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The backbone dynamics of Y14F mutant of "5-3-ketosteroid isomerase (KSI) from
Comamonas testosteroni has been studied in free enzyme and its complex with a
steroid analogue, 19-nortestosterone hemisuccinate (19-NTHS), by 15N NMR relaxa-
tion measurements. Model-free analysis of the relaxation data showed that the
single-point mutation induced a substantial decrease in the order parameters (S2) in
free Y14F KSI, indicating that the backbone structures of Y14F KSI became
significantly mobile by mutation, while the chemical shift analysis indicated that
the structural perturbations of Y14F KSI were more profound than those of wild-type
(WT) KSI upon 19-NTHS binding. In the 19-NTHS complexed Y14F KSI, however, the
key active site residues including Tyr14, Asp38 and Asp99 or the regions around
them remained flexible with significantly reduced S2 values, whereas the S2 values
for many of the residues in Y14F KSI became even greater than those of WT KSI upon
19-NTHS binding. The results thus suggest that the hydrogen bond network in the
active site might be disrupted by the Y14F mutation, resulting in a loss of the direct
interactions between the catalytic residues and 19-NTHS.
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Abbreviations: CPMG, Carr–Purcell–Meiboom–Gill multi-pulse sequence; HSQC, heteronuclear single-
quantum coherence; KSI, ketosteroid isomerase; 19-NTHS, 19-nortestosterone hemisuccinate; NMR,
nuclear magnetic resonance; NOE, nuclear Overhauser effect; WALTZ, wideband alternating-phase
low-power technique for zero residual splitting; WATERGATE, water suppression by gradient-tailored
excitation; WT, wild-type.

Protein dynamics is a subject of great interest since it
can greatly influence some important aspects of protein
functions such as folding, stability and enzymatic reac-
tion. In particular, the catalysed reaction of enzyme
inherently involves dynamic processes with conforma-
tional changes, which are as important with respect to its
function as the average structural properties (1). Thus,
studies on the changes in protein dynamics upon muta-
tion or ligand binding could be essential to understand
the molecular interactions in catalysis or specific ligand
binding of proteins (2).
Heteronuclear NMR has been widely used to describe

the dynamics of proteins (3, 4) since 13C and 15N NMR
relaxation measurements can provide unique experimen-
tal data for the side chain and the backbone dynamics in
a wide range of time scales from pico- to milliseconds.
The model-free analysis (5, 6) for heteronuclear relaxa-
tion data such as T1, T2, and nuclear Overhauser effect
(NOE) provides dynamical information on the protein

motions in terms of the overall correlation time for
tumbling motions (�m), the generalized order parameter
(S2), the effective correlation time for internal motions
(�e) and the conformational exchange contribution (Rex).
Dynamics studies by NMR thus have been applied to a
large number of protein systems including the ligand-
bound (7–9) and mutant (10–12) proteins.
�5-3-ketosteroid isomerase (KSI) from Comamonas

testosteroni is a homodimeric enzyme of 26.8 kDa (125
amino acid residues per monomer) with six-stranded
b-sheets and three a-helices in each cone-shaped monomer
(Fig. 1), which catalyses the isomerization of a variety of
�5-3-ketosteroids to �4-3-ketosteroids via a dienolic inter-
mediate with diffusion-controlled rate. Three-dimensional
structures of KSI from C. testosteroni both in solution and
crystal states have been identified by NMR and X-ray
crystallography (13, 14). A hydrogen bond network was
found to have a large importance on the maintenance of
the proper active site geometry for both function and
stability of KSI (15), which connects two critical catalytic
residues, Tyr14 and Asp99, with Phe30, Tyr55 and a water
molecule in the highly apolar active site (16). In the
catalytic process of KSI, Tyr14 plays a crucial role by
formation of a direct hydrogen bond to C3 oxygen of the
dienolate intermediate (17). It has been reported that
the kcat value was dramatically decreased by ca. 104-fold
for Y14F mutant of C. testosteroni KSI relative to that
for the wild-type (WT) enzyme (18). A number of NMR
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relaxation studies on the backbone or side chain dynamics
of C. testosteroni KSI have been carried out for better
understanding the nature of enzymatic reaction (19–21).
Thus, Zhao et al. (19) examined the side chain and
backbone dynamics of the catalytic residue, Tyr-14, in a
mutant KSI, Y55F/Y88F, by 13C NMR relaxation measure-
ments in the presence and absence of a steroid analogue,
19-nortestosterone hemisuccinate (19-NTHS), while Yun
et al. (20, 21) investigated the backbone dynamics of WT
KSI by 15N NMR relaxation measurements in free enzyme
and its complex with 19-NTHS. However, no solution or
crystal structures of Y14F KSI and no information on its
dynamics are available at present presumably due to the
instability of Y14Fmutant, even though they could provide
detailed information about the mutation-induced struc-
tural changes in local area as well as their propagation
throughout the whole protein.
In order to further elucidate the role of Tyr14 in the

