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SUMMARY

The backbone dynamics of free ribonuclease T1 and its complex with the competitive inhibitor 2’GMP
have been studied by *N longitudinal and transverse relaxation experiments, combined with {'H,"*"H} NOE
measurements. The intensity decay of individual amide cross peaks in a series of ("H,"*’N)-HSQC spectra with
appropriate relaxation periods (Kay, L.E. et al. (1989) Biochemistry, 28, 8972-8979; Kay, L.E. et al. (1992)
J. Magn. Reson., 97, 359-375) was fitted to a single exponential by using a simplex algorithm in order to
obtain N T, and T, relaxation times. These experimentally obtained values were analysed in terms of the
‘model-free’ approach introduced by Lipari and Szabo (Lipari, G. and Szabo, A. (1982) J. Am. Chem. Soc.,
104, 4546-4559; 4559-4570). The micrody~amical parameters accessible by this approach clearly indicate a
correlation between the structural flexibility and the tertiary structure of ribonuclease T1, as well as restrict-
ed mobility of certain regions of the protein backbone upon binding of the inhibitor. The results obtained by
NMR are compared to X-ray crystallographic data and to observations made in molecular dynamics
simulations.

INTRODUCTION

It is well accepted now that the internal mobility of proteins is of utmost importance for weir
biochemical activity and function. Recent development of pulsed NMR, especially of its multidi-
mensional versions, has made this method an effective tool for investigating the motion of
particular molecular parts of proteins in order to gain insight into the relation between protein
dynamics and biochemical activity. In previous studies (Kay et al., 1989, 1992; Clore et al., 1990a,
b; Barbato et al., 1992; Redfield et al., 1992) a methodology based on NMR relaxation measure-
ments has been developed to provide reasonable information on the internal dynamics of protein
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Fig. 1. Stereoview of the 13 best solution structures of RNase T1 obtained from NMR data using the distance geometry
algorithm DIANA. The loop regions I to V are marked.

molecules in solution. In the present work these NMR relaxation methods are applied to investi-
gate the molecular dynamics of ribonuclease T1. Ribonuclease T1 is a small globular endoribonu-
clease (104 amino acids, MW about 11 kDa) from the fungus Aspergillus oryzae which has been
widely used as a model for nucleic acid—protein interactions as studied by X-ray crystallography
(Heinemann and Saenger, 1982, 1983; Sugio et al., 1985, 1988; Arni et al., 1988a,b; Hakoshima
et al., 1988; Heinemann and Hahn, 1989; Martinez-Oyanedel et al., 1991), NMR spectroscopy
(Riiterjans et al., 1987, Hoffmann and Riiterjans, 1988; Schmidt et al., 1991) and several other
biophysical and biochemical methods (Takahashi et al., 1967; Takahashi, 1970, 1976; Arata et al.,
1976; Hakoshima et al., 1988). RNase T1 specifically cleaves single-stranded RNA at the 3' end
of guanosine nucleotides. 3'- and 2'-guanosine monophosphates (GMP) act as competitive inhib-
itors of the enzyme (Egami and Sato, 1965). The tertiary structure of RNase T1 consists of a
central five-stranded antiparallel B-sheet (residues 3942, 56-61,75-81, 86-92, and 100-103), a
short two-stranded B-sheet near the N-terminus (residues 4-11) and a peripheral regular o-helix
(residues 13-29). These well-defined secondary structure elements are connected by loop or turn
regions (residues 30-38 (Loop I), 43-55 (Loop I1), 62-74 (Loop III), 82-85 (Loop IV), 93-99
(Loop V)), for which structure calculations based upon distance geometry and molecular dynam-
ics methods indicate an intrinsic flexibility. Of these loop regions, especially Loop V is considered
to be important for the binding of the substrate and the competitive inhibitors to ribonuclease T1.
Nevertheless, the question whether the well-known picture of NMR-derived structures fanning
out for disordered parts of the molecule (cf. Fig. 1) is really a matter of mobility or a lack of NOE
constraints remains unanswered in most reported cases. One goal of the present study is therefore
to analyse the backbone dynamics of free ribonuclease T1 with respect to the flexibility of the loop
regions as apparent from distance geometry and molecular dynamics calculations and to compare
these results to those obtained for an inhibitor complex of this enzyme, in order to assess possible
changes in the mobility of those peptide segments of the protein that are known to be involved in
substrate binding and the catalysis of RNA degradation.
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MATERIALS AND METHODS

Sample preparation

Recombinant RNase T1 was isolated from the E. coli strain DH50/pA2T1 harbouring the
RNase T1 gene (Quaas et al., 1988a,b) following a procedure described by Schmidt et al. (1991).
Uniform "N enrichment (> 99%) was achieved by growing the bacteria in a modified M9 medium
containing "NH,CI (Isotech Inc., Miamisburg, Ohio, 99.7% atomic purity) as the sole nitrogen
source.

