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Studies using time-resolved fluorescence depolarization were performed on the internal motion of Trp 59 of ribonuclease T, (EC 
3.1.27.3) in the free enzyme, 2’.GMP-enzyme complex and 3’-GMP-enzyme complex. The Trp 59 motion was also studied in the free 
enzyme using molecular dynamics simulations. Energetic analysis of activation barriers to the Trp 59 motion was performed using 
both the transition state theory and Kramers’ theory. The activation parameters showed a dependence on solvent viscosity mdlcating 
the transrtion state approach m aqueous solution to be inadequate. When taking solvent viscosity contributions into account 
agreement between the transition state and Kramer? theories was obtained. The results indicate the three enzyme forms to have 
different conformations with the free enzyme and 3’.GMP-enzyme complex being similar. Comparison of the experimental and 
theoretical results showed a good agreement on the Trp 59 motion in the free enzyme. Trp 59 appears to vibrate rapidly. with a 
relaxation time of the order of 1 ps. within free space in the protein matrix and to have a slower motion, with a relaxation time of the 
order of 100 ps, which is related to breathing of the surrounding protein matrix. Molecular dynamics resuhs indicate high mobility in 
regions of the enzyme involved in the interaction with the guanine base of the inhibitor or substrate while much lower mobility 
occurred in residues involved in the catalytic mechanism of ribonuclease T,. 

1. Introduction 

Enzyme dynamics have recently been the focus 
of study concerning their relation to functional 
aspects. Such studies have included both the theo- 
retical approach of molecular dynamics simula- 
tions [l-3] and experimental techniques including 
X-ray temperature factors [4,5], NMR [6-81, 
time-resolved fluorescence spectroscopy [9-111 and 
flash photolysis [12], among others. Furthermore, 
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the influence of the surrounding solvent on pro- 
tein dynamics has also recently been emphasized 
1131. 

Kramers [14] initially suggested the influence of 
Brownian motion on the crossing of a potential 
energy barrier in a chemical reaction. This ap- 
proach has recently been applied to proteins in an 
attempt to understand the effect of the surround- 
ing solvent on various proteins [13]. Reactions 
observed have included the movement of ligands 
through the protein matrix and the binding of 
ligands to the heme in hemoglobin and myoglobin 
[12,15] and the turnover rate of carboxypeptidase 
A [16]. In these studies the solvent viscosity was 
assumed to exert the largest effect on the observed 
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reaction rates, following the assumption that pro- 
tein dynamics dictated the reaction being ob- 
served. The motion of a tryptophan residue within 
a protein, as monitored by time-resolved fluores- 
cence depolarization measurements [ 171, offers a 
direct means to study the effect of solvent viscos- 
ity on protein dynamics. 

Time-resolved fluorescence depolarization mea- 
surements, due to recent advances in single pho- 
ton counting techniques [l&19], allows motions 
occurring in the time range of picoseconds to 
nanoseconds to be observed. The direct relation- 
ship between the correlation function and the 
measurement allows direct interpretation of the 
results as compared to NMR [20]. Furthermore, 
the presence of the intrinsic chromophore, tryp- 
tophan, in a variety of proteins makes the method 
widely applicable. Problems, however, can arise 
due to complexities in the photophysics of tryp- 
tophan [21,22]. Thus, it is advantageous to apply 
the technique to single-tryptophan-containing pro- 
teins, such as ribonuclease TI [23-271, to mini&e 
difficulties in dafa interpretation. 

Understanding of the dynamics of proteins has 
been greatly accelerated by the use of computer 
simulations [l-3]. Results from these molecular 
dynamics studies have shown reasonable agree- 
ment with experimental data, including X-ray 
temperature factors [5,28]. Several molecular dy- 
namics studies have examined the motion of pro- 
tein aromatic residues: the tyrosines in bovine 
pancreatic trypsin inhibitor f29,30] and the tryp- 
tophans in lysozyme [31]. In both studies, how- 
ever, direct correlation between simulation and 
experimental results was lacking. 

Ribonuclease TI (RNase T,; EC 3.1.27.3), which 
has been crystallized in the presence of both 2’- 
GMP [32,33] and 3’-GMP [34], offers an ideal 
system for the study of protein dynamics. The 
enzyme specifically cleaves single-stranded RNA 
on the 3’ side of guanylic acid residues via a 
guanosine 2’,3’-phosphate intermediate which is 
hydrolyzed to yield a terminal 3’-guanylic acid 
[35-371. Residues involved in the catalytic mecha- 
nism include His 40, Glu 58, Arg 77 and His 92. 
Significantly, the single tryptophan in the enzyme, 
Trp 59, is adjacent to the catalytic residue, Glu 58, 
in the primary sequence allowing the observation 

of motions adjacent to the active site of the en- 
zyme. 

Previously, we have shown the presence of a 
fast motion associated with Trp 59 using time-re- 
solved fluorescence depolarization [38]. This mo- 
tion, with a rotational correlation time in the 
range of 200 ps at 20 o C and of limited amplitude, 
was suggested to be associated with periodic mo- 
tions of Trp 59 or with motional fluctuations of 
the region containing that residue. Furthermore, it 
was observed that both the rotational correlation 
time and the amplitude of the motion increased in 
the presence of the inhibitors 2’-GMP and 3’- 
GMP, indicating changes in the enzyme confor- 
mation. In this report we present results of a study 
on the energetic aspects, including solvent viscos- 
ity contributions, of the barrier to the fast motion 
of Trp 59 in the free enzyme, and the 2’-GMP-en- 
zyme and 3’-GMP-enzyme complexes. Further- 
more, results from a molecular dynamics simula- 
tion of the free enzyme are compared with and 
used to aid in the interpretation of the experimen- 
tal results. 

2. Materials and methods 

2. I. Materials 

Guanosine 2’-monophosphate (disodium salt), 
guanosine 3’-monophosphate (trisodium salt) and 
N-acetyl-L-tryptophanamide were obtained from 
Sigma, St. Louis. Glycerol, fluorescence mi- 
croscopy grade, was from Merck. All other chem- 
icals were reagent grade. Water was treated by ion 
exchange, then distilled and lastly distilled against 
alkaline potassium permanganate prior to use. 

