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The backbone dynamics of RNase T1 in the presence of exo-guanosine 2,3'-cyclo-
phosphorothioate (exo-cGPS isomer), which is a productive substrate, and in the pre-
sence of 3'-guanylic acid (3'GMP), which is an nonproductive substrate, were examined
using °N nuclear magnetic resonance. Although the X-ray crystal structure suggests
that the modes of binding of these substrates to the active-site cleft are very similar,
the order parameters in a number of regions in RNase T1 complexed with exo-cGPS
isomer were different from those with 3 GMP. Moreover, the chemical exchange in line
width observed for RNase T1 complexed with exo-cGPS isomer was also different from
that observed for RNase T1 complexed with 3'GMP. From these results, we concluded
that the internal motions in RNase T1 complexed with a productive substrate were not
always identical to those in RNase T1 complexed with a nonproductive substrate.

Key words: internal motion, NMR, productive substrate, RNase T1.

The recognition of a substrate by an enzyme is a critical
component of function of a majority of biological processes.
The “induced fit” model is widely accepted to explain the
efficiency of an enzyme reaction for a substrate. Among
the methods available for characterizing a protein confor-
mational change in solution, NMR can provide detailed
experimental information regarding the conformational
change and the mobility of each amino acid residue in
the protein. Analyses of the internal motions of a few
enzymes, namely, 4-oxalocrotonate tautomerase (1), hen
lysozyme (2), and human lysozyme (3) involving NMR
suggested that the immobilization of some residues in
enzymes caused by binding to a substrate analogue is
compensated for by the mobilization of other residues.
These observations indicate a new aspect of induced fit
or the enzyme-substrate binding mode. It has been consid-
ered that such internal motions of proteins may be very
important for their biological functions, as has been shown
for enzyme catalysis and protein—ligand interactions.
Although we initially hoped in these experiments to
study an enzyme in a complex with a substrate, a nonpro-
ductive substrate or an enzyme inhibitor was actually
used because a productive substrate was rapidly hydro-
lyzed by the enzyme during NMR relaxation experiments.

RNase T1, an extracellular enzyme consisting of 104
amino acids and originally isolated from Aspergillus ory-
zae, is a typical model system for the study of enzyme
structure and function. It catalyzes the depolymerization
of RNA through cleavage of the bond between phosphorus
and the 5-oxygen at the 3’ end of the guanine base.
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Eckstein et al. (4) have determined the stereochemistry
of the catalytic mechanism of RNase T1 using guanosine
2', 3'-cyclophosphorothioate (¢cGPS), a cyclic nucleotide in
which one of the exocyclic oxygens on the phosphate is
replaced by sulfur. Moreover, RNase T1 has been
co-crystallized with exo-cGPS isomer, which is an analog
of the natural cyclic substrate for the hydrolysis (5). It is
hydrolyzed very slowly by RNase T1, guanosine 3’-thiopho-
sphate (3'GPS) being produced, which in turn is rapidly
desulfurized to 3’-guanylic acid (3’GMP) (5, 6). Thus, in
this study, we analyzed the backbone dynamics of
RNase T1 complexed with exo-cGPS isomer (productive
substrate) by means of °N relaxation measurements
and compared them with those of RNase T1 complexed
with 3'GMP (nonproductive substrate). This report is the
first discussion of the differences between the internal
motions of an enzyme in the presence of a productive sub-
strate and that of a nonproductive substrate.

MATERIALS AND METHODS

Sample Preparation—Expression and purification of *°N-
labeled RNase T1 were carried out as described pre-
viously (7). The culture supernatant was diluted with dis-
tilled water to decrease the salt concentration. The dilute
solution was adsorbed on a column (1 x 50 cm) of Super Q
Toyopearl (TOSOH, Tokyo), which had been pre-
equilibrated with 20 mM Tris-HCl buffer, pH 7.5. The
column was eluted with a gradient of 300 ml of 20 mM
Tris-HCI buffer, pH 7.5, containing 0.1 M NaCl, and then
300 ml of the same buffer containing 0.3 M NaCl. After
the protein fraction obtained on ion-exchange chromatogra-
phy had been diluted again with distilled water and the
solution had been adsorbed on a column of resource
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Q (1x5.0 cm; Amersham Bioscience K.K.) in a HPLC, which
was pre-equilibrated with 20 mM Tris-HCI buffer, pH 7.5,
containing 0.1 M NaCl. The column was eluted with a gra-
dient of 40 ml of 20 mM Tris-HCl buffer, pH 7.5, containing
0.1 M NaCl, and then 40 ml of the same buffer containing 0.3
M NaCl at a flow rate of 1.0 ml/min. Finally, we obtained
approximately 10 mg of 1°N-labeled RNase T1 from 1 liter of
culture.

