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Abstract We used xenon-perturbed '"H-'°N multidi-
mensional NMR to investigate the structural changes in the
urea-induced equilibrium unfolding of the dimeric ketos-
teroid isomerase (KSI) from Pseudomonas putida biotype
B. Three limited regions located on the f3-, f5- and
p6-strands of dimeric interface were significantly perturbed
by urea in the early stage of KSI unfolding, which could
lead to dissociation of the dimer into structured monomers
at higher denaturant concentration as the interactions in
these regions are weakened. The results indicate that the
use of xenon as an indirect probe for multidimensional
NMR can be a useful method for the equilibrium unfolding
study of protein at residue level.
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Introduction

Protein folding is an active and important research area in

current structural biology (Miranker and Dobson 1996),
and numerous studies on the folding pathways for a
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number of proteins have been performed by various
experimental or theoretical methods. Equilibrium unfold-
ing is one of the useful methods for the study of protein
folding, since it can provide definite insights into protein
stabilities and structural changes during unfolding of pro-
teins. Thus, circular dichroism (CD) and fluorescence
spectroscopy have been used to understand the global
features of unfolding, in particular for the dimeric proteins
(Gloss and Mathews 1997; Mallam and Jackson 2006;
Zeeb et al. 2004), while NMR together with hydrogen
exchange, relaxation and high-pressure studies have been
used to obtain the unfolding characteristics at residue level
(Burgering et al. 1995; Korzhnev et al. 2006; Kumar et al.
2006; Tang et al. 2006).

The use of small probe molecules designed to interact
with target sites to describe them is an elegant approach,
and xenon appears as a promising probe for NMR structural
study of proteins because of its inertness to chemical
reaction, binding preference to hydrophobic cavities and
remarkable chemical shift sensitivity to non-bonded local
environment (Quillin et al. 2000; Tilton et al. 1984). Thus,
the existence of hydrophobic cavities has been detected in
several proteins through the influence of xenon concentra-
tion on the protein 'H and '°N chemical shifts (Dubois et al.
2004; Groger et al. 2003; Lowery et al. 2005). However,
the possibility of using xenon as a means for studying the
protein folding by multidimensional NMR has not been
well tested until now, even though the hydrophobic regions
in protein can be significantly disturbed during unfolding.

In this paper, we present new NMR approach for the
equilibrium unfolding study of protein, in which xenon is
employed as an indirect probe for multidimensional NMR
to investigate the structural changes in the urea-induced
equilibrium unfolding of ketosteroid isomerase (KSI) from
Pseudomonas putida biotype B. KSI is a homodimeric
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protein with six-stranded f-sheets and three a-helices in
each cone-shaped monomer (131 amino acid residues per
monomer), which catalyzes the allylic isomerization of a
variety of A’-3-ketosteroids by intramolecular transfer of
the C4p proton to the C6f position (Ha et al. 2001; Pollack
2004; Pollack et al. 1999). Equilibrium unfolding studies
on KSI by CD and fluorescence spectroscopy revealed that
the protein followed a simple two state mechanism (Kim
et al. 2001), while recent unfolding study by NMR and
small angle X-ray scattering indicated the existence of a
monomer-like intermediate during unfolding of KSI (Jang
et al. 2006). Our results show that three limited regions
located on the 33-, f5- and S6-strands of dimeric interface
were significantly perturbed by urea in the early stage of
KSI unfolding, suggesting that the unfolding process could
begin at these regions with an increase of the denaturant
concentration.

Materials and methods
Preparation of labeled KSI sample

Recombinant '°N KSI was purified from Escherichia coli
BL21 DE3 (Novagen Inc.) grown in 2 L of minimal medium
(M9) containing SN ammonium chloride as the nitrogen
source. The 13C-, ISN-, and H labeled protein sample was
overexpressed in the M9 medium containing '*>C glucose,
>N ammonium chloride and D,0, and purified as previously
described (Kim et al. 2001). Homogeneity of KSI was con-
firmed by a single band in the PAGE analysis. '°N-labeled
KSI or triple-labeled KSI of ca. 1 mM was dissolved in
20 mM 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-sulfonate (DSS) for
internal chemical shift reference. Protein solutions with 3.5
and 4.5 M urea were prepared by dissolving KSI in the
phosphate buffer described above with appropriate amounts
of urea. Special NMR tube with a pressure valve (Wilmad,
model 528-PV-7) was used to dissolve a definite amount of
xenon (natural abundance) in the samples, and the xenon gas
pressure of 8 atm was used for 2D HSQC experiments. To
dissolve xenon gas as much as possible in the sample
solution, the experimental step of degassing by weak
decompression and purging xenon gas of ca. 4 atm was
repeated for 3—4 times prior to pressurizing xenon gas with
final pressure of 8 atm to the protein solution.