Experimental conditions

All NMR experiments were performed on a Bruker AMX 600 spectrometer operating at 308
K. Ribonuclease T1 was diluted in 95%H,0/5%D,0 to final concentrations of 2.0 mM for the
ribonuclease T1/2’GMP complex and 3.0 mM for the uncomplexed ribonuclease T1, the pH being
adjusted to 5.4. In order to ensure saturation of the protein with inhibitor, a 2.5-fold molar excess
of 2'GMP was added to the protein in the case of the complexed sample. In all NMR experiments,
the 'H carrier frequency was set into the middle of the amide spectral region by using off-
resonance presaturation with a series of weak phase-modulated square-shaped pulses, where
appropriate. Spectral widths were set to 2000 Hz in the nitrogen dimension and 4500 Hz in the
proton dimension, yielding a digital resolution of 1.95 Hz/point in the F, dimension and 2.2
Hz/point in the F, dimension after zero-filling and Fourier transformation. The spectra were
processed and analysed on a Bruker X32 workstation using the programs UXNMR and AURE-
LIA (Bruker Analytische Messtechnik GmbH, Karlsruhe).

T, and T, measurements

Longitudinal and transverse nitrogen relaxation times were measured by using the pulse
sequences described by Kay et al. (1992), which were designed to eliminate the effect of cross-
correlation between dipolar and chemical shift anisotropy relaxation mechanisms (see also
Goldman, 1984; Boyd et al., 1990, 1991; Palmer et al., 1992). Series of six or seven 2D spectra
were recorded in each experiment, with typical relaxation delays having been set to 14.4, 72.0,
144.0, 288.0, 432.0, 576.0 and 720.0 ms for the T, measurements, or 3.6, 28.8, 57.6, 86.4, 129.6 and
172.8 ms in the experiments designed to measure nitrogen transverse relaxation.

Nuclear Overhauser effect

In order to evaluate the {'"H}-"’N nuclear Overhauser effect on the amide nitrogen spin, 2D
spectra were recorded with and without NOE enhancement by presaturation of the amide pro-
tons. 'H presaturation in the experiment with NOE was achieved by applying 120° pulses, spaced
at 20-ms intervals, for 3 s prior to the first ’'N pulse, the whole delay between successive scans
being 5 s in both experiments, with and without NOE. To achieve effective water signal suppres-
sion, a 'H spin-lock pulse of 4 ms duration was applied prior to the first 90° "N-pulse. In
addition, a 90, ("H) pulse, to remove the antiphase component of the magnetisation, was used
prior to acquisition.

Data evaluation
The amino acid sequence of RNase T1 consists of 104 residues, forming a single polypeptide
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Fig. 2. Experimental and calculated intensity decay curves for Tyr* (open triangles), Val” (black triangles), Gly®
(squares) and Thr'™ (circles). The symbols indicate the measured peak intensities in arbitrary units, whereas the curves
were calculated using the amplitudes and time constants derived by the least-squares fit. Data is shown for T, and T,
measurements, the open and solid symbols, respectively. The residues are chosen to present a slow, fast and some
intermediate decay in each type of experiment.

chain of a total molecular mass of approximately 11 kDa. Assignments of the '"H and "N
resonances in RNase T1 and the RNase T1 - 2’GMP complex have been completed previously
(Schmidt et al., 1990,1991; Werner, A., Karimi-Nejad, Y., Hoffmann, E., Simon, J., Thiiring, H.
and Riiterjans, H., unpublished results). In the present work, 92 and 83 sufficiently well-resolved
cross peaks from amide NH groups have been used during the data evaluation in the case of the
free enzyme and its complex with 2’GMP, respectively. The remaining resonances could be
assigned in the recorded spectra, but their integral values proved to be unreliable due to spectral
overlap or artifacts. "N longitudinal (T,) and transverse (T,) relaxation times were evaluated by
fitting the intensity decay of corresponding resonances in the series of 2D spectra to a single
exponential, depending on the relaxation delays. The data was fitted by a least-squares minimisa-
tion procedure based on a downhill-simplex algorithm (Press et al., 1988). Typical decay curves
as well as their best fits are shown in Fig. 2.