Guanosine 2',3'-Cyclophosphorothioate Preparation—
Exo-Guanosine 2',3'-cyclophosphorothioate (cGPS) isomer
was prepared according to a previous report (5).

NMR Measurements—An NMR sample comprising
0.3 mM protein in 90% H50/10% DO (v/v) was prepared,
and the pH was adjusted to 5.5. For preparation of
RNase T1 complexed with exo-cGPS isomer or 3'GMP,
these compounds were added to the protein solution to
give a slight excess of substrate relative to the enzyme,
respectively. NMR experiments were performed at 10°C
on a Varian Inova 600-MHz spectrometer equipped with
a triple-resonance, pulse-field gradient probe with an
actively shielded z gradient and a gradient amplifier
unit. The 3D "N-edited NOESY-HSQC spectra (8) with
a mixing time of 150 ms were collected with a time domain
data size of 96 (1) x 32 (#2) x 1,024 (¢3) complex points.
Pulse sequences for the measurement of 'H-'>N NOE
values, and the R1 and R2 relaxation times were given
previously (9, 10).

The ?’NR1values were determined from a series of 'H-°N
correlation spectra with different relaxation durations,
namely, 32.94, 92.94, 172.94, 332.94, 652.94, 1,292.94,
and 1,812.94 ms, while the R2 values were determined
from spectra with durations of 4, 30, 58, 86, 130, 172,
and 282 ms. A recycle delay of 4.0 s was used for R1 rela-
xation and one of 2.4 s for the R2 relaxation. The 'H-'°N
steady-state NOE values were determined from pairs
of spectra, i.e., ones recorded with and without proton
saturation. A recycle delay of 4.0 s was used for each
NOE experiment. The spectra widths of the F1 and F2
dimensions were 3,647 Hz and 9,611 Hz, respectively.
Each collected data set comprised 256 (¢1) x 1,152 (¢2)
complex data points.

Calculation of R1 and R2 Relaxation Parameters—R1
and R2 values were obtained by fitting the intensities of
peak heights in each spectrum to a single exponential
curve using a nonlinear least-squares fitting program,
CURVEFIT, available from the website of Palmer’s
group. Errors in R1 and R2 were estimated by Monte
Carlo analysis using CURVEFIT. 'H-'°N steady-state
NOE values were obtained by recording spectra with
and without 'H saturation for 3 s, and by calculating
the ratios of the intensities of peak heights. Errors in
NOE values were estimated using the root-mean-square
of background noise (10).

Relaxation Data Analysis—The overall rotational corre-
lation times for the backbone NH bond vectors of
RNaseT1 complexed with 3'GMP or exo-cGPS isomer
were calculated from R2/R1 ratios using a program,
R2R1_TM, available from the website of Palmer’s group.
S2, te, Rex, and S were calculated using a program,
Modelfree4.0 (11), available from the same site, by apply-
ing the isotropic diffusion model with the obtained
overall rotational correlation time.
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RESULTS AND DISCUSSION

Stability of Exo-cGPS against RNaseT1 at 10°C—The
rate of hydrolysis of exo-cGPS isomer by RNase T1 was
examined by HPLC and "H NMR spectroscopy at various
temperatures. Namely, after the incubation of exo-cGPS
with RNase T1 at millimolar concentrations for 20 h,
which corresponded to the NMR measurement time, the
levels of the exo-cGPS isomer and its product were mea-
sured by ion-exchange HPLC. The exo-cGPS isomer and its
product on the ion-exchange HPLC were identified by 'H
NMR spectroscopy. As a result, the cleavage of exo-cGPS
isomer amounted to only 1% at temperatures below 10°C
(data not shown). These results suggested that the exo-
¢GPS isomer was sufficiently stable for relaxation mea-
surements at 10°C.