2.2. Methods 

RNase TI was purified from Aspergillus oryzae 
extract following a procedure similar to that of 
Riiterjans and Pongs [39]. The purified enzyme 
was the pl 3.0 isozyme, where Gln 25 is ex- 
changed with Lys [32]. Following purification the 
enzyme was lyophilized for storage and then re- 
dissolved in distilled water prior to use. Enzyme 
concentrations were 10 PM and were determined 
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by absorption at 278 nm in 50 mM phosphate (pH 
7.0) using an extinction coefficient of 2.12 X lo4 
M-r cm-l [37] on a Gary 118 sepctrophotometer. 

Fluorescence titrations and time-resolved ex- 
periments were performed in 50 mM sodium 
acetate (pH 5.3), containing 0.1 mM EDTA or in 
buffer/glycerol mixtures. Buffer/glycerol mix- 
tures were prepared by mixing the pH 5.3 acetate 
buffer with various volumes of glycerol to obtain 
solutions of 3.3-38X% (w/w) glycerol. The per- 
cent glycerol in the solutions for the constant- 
viscosity measurements was chosen to maintain a 
viscosity of 2 CP at the various temperatures [40]. 
For the varied-viscosity (isothermal) condition 
measurements solutions of O-40% (w/w) glycerol 
were prepared to obtain viscosities of l-O-5.6 CP 
at 20” C (see fig. 3). Temperature regulation 
( + 0.1” C) was performed using a Lauda circulat- 
ing bath. 

Fluorescence titrations of RNase Tt with 2’- 
GMP and 3’-GMP were performed on a Shimadzu 
RF-540 spectrofluorophotometer using an excita- 
tion wavelength of 300 nm (band width: 5 nm) 
and an emission wavelength of 380 nm (band 
width: 30 nm). Fluorescence intensity was fol- 
lowed while adding aliquots of the inhibitor and 
maintaining the enzyme concentration. Associa- 
tion constants, K,, were determined using 

where E;, 1, and EI, are the respective concentra- 
tions of free enzyme, unbound inhibitor and en- 
zyme-inhibitor complex at titration point i. EI, 
was assumed to be proportional to the amount of 
fluorescence quenching and to be equal to the 
total enzyme concentration when maximum 
quenching, indicating saturation of the enzyme by 
the inhibitor, was obtained. 

Time-resolved fluorescence measurements were 
performed using time-correlated single-photon 
counting as previously described [l&19,41,42]. 
Experiments were performed at an excitation 
wavelength of 300 nm and emission was moni- 
tored through a WG 360 mn cutoff filter. Data 
collection involved four groups of 2048 channels 
each and included the excitation pulse, unpolarized 

(magic angle) fluorescence, dark current and per- 
pendicularly polarized fluorescence. Individual ex- 
periments contained up to 2 X lo5 counts per 
channel [38]. Data, due to background fluo- 
rescence from the inhibitors (10% or less of en- 
zyme-inhibitor counting rate), were subjected to a 
background subtraction procedure as described 
previously [38]. 

Data analysis, including convolution of the ex- 
citation pulse with the physical models [43], has 
been previously described [42]. Fluorescence de- 
cays, 1,(t), were treated as a sum of individual 
fluorescence lifetimes according to: 

r,(t) =Ca, exp (-t/T) (2) 

where 3 is the fluorescence decay lifetime and aj 
the respective amplitude. Anisotropic decays, r(t), 
were calculated from the measured unpolarized, 
I,(t), and perpendicularly polarized, IL(t), fluo- 
rescent components using: 

where A is a correction factor to compensate for 
the difference in detector sensitivity to the un- 
polarized, Z,(t), and perpendicularly polarized, 
IL(i), components and equals 1.05 in this study. 
Rotational relaxation times, due to the anisotropy 
being a function of both the rotational relaxation 
times and the fluorescence decay times [a-46], 
were fitted by assuming that each rotational re- 
laxation is associated with all the fluorescence 
decays: 

(xroi exp(-I/f$))(Caj ev(-r/r,)) 
I I 

(4) 
where roi is the zero-time anisotropy for i, ei the 
rotational relaxation time for i, aj the amplitude 
of fluorescence decay j and 5 the fluorescence 
decay time for j. This model is well suited for a 
single-tryptophan protein where the fluorescence 



250 A. D. MacKerelI Jr et aL/Dynamics of ribonuciease T, 

from the tryptophan should be associated with 
both overall rotation of the enzyme and internal 
motions of the tryptophan itself. 

The technique used for the measurement of 
time-resolved fluorescence depolarization decays 
has recently been improved to allow the observa- 
tion of rotational motions into the picosecond 
time range [l&19]. Inherent in the system, due to 
the alternating measurement of the instrument 
response, magic angle, dark current and per- 
pendicular angle is a ‘self-calibration’ which helps 
to compensate for drift in the excitation source 
and detection electronics. Limitations, however, 
do exist including the detection channel width and 
the amount of sample counts per channel that can 
be collected which limit the statistical significance 
one may obtain using this technique. To overcome 
these problems measurements being directly com- 
pared were made in the same experimental ses- 
sion, such that the sequence of measurements in 
aqueous solution (see fig. 1) at 4, 20 and 40°C 
and 12 and 30 o C were performed consecutively as 
were measurements under the isoviscosity (see fig. 
2) and isothermal (see fig. 3) conditions. Further- 
more, to eliminate potential problems due to pho- 
todegradation, although such effects have previ- 
ously been shown to be insignificant [23,47], fresh 
enzyme samples were used for each measurement_ 

A molecular dynamics simulation of the free 
enzyme was performed using the CHARMM pro- 
gram [4X]. The initial coordinates were those for 
the 2’GMP-enzyme complex at pH 5.5 [32] with 
the 2’-GMP removed. The system included 949 
atoms (779 protein nonhydrogen atoms and 170 
polar hydrogen atoms) and used the current 
CHARMM parametrization for all energy interac- 
tions. Prior to the actual trajectory the system was 
energy minimized using the Adopted Basis New- 
ton-Raphson algorithm for 200 steps followed by 
heating from 0 to 313 K in 2.0 ps and equilibra- 
tion for an additional 20 ps, using a step size of 
0.001 ps. Following the equilibration the trajec- 
tory used in the analysis was continued for 55.5 
ps. Using a MicroVAX II computer 1 ps of simu- 
lation time required 10 central processor unit 
(CPU) hours. 