Error estimation

The parameters obtained from the least-squares fit of an exponential decay, its amplitude (A,)
and time constant (T,, n =1 or 2) are prone to systematic experimental errors, which were
evaluated by the following statistical procedure. Since the experimental errors are not known in
advance, the standard deviation of the experimental data was derived from the residual of the fit,
assuming that all points in the T, or T, curves have the same standard deviation. The validity of
this assumption could be shown by evaluation of the noise level in the 2D spectra, which turned
out to be approximately the same for all the time points in the series. In the next step, the standard
deviation of the fitting parameters was obtained by a Monte Carlo approach by using either the
method of constant chi-square boundaries (Press et al., 1988) or simulated experimental data as
described by Kamath et al. (1989) and Nicholson et al. (1991). Briefly, the first method is based
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on random perturbations of the fitting parameters around their best-fit values in order to deter-
mine a confidence region with a defined increase in the chi-square value describing the goodness
of fit. In the second method, several sets of ‘experimental’ data are synthesized by using random
numbers with standard deviations as determined above, and a distribution of parameters (A;, T))
giving the best fit to each simulated data set is analysed statistically. For both methods, 500
statistical events were analysed. To estimate the experimental error in the measured NOE
enhancement, the standard deviation of the baseline noise was determined for each 2D experi-
ment by integration of empty regions of the spectra. The error associated with the NOE value for
a certain cross peak was calculated by:

Sxoe = {Ia/ls} VGBIV + (Bly/1p)*} M

where I and 6I denote the intensity of the peak and its standard deviation, respectively, and
subscripts A and B refer to spectra recorded in the presence and absence of NOE enhancement,
respectively.

Three independent T,-, two T,-, and three NOE measurements were performed for the RNase
T1 - 2’GMP complex. In this case, the values of the parameters obtained from different measure-
ments were averaged to yield the actual values of T,, T,, and NOE for a further analysis. The
error values from each set of measurements and the standard deviation obtained in the course of
averaging were compared, the largest one being taken as an estimate of the standard deviation of
the corresponding parameter.

Spin relaxation and the model of motion

The dynamical parameters of ribonuclease T1 were evaluated from experimentally obtained
N T,, T, and NOE values by using standard expressions (Abragam, 1961; Lipari and Szabo,
1982). The interactions that were taken into account for the nuclear spin relaxation of the amide
nitrogen under consideration are the "N chemical shift anisotropy (CSA) and the dipole—dipole
interaction between the amide nitrogen and its directly bound hydrogen. The relevant correlation
function of the N~H bond reorientations is taken as a product of the corresponding correlation
functions describing the overall tumbling of the protein, Cg(t) = 0.2 exp(-t/t.), and the internal
motions, C{(t). The form of C(t), used in most cases in the present work, is the one introduced by
Lipari and Szabo (LS) (1982) within the so-called ‘model-free” approach, representing the decay
of the correlation of internal motion by a one-exponential process:

CO =5+ (1 - ) exp (7] @
1

In this approach, the internal dynamics is described in terms of the correlation time T, which is
assumed to be much shorter than the correlation time of overall tumbling, T,, and the order
parameter S characterizing the amplitude of local motion: S equals 1 for completely restricted
motion, while S equals 0 for unrestricted internal reorientations. All calculations were performed
under the assumption of isotropic overall tumbling of the protein, which may be inferred from the
ratio of the three principal components of the inertia tensor as calculated from X-ray crystallogra-
phic data: 1:1.14:1.27 for the free enzyme and 1:1.12:1.25 in the case of the RNase T1 - 2’GMP
complex (Arni et al., 1988a,b; Martinez-Oyanedel et al., 1991).
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In the course of analysis (see below) for some of the residues the simple form of Eq. 2 turned
out to be insufficient to agree with the whole set of experimental data. In these cases a modified
Lipari-Szabo approach (Clore et al., 1990a) was used to evaluate the parameters:

t -t
Ci) =8+ (Shu = S exp (=) + (1 - S exp (] ()

slow: fast
In this biexponential representation the subscript ‘fast’ refers to the motions on a time-scale
much faster than 7., while ‘slow’ denotes the parameters of internal motion in a time window
comparable to the time of overall protein rotation, and S? = S3,,,Sh.; has the same meaning as in

Eq. 2.

Evaluation of microdynamical parameters
The microdynamical parameters, T, S* and 1, were derived from the minimisation of the

following target function:

(T — T3 LT T5) L (NOE; - NOE;)?

2 2 2
k=1 Clk O ONOEK

Q)

where the sum runs over all the residues 6y, G5, and Oynop, are standard deviations in Ty, T, and
NOE for the kth residue, respectively, and superscripts ‘0’ and ‘¢’ refer to observed and calculated
values of the relaxation parameters. The overall tumbling time, T, was changed stepwise
being taken to be the same for all the residues, while the parameters of internal motion varied
from one residue to the other. The confidence limits of the microdynamical parameters derived
during this minimisation were obtained by the method of constant chi-square boundaries
described above, with the acceptance condition of a minimum of 250 points within the confidence
region. 4