H.’N Chemical Shift Assignments—The backbone NH
proton assignments of RNase T1 complexed with exo-
¢GPS isomer or 3GMP were carried out by comparing
cross-peak resonances in 3D NOESY-HSQC NMR spectra
by referring to published assignments for RNase T1 (12).
The changes in the chemical shifts of resonances between
RNase T1 complexed with exo-cGPS isomer and its free
state are shown in Fig 1. Residues Y38, H40, K41, Y42,
N43, E46, F48, E58, R77, H92, and F100 were markedly
affected by the exo-cGPS isomer. It has been reported
that Y38, H40, E58, R77, H92, and F100 are located in
the binding site of the substrate (5, 6). These findings
suggested that the productive substrate, exo-cGPS
isomer, had certainly bound to the active site of RNase
T1. On the other hand, the chemical shift difference
between RNase T1 complexed with exo-cGPS isomer and
that complexed with 3GMP was insignificant (data not
shown). As shown in Fig 2, the X-ray crystallographic
structures of RNase T1 complexed with exo-cGPS isomer
and 3'GMP, respectively, indicated that the binding sites
of these substrates are the same (5, 6), and that their
binding modes are similar. It is therefore reasonable
that the chemical shifts between RNaseT1 complexed
with exo-cGPS isomer and that complexed with 3'GMP
were insignificantly different. However, some residues
could not be used for relaxation analyses due to signal
broadening derived from substrate binding.

Comparison of Internal Motions between RNaseTl
Complexed with Exo-cGPS Isomer and That Complexed
with 3GMP—We measured the relaxation parameters of
RNase T1 in the presence of exo-cGPS isomer or in that of
3'GMP according to our previous report (7). These para-
meters were obtained by fitting the peak heights of a
series of spectra recorded with different delay times, T,
to single exponential curves, as described in detail under
“MATERIALS AND METHODS.” The R1, R2, and 'H-°N NOE
values are shown in Fig 3. The quality of the fitting for
either R1 or R2 data was poor for some residues. Under
these circumstances, the relaxation parameters could be
obtained for 56 and 59 of 104 amide groups of RNase T1
complexed with exo-cGPS isomer and those of RNase T1
complexed with 3'GMP, respectively. The overall rota-
tional correlation times, tm, of RNase T1 complexed
with exo-cGPS isomer and those of RNase T1 complexed
with 3'GMP were determined to be 9.305 ns and 9.2649 ns,
respectively, from the R2/R1 values.
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Fig. 2. Crystal structure of RNase T1. (a) RNase T1 complexed The substrate and amino acids in the active site are shown as a

with exo-cGPS isomer, cited from Zegers et al. (1998) (5). (b) RNase
T1 complexed with 3'GMP, cited from Zegers et al. (1994) (6).

The motional parameters were obtained from these
relaxation data, i.e., R1, R2, and 'H-'?’N NOE values,
according to Lipari-Szabo model-free formalism of the spec-
tral density function (13, 14). Model-free analysis, a widely
accepted method for evaluating the internal motions of a
molecule, includes a generalized order parameter such as
a measure of the spatial restriction of '°N-'H bond vectors
(S?), which contributes to small amplitude motions on the
pico-to-nanosecond time-scale. Namely, the increases in

Vol. 140, No. 1, 2006

stick model.

the order parameter (S?) values imply restriction of the
internal motions of a protein. In this analysis, we applied
five types of model-free spectral density functions, as
shown in Table 1, and optimized them by fitting the func-
tions to the experimental data.

Most of the residues in RNase T1 complexed with exo-
¢GPS isomer or 3GMP showed order parameters (S?) in
the range of 0.9-1.0, indicating that the internal motions
of the enzyme in the complex were essentially restricted
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Fig. 3. Measured relaxation para-
meters. (a) N R1, (b) R2, and
(c) 'H-'®N NOE. Values for RNaseT1
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(Fig 4a). Lower-order parameters (below 0.8) for RNase T1
complexed with exo-cGPS isomer were observed for T5,
Y11, S12, A22, G34, S37, K41, G47, F50, S51, V52, S54,
Y56, L62, G74, A75, Q85, .86, A87, and G97, and ones for
RNase T1 complexed with 3'GMP were observed for Y11,
S12, Q20, D29, G47, F50, V52, and S54 (Fig. 4a). Signifi-
cant differences in the order parameters between the
RNase T1 complexed with exo-cGPS isomer and that com-
plexed with 3’GMP were observed in several regions. The
low order parameters at a number for regions in the RNase
T1 complexed with exo-cGPS isomer were more than those
for that complexed with 3'GMP, reflecting increased
motion in all of these regions except for a few on the
pico-to-nanosecond time scales.