NMR experiments

NMR experiments for backbone assignments were per-
formed at 298 K on a Bruker Avance 800 spectrometer
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(800.25 MHz for 'H frequency; Korea Basic Science
Institute at Ochang) equipped with a triple resonance probe
and pulsed-field x-, y-, z-gradient capabilities. Sequence
specific backbone assignments were obtained from the
triple resonance experiments, HNCA, HN(CO)CA,
HNCACB and HN(CO)CACB in TROSY type (Pervushin
et al. 1997; Piotto et al. 1992; Sklenar et al. 1993). HNCA
and HN(CO)CA spectra were recorded with 70 data points
along ¢, domain, 48 data points along ¢, domain, and 1024
data points along ¢3 domain. HNCACB and HN(CO)CACB
spectra were recorded with 122 data points along #;
domain, 48 data points along 7, domain, and 1024 data
points along 73 domain. All 3D spectra were recorded using
Echo-Antiecho method (Kay et al. 1992) in #, dimension,
and States-TPPI method (Marion et al. 1989) in ¢; dimen-
sion with a relaxation delay of 1 s.

2D NMR experiments were performed at 298 K on a
Bruker DRX 500 spectrometer (500.13 MHz 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
and 4096 complex data points along f, domain using
States-TPPI method in #; dimension with a relaxation delay
of 1 s. The 'H chemical shifts were calibrated to DSS, and
indirect referencing was used for the determination of '°N
chemical shifts (Wishart et al. 1995).

Results and discussion

Sequence specific backbone assignments for the native KSI
and the protein with 3.5 M urea were carried out using the
characteristic chemical shifts of the '>C* of 13 glycines in
HNCA spectra, Bebof 12 alanines, 3 serines, 4 theronines,
and 180 phase-shifted '*C* of 13 glycines in HNCACB
spectra as starting points (Zhao et al. 1997) 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 and the protein with 3.5 M urea, respec-
tively, and Fig. 1 shows the finger print 'H-'>N HSQC
spectra of both KSI samples. The resonances of the native
KSI are shown in black, and those of KSI with 3.5 M urea
are in red. As can be seen in Fig. 1, the 'H-5N HSQC
spectrum of KSI with 3.5 M urea is almost identical to that
of the native protein, indicating that the effect of 3.5 M
urea on KSI is relatively small, leaving the protein largely
unaffected. According to the equilibrium unfolding study
on KSI by CD and fluorescence spectroscopy, the urea
concentration of 3.5 M lies in the flat baseline region of the
urea-induced transition curve (Kim et al. 2001).

"H-""N HSQC spectra were collected from the native
KSI and the protein with 3.5 M and 4.5 M urea in the
presence and absence of xenon. The 'H and "N shift
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Fig. 1 Finger print 'H-'N HSQC spectra of KSI. The resonance of
the native KSI are shown in black, and those of the protein with 3.5 M
urea are in red. Some of the labels are not shown because of severe
overlaps between resonances
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Fig. 2 Selected region from the 'H-'>N HSQC spectrum of the
native KSI. The resonance of the xenon-free KSI are shown in black,
and those of KSI pressurized with xenon are in red

assignments for KSI with 4.5 M urea were obtained by
comparing cross-peaks from the "H-'"N HSQC spectrum
with those of KSI under 3.5 M urea condition. Figure 2
shows a selected region from the "H-'°N HSQC spectrum
of the native KSI. The resonances of the xenon-free KSI
are shown in black, and those of KSI pressurized with
xenon are in red. As can be seen in Fig. 2, considerable
signal shifts in the "H and '°N dimension are induced by
xenon for the native KSI. In order to quantitatively

evaluate the shift of amide group cross-peaks in the "H-'°N
HSQC spectra, the cumulative chemical shift changes (Ad)
were determined for each of the residues according to the
following equation:

85 = [(A00)* + (AdyY] v (1)

where Ady and Ady denote the xenon-induced chemical
shifts measured in Hz in '"H and °N dimension, respec-
tively. The uncertainty in Ad due to measurement errors
was estimated to be about 2 Hz using three different data
sets for the native KSI. Thus, any shift changes above 2 Hz
could be considered to be real and significant.