Since T, values observed in CPMG-type experiments (Carr and Purcell, 1954; Meiboom & Gill,
1958) may be subject to an apparent shortening due to processes of conformational or chemical
exchange on time scales smaller than or comparable to the delay between successive 180° pulses,
thereby contributing to the measured transverse relaxation rate (Bloom et al., 1965; Kay et al,,
1989), not all the measured T, values may be used for the evaluation of Eq. 4. To determine the
exchange contributions to the apparent transverse relaxation rate of individual nitrogen spins, a
‘selection criterion’ based on the analysis of (T,/T,) ratios was applied (Clore et al., 1990a).
Following this criterion, eight amide groups in the free enzyme and nine in the inhibitor complex
showed (T,/T,) ratios more than one standard deviation larger than the mean value (< T,/T, >)
and hence are influenced by chemical exchange processes. For these residues only T, and NOE
data were used for the estimation of the dynamical parameters. After calculation of these parame-
ters, the expectation value of transverse relaxation time, T, was calculated, and the contribution
of the exchange processes to the measured relaxation rate was given by:

Ro= = = )

T T
On the other hand, (T,/T,) ratios more than one standard deviation below the mean value
indicate the presence of local motions on a time-scale comparable to the time of overall tumbling.

Eleven amide groups in the free enzyme and seven in the complex, mainly being located in
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unstructured regions of the protein, showed this behaviour. For these residues both the LS and
modified LS approaches (Eqgs. 2 and 3, respectively) were applied. Since only three experimental
parameters are available for each nitrogen nucleus, the system is underestimated for the applica-
tion of the modified LS model. To avoid this difficulty, the number of fitting parameters was
reduced to three (5% Si and T,,), letting T, = 0 and taking T, as obtained from the minimisa-
tion of %, Eq. 4, using the LS model. However, the changes in %> upon using Eq. 3 instead of Eq.
2 appeared to be insignificant in some analysed cases. In summary, the application of the modi-
fied LS model seems to be appropriate for the following residues: Gly’, Ser®?, Tyr*¢, Ser®, GIn®,
His?, Gly”, Asn*, and Thr'™ in free RNase T1, and Phe® and Val*? in the RNase T1 - 2’GMP
complex.

Note that, using the (T,/T,) ratios which fall within one standard deviation of the mean, the
overall rotational correlation time can be estimated by:

6T
LAt o7 (6)

Te = —
2oy T,

which is valid for short 1, values (T, < 100 ps) and S* > 0.5, o being the Larmor frequency of °N.
The values of 1, thus derived, 5.27 + 0.18 ns (free RNase T1) and 4.63 £ 0.18 ns (RNase
T1-2GMP) are in good agreement with those obtained from a more detailed anal-
ysis (see below).

Chemical exchange contribution to the linewidth

The chemical exchange contribution to the apparent T, values observed experimentally is
attributed to random fluctuations of the Larmor frequency during the periods of free precession
(Bloom et al., 1965; Kay et al., 1989), due to reasons other than an ordinary rotational modula-
tion of the dipole-dipole interaction in the N-H pair and the >N CSA, already taken into account
in the evaluation of the "N linewidth. Chemical exchange in this context is used to summarise
contributions of both exchange between different conformations and hydrogen exchange
processes involving the amide proton.

Using Anderson’s exchange model between two sites with Larmor frequencies +8 and —6
(Anderson, 1954) and the exchange rate K, it is easy to show (Bloom et al., 1965) that in the
extreme narrowing regime (K >>38), which is reasonable in the case under consideration, the
exchange contribution to the observed transverse relaxation rates depends on the relation
between K and the time constant & in the CMPG sequence: for K& << 1 it has practically no effect
on T,, while in the case of K& >> 1 (long &-fast exchange limit; Bloom et al., 1963) it is given by:

52

Rex -
2K

Y
Although the real picture of chemical exchange in macromolecules may be more complicated
than this simple model, this equation can be used to analyse the effects of conformational
exchange on the results of the CPMG-type T, measurements to a first-order approximation.
Depending on the repetition delay in the modified CPMG pulse train (Kay et al., 1992}, 2€ = 900
us in the present study, only exchange processes occurring at a rate of 10° s™' or faster can be
expected to show a significant influence on the measured T, values.
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RESULTS AND DISCUSSION

Relaxation data and dynamical parameters

The N longitudinal and transverse relaxation times as well as the NOEs derived from the 2D
spectra are presented in Figs. 3 (free enzyme) and 4 (inhibitor complex). It is obvious from the
data that the average level of the T, values in the free RNase T1 is higher than in the RNase
T1-2GMP complex, while the behaviour of the T, values is opposite. Therefore
the mean (T,/T,) ratio for the free enzyme is larger, and from Eq. 6 a longer overall rotational
correlation time is expected. T, therefore was 5.30 + 0.13 ns for RNase T1 and 4.70 + 0.10 ns for
RNase T1-2’GMP. The difference in the 1, reflects different protein concentrations and hence
different solution viscosities in both samples. The values obtained by the NMR approach are well
within the range of correlation times of RNase T1 obtained from fluorescence decay measure-
ments (Eftnik, 1983; Lakowicz et al., 1983; James et al., 1985; Chen et al., 1987).