Comparison of results from the molecular dy- 
namics trajectory with the experimental results on 

the tryptophan motion requires the calculation of 
the correlation function, P2, between the absorp- 
tion, fi,, and emission, ,&,, vectors of tryptophan 
using: 

r(t) =0.4(exp(-t/B,))(P,[P,(O) .fi,(t)l> (5) 

where r(t) is the anisotropy as a function of time, 
~9, the rotational relaxation time for the overall 
rotation of the protein and P2( x) the second-order 
Legendre polynomial [31]. We assume two rota- 
tional relaxations to be present due to internal 
motions of Trp 59 (6, < 6’z K 0,) which relax to 
plateau values of PA such that: 

(P,[p,(o).p&)])= [(l-&)e-“e’+P:] 

Combination of eqs. 5 and 6 yields: 

r(t) = rO[(l - PA)e-‘/B1 + PL] 

X [(I - Pz) Cr/e2 + Pz] emr/‘m (7) 

where rO is related to the angle between the tryp- 
tophan absorption, p,, and emission, p,, vectors 
(see section 3). In the analysis of the molecular 
dynamics trajectory the exponential term contain- 
ing S, is equal to unity, due to the overall rotation 
and translation of the protein not being present. 
The analysis of the experimental data (see eq. 4 
and section 3) assumed the very fast rotational 
relaxation, f?,, to be unobservable due to experi- 
mental limitations, yielding the equation: 

r(t) = ~,pA(l- P~)e-“8Z+ r,P~P~e-‘@m (8) 

where there are two rotational relaxation times @, 
and S, for the internal Trp 59 motion and the 
overall enzyme rotation, respectively, with the two 
assumed to be uncoupled. This assumption is valid 
while the fast and overall rotational correlation 
times differ by an order of magnitude or more. 
The value of the experimental total zero-time an- 
isotropy, rO,toralr equals r,PA in eq. 8 and the 
experimental zero-time anisotropy associated with 
the internal Trp 59 motion, r,,, equals r,PL(l - 
Pz) in eq. 8. 



A.D. MacKerell Jr et d/Dynamics ofribonucleaw T, 251 

3. Results 

3.1. Fluorescence titrations 

Fluorescence titrations of RNase T, with 2’- 
GMP and 3’-GMP were performed to determine 
the respective association constants for the inhibi- 
tors. These experiments were performed under 
conditions similar to those used in the aqueous 
solution and isoviscosity time-resolved measure- 
ments. The results showed a tighter binding of 
2’-GMP vs. 3’-GMP under the conditions used, in 
agreement with previous results [37]. For 2’-GMP 
association constants varied with increasing tem- 
perature from 1.8 to 0.4 x 10’ M-r in aqueous 
solution and from 1.0 to 0.7 X lo6 M-’ under 
isoviscosity conditions. With 3’-GMP under aque- 
ous conditions the association constant decreased 
from 4.0 to 1.0 X lo5 M-l as temperature in- 
creased and from 3.0 to 1.0 x lo5 M-* under 
isoviscosity conditions. These values where then 
used to determine the inhibitor concentration for 
the time-resolved experiments at which a mini- 
mum of 93% saturation occurred. 

3.2. Time-resolved fluorescence measurements 

The fluorescence decay times (5) and per- 
centage weights (wj) in aqueous solution at pH 

Table 1 

Fluorescence decay and rotational relaxation parameters for 
ribonuclease T, 

Values reported for 40 o C in aqueous solution (see section 2). + 
(I-IS), fluorescence decay time; a, amplitude; 8, rotational 
relaxation times; rO, zero-time anisotropy. 

Free enzyme 2’.GMP-enzyme 3’-GMP-enzyme 

Ftuorescence decays 
T,(h) 0.01(43%) 

72(a2) 0.01(79%) 0.04 (39%) 
rj(a3) 1.81 (17%) 2.24 (13%) 1.91 (2%) 
q(a4) 3.69 (83%) 3.41 (8%) 2.70 (16%) 
X2 1.49 1.86 2.46 

Rotational relaxation 
&(Q) 0.10 (0.044) 0.16 (0.048) 0.23 (0.061) 

&A ‘w-n ) 2.90 (0.220) 2.68 (0.185) 3.51 (0.200) 

‘O$” 0.264 0.233 0.261 

x 1.11 1.12 1.42 

5.3 and 40 O C are listed in table 1. Examination of 
the results for the free enzyme shows the presence 
of two decay times with the shorter decay time, r3,, 
being the minor component. With the 2’-GMP-en- 
zyme complex three times are present, a very fast 
component, rz, and two longer decay times, rj 
and r4, with the longer of the two being the minor 
component. Four components are observed in the 
3’-GMP-enzyme, two very fast components, T, 
and r2. and two longer components, TV and TV, 
with the 73 component being the minor compo- 
nent, similar to that observed in the free enzyme. 

Previous results with RNase Tr (free enzyme) 
have varied as to the number of fluorescence 
decay components present [23327]. To confirm 
the presence of the minor fluorescence component 
in the free enzyme (table 1) control measurements 
using N-acetyl-L-tryptophanamide (NATA) under 
similar experimental and instrumental conditions 
were performed and showed a single fluorescence 
decay time of 3.0 ns in agreement with previous 
results [22]. The fast fluorescence components in 
the enzyme-inhibitor complexes, due to the slight 
absorption at 300 nm by 2’-GMP [35], were 
suspected as possibly originating from the inhibi- 
tors alone. While contributions from the unbound 
inhibitors were corrected for by the subtraction 
procedure it must be emphasized that contri- 
butions to the fluorescence which we associate 
with Trp 59 may arise from the guanine base or 
Tyr 42 or Tyr 45, due to their involvement in a 
highly specific stacked configuration in the en- 
zyme-inhibitor complexes 132-341. 