enzyme activity and the maintenance of the optimum
structure of C. testosteroni KSI, we have investigated the
complete backbone dynamics of the single-point mutant
(Y14F) of KSI in free enzyme and its complex with
19-NTHS by using 1H-detected 15N NMR relaxation
measurements. Using the model-free analysis for the
experimentally obtained 15N T1,

15N T2 and 15N{1H}
NOE, the motional parameters such as S2, �e and Rex

were extracted for the free and 19-NTHS complexed
Y14F KSI. In addition, the differences in dynamics
between the WT and Y14F KSI were discussed on the
basis of structural features of the enzyme. The results
indicate that the Y14F single mutation could disrupt the
hydrogen bond network in the active site, leading to a
loss of direct interactions between the catalytic residues
and the steroid ligand, which may account for the
dramatically reduced catalytic activity of Y14F KSI.

MATERIALS AND METHODS

Preparation of Labelled Y14F KSI—Mutant Y14F KSI
was prepared by use of the Quickchange site-directed
mutagenesis kit (Stratagene Inc.) using themocycler
(MJ research). Expression vector, pKK-KSI (carrying the

WT KSI gene) was used as a template with a set of
two primers designed to encode desired mutation site in
the KSI gene. Recombinant plasmids were transformed
into Escherichia coli XL-1Blue supercompetent cells
(Stratagene Inc.), and purified from the transformants by
using Qiagen miniprep kit (Qiagen Inc.). The complete
sequence of the gene was determined by the ABI 370
system (Applied Biosystem Inc.). Expression and purifica-
tion of 15N-labelled Y14F was performed as previously
described (20).
NMR Samples—NMR samples were prepared to con-

tain ca. 0.7mM uniformly 15N-labelled protein in 20mM
potassium phosphate, 10% (v/v) DMSO-d6 and 90% H2O.
The pH of the sample was adjusted to 7.0. To obtain
the steroid-bound protein, 19-NTHS pre-dissolved in
DMSO-d6 due to its insolubility in water, was added to
the protein solution with a slightly excess amount rela-
tive to that of the protein, and then free unbound steroid
was separated by ultra-centrifugation. The equilibrium
constant (KU) and the free energy change (�GU) for the
denaturation of KSI samples were determined with a
two-state model by utilizing the following equations as
described previously (15);

KU ¼ 2PT
FU2

ð1� FUÞ

� �
ð1Þ

�GU ¼ �RT � lnðKUÞ ¼ �GH2O
U �m ½urea� ð2Þ

where PT is the total protein concentration, FU the
apparent fraction of the unfolded form, �GH2O

U the free
energy change in the absence of urea, and m a measure
of dependency of �GU on urea concentration.
NMR Measurements and Processing—All NMR data

were collected at 300K on a Bruker DRX500 spectrometer
(500.13MHz for 1H and 50.7MHz for 15N) equipped with
a triple resonance probe and pulsed-field z-gradient
capability. The 15N relaxation parameters T1, T2 and
steady-state 15N{1H} NOE were measured by the standard
pulse sequences (22, 23) withWATERGATE (24) technique
for the suppression of water resonance. Decoupling of
15N spins during acquisition was performed using the
GARP composite pulse sequence. The 1H chemical shifts
were calibrated with the internal chemical shift reference,
sodium 2,2-dimethyl-2-silapentane-5-sulphonate. Indirect
referencing method was used for the determination of
15N chemical shifts (25). The cross-peak intensities were
measured as peak volumes for better sensitivity, and the
severely overlapped resonances were ruled out from the
measurement of the relaxation parameters. A 4 s relaxa-
tion delay was used between scans for all experiments.
The T1 and T2 measurements were performed using