Physical insight into the influence of the local motion on the °N spin relaxation rates in the LS
model can be easily obtained if one writes, using Eq. 2:

1 i

T, T()
with 1/T/ (1)) and 1/T°(t,) denoting the corresponding relaxation rates calculated for the case of
purely isotropic rotational motion with correlation times T, and 7, respectively, and T, being
defined by: 7.' =1, + 1,7 = 1,7\, In the case of transverse relaxation, the expression in curly
brackets on the righthand side of Eq. 8 is always positive, due to the monotonous increase of
1/T¥(1) versus t. Hence, the presence of local anisotropic motion always leads to an increase in
T,. A similar conclusion can be made for the longitudinal relaxation, despite the non-monoto-
nous behaviour of 1/T°(t) versus T, since under conventional experimental conditions the values
of 1, are near or only slightly above the value of 1/wy, at which 1/T{*(t) as a function of T reaches
its maximum, whereas T, is supposed to be considerably shorter than t,. Thus, the presence of
local anisotropic motion in a protein always leads to a shortening of the corresponding "N
relaxation rates, proportional to the value of 1 — %

The residues with higher amplitude of internal motion should have simultaneously higher
values of T; and T,. On the other hand, amide groups with the lowest values of T, and T, belong
to the residues with the most restricted local mobility. Note that in the latter case only the values
of T, may be taken for a reliable analysis, because of the shortening of the T, values due to
chemical exchange.

Before discussing the values of microdynamical parameters derived from the measured relaxa-
tion rates, the sensitivity of the latter to S* and 1, should be evaluated. In Fig. 5, contour plots are
shown of 1/T,, 1/T,, and NOE in the coordinates S* and 1, The calculation details are given in the
caption of Fig. 5. From these pictures, it is obvious that in the region $* > 0.5, 1, < 100 ps, which
is important for the internal dynamics of a protein detected by NMR at high fields, the rates of
longitudinal and transverse relaxation are almost insensitive to the time constant of local motion,
7. While knowledge of only one of the relaxation parameters may be quite sufficient to determine
$% in this region, provided the overall correlation time 1, is known, the values of both T, and T,
are not sufficient for correct calculation of 1;, since small errors in these parameters may lead to
a large uncertainty in the evaluation of the latter. For a more reliable determination of 1,

e 11 _
( S){Tff"(rc) Tff"(te)}’ n=12 ®
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Fig. 3. Experimental T;, T, and {'H,"*N} NOE values for free ribonuclease T1 as a function of residue number.

information about the NOE enhancement is necessary, although it cannot lead to a drastic
reduction in the error of the T, values, because of the small gradient of the NOE profile in the
above-mentioned region. Therefore in the further analysis we concentrate mainly on the order
parameter values.

Free ribonuclease T1

Figure 6 shows the order parameter distribution obtained for the free enzyme by NMR and the
temperature B-factors of the backbone nitrogen atoms extracted from the crystal structure of free
ribonuclease T1 (Martinez-Oyanedel et al., 1991). To allow for a direct comparison with the
X-ray data, (1 — S, being the deviation of S* from its complete restriction-limit value and
therefore increasing with the increase in the amplitude of local motion, is plotted versus the amino
acid sequence.

From Fig. 6, differences in the internal mobility are obvious for the regions of regular second-
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Fig. 4. Experimental T, T, and {'"H,""N} NOE values for the ribonuclease T1 - 2’GMP complex as a function of residue
number.

ary structure and the disordered structure elements. The smallest amplitudes of local motion
(1 — $? below 0.14) were obtained for the residues belonging to the peripheral a-helix (residues 13
to 29) and for the residues belonging to the strands of the central anti-parallel B-sheet (residues
40-42, 56-61, 75-81, 86-92 and 100-103) of RNase T1, thus indicating highly restricted local
mobility of these parts of the protein backbone. It is worth noting here that the lowest amplitude
of internal motion (1 — S? about 0.02) was observed for Tyr*, which has the shortest T, value (cf.
the discussion following Eq. 8). The local mobility of the loop regions as well as that of the termini
is less restricted, as follows from rather high values of 1 — S2, up to 0.33-0.35 for Phe®, Ser” and
Thr'™. If, for example, the ‘wobbling-in-a-cone’ model is used for the motion of the N-H bond
vector, i.e., S = 0.5 cos o (1 + cos o), with o being the semi-angle of a cone of all possible orienta-
tions of the N-H bond, the values of the semi-angle range from 7° to 18° for residues within a
regular secondary structure and up to about 30° for residues belonging to loop regions.
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Fig. 5. Contour plots of the theoretical dependence of (T})™, (T, and {'H,"*N} NOE values on the square of the order
parameter (%) and on the correlation time of internal motion (%), calculated using the Lipari and Szabo model, Eq. 2. An
overall rotation correlation time of 5 ns was used in the calculations at Larmor frequencies of 600.13 MHz for 'H and
60.81 MHz for >N, An average N-H bond length of 0.102 nm and a constant *N CSA of =160 ppm (Hiyama et al., 1988)
were assumed in all calculations.