3.3. Rotational energetic analysis 

3.3.1. Measurements in aqueous solution 
Traditional approaches to the analysis of 

potential energy barriers use the transition state 
theory [49], where the crossing of a barrier is 
assumed to be independent of the surrounding 
environment. In this approach the measured rate 
constant, k(l/@,), is determined as a function of 
temperature, T (K): 

k = u exp( -AG#/RT) (9) 

where P is the frequency factor, equaling 1013 s-‘, 
and R is the gas constant, allowing the energy of 
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the barrier, AG * , to be determined. From: 

AGf=AHf-TAS’ (10) 

the individual contributions of enthalpy, AH +, 
and entropy, AS *, were determined. 

Initial analysis of the activation energy barrier 
to the motion of Trp 59 in RNase T, followed the 
approach presented in eqs. 9 and 10. In these 
experiments the rotational relaxation time, 6,, as- 
sociated with the internaI motion of Trp 59 was 
measured at five different temperatures in aque- 
ous buffer. The results, presented in fig. 1, show 
the temperature dependence for the free enzyme 
2’-GMP-enzyme and 3’-GMP-enzyme. As may be 
seen, the free enzyme has the fastest rotational 
relaxation rate across the temperature range 
studied. Interestingly, the 0, values for the 2’- 
GMP-enzyme and 3’-GMP-enzyme cross, with the 
relaxation rate for the 3’-GMP-enzyme being fas- 
ter at the lower temperature. This crossing effect, 
when considering the similar 0, values for the 
enzyme-inhibitor complexes at 20 “C, 0.25 and 
0.23 ns for the 2’-GMP- and 3’-GMP-enzyme 
complexes at 20” C, respectively [38], shows the 
importance of determining 0, at various tempera- 
tures to allow differences between the two en- 
zyme-inhibitor complexes to be observed. 

A quantitative evaluation of the results pre- 
sented in fig. 1 is presented in table 2. In the 
analysis the frequency factor, Y, was assumed to 
be constant for all temperatures and enzyme forms 
studied. Inspection of the values in table 2 shows 
a similar enthalpic barrier for the free enzyme and 
the 2’-GMP-enzyme while a smaller enthalpic har- 
rier occurs in the 3’-GMP-enzyme. Conversely, the 
most unfavorable (in terms of decreasing the rota- 

Table 2 

Energetic activation parameters for the tryptophan motion in 
aqueous solution 

Errors are of the order of 10%. Free energies are for 293 K. See 
section 2 for experimental conditions. 

Free 2’-GMP- 3’-GMP- 
enzyme enzyme enzyme 

Enthalpy (W molU’) 20.1 20.5 7.1 
Entropy (J mol-’ K-’ 1 8.4 4.2 -40.1 
Free energy (W mol _ ’ ) 17.6 19.3 18.8 

Fig. 1. Rotation rate vs. inverse temperature in aqueous solu- 
tion for the free enzyme (A), 2’-GMP-enzyme (0) and 3’- 
GMP-enzyme (m). Inhibitor concentrations were 30 and 60 pM 
for 2’-GMP and 60 and 100 PM for 3’-GMP at 4-20 and 
3&40° C, respectively. 

tional rate) entropic term occurs with the 3’- 
GMP-enzyme whereas the most favorable (in terms 
of increasing the rotation rate) term occurs with 
the free enzyme. Significantly, comparison be- 
tween the three enzyme forms reveals that the 
longer rotational correlation time in the presence 
of inhibitors is due to an entropic effect, which is 
most pronounced in the 3’-GMP-enzyme. Further- 
more, the different enthalpic values between the 
2’-GMP-enzyme and 3’-GMP-enzyme lead to the 
crossing of the 0, values in fig. 1. 

3.3.2. Isoviscosity measurements 
Analysis of activation energy barriers using the 

transition state theory ignores changes solvent 
properties that occur with temperature which may 
influence the reaction being observed. Thus, the 
energy parameters being measured will have con- 
tributions from both the protein itself and the 
surrounding solvent. One approach to eliminate 
the influence of solvent properties on the mea- 
sured parameters is to perform the measurements 
at various temperatures while maintaining the 
solvent properties, thereby observing energy 
parameters from the protein alone [12]. Holding 
all solvent properties constant, however, is dif- 
ficult, thus the property of viscosity, which should 
have the most direct effect on protein dynamics 
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[12,13], was chosen to be maintained while the 
temperature was varied. 

The solvent viscosity was maintained by pre- 
paring different percent glycerol solutions for use 
at different temperatures (see section 2). The 
viscosity chosen, 2 cP, was selected to be similar 
to that of water and to keep the highest percent 
glycerol relatively low (less that 40%). By keeping 
the percent glycerol low changes in other solvent 
properties (ionic strength, pH) could be assumed 
to be negligible. 

Fig. 2 shows the results from the constant- 
viscosity experiment for the three enzyme forms 
studied. Again, as in fig. 1, the free enzyme has 
the fastest rotational relaxation rate throughout 
the temperature range studied, while the values for 
the 2’-GMP-enzyme and 3’-GMP-enzyme again 
cross. In this case, however, the 2’-GMP-enzyme 
has the fastest rotational relaxation rate at the 
lowest temperature, a reversal of the effect ob- 
served in the experiments in aqueous solution (see 
above). 

Evaluation of the results in fig. 2 was per- 
formed analogously to the aqueous experiments: 

k = v exp( -AC+ */RT) (11) 
AG +*=Aff’*-TAS** (12) 

with the asterisk indicating constant viscosity (iso- 
viscosity). Calculated values from these measure- 
ments, where solvent viscosity contributions to the 

Zl.0 

t 1 

Fig. 2. Rotation rate vs. inverse temperature with viscosity held 
constant (isoviscosity) for the free enzyme (A), 2’-GMP-en- 
zymc (0) and 3’-GMP-enzyme (I). Inhibitor concentrations 
were 60 pM for 2’GMP at all temperatures and 120 and 140 
pM for 3’-GMP at O-10 and 20-40 o C, respectively. 