a total of 96 transients per t1 experiment. A total of
128� 2,048 complex points were acquired in the t1� t2
dimensions. 15N T1 relaxation times were measured with
delays of 28, 170, 340, 570, 1,020 and 1,500ms. 15N T2

relaxation times were measured with delays of 5.6, 11.2,
28, 44.8, 56, 78.4 and 95.2ms. The T2 measurements
utilized a 100ms delay between sequential 15N pulses in
the CPMG pulse train for attenuating the 15N signal loss
during a T2 relaxation period. To suppress undesirable
effects of cross-correlation between 1H-15N dipolar and
15N chemical shift anisotropy relaxation mechanisms in

Fig. 1. Crystal structure of dimeric KSI viewed roughly
along the molecular 2-fold axis.
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the T1 and T2 experiments, GARP decoupling and
1H inversion pulses were applied during the recovering
delays as described (20). T1 and T2 values were calcu-
lated by non-linear regression of single exponential
decays to the experimental data. The error levels in the
T1 and T2 values were estimated by Monte Carlo simu-
lations (26). The errors in the peak intensities for the
simulation were determined from two independently
measured relaxation data sets. Heteronuclear steady-
state 15N{1H} NOE values were measured by calculating
the ratio of the cross peak volumes in spectra recoded
with and without 1H saturation. The 1H saturation
was achieved by a train of 1208 pulses separated by
5ms for the relaxation delay. The NOE measurements
were performed using a total of 96 transients per t1
experiment.
Model-Free Analysis—15N relaxation data were ana-

lysed with the model-free method (5, 6) by using
the program Modelfree v. 4.1 (26, 27). An anisotropic
model for rotational diffusion is essential in the case
of highly asymmetric or multi-domain proteins. Dimeric
KSI is highly asymmetric having a relative ratio of
1.00 : 0.95 : 0.55 for the principal components of the
inertia tensor based on the solution structure (13). Our
previous relaxation studies on the backbone dynamics of
WT KSI also showed that the 15N relaxation parameters
were best described by an axially symmetric rotational
diffusion tensor (20). Thus, an axially symmetric model
was used to account for the overall rotational motion of
the protein.
The molecular rotational diffusion tensor (D) was

initially estimated from the measured T1/T2 values and
the solution structure of free wt KSI (13) or Y55F/Y88F
complexed with 19-NTHS (19) as input structures. The
calculations were performed with the program Quadratic
diffusion (11). The five models and the optimized
parameters in each model were (1) S2, (2) S2 and �e, (3)
S2 and Rex, (4) S2, �e and Rex, and (5) S2

s , S2
f and �e,

where S2 is the generalized order parameter characteriz-
ing the amplitude of the internal motions, �e is the
effective correlation time for the internal motions, Rex

is the exchange contribution to T2, and the subscripts f
and s indicate fast and slow time scales, respectively.
The spectral density functions used for calculations of
the relaxation data in an axially symmetric diffusion case
are given by

Jð!Þ ¼
2

5
S2

X3
j¼1

Aj�j

1þ !�j
� �2

" #
ð3Þ

Jð!Þ ¼
2

5
S2

X3
j¼1

Aj�j

1þ !�0j

� �2 þ 1� S2
� �

�

1þ !�ð Þ
2

2
64

3
75 ð4Þ

Jð!Þ ¼
2

5
S2

X3
j¼1

Aj�j

1þ !�j
� �2 þ S2

f � S2
� �

�

1þ !�ð Þ
2

2
4

3
5 ð5Þ

where ��1 ¼ 6Dþ ��1
e , �

�1

1 ¼ 6D?, �
�1

2 ¼ 5D? þDk, �
�1

3 ¼

2D? þ 4Dk, A1 ¼ ð3 cos2 � � 1Þ2=4, A2 ¼ 3 sin2 � cos2 � and
A3 ¼ ð3=4Þ sin4 �, and � is the angle between the N–H
bond vector and the principal axis of the diffusion tensor.
D is the isotropic diffusion constant, and Dk and D? are

the components of the diffusion tensor parallel and
perpendicular to the principal axis of the axial symme-
try, respectively (20). The isotropic correaltion time, can
be newly defined and is related to the isotropic diffusion
constant D by � ¼ ð6DÞ