In order to obtain information regarding the dynamics
for the two kinds of complexes in terms of their tertiary

80 100

structures, we plotted the residues with lower order para-
meters observed only for RNase T1 complexed with
exo-cGPS isomer in the structure of RNase T1 when we
compared lower order parameters (below 0.8) between
RNase T1 complexed with exo-cGPS isomer and that com-
plexed with 3’GMP (Fig 5a). In particular, residues S37
and G74 were located around the active site and formed
hydrogen bonds via H40 and R77, respectively, which are
important for catalytic reactions (15), although some resi-
dues located at the active site could not be used for relaxa-
tion analysis due to signal broadening and overlapping
with other peaks. Such internal motions might be linked
to the slight difference in the mode of binding to the active-
site cleft in RNase T1 between exo-cGPS isomer and
3’GMP. On the other hand, increased flexibility was
observed for several residues not located at the active

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

Internal Motion of RNase T1 Complexed with Exo-cGps Isomer 47

site in RNase T'1 complexed with exo-cGPS isomer (Fig. 5a).
This finding was consistent with a previous one (16).
These observations may be explained by the concomitant
compromise of a decrease in the Gibbs free energy to sta-
bilize the bound state through on increase in the entropic
effect in a part of the protein, which is far away from
the region interacting with the substrate analogue.
Regardless, it was found that the internal motions on
the pico-to-nanosecond time scale in RNase T1 complexed
with exo-cGPS isomer were different from those in that
complexed with 3GMP, even in regions other than the
active site in RNase T1. In Fig. 5b, the chemical exchange
in line width (Rex) observed for RNase T1 complexed
with exo-cGPS isomer (open circles) or complexed with
3'GMP (closed circles) is shown. Rex values express the
motions on the micro-to-millisecond time scale, reflecting
the catalytic action. The number of residues with Rex
values for RNase T1 complexed with exo-cGPS isomer

Table 1. Summary of the spectral density function models
used for optimization of the model-free motional
parameters.

was significantly increased compared with that for
RNase T1 complexed with 3'GMP.

Most of the RNase T1 molecules formed a complex with
both substrates under the measurement conditions based
on previous reports (4, 17) regarding the affinity of RNase
T1 with exo-cGPS or 3'GMP. Moreover, slow-exchanging
peaks were observed in the 'H-'""N HSQC spectra of
RNase T1 complexed with exo-cGPS or 3'GMP (data not
shown). These results indicate that our interpretation of
Rex values for RNase T1 complexed with exo-cGPS isomer
and 3'GMP may be reasonable.

The above results suggest that the internal motions on
the micro-to-millisecond time scale in RNase T1 complexed
with exo-cGPS isomer were different from those in that
complexed with 3'GMP.

CONCLUSION

15N relaxation measurements have allowed detailed char-
acterization of the backbone dynamics of RNase T1 in
the presence of exo-cGPS isomer and in that of 3'GMP.
Our results indicate that the internal motions on the
pico-to-nanosecond time scale of RNase T1 complexed
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Fig. 5. Crystal structure of RNase T1 complexed with exo-
cGPS isomer, cited from Zegers et al. (1998). For comparison
of Rex values between RNase T1 complexed with exo-cGPS
isomer and that complexed with 3'GMP, residues of lower order
parameters (below 0.8) (a), and Rex values (b) observed only for
RNase T1 complexed with exo-cGPS isomer are shown as a stick
model.

From these results, we conclude that the results of analysis
of the conformational dynamics of a enzyme using a non-
productive substrate do not always reflect the dynamics
during enzymatic catalysis. The present observations pro-
vide new insight into the internal motions of an enzyme in
the productive substrate-binding state.

This work was supported in part by aid from the Ministry of
Culture, Sports, Science and Technology of Japan, and a grant
from the Sapporo Bioscience Foundation.

10.

11.

12.

13.

14.

15.

16.

17.