Table 3 

Ensrgetic activation parameters for the tryptophan motion in 
isoviscosity 

Errors arc the order of 10%. Free energies are for 293 K. See 
section 2 for experimental conditions. 

Free 2’-GMP- 3’-GMP- 
enzyme enzyme enzyme 

EnthaIpy (kJ mol- ‘) 20.1 1.5 20.1 
Entropy (J mol-’ K-t) 4.2 - 42.6 0.0 
Free energy (kJ mol _ ’ ) 18.9 20.0 20.1 

activation parameters are assumed to be negligible 
(i.e., protein alone), are presented in table 3. In 
contrast to the aqueous results (table 2), similar 
enthalpic contributions to the activation barrier 
occur in the free enzyme and 3’-GMP-enzyme 
while a lower value is found for the 2’-GMP-en- 
zyme. Again, entropic effects, which are more 
unfavorable with the enzyme-inhibitor complexes, 
appear to cause the longer rotational relaxation 
times. 

3.3.3. Isothermal measurements 
Contribution from the solvent may also be 

considered using Kramers’ equation [12-14,161: 

k = (v,v,$/3y) exp( -AG&*/RT) (13) 

where k is the measured reaction rate, y0 the 
undamped frequency in the initial well (lOi s-l), 
v,’ the undamped frequency at the top of the 
activation energy barrier (1014 s-i), p the linear 
mass density (lOpI4 g cm-‘) and AG’ * the bar- 
rier height in the protein. In this approach the 
solvent viscosity, 17, is of primary importance to 
the reaction rate. When dealing with the internal 
motions of proteins a factor K is introduced into 
eq. 13 to account for the transmission of the 
viscosity by the protein matrix [12], yielding: 

k = (A/3$) exp(-AG#*/RT) 04) 

The influence of the solvent viscosity on the inter- 
nal motion associated with Trp 59 was assessed by 
measuring the rotational relaxation time at various 
viscosities (1.0-5.6 cP) and constant temperature. 
The results from this experiment, plotted as In k 
vs. In 77, are shown in fig. 3. Values of K, de- 
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‘I 

Fig. 3. Rotation rate vs. viscosity at constant temperature 
(20°C, isothermal conditions) for the free enzyme (A), 2’- 
GMP-enzyme (a) and 3’-GMP-enzyme (m). Inhibitor con- 
centrations were 60 pM for 2’-GMP and 120 /.tM for 3’-GMP 
at all viscosities. 

termined from the slopes in fig. 3, were 0.08, 0.31 
and 0.14 for the free enzyme, 2’-GMP-enzyme and 
3’-GMP-enzyme, respectively. 

3.4. Zero-time anisotropy and overall rotational cor- 
relation time 

The various time-resolved experiments also gave 
values for the overall rotational relaxation time 
and for the zero-time anisotropies, rO (table 1). 
Results on the overall rotational relaxation time, 
0 agreed with values calculated from the 
S?Akes-Einstein relationship for a spherical mole- 
cule the size of RNase TV [32] when taking into 
account the viscosity and temperature. For the 
zero-time anisotropies associated with the fast ro- 
tational relaxation time, r,,, the average values 
were 0.027 + 0.011, 0.037 + 0.012 and 0.045 & 
0.013 for the free enzyme, 2’-GMP-enzyme and 
3’-GMP-enzyme, respectively. Average values for 
the total zero-time anisotropy, ro,total, were 0.259 
k 0.014, 0.253 f 0.013 and 0.251 + 0.012 for the 
free enzyme, 2’-GMP-enzyme and 3’-GMP en- 
zyme, respectively. From the values of r,, and 
‘0, total the angle of the fast motion, c+, can be 
determined using [8]: 

wr = c0s~‘(1/2( (1 + 8S)l” - 1)) (15) 

S2 = ( ro,total - r02 )/rO,total 05a) 
which models the motion as diffusion within a 

cone of semiangle wf_ The resulting values were 
15.5, 18.5 and 20.6O for the free enzyme, 2’- 
GMP-enzyme and 3’-GMP-enzyme, respectively. 

3.5. Molecular dynamics simulation 

Molecular dynamics studies were performed on 
the free enzyme due to the experimentally mea- 
sured rotation of Trp 59 being fastest in that 
enzyme form. During the equilibration period (20 
ps) a decrease in potential energy of the enzyme 
occurred, apparently due to conformational 
changes in the enzyme (MacKerell et al., 
manuscript in preparation). Once the potential 
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Fig. 4. Root mean square fluctuations (in A) for the side chain 
(upper panel, excluding hydrogens and using Gly 0) and the 
main chain (lower panel, N, Cal, C, 0) atoms of ribonuclease 
T, from the molecular dynamics simulation of the free enzyme. 
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energy became constant the system was assumed 
to be at equilibrium. The conformational relaxa- 
tion of the enzyme apparently also leads to an 
increase in the temperature of the system to an 
average of 324 K for the trajectory. 

Analysis of the molecular dynamics trajectory 
emphasized overall root mean square motions of 
the enzyme and motion related to Trp 59. Root 
mean square fluctuations of the enzyme by residue 
for the main chain and side chain atoms are 
presented in fig. 4. Regions of large motion in- 
clude the amino-terminus., residues 22 and 23, 
43-50 and 93-96. Three regions of low mobility 
are noticeably present: residues 38-43, 56-62 and 
77-81. Correlations between the absorption and 
emission vectors of Trp 59 were determined to 
study the motion of Trp 59. To calculate the 
correct cross-correlation function, Pz (see section 
2) the intrinsic angle, X, between the tryptophan 
absorption and emission vectors must be used. 
Steady-state polarization studies on indole have 
indicated a zero-time anisotropy of approx. 0.31 
with excitation at 300 nm [50]. Taking this value 
and using [31]: 

r,/o.4 = P,(cos A) = (3 cos2x - 1)/2 (16) 

a h value of + 23” is calculated ( Pr = 0.77). Exci- 
tation at 300 nm primarily excites the ‘L, excita- 
tion band [50] which has an orientation of -38” 
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Fig. 5. Correlation function Pz using a /i,(O) of - 38” and 
k.(r) of -Ho (---) and -61° (- ) from free enzyme 
simulation. 

to the long axis of the tryptophan side chain [51]. 
Using this value for the ‘L, (fi,) absorption band, 
values of -15 and -61” for the emission vector 
(0,) were determined. A plot of P2 vs. time for 
both the - 15 and - 61” emission vectors is pre- 
sented in fig. 5. As may be seen in both the -15 
and - 61” cases the correlation function quickly 
decreases within 1 ps to a value of 0.61, corre- 
sponding to a relaxation time of approx. 1 ps and 
an r, of 0.24. Following the very fast decay the Pz 
value remained constant in the case of the - 15” 
emission vector while a gradual decrease occurred 
with that of -61”. From this decrease a relaxa- 
tion time of approx. 130 ps was determined. 