RNase T1 - 2'GMP complex

The distribution of the amplitudes of local motion for this sample is similar to the one obtained
for the free enzyme, as is evident from the Fig. 7, where the distribution of the atomic B-factors
derived from the crystal structure of the RNase T1 - 2’GMP complex (Arni et al., 1988a,b) is also
presented. Order parameter values for the residues belonging to structured parts of the backbone
fall in the same range as in free RNase T1. The main changes in local mobility, compared to the
free enzyme, were observed in the loops IT and V, namely an increase in the amplitude of internal
motion of residues 50-53 and a decrease in the mobility of residues 96-99 and 100. The apparent
changes in loop II cannot be attributed to inhibitor binding or catalytic activity in a straightfor-
ward manner, since these residues are not known to take part in the biochemical activity of
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Fig. 6. Free RNase T1: the calculated 1 — S? values (see text) and temperature B-factors of the amide nitrogens (from the
crystal X-ray data, Martinez-Oyanedel et al., 1991).

ribonuclease T1, whereas the changes in loop V can be attributed to inhibitor binding, as inferred
from X-ray studies (Heinemann and Saenger, 1982; Arni et al., 1988a,b) and recent NMR
investigations (Werner, A., Karimi-Nejad, Y., Hoffmann, E., Simon, J., Thiiring, H. and
Riiterjans, H., unpublished results). From these studies, it is known that the backbone carbonyl
function of Asn®® forms a hydrogen bond with the exocyclic amino group of the guanine base,
while the backbone amide group of Asn®® forms a part of a RNase T1 subsite (Steyaert et al.,
1991). Phe'® is also involved in the binding site: its amide proton participates in hydrogen
bonding to the Glu* side chain carbonyl group, while the side chain of Phe!® is oriented towards
the base. The backbone mobility for the neighbouring residues, especially for the Asn® NH group
belonging to the same peptide plane as Asn’® CO, should be influenced by inhibitor binding due
to secondary processes. It is worthwhile mentioning that according to X-ray data the Asn® side
chain in free RNase T1 adopts two conformations, in contrast to only one in the RNase
T1 - 2’GMP complex (Martinez-Oyanedel et al., 1991).

To illustrate the decrease in mobility of the loop V region upon binding of the inhibitor, the
difference in the S? values for residues 92-104 in the RNase T1 - 2’GMP complex and in free
RNase T1 is depicted in Fig. 8. Unfortunately, the lack of some important experimental data
(Asn®® "NH cross peak has not been assigned in both samples and the data for the Asn”’ "NH
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Fig. 7. RNase T1 - 2GMP complex: the calculated 1 — S? values and temperature B-factors of the amide nitrogens (from
the crystal X-ray data, Arni et al., 1988a).

signal in the complexed sample proved unreliable during data evaluation) does not allow for a
detailed comparison of the dynamic parameters and the corresponding B-factors. However, the
increase in the order parameter (decrease of 1 — S?) in this region for the RNaseT1 - 2’GMP
complex compared to the free RNase T1 indicates a real motional restriction. This follows from
the noticeable simultaneous increase in T, and T, values and decrease in NOE for the correspond-
ing residues in free enzyme which were not observed in the RNase T1 - 2’GMP complex, as can be
clearly seen from the comparison of Figs. 3 and 4.

Chemical exchange

Using Eq. 5, values for the contribution of chemical exchange, R.,, to the transverse relaxation
of several N nuclei, that exhibited an increase in the transverse relaxation rate of more than 1 s™
in at least one of the samples, were obtained and are presented in Table 1. Of these residues, His®,
Glu®, and Arg’” belong to the catalytic site of RNase T1, while the residues 4144 are known to
be involved in the recognition of the base moicety, with the amide groups of Asn* and Asn*
directly participating in hydrogen bonding with the guanine base, according to X-ray
(Heinemann and Saenger, 1982) and transient NOE data (Werner, A., Karimi-Nejad, Y.,
Hoffmann, E., Simon, J., Thiiring, H. and Riiterjans, H., unpublished results). Although no
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Fig. 8. Difference in S? values and in atomic B-factors in a complexed and free enzyme for amide nitrogens of the residues
92-104.

significant changes in the order parameter were observed for these residues upon inhibitor bind-
ing, as could be expected since they belong to the central B-sheet having a restricted local mobility,
the corresponding values of the intrinsic rate R, are different.