Y. Yoshida et al.

REFERENCES

. Stivers,J.T., Abeygunawardana, C., and Mildvan, A.S.(1996) °N

NMR relaxation studies of entropy changes of an enzyme upon
inhibitor binding. Biochemistry 35, 16036—-16047

. Mine, S., Tate, S., Ueda, T., Kainosho, M., and Imoto, T. (1999)

Analysis of the relationship between enzyme activity and its
internal motion using nuclear magnetic resonance: °N relaxa-
tion studies of wild-type and mutant lysozyme. J. Mol. Biol.
286, 1547-1565

. Mine, S., Ueda, T., Hashimoto, Y., and Imoto, T. (2000) Ana-

lysis of the internal motion of free and ligand-bound human
lysozyme by use of *°N NMR relaxation measurement: a com-
parison with those of hen lysozyme. Protein Sci. 9, 1669-1684

. Eckstein, F., Schulz, H.H., Ruterjans, H., Haar, W., and

Maurer, W. (1972) Stereochemistry of the transesterification
step of ribonuclease T 1. Biochemistry 11, 3507-3512

. Zegers, 1., Loris, R., Dehollander, G., Fattah Haikal, A.,

Poortmans, F., Steyaert, J., and Wyns, L. (1998) Hydrolysis
of a slow cyclic thiophosphate substrate of RNase T1 analyzed
by time-resolved crystallography. Nat. Struct. Biol. 5, 280-283

. Zegers, 1., Haikal, A.F., Palmer, R., and Wyns, L. (1994) Crys-

tal structure of RNase T1 with 3’-guanylic acid and guanosine.
J. Biol. Chem. 269, 127-133

. Mine, S., Ueda, T., Hashimoto, Y., Tanaka, Y., and Imoto, T.

(1999) High-level expression of uniformly °N-labeled hen
lysozyme in Pichia pastoris and identification of the site in
hen lysozyme where phosphate ion binds using NMR meas-
urements. FEBS Lett. 448, 33-37

. Marion, D., Driscoll, P.C., Kay, L.E., Wingfield, P.T., Bax, A.,

Gronenborn, A.M., and Clore, G.M. (1989) Overcoming the
overlap problem in the assignment of "H NMR spectra of larger
proteins by use of three-dimensional heteronuclear 'H-1°N
Hartmann-Hahn-multiple quantum coherence and nuclear
Overhauser-multiple quantum coherence spectroscopy: appli-
cation to interleukin 1 beta. Biochemistry 28, 6150-6156

. Kay, L.E., Torchia, D.A., and Bax, A. (1989) Backbone

dynamics of proteins as studied by 1°N inverse detected hetero-
nuclear NMR spectroscopy: application to staphylococcal
nuclease. Biochemistry 28, 8972—-8979

Kordel, J., Skelton, N.J., Akke, M., Palmer, A.G.3d., and
Chazin, W.J., (1992) Backbone dynamics of calcium-loaded
calbindin D9k studied by two-dimensional proton-detected
15N NMR spectroscopy. Biochemistry 31, 4856-4866
Mandel, A.M., Akke, M., and Palmer, A.G. (1995) Backbone
dynamics of Escherichia coli ribonuclease HI: correlations with
structure and function in an active enzyme. J. Mol. Biol. 246,
144-163

Schmidt,J.M., Thuring,H., Werner,A.,Ruterjans,H.,Quaas,R.,
and Hahn, U.U. (1991) Two-dimensional 'H, 1?’N-NMR inves-
tigation of uniformly *N-labeled ribonuclease T1. Complete
assignment of N resonances. Eur. J. Biochem. 197,
643-653

Lipari, G. and Szabo, A. (1982) A model-free approach to the
interpretation of nuclear magnetic resonance relaxation
macromolecules I. Theory and range of validity. J. Am.
Chem. Soc. 104, 4546-4559

Lipari, G. and Szabo, A. (1982) A model-free approach to the
interpretation of nuclear magnetic resonance relaxation
macromolecules II. Theory and range of validity. J. Am.
Chem. Soc. 104, 45594570

Gouda, K., Oka, K., Tomita, K., and Hakoshima, T. (1994)
Crystal structure of RNase T1 Complexed the Product Nucleo-
tide 3'-GMP. oJ. Biol. Chem. 269, 17531-17536

Forman-Kay, J.D. (1999) The ‘dynamics’ in the thermody-
namics of binding. Nat. Struct. Biol. 6, 1086-1087

Irie, M. (1967) pH-profile of the kinetic parameters of
ribonuclease T1. J. Biochem. 61, 550-554

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