4. Discussion 

4. I. Fluorescence decay times 

The presence of two or more fluorescence de- 
cay times in all three enzyme forms (table 1) 
indicates the presence of multiple conformations 
which may be related to the rotational motion 
being observed. The cause of the different life- 
times may be attributed to varied quenching of 
Trp 59 in the different enzyme conformations 
[21,22]. Such quenching, considering the inaccessi- 
bility of solvent to the tryptophan, is apparently 
due to an intrinsic protein group situated close to 
the Nd atom on the Trp 59 side chain [47]. 
Analysis of both the X-ray and molecular dy- 
namics averaged structures suggests the peptide 
bond between Pro 60 and Ile 61 to be the quench- 
ing group. Thus, changes in the relationship be- 
tween the Nd atom and the peptide bond in 
different enzyme conformations lead to the differ- 
ent decay times. 

The relationship of the fluorescence decay times 
(table 1) to the measured Trp 59 motion may be 
modeled as follows. The measured Trp 59 motion 
is associated with the slower fluorescence decay 
times rs and Q, because the fast fluorescence 
decay times, 7, and r2, observed in the eruyme-in- 
hibitor complexes are so short compared to the 
fast rotational relaxation time, f?,, that any contri- 
bution from those fast-decaying states to the mea- 
sured Trp 59 internal motion is negligible. Com- 
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parison of the free enzyme and 3’-GMP-enzyme TV 
and T+, fluorescence decay times and weights (table 
1) shows good agreement in relation to the 2’- 
GMP-enzyme, supporting the conformational sim- 
ilarity of the free and 3’-GMP-enzyme forms (see 
below). The multiple fluorescence decays, rather 
than indicating discrete enzyme conformations, 
may also represent average values from a distribu- 
tion of lifetimes [52] representative of various con- 
formational substates of Trp 59 and its surround- 
ing environment. 

4.2. RNase T, conformation 

X-ray crystallographic studies have been per- 
formed on the 2’-GMP- [32,33] and 3’-GMP- [34] 
enzyme complexes but not on the free enzyme. 
These studies have shown the two inhibitor-bound 
structures to be quite similar although some dif- 
ferences do occur in both the backbone atoms and 
inhibitor-enzyme contacts [34]. Differences in the 
backbone occur primarily in the loop regions, 
including part of the region surrounding Trp 59. 
Interactions between the inhibitors and the en- 
zyme are similar around the guanosine bases 
[32-34,531, but some differences do occur around 
the ribose phosphate moieties. In the 2’-GMP-en- 
zyme there are several hydrogen bonds between 
the phosphate and the enzyme, which appear to be 
pH dependent [32,33] as shown after the refine- 
ment of the models at high resolution (1.85 A), 
although they are more closely related than previ- 
ously thought (Arm et al., manuscript in prepara- 
tion). The phosphate-enzyme hydrogen bonds in- 
volve residues Glu 58 (indicating that residue to 
be protonated at both pH 4.0 and 5.3), Tyr 38, His 
40 (pH 5.3) and Arg 77 (pH 4.0). With the 3’- 
GMP-enzyme, however, no interpretable electron 
density at the present resolution is observed for 
the ribose-phosphate moiety [34], indicating that 
portion of the inhibitor to be in a highly dis- 
ordered state, possibly existing in a variety of 
substates [12,15,54]. 

TO understand better the differences between 
the enzyme conformations in the free enzyme, 
2’-GMP-enzyme and 3’-GMP-enzyme [38], time- 
resolved fluorescence measurements were made at 
various temperatures on the three enzyme forms. 

Initial experiments in aqueous solution (fig. 1, 
table 2) indicated the free enzyme and 2’-GMP- 
enzyme forms to be more similar as compared to 
the 3’-GMP-enzyme. Results from the tempera- 
ture effects in aqueous solution must be inter- 
preted with caution, due to the measured activa- 
tion parameters containing contributions from 
both the protein and the surrounding solvent (see 
above). To observe barriers in the protein alone 
experiments were next performed by maintaining 
viscosity while varying temperature (isoviscosity). 
The results from the isoviscosity experiment (fig 
2, table 3) indicated the free enzyme and 3’- 
GMP-enzyme forms to be more similar as com- 
pared to the 2’-GMP-enzyme form. Thus, from 
the experiment designed to observe activation bar- 
riers in the protein alone, the free enzyme and 
3’-GMP-enzyme conformations, although some- 
what different as demonstrated by the fluores- 
cence decay times and rotational relaxation times 
(table 1) [38], appear to be similar while the 2’- 
GMP-enzyme conformation is significantly differ- 
ent. 

Intuitively, results obtained for the protein 
alone seem reasonable. On a speculative basis, 
consider the three enzyme forms studied to be 
analogous to enzyme intermediates in the catalytic 
mechanism of RNase T,; the free enzyme, the 
2’-GMP-enzyme which is analogous to the cyclic 
2’,3’-phosphate intermediate and the J’-GMP-en- 
zyme which is analogous to the enzyme-product 
complex. Thus, the 3’-GMP-enzyme form, which 
has the product relatively weakly bound and is 
catalytically one step from the free enzyme, would 
be expected to resemble conformationally the free 
enzyme. On the other hand, in the 2’-GMP-en- 
zyme complex the enzyme, being more influenced 
by the bound inhibitor as indicated by the higher 
association constant and the X-ray crystallo- 
graphic results and being two catalytic steps from 
the free enzyme, should have a conformation less 
similar to the free enzyme. 