�1. The parameter Aj, which
reflects the orientation of the amide N–H vector with
respect to the principal axis of the diffusion tensor, was
estimated from the solution structure of free wt KSI (13)
or Y55F/Y88F complexed with 19-NTHS (19) as input
structures. Eqs 3–5 were used for models 1, 2 and 5,
respectively, and additional Rex term was introduced to
the Eqs 3 and 4 for models 3 and 4. In model 5 (Eq. 5),
S2 ¼ S2

sS
2
f , and the number of adjustable parameters is

three for all five models, which can be extracted from the
three experimental relaxation parameters. In the last
stage of calculations, both the �m value and the Dk/D?

ratio were optimized simultaneously with all other
model-free parameters.

RESULTS AND DISCUSSION

Effects of Steroid Binding on the Local Structures of
Y14F KSI—The assignments of backbone amide 1H and
15N chemical shifts for Y14F KSI and its complex with
19-NTHS were easily achieved by comparing cross-peaks
from the 1H-15N heteronuclear single-quantum coherence
(HSQC) spectra with the published assignments of WT
KSI (20). Comparison of the chemical shifts between free
and complexed Y14F KSI indicates that there are large
chemical shift changes upon ligand binding, which could
be attributed to the local perturbations in the structural
characteristics of mutant KSI by 19-NTHS ligand.
In order to quantitatively evaluate the effect of ligand
binding on the shift changes of amide group cross-peaks,
the cumulative chemical shift differences (�dcum) were
determined for each of the cross-peaks in 1H-15N HSQC
spectrum according to the following equation (28):

��cum ¼ ��Hð Þ
2
þ ��Nð Þ

2� �1=2
ð6Þ

where ��N and ��H denote chemical shift differences of
cross-peaks between free and steroid-bound KSI measured
in Hz for 1H and 15N dimensions, respectively. Figure 2
shows the �dcum values for Y14F KSI as a function of
residue number. Most of the residues with large shift
changes upon ligand binding are located on the flexible
regions such as loops or turns between secondary struc-
tures or terminal parts of the secondary structure
elements. The global pattern of the chemical shift changes
upon ligand binding for Y14F KSI is similar to that of
WT KSI, however, the average �dcum of 30.2Hz for Y14F
KSI is much larger than that of 19.7Hz for the wt protein
(20), indicating that the structural perturbations of
Y14F KSI are more profound than that of WT KSI upon
19-NTHS binding. In addition, while a total of 12 residues
such as Phe14, Ile51, Asn57, Lys60, Leu61, Ala64, Ala81,
Glu87, Ile98, Asn104, Ala114 and His122 exhibit very
large �dcum values (over ca. 60Hz, a sum of the average
and standard deviation), a large part of them (4 out of 12)
are relatively localized on the �3-helix. Since a ligand
recognition, activation or binding affinity of proteins are
known to accompany conformational changes of protein
chain (29, 30), the chemical shift changes of Y14F KSI
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upon 19-NTHS binding might be attributed to such
conformational changes. In this context, it is interesting
to note the results from previous study on the solution
structures of free and 19-NTHS bound KSI from
C. testosteroni that the binding of 19-NTHS with enzyme
induced amovement of three a-helices, which becamemore
closely packed onto the concave surface of the b-sheet (31).
Backbone Dynamics of Free Y14F KSI—Among the 120

residues in KSI which can yield backbone amide signals
(excluding the N-terminal methionine and four proline
residues), 24 residues were excluded from the analysis
because of severe resonance overlap or poor signal inten-
sity. Thus, quantitative 15N relaxation measurements
were carried out for 96 amide cross-peaks in the 1H-15N
HSQC spectrum of free Y14F KSI. For most residues, the
T1 and T2 values lie in the range of 0.9–1.5 s and
35–60ms, respectively, while the heteronuclear 15N{1H}
NOEs are in the range of 0.6–0.9. The two C-terminal
residues (Gly124 and Ala125) or the residues in the
linker regions between secondary structure elements
exhibit significantly lower NOE values presumably due
to their high mobility.
Since it has been shown in our previous study on