For those residues that in both samples exhibit an influence of chemical exchange, the ratio of
the R, values in the free enzyme and in the complex can be used to evaluate the differences in the
chemical exchange rates, if the binding process is not accompanied by significant changes in the
nitrogen chemical shift. Accordingly, for all residues listed in Table 1, except His*, Lys*, Asn*,
and Asn*, the nitrogen chemical shift differences between corresponding resonances in both
samples are less than 0.9 ppm. Neglecting these small chemical shift differences under identical
experimental conditions to first order, the differences in the R, values for these residues may be
safely attributed to changes in the respective exchange rates, see Eq. 7. In accordance with these
arguments, the data shows a decreased exchange rate for residues Tyr*?, Tyr®®, Arg”’, and Val’,
whereas His”’ exhibits an increased exchange rate relative to the free enzyme. In the case of Asn®,
the N resonance shifts from 125.5 ppm in the free enzyme to 128.2 ppm in the ribonuclease
T1-2'GMP complex. It is not clear if the observed difference in the R, values
for this residue is due to changes in the exchange rate only. Note that, if one assumes a chemical
shift difference of about 10 ppm (28 = 2x 608.1 Hz for '*N) between the two sites in Eq. 7, the
exchange rate K should be about 10° s™* in order to yield the observed values of R.,.

Comparison of NMR microdynamic parameters and crystallographic B-factors
A comparison of the X-ray temperature factors derived for the backbone nitrogen nuclei with
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the order parameter values obtained by the NMR approach reveals large qualitative coincidences
in their distribution along the polypeptide chain (Figs. 6 and 7). Thus the high mobility of the loop
regions I and V in free RNase T1 and that of loop II in the 2’GMP complex are obvious from
both methods. Accordingly, the restriction of the local motion of the loop region participating in
inhibitor binding is significant on the basis of X-ray analysis and NMR relaxation data. The
differences in the (1 — S?) values obtained for both samples and those of the corresponding
B-factors from the X-ray structures are depicted in Fig. 8, from which the changes of the micrody-
namic properties upon binding of 2'GMP in this region of the protein are obvious.

Despite the overall agreement concerning the dynamic properties of the molecules, differences
may be seen between the two approaches with regard to the relative flexibility within regions of
defined secondary structure. The NMR approach shows a higher intrinsic flexibility of the second
strand of the central B-sheet (residues 56-61) in both investigated samples compared to that based
on X-ray data (the distribution of the order parameters obtained for this region was more widely
spread than that of the B-factors of the corresponding residues in both X-ray structures). Looking
at the (1 — S?) distribution along the o-helix of RNase T1 (residues 13-29), a wide spread is
observed for the first residues, while a significant decrease is observed for Tyr?*, which in this case
is indicative of motional restriction or local anisotropic motion, whereas the B-factor distribution

TABLE 1
CHEMICAL EXCHANGE CONTRIBUTION TO THE OBSERVED TRANSVERSE RELAXATION RATES*

Residue Free RNase T1 Complex RNase T1 - 2’GMP Ratio®
Re(s™) R, (™) K(free)/K (complex)

Tyr" 1.31 °

Asp” 1.10 e

Ser!’ 2.31 e

His* 2.94 1.50 0.51

Val® ¢ 1.18

Ser”’ ¢ 0.94

His* 2.09 d

Lys* 1.80 d

Tyr*? 0.57 3.11 5.46

Asn® 0.73 1.63 2.23

Asn* 0.56 °

Glu® 0.79 d

Tyr® 0.90 1.18 1.31

Arg” 0.37 1.20 3.24

Val™ 0.36 2.90 8.06

Asn® 3.44 c

2 The values of R,, were calculated using Eq. 5.

® The ratio of exchange constants was obtained via R,, =« K™ (Eq. 7).

° No noticeable increase of the transverse relaxation rate has been observed.

¢ No well-resolved cross peak has been observed, probably because of a large line broadening due to conformational
exchange.