4.3. Soluenf uiscosity energetic analysis 

Differences in the activation energy parameters 
from the protein and solvent together (aqueous 
solution, table 2) and the protein alone (isoviscos- 
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Table 4 

Energetic activation parameters for the tryptophan motion 
associated with solvent viscosity 

Errors are of the order of 10%. Free energies are for 293 K. 

Free 2’-GMP- 3’-GMP- 
enzyme enzyme enzyme 

Enthalpy (kJ n-101~‘) 0.0 13.0 - 13.0 
Entropy (J mol-’ Km’) 4.2 46.8 -40.1 
Free energy (kJ mol ‘) -1.3 - 0.7 -1.3 

ity, table 3) indicate the importance of the solvent 
viscosity contribution to the activation energy bar- 
rier in aqueous solutions. To analyze more closely 
the solvent viscosity contribution we assume that 
the protein-solvent activation energy parameters, 
P# Mf, are simply the sum [12,13,16] of the solvent 
viscosity, P + ‘, and protein, P # *, activation en- 
ergy parameters such that: 

P *,=ptzt-p** 07) 

Energy parameters associated with the solvent 
viscosity were then determined using the values in 
tables 2 and 3. Results from this evaluation (table 
4) show the energy contributions from the solvent 
viscosity to vary for the different enzyme forms in 
the enthalpic and entropic terms. In all three cases 
the free energy term, due to compensation be- 
tween the enthalpic and entropic terms, is negligi- 
ble. Although the solvent viscosity free energy 
contributions are similar and negligible with all 
three enzyme forms the significant differences be- 
tween the enthalpic and entropic terms indicate 
that changes in the enzyme conformation may 
lead to changes in the influence of solvent viscos- 
ity on the protein matrix. 

4.4. Kramers’ approach 

The approach of Kramers as applied to activa- 
tion barriers in proteins was tested by determining 
the rotational relaxation time, 6’,, for Trp 59 for 
various viscosities (isothermal conditions). The re- 
sults (see fig. 3) gave values of K, the protein 
transmission factor, ranging from 0.08 to 0.31 (see 
section 3). These values are in the range of those 
previously reported by Frauenfelder and co- 

workers [12] for myoglobin and hemoglobin. To 
calculate the activation free energies using 
Kramers’ approach we assume that the pre-ex- 
ponential values (~,v,‘p/3), listed following eq. 13, 
are constant and that the temperature is 293 K. 
Using these values activation free energies, AG i *, 
of 16.3, 16.7 and 16.7 kJ/mol for the free enzyme, 
2’-GMP-enzyme and 3’-GMP-enzyme were calcu- 
lated, respectively. Comparison of these values 
with the activation free energy values listed in 
table 3 shows a reasonable agreement indicating 
that the two approaches used to determine the 
protein activation free energies are compatible. 

4.5. Trp 59 motion 

Analysis of the Trp 59 motion first requires an 
understanding of the environment of the residue. 
Inspection of the 2’-GMP-enzyme structure at pH 
5.3 [32] shows Trp 59 to be in a hydrophobic 
environment between the P-pleated sheet, the cy- 
helix being completely surrounded by the protein 
matrix (see fig. 6). The region around Trp 59 
includes the a-helix residues Ala 19, Ala 22 and 
Gly 23 and other residues including Pro 39, Pro 
60, Tyr 68 and Phe 80. The hydrophobicity 07 the 
residues in the vicinity of Trp 59 is consistent with 
the blue fluorescence emission maximum of the 
enzyme occurring at 324 nm (results not shown ) 

Fig. 6. Structure of ribonuclease T, in the presence of 2’-GMP 
(2’-GMP removed). From ref. 32. 
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[55-571. Free space in the protein matrix around 
the residue is limited, indicating that a maximum 
rotation of the Trp 59 sidechain of approx. 10” 
could occur. 

Results from the molecular dynamics simula- 
tion correlate well with the limited free space 
around Trp 59. In fig. 5 the correlation function 
Pz between the Trp 59 absorption and emission 
vectors shows an initial very fast motion, which 
relaxes in about 1 ps, resulting in a decrease in r, 
from 0.31 to 0.24. This decrease corresponds to an 
increase in the angle A between the absorption 
and emission vectors of 8’) in good agreement 
with a 10’ motion considering the free space 
around Trp 59. Furthermore, the molecular dy- 
namics J-~ value of 0.24 following the very fast 
motion agrees well with the experimentally mea- 
sured r, tota~ of 0.26 (see section 3). Thus, it ap- 
pears that Trp 59 vibrates quite rapidly within the 
available free space in the protein matrix. How- 
ever, this very fast motion is beyond our current 
experimental resolution, indicating that the experi- 
mentally measured motion of 15%20° involves 
motion exceeding the available free space around 
Trp 59 and therefore requires a breathing of the 
surrounding protein matrix for that motion to 
occur. 

Since the protein matrix must breathe in order 
for the Trp 59 motion to occur the fast rotational 
relaxation time, &,, being measured is directly 
related to the protein breathing rate. Considering 
that only the protein breathing can be measured 
we will present two preliminary models for the 
Trp 59 motion. The first model will assume that 
whenever the protein matrix, via the breathing 
motion, is shifted into the proper conformation 
motion of Trp 59 will occur. In this model the 
tryptophan will lie in one of two or more discrete 
enzyme conformations. It should be noted that 
these discrete conformations may each contain a 
variety of substates [4,15,54]. Such conformational 
substates may be responsible for the protein en- 
tropic terms (table 3) in the enzyme-inhibitor 
complexes. The second model represents a situa- 
tion where Trp 59 moves in a correlated fashion 
with the breathing of the surrounding protein 
matrix leading to one broad distribution of con- 
formational substates rather than two or more 

discrete conformations. In this model an opening 
of the protein matrix to allow Trp 59 to move 
never actually occurs, only a regional fluctuation 
of the protein matrix. The difference between the 
models is not the magnitudes of the measured rate 
constants but the ‘allowed conformations’ for Trp 
59. In the first case Trp 59 is forced to jump 
between discrete wells and in the second Trp 59 is 
allowed to drift with the breathing of the protein 
matrix. These models, it should be emphasized, 
represent limiting cases whereas a realistic descrip- 
tion of the system probably lies somewhere be- 
tween the two. 