the backbone dynamics of WT KSI that the 15N relaxation
parameters were best described by an axially symmetric
rotational diffusion tensor (20), the model-free analysis for
Y14F KSI was also performed with an axially symmetric
one. As a result, the overall rotational correlation time (�m)
for free Y14F KSI was determined to be 20.08� 0.03ns
with a diffusion anisotropy, Dk/D?, of 1.19� 0.02, which
is slightly larger than the �m value of 19.23� 0.07ns for
free WT KSI (20). The optimized model-free parameters,
S2, �e and Rex are shown in Fig. 3A–C, and the spectral

density models used to fit the 15N NMR relaxation data are
summarized in Table 1. Most of the residues have the S2

values of >0.8, indicating that rapid motions on the
picosecond time scale are highly restricted (32, 33). The
well-defined secondary structure elements, a-helices and
b-strands, have the average S2 values of 0.86� 0.02 and
0.82� 0.02, respectively, which are substantially smaller
than the values of 0.95� 0.03 and 0.93� 0.03 for the free
WT KSI (20), indicating that the backbone structures of
Y14F KSI are significantly loosened by mutation. On the
other hand, the S2 values of <0.8 were observed from the
residues that are located in the regions around b5-strand
(Arg91–Phe103), terminus of secondary structure ele-
ments, and C-terminal. The effective correlation times
(�e) for internal motions were detected for 15 residues.
Among them, a total of six residues such as Ala73, Gly90,
Arg91, Lys92, Gly124 and Ala125 showed large �e values
>500 ps, which are located on the flexible regions with
low S2 values. The exchange term (Rex), which could
reflect the existence of a dynamic exchange process in the
microsecond to millisecond time scale (6), was detected for
13 residues.
Dynamics of Complexed Y14F KSI and Effects of

Steroid Binding—For the complexed Y14F KSI, 15N
relaxation measurements were carried out for 97 resi-
dues out of 120 measurable backbone amide groups. The
changes in 15N relaxation parameters of Y14F KSI upon
19-NTHS binding were very similar to those of WT KSI,
where the T1 values of the complexed KSI were slightly
smaller than those of free protein, while the T2 values
were slightly larger for the complexed KSI.
The model-free analysis for the complexed Y14F KSI

was also performed with an axially symmetric rotational
diffusion tensor, and the overall rotational correlation
time (�m) was determined to be 18.09� 0.03ns with a
diffusion anisotropy, Dk/D?, of 1.33� 0.01. This �m value
was slightly smaller than that of 20.08� 0.03ns for the
free Y14F KSI, indicating some extent of shrinking of the
protein upon 19-NTHS binding. This tendency of Y14F
KSI to be compact upon ligand binding was also observed
in the relaxation studies of backbone dynamics of WT
KSI. Of course, there could be some systematic errors
between the two sets of data for WT and Y14F KSI;
however, we did make every effort to carry out the
relaxation measurements of Y14F KSI under the same
sample and experimental conditions that were used for
WT KSI to avoid such errors. Nevertheless, the possibil-
ity of systematic errors between two data sets may not be
completely ruled out. The optimized model-free para-
meters, S2, �e and Rex for the complexed Y14F KSI are
shown in Fig. 3D–F, and the spectral density models
used to fit the 15N NMR relaxation data are summarized
again in Table 1. Relaxation data for most residues are
fitted well using a simple model (S2 only or S2 and �e).
Most of the residues have the S2 values of >0.8, indi-
cating that the residues are located in the ordered
regions with restricted internal mobility (32, 33). The
effective correlation times (�e) for internal motions were
observed for 22 residues. Slower motions of �e on the
time scale >500 ps were observed for the residues of
Gly41, Gln89, Gly90, Arg91, Lys92, Gly124 and Ala125,
which are mainly located on the flexible regions of KSI.