® The value of T, observed for Asp* in the RNase T1 - 2’GMP complex, 89.8 + 18.7 ms, indicates a considerable influence
of chemical exchange processes, although an exact value for this contribution could not be obtained due to incomplete
data.
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Fig. 9. Distribution of the 1 — S? values obtained from the first 50 ps of a 1-ns molecular dynamics simulation of free
RNase T1 (Fushman, D., Ohlenschldger, O. and Riiterjans, H., unpublished results).

is nearly uniform in this region of the protein. Recent NMR structure calculations (S. Pfeifter,
personal communication) for free RNase T1, as well as average structures from MD simulations
of ribonuclease T1 mutants (Weisemann, R., unpublished results) show, in contrast to former
X-ray crystallographic data, a slight bend of the a-helix towards the interior of the protein, which
could indicate a bending motion, thus possibly explaining the differences in the mobility of the
o-helix observed in the crystal state and in aqueous solution. These observations hold true for
both the free enzyme and the inhibitor complex. Further investigations and a structure refinement
of the RNase T1 solution structure are currently in progress in our laboratory.

Comparison of NMR microdynamic parameters and the results of MD simulations

To reach a better understanding of the picture of internal mobility of ribonuclease T1, solvent
molecular dynamics simulations of both free enzyme and its 2’GMP-complex were carried out
(Fushman, D., Ohlenschldger, O. and Riiterjans, H., unpublished results) in a water modelling
environment by using the GROMOS library (van Gunsteren and Berendsen, 1987). Each simula-
tion was extended to a trajectory length of 1 ns. The analysis showed that the picture of backbone
NH-bond motion in the majority of cases is in agreement with the “wobbling-in-a-cone’ model,
thus providing a clear relation between the values of the order parameter and the degree of spatial
restriction of the local motion. To allow for a comparison with the results presented in this study,
the relevant correlation functions of the backbone NH-bond reorientation were obtained and
analysed in terms of the LS model. Comparison of the internal mobility observed in different time
windows (of 50 ps and 1 ns length, each sampled with 1000 points) revealed a noticeable stability
of the order parameter values for residues belonging to the structured regions of the protein
backbone, whereas the parameters characterizing local motion in the unstructured parts of the
latter were subject to some slow time-scale variations. The distribution of the 1 — S? values
derived from the first 50 ps of the MD simulation of free RNase T1 is presented in Fig. 9; a
detailed report will be published elsewhere (Ohlenschlager, O., Fushman, D. and Riiterjans, H.,
unpublished results). Comparison of Figs. 6 and 9 shows a good agreement between the general
behaviour of order parameters derived experimentally and from molecular dynamics simulations,
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although the absolute values of S?, especially in the loop regions, are markedly shorter when
derived from computer-simulated dynamics. It is worthwhile mentioning that the results of the
molecular dynamics simulation also show a restricted mobility of the loop 96-99 upon binding of
the inhibitor.

CONCLUSIONS

In the present study, the fast and slow time-scale backbone dynamics of ribonuclease T1, as
well as the changes of the microdynamic parameters of an enzyme upon binding of a competitive
inhibitor, were investigated by using a consistent NMR methodology. From the S? values obtain-
ed for both the free RNase T1 and the RNase T1 - 2’GMP complex, it is evident that binding of
the inhibitor changes the mobility of a certain region of the protein backbone, namely in the loop
region between residues 93-99, being most prominent for the residues 95-99. The increase in the
order parameter in this region for the RNase T1 - 2’GMP complex is accompanied by an increase
in the T, and T, values of the corresponding residues in the free enzyme, as well as decreased NOE
values in these cases, thus indicating a real motional restriction in the complexed enzyme compar-
ed to that of free RNase T1. From previous studies (Arni et al., 1988a, b), it is known that one of
these residues, Asn®®, is directly involved in nucleotide binding by hydrogen bonding. Moreover,
taking into account the decrease in the exchange rates of residues Asn* and Tyr* in the ribonu-
clease T1 - 2’GMP complex, residues which are also directly involved in the binding of the nucleo-
tide, a more detailed, although not final, insight into the binding process may be gained. Signifi-
cant small-scale mobility differences within regions of defined secondary structure were observed
which may be attributed to conformational mobility of the o-helix and parts of the B-sheet of
ribonuclease T1. The results obtained with our approach are in excellent general agreement with
X-ray crystallographic data and molecular dynamics simulations, although the former is not able
to differentiate between static disorder and thermal mobility, both contributing to the measured
B-factors, and hence an X-ray approach seems to be less sensitive to subtle changes in the
dynamics than the NMR approach, and the latter obviously suffers from the unsatisfying water
model to be included in the calculations. It should be emphasized that the differences between the
solution order parameters and the mobility data derived from either X-ray analysis or molecular
dynamics simulation is attributed also to the fact that NMR-measured S* is sensitive only to
motions on a time-scale faster than 1., whereas data obtained from both other techniques are not
subject to this restriction.

A further analysis of the motional properties of the enzyme backbone by hydrogen exchange
experiments and °N relaxation studies of other inhibitor complexes, as well as of the amino acid
side chain atoms by '*C NMR relaxation studies, which are currently in progress, will provide
further data for construction of a general model of nucleotide binding by this enzyme.
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