Solvent viscosity contributions (table 4) to the 
overall activation energy parameters (aqueous 
solution, table 2) are much more significant in the 
enzyme-inhibitor complexes than in the free en- 
zyme, indicating that the solvent viscosity effects 
are related to interactions within the enzyme’s 
active site. These effects may be transmitted via 
Glu 58, among others, to the region of the enzyme 
containing Trp 59. Such transmission is probably 
aided by the presence of Glu 58 and Trp 59 on a 
P-strand associated with the P-pleated sheet in the 
enzyme. Furthermore, the presence of the highly 
conserved Pro 60 [58] confers further structural 
stability on the region containing amino acids 
58-60. With the 2’-GMP-enzyme the enthalpic 
solvent viscosity term is unfavorable which may 
be associated with the hydrogen bonding in the 
region around the phosphate group of the bound 
inhibitor. The breaking of these bonds would then 
allow more conformational freedom (substates) 
which would account for the favorable entropic 
term. The situation in the 3’-GMP-enzyme is re- 
versed, with a favorable solvent viscosity enthalpic 
term and an unfavorable entropic term (table 4). 
Here, the favorable enthalpic solvent viscosity term 
may indicate the requirement of a specific confor- 
mation or substate, requiring specific solvent-pro- 
tein interactions, for the motion to occur. The 
specific solvent-protein configuration would be in 
contrast to the normal disordered state, as indi- 
cated by X-ray data [34], in the region of the 
bound 3’-GMP ribose phosphate moiety, and 
would simultaneously lead to a lower conforma- 
tional freedom (number of substates) and hence to 
an unfavorable entropic term. 
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Values of K from Framers’ approach (see above) 
indicate different transmission of solvent viscosity 
effects into the Trp 59 region between the free and 
3’-GMP-enzyme formsvs. the 2’-GMP-enzyme. K 

being lower for the free and 3’-GMP-enzyme forms 
indicates that solvent viscosity effects are trans- 
mitted less readily, which may be due to greater 
structural stability in the region around Trp 59 as 
shown by the higher protein enthalpic term (table 
3). On the other hand, solvent viscosity effects in 
the active site may be more readily transmitted to 
the Trp 59 region in the 2’-GMP-enzyme due to a 
lower structural stability in that region, as indi- 
cated by the higher K value and lower protein 
enthalpic term. Thus, with RNase T, it appears 
that the K factor is inversely related to the protein 
enthalpic term. An apparent discrepancy still ex- 
ists between the significant solvent viscosity en- 
ergetic contributions for the 3’-GMP-enzyme (ta- 
ble 4) and the smalI value of K as compared to the 
2’-GMP-enzyme. A possible explanation may be 
that the actual solvent viscosity energetic contri- 
butions at the active site are much larger in the 
3’-GMP-enzyme than with the 2’-GMP-enzyme. 
However, a greater damping effect by the protein 
matrix in the 3’-GMP-enzyme results in values 
similar in magnitude, albeit reversed, to those seen 
in the 2’-GMP-enzyme (table 4). 

Molecular dynamics results, although some- 
what preliminary on the time scale required to 
analyze effectively a motion of 100 ps, indicate the 
presence of a motion in the free enzyme on that 
time scale. Fig. 5, following the initial very fast 
motion, shows a gradual decay in the case of the 
-61” emission vector which corresponds to a 
correlation time of approx. 130 ps. This result 
from the simulation at 324 K, considering the 
extreme extrapolation used to obtain it, agrees 
quite well with the measured rotational correlation 
time of approx. 100 ps for the free enzyme at 313 
K (table 1). The hydrophobic environment of Trp 
59, the low value of K and the negligible solvent 
energetic terms in the free enzyme, all of which 
indicate a minhnal influence of the solvent on the 
Trp 59 motion, are probably important for the 
good agreement between the experimental and 
vacuum simulation results. 

Root mean square fluctuations of the residues 

in the free enzyme from the molecular dynamics 
simulation are presented in fig. 4. These results, 
which may act as a prediction for future results 
from X-ray temperature factors, further indicate 
the presence of motion of the Trp 59 side chain 
(fig. 4, top). Fluctuations of the a-helix residues 
22 and 23 which lie directly adjacent to Trp 59 
(fig. 6) are also significant and may contribute to 
the Trp 59 motion. Other residues of high mobility 
include the loops involving residues 43-50 and 
93-96. Both of these regions are in the vicinity of 
the active site, towards the top of the enzyme in 
fig. 6, with the 43-50 residue loop interacting 
directly with the guanine base in the 2’-GMP-en- 
zyme complex (refs. 32 and 33, revised model; 
Arni et al., manuscript in preparation). Fig. 4 also 
shows several regions of markedly low mobility, 
which correlate well with residues involved in the 
catalytic mechanism of RNase Tt [37]. Analysis of 
the active-site region of the molecular dynamics 
averaged structure (results not shown) suggests the 
presence of a hydrogen-bonding network involv- 
ing residues Glu 58, His 40, Arg 77 and Tyr 38. 
The structural stability of the active-site residues 
in this free enzyme structure may be responsible 
for the low solvent viscosity contribution to the 
activation parameters (see above, table 4) which 
are implicated as originating within the active site. 
Comparison of the high- and low-mobility regions 
in fig. 4 indicates that regions of the protein 
important for recognition of the guanine base are 
highly mobile, suggesting the mobility to be im- 
portant for the primary recognition of the inhibi- 
tor by the enzyme, while the region including the 
catalytic residues that interact with the inhibitor 
phosphate are relatively immobile, possibly to al- 
low for specific interactions required for further 
binding to occur. 
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