Fig. 2. Cumulative chemical shift differences between
the free and 19-NTHS complexed Y14F KSI as a function
of residue number. The solid and dashed horizontal lines
represent a specific cut-off (the sum of average and standard
deviation) and an average value of chemical shift differences,
respectively. The secondary structure elements of WT KSI
determined by X-ray crystallography are depicted on top of the
figure; a-helices are marked with cylinders, and b-strands are
with arrows.
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The number of residues fitted with Rex was only seven,
which is about half of the 13 residues for the free Y14F
KSI, indicating that extremely slow motions on the
micro- to millisecond time scale are more limited in the
complexed Y14F KSI than in the free mutant.
The average S2 values of a-helices and b-strands

for the complexed Y14F KSI were 0.87� 0.02 and
0.89� 0.02, respectively, which are slightly larger than
the values of 0.86� 0.02 and 0.82� 0.02 for the free Y14F
KSI (20), indicating that the backbone structures of Y14F
KSI become more rigid upon 19-NTHS binding. It seems
that the loosened structures of Y14F KSI by mutation
are partially tightened by plugging the active site cavity
with a 19-NTHS steroid. Figure 4 shows the plot of the

differences in S2 between the free and complexed Y14F
KSI as a function of residue number, where the order
parameters for a majority of the residues are increased
upon 19-NTHS binding. In particular, the b3-, b4- and

Fig. 3. Plots of the model-free parameters and their
uncertainties as a function of residue number for the
free (A–C) and 19-NTHS complexed Y14F KSI (D–F).

(A, D) The generalized order parameter S2. (B, E) The effec-
tive correlation time �e. (C, F) The chemical exchange
contribution Rex.

Fig. 4. Plot of the differences in the order parameters (S2)
between the free and 19-NTHS complexed Y14F KSI. Only
the residues of which relaxation parameters were determined in
both free and complexed proteins were included in this plot.

Table 1. Summary of models used to fit 15N T1, T2 and NOE
data for free and 19-NTHS complexed Y14F KSI.

Model no. Model parameter Number of residues

Free Y14F Complexed Y14F

1 S2 52 64
2 S2 and �e 6 15
3 S2 and Rex 12 6
4 S2, �e and Rex 1 1
5 Ss

2, Sf
2 and �e 8 6

Not fit 17 5
Total 96 97

Backbone Dynamics of Y14F Mutant of Ketosteroid Isomerase 163
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b5-strands become more rigid upon 19-NTHS binding,
which happen to be involved in the formation of dimeric
interface. Similar observations of increased order param-
eters upon ligand binding have been reported for a large
number of protein systems, particularly the monomeric
proteins (9, 33, 34). On the other hand, the rigidity of
a3-helix is solely decreased upon ligand binding, which
may have some correlations with the largest structural
perturbations in a3-helix as monitored by the cumulative
chemical shift changes in Fig. 1.
Effects of Mutation on the Backbone Dynamics of KSI—

Figure 5 shows the plot of the differences in S2 between
the Y14F and WT KSI for free (A) and complexed (B)
proteins as a function of residue number. It is evident
from Fig. 5A that the S2 values of free Y14F KSI are
significantly smaller than those of WT KSI for most of
the residues, indicating that the backbone structures
of mutant KSI are more flexible than those of WT KSI.
An equilibrium unfolding experiment on Y14F KSI using
circular dichroism (CD) spectroscopy also showed that
the mutant KSI was less stable than the WT protein.
When the CD data were fitted to the two-state model
(data not shown), the free energy difference, �GU

H2O,
and the m value of Y14F KSI were determined to be ca.
18.2 kcal/mol and 3.0 kcal/mol�M, respectively, which are
significantly smaller than the values of ca. 22.0 kcal/mol
and 4.0 kcal/mol�M for WT KSI (35). Thus, the Y14F KSI
is less stable than the WT KSI by ca. 3.8 kcal/mol, which
might support the observation that the backbone struc-
tures of Y14F KSI are more flexible than the WT KSI.
Such a difference in flexibility and stability between the
Y14F mutant and WT KSI can also be noticed from
the HSQC spectra of the mutant (open circle) and WT
(closed circle) proteins as shown in Fig. 5C, which were
reconstructed using the reported chemical shifts of WT
KSI (20) and those of Y14F mutant in this study (See
Supplementary Data for 1H and 15N chemical shifts).
Contrary to the almost uniform decrease in S2 in free

