internal motions. In the case of KSI unfolding by urea,
the backbone fluctuations seem to be enhanced at higher
urea concentrations as evidenced by the results of HX
experiments (Fig. 3). Then, the increased line-widths at
higher urea concentrations may suggest that there exists
a moderately fast exchange between two conformers of
well-structured dimeric KSI, particularly in the region
around the three residues. The results of our previous
study on the size of KSI during urea-induced unfolding
by diffusion NMR and small angle X-ray scattering
measurements indicated that KSI exists as a compact
monomer-like intermediate at the urea condition of
5.2M, while the protein maintains the dimeric form
below 4.0 M urea (21). Interestingly, the three residues
compose a B-bulge structure in the p6-strand of KSI and
also participate in the formation of dimeric interface (36).
Such a conformational exchange between two protein
conformers has also been observed in other proteins such
as SUMO-1 (10) and DLCS8 (37).

In order to investigate the local structural perturbations
of KSI by urea in detail at residue level, the cumulative
chemical shift changes (Ad..m,) were calculated for each of
the residues according to the following equation (38):
1/2 3)
where Ady and Ady denote the urea-induced chemical
shift changes at various urea concentrations measured in
Hz in the 'H and '°N dimensions, respectively. The
Adcum values were quite small for most of the residues at

Adeum = I:(ABN)2 + (A‘SH)Z]
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all urea concentrations, however, many of the residues
exhibited distinct dependence of Ad.., on the urea
concentration. Thus, the Ad.,, values for some residues
were quite large even at 0.5M urea condition with little
dependence on the urea concentration, while other
residues showed linear correlations between Ad.., and
the urea concentration with relatively small Ad.., at
0.5M urea condition (data not shown), indicating that
the local structural perturbations are quite different
along the sequence.

Figure 6 shows the plots of Ad.., as a function of
residue number for KSI at 0.5 and 3.5 M urea conditions,
which represent the relatively early and midway stages
of urea-induced unfolding process. The residues that
have relatively large Ad..m, over a specific cut off (a sum
of the average and standard deviation of AS.,,) at each
urea concentration are labelled on the histogram and
marked by black on the ribbon diagram of native
structure of KSI besides the plots. As expected, the
Adcum values at 3.5M urea condition are much larger
than those at 0.5M urea condition, indicating signifi-
cantly enhanced structural perturbations at higher urea
concentrations. More specifically, a total of 10 residues
such as Arglh, Phed42, Ile47, His48, Thr71, Ala76,
Aspl03, Vall04, Met105 and Serl21 show relatively
large Ad.um over the cut off of ca. 20 Hz at 0.5M urea
condition (Fig. 6A). Interestingly, six of the 10 residues
(Phe42, Ala76, Asp103, Vall04, Met105 and Ser121) are
located at the dimeric interface region, and three of the 6
interface residues (Aspl03, Vall04, Met105) belong to
the p5-strand. This observation indicates that the
dimeric interface region, particularly the p5-strand
could be significantly perturbed by denaturant such as
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Fig. 6. Plots of the Ad.,m as a function of residue number
for KSI at 0.5M (A) and 3.5M (B) urea conditions. Changes
beyond a specific cut off (see text) are marked by black on the
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ribbon diagram of native structure of KSI besides the plots. The
residues for which the Ad.u, could not be determined due to lack
of measured data are marked by white.
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urea even at very low concentrations. On the other hand,
a total of 12 residues such as Alal4, Argl5, Val22, Glu39,
Asp40, Phe42, Ala68, His78, Ala98, Val104, Glul09 and
Ser121 show large Ad..m over the cut off of ca. 40Hz at
3.5M urea condition (Fig. 6B). However, only four of the
12 residues (Phe42, His78, Vall04 and Serl21) are
located at the dimeric interface region, indicating that
the structural perturbations are not localized any longer
in the dimeric interface region, particularly around
B5-strand at 3.5M urea. Two clusters can be noticeable
around the regions of 39-48 and 92-121 residues in
Fig. 6B, where the former cluster mainly corresponds to
a flexible loop, while the latter one is comprised of
B5- and B6-strands. The results of chemical shift analyses
thus suggest that the structural perturbations are
initially localized in the dimeric interface region around
B5-strand at low urea condition and would spread all
over the protein including the entire interface region in
the midway of unfolding, which could lead to dissociation
of dimeric KSI into structured monomers at higher
denaturant concentrations as the interactions in the
interface region are weakened or collapsed. Similar
observation has also been reported in the mass spectro-
metric study on the unfolding of creatine kinase (CK)
induced by GdmHCl of <0.8M, where the regions
involved in the dimeric interface of CK were very
sensitive to low GdmHCI concentration (39).

In summary, we have investigated the effect of urea on
the structural changes in the early stage of equilibrium
unfolding of KSI by using various multidimensional
NMR techniques. HX measurements indicated that no
remarkable changes occurred in the secondary (or
tertiary) structures of KSI up to the urea concentration
of 3.5 M. However, the chemical shift analysis of 'H-1°N
HSQC spectra at various urea concentrations revealed
that the residues in the dimeric interface region,
particularly around the pB5-strand, were significantly
perturbed by urea at low concentrations, while the line-
width analysis indicated the possibility of conformational
exchange at the dimeric interface region, particularly
around the B6-strand. Taken together, it can be con-
cluded that the dimeric interface region primarily around
the B5- and B6-strands would be perturbed first by urea
in the early stage of unfolding, and the unfolding of KSI
might begin at this interface region of two strands.

Supplementary data are available at /B Online.
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