Figure 3 shows the plot of the xenon-induced Ad as a
function of the amino acid residue number for the native KSI
and the protein with 3.5 M and 4.5 M urea. The depicted
secondary structures on top of the figure were assigned on the
basis of previously reported crystal structure of KSI (Kim
et al. 1997). Pressure-induced effects of xenon on the
chemical shifts are known to be negligible (Groger et al.
2003). Xenon is also very inert and has almost no effect on
the protein structure (Rubin et al. 2001) or stabilization/
destabilization (Tanner et al. 2001; Blobel et al. 2007).
Furthermore, since the xenon-induced AJ is obtained by a
subtraction of the 'H and '°N chemical shifts with xenon
from those without xenon at the same urea concentration, any
effects of urea interaction with protein molecules on the
chemical shifts should be cancelled. Thus, the observed
signal shifts must be attributed to the interaction between
protein molecules and dissolved xenon atoms. As can be seen
in Fig. 3, it appears that the signal shifts vary along the
sequence, and this must have bearing on the different inter-
actions of the xenon along the polypeptide chain. The
average Ad amounts to relatively small value of 3—4 Hz for
all KSI samples, which is expected for nonspecific interac-
tion of xenon with hydrophobic surface patches of protein
(Dubois et al. 2004; Groger et al. 2003). For specific xenon-
protein interaction, the xenon-induced shifts were reported
to be ca. 40-50 Hz (Dubois et al. 2004; Groger et al. 2003;
Lowery et al. 2005; Rubin et al. 2002). Besides the graphs in
Fig. 3, solid ribbon diagrams coded by the values of Ao are
presented to show the trends of xenon-induced shifts more
clearly, where the Ao values beyond a specific cut-off are
marked by black (over the sum of average and standard
deviation), dark gray (over average), light gray (below
average), and white (no data). It can bee seen from the dia-
grams that the residues perturbed most significantly by
xenon are concentrated on a broad region around the dimeric
interface. The clusters of residues largely perturbed by xenon
did not show good correlations with 16 hydrophobic pockets
searched by the CASTp software (Binkowski et al. 2003) for
KSI wild-type monomer (PDB ID: 10PY), suggesting that
xenon interacts with KSI in a nonspecific manner.
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Fig. 3 Plot of the xenon-
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In order to understand the effects of urea on the struc-
tural characteristics of KSI more definitely, the differences
in the xenon-induced Ad between the native KSI and the
protein with 3.5 M urea (AA0 = Adgm — Ad35m) were
calculated as shown in Fig. 4a. The AJ values for KSI with
3.5 M urea are in general slightly smaller than those for the
native KSI, presumably due to the interference of dena-
turant molecules with easy access of xenon to protein
surfaces. Nevertheless, two limited regions (residues 97—
108 and 117-127 that belong to f35- and p6-strands,
respectively) are more significantly perturbed by the pres-
ence of xenon under 3.5 M urea condition than the native
KSI, which correspond to the negative histograms in
Fig. 4a. Such differences in Ad between the two states of
KSI could be attributed to urea-induced local perturbations
in the tertiary structure of the protein. Thus, it seems that
the region formed mainly by the 55- and §6-strands is more
vulnerable to structural perturbations by urea than other
regions, which would make the two strands more exposed
to xenon under 3.5 M urea condition.

We now show in Fig. 4b the differences in Ad
between the native KSI and the protein with 4.5 M urea
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(AAS = Adgy — Adasy). As the urea concentration
increases from 3.5 M to 4.5 M, additional region (resi-
dues 69-77 that belong to pf3-strand) is significantly
perturbed by urea, while the existing perturbations in
p5- and f6-strands become even stronger, indicating a
stepwise enhancement of structural changes with the
increase of denaturant concentration. Since the f3-, f5-
and f6-strands constitute the dimeric interface of KSI
together with the f4-strand, it seems that the interface
region of the protein is significantly perturbed by urea
during early stage of KSI unfolding, which could lead to
dissociation of the dimer into structured monomers at
higher denaturant concentration. Furthermore, the inter-
actions around the f5- and f6-strands appear to be
weakened first in the unfolding process by urea, sug-
gesting that the unfolding of KSI might begin at this
region of two strands. The results are consistent with
those of our previous study on the size of KSI during
urea-induced unfolding (Jang et al. 2006), where NMR
and small angle X-ray scattering measurements consis-
tently indicated the existence of a compact monomer-like
intermediate at the wurea concentration of 5.2 M.
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Fig. 4 Differences (AA0J) in the xenon-induced cumulative chemical
shift changes. (a) Plot of AAJ between the native KSI and the protein
with 3.5 M urea (AAO = Adgy — Adssm) as a function of the amino
acid residue number. (b) Plot of AAJ between the native KSI and the
protein with 4.5 M urea (AAJ = Adgm — Ad4sm) as a function of the
amino acid residue number. (¢) Solid ribbon diagram coded by the
values of AAJ from the plot in (b). The residues with large negative
AA$ values beyond a specific cut-off (sum of average and standard
deviation) are shown in black, the residues with no data in white, and
the rest of the residues having small AA¢ values in either dark or light
gray

Figure 4c is a solid ribbon diagram coded by the values
of AA¢ in Fig. 4b, where the residues with large negative
AAS values beyond a specific cut-off (ca. —6 Hz, sum of
average and standard deviation) are shown in black. The
residues that are excluded from the analysis due to lack
of peak assignments in either xenon-free or xenon-added
KSI are shown in white, while the rest of the residues
having relatively small AAJ values are in either dark

(above average) or light (below average) gray. As can be
seen in Fig. 4c, it is clear again that the most signifi-
cantly perturbed residues by urea are mainly located on
the dimeric interface region of KSI.

In conclusion, we have investigated the effects of urea on
the structural changes in the equilibrium unfolding of KSI by
using xenon-based multidimensional NMR spectroscopy.
Our results clearly demonstrate that the subtle structural
changes in the early stage of protein unfolding can be easily
monitored at amino acid resolution by multidimensional
NMR with the use of xenon as an indirect probe, and suggest
that this new NMR approach can be a useful method for the
equilibrium unfolding study of protein.
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