Y14F KSI, the differences in S2 between the Y14F and
WT KSI for 19-NTHS complexed proteins vary along
the sequence. As can be seen in Fig. 5B, three limited
regions of Val10–Phe30, Val36–Gly47 and Phe80–Asp99
remained flexible with significantly reduced S2 values
upon 19-NTHS binding, while the S2 values for many of
the residues in the complexed Y14F KSI were similar
to or even greater (more rigid) than those of WT KSI.
It seems that the significantly loosened structures of
free Y14F KSI are partially recovered by plugging the
active site cavity with a 19-NTHS steroid, resulting in
enhanced stability of complexed Y14F KSI compared
to the free mutant, though the free energy difference
�GU

H2O was not measured due to low CD sensitivity
of complexed Y14F KSI. Since the backbone dynamics
of protein can be related to its function (36–39), the
observed variations in �S2 upon mutation for the com-
plexed KSI might be expected to have a relationship with
the enzymatic function of KSI. There are four active site
residues such as Tyr14, Asp38, Tyr55 and Asp99 in WT
KSI. It has been reported that the single-point mutations
of these four residues such as Y14F, D38N, Y55F and
D99L decreased the enzyme activity by about 104-,
106-, 6- and 102-fold, respectively (15, 40). According to

Ha et al. (41), the enzyme reactions of KSI exhibit the
formation of low-barrier hydrogen bond between the
steroid and the active site residues, in particular Tyr14
and Asp99. It is interesting to note that the region
of Val10–Phe30 happens to contain the key catalytic
residue of Tyr14 in the middle, whose flexibility might be
attributed to the breakdown of the hydrogen bond

Fig. 5. Plot of the difference in the order parameters (S2)
between the Y14F and wild-type KSI for (A) free and (B)
19-NTHS complexed proteins. The solid line represents a
smoothing of the data by averaging over five neighbouring
points (centred on the point of interest). (C) Reconstructed
HSQC spectra of the mutant (open circle) and WT (closed circle)
proteins, which were reconstructed using the reported chemical
shifts of WT KSI from ref. 20 and those of Y14F mutant in this
study.

164 H.J. Lee et al.

J. Biochem.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


between the OH group of Tyr14 and the C3 oxygen of
the bound steroid caused by the Y14F mutation. More
interestingly, the region of Val36–Gly47, which contains
the most important catalytic residue of Asp38, also
remains flexible upon ligand binding, even though it is
far from the mutation point of Phe14. In fact, all the
active site residues except Tyr55, whose S2 values for
WT KSI are not available for comparison, remain flexible
with significantly reduced S2 values upon 19-NTHS
binding as can be seen in Table 2, while many of the
residues in the complexed Y14F KSI become more rigid
than those of complexed WT KSI as shown in Fig. 4B.
The results thus suggest that the replacement of Tyr14
with Phe14 can cause a loss of the direct hydrogen bond
between the protein and 19-NTHS due to substantially
enhanced backbone flexibility of the protein, which may
account for the dramatically reduced catalytic activity of
Y14F KSI.
In summary, we have investigated the complete back-

bone dynamics of free Y14F KSI and its complex with
19-NTHS by 1H-detected 15N relaxation measurements.
Model-free analysis of the relaxation data showed that the
binding of 19-NTHS to free mutant KSI caused an increase
in the order parameter (S2) for most of the residues,
particularly in the �-strands, while the chemical shift
analysis of 1H-15N HSQC spectra indicated that the
structural perturbations of Y14F KSI were more profound
than those of WT KSI upon 19-NTHS binding. In addition,
the Y14F single mutation caused a uniform decrease in S2

in free KSI, while the S2 changes upon mutation varied
along the sequence in the complexed KSI. In particular,
the key active site residues or the regions around them
remained flexible with significantly reduced S2 values
even after the binding of 19-NTHS, indicating that the
interactions in the active site are disrupted by the single
mutation, which may account for the dramatically reduced
catalytic activity of Y14F KSI. The results thus suggest
that 15N relaxation analysis of the backbone amides can be
very useful for investigating the catalytic mechanism of
enzymes in detail at residue level.

Supplementary data are available at JB Online.
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