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Abstract. Molecular dynamics simulations in vacuum 
and with a water sphere around the active site were 
performed on the 2'GMP-RNase T1 complex. The 
presence of water led to the maintenance of the 
2'-GMP-RNase T1 interactions as compared to the 
X-ray structure, including the hydrogen bonds impli- 
cated in the enzyme-inhibitor recognition process. The 
sidechain of His92 in the molecular dynamics water 
simulation, however, hydrogen bonds directly to the 
phosphate of 2'GMP in contrast to the X-ray structure 
but in support of the role of that residue in the en- 
zyme's catalytic mechanism. Fluctuations of active- 
site residues are not strongly influenced by water, pos- 
sibly owing to the exclusion of water by the bound 
2'GMP, which did show an increase in mobility. Anal- 
ysis of the 2'GMP-RNase T1 interactions versus time 
reveal an equilibrium fluctuation in the presence of 
water, leading to a less favorable 2'GMP-RNase T1 
interaction energy, suggesting a possible relationship 
between picosecond fluctuations and inhibitor disso- 
ciation occurring in the millisecond time domain. 

Key words: Ribonuclease T1, protein dynamics, mo- 
lecular dynamics, protein-nucleic acid interaction 

Introduction 

Nucleic acid-protein interactions comprise an aspect 
of protein function which is important in various phys- 
iological roles as well as being an area applicable to 

* To whom offprint requests should be sent 
** Present address: Department of Chemistry, Harvard Uni- 

versity, 12 Oxford Street, Cambridge, Massachusetts 02138, 
USA 

Abbreviations: RNase TI: Ribonuclease T1 (EC.3.1.27.3); 2'GMP: 
Guanosine-2'-monophosphate; SBS: Stochastic Boundary Si- 
mulation: VS: Vacuum Simulation; MD: Molecular Dynamics 

the development of various pharmaceutical agents and 
research tools. Such interactions can be grouped into 
those involving double-stranded forms of nucleic acids 
and those involving single-stranded species. The first 
category is represented by a variety of endonucleases 
and DNA binding proteins with the most well studied 
system perhaps being the endonuclease EcoR1 for 
which the crystal structure of the substrate-enzyme 
complex has been determined (Frederick et al. 1984; 
McClarin et al. 1986). Ribonuclease A is probably the 
most well studied enzyme in the second category on 
which a variety of experimental work (Richards and 
Wyckhoff 1971; Blackburn and Moore 1982) and 
theoretical studies (Brfinger et al. 1985; Brooks et al. 
1986) have been performed. Another enzyme in the 
second category which has a higher specificity of inter- 
action than RNase A and has also been subjected to 
extensive study is Ribonuclease TI (Uchida and 
Egami 1971 ; Egami et al. 1980; Takahashi and Moore 
1982). 

Ribonuclease T1 recognizes guanylic acid residues 
in single-stranded RNA and catalyzes the cleavage of 
3'5' phosphodiester linkages yielding terminal 3'-gu- 
anylic acids (Uchida and Egami 1971; Egami et al. 
1980; Takahashi and Moore 1982). Crystallographic 
studies have been performed on the 2'GMP (Heine- 
mann and Saenger 1982; Sugio et al. 1985 a; Arni et al. 
1988), the 3'GMP (Sugio et al. 1985b) and, recent- 
ly, the guanylyl 2'-5'-guanosine (Koepke et al., manu- 
script in preparation) enzyme forms. These studies 
reveal a similar guanine-protein interaction pat- 
tern for both inhibitors where the base is sandwiched 
between two tyrosine residues (42 and 45) and a series 
of hydrogen bonds are formed with residues 43 to 46 
and 98, which appear to be responsible for the specific- 
ity. Differences, however, do occur in the phosphate- 
protein interactions, with the change in the position of 
the phosphate in 2'GMP versus 3'GMP leading to 
different hydrogen bonding patterns with residues in- 
volved in catalysis (Nishikawa et al. 1987). Beyond the 
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direct nucleic acid-protein interactions time-resolved 
fluorescence depolarization experiments have indi- 
cated the presence of conformational and dynamical 
changes in the protein upon binding of 2 'GMP and 
YGMP (MacKerell et al. 1987a, b). To further un- 
derstand the nature of the interactions between ribo- 
nuclease TI and the above inhibitors, allowing for the 
interpretation of experimental results and the poten- 
tial of predictions on altering the specificity of interac- 
tion and function of the enzyme, the theoretical tech- 
nique of molecular dynamics holds great potential. 

Molecular dynamics simulations (Karplus and 
McCammon 1981; McCammon 1984; Warshel 1984) 
have greatly increased the understanding of the 
molecular basis of the motions of macromolecules. 
Applications of the technique are now quite broad 
(McCammon and Harvey 1987) and correlation with 
experimental work is often obtained. Variations of the 
MD approach, including umbrella sampling tech- 
niques, brownian dynamics and the thermodynamic 
perturbation approach, are in rapid development fur- 
ther expanding the use of the technique. Limitations, 
however, are many with one of the most significant 
being the computational time required. To deal with 
this problem a variety of assumptions are made, often 
including the neglection of the explicit representation 
of solvent in the simulations. This assumption has 
been tested with BPTI (van Gunsteren and Karplus 
1982a; Swaminathan et al. 1982; van Gunsteren and 
Berendsen 1984) and with parvalbumin (Ahlstr6m 
et al. 1987), indicating the alteration of surface side- 
chain motions although agreement of the effect on 
motions within the protein interior is lacking. 

In the present study the influence of solvent on the 
interaction between 2 'GMP and ribonuclease TI is 
analyzed using MD simulations in the presence and 
absence of solvent. The analysis is restricted to the 
macromolecular behavior and interactions; work is in 
progress on the solvent dynamics and structure and 
will be presented elsewhere. Advantages of using this 
system, along with the high specificity of interaction 
and the various experimental studies listed above, are 
the enzyme's low molecular weight, 11,085 daltons, 
and its relative structural simplicity, being comprised 
of only a single e-helix, two /~-pleated sheets and 
several loop regions (Arni et al. 1988). To save com- 
puter time and allow for a relatively long trajectory 
stochastic boundary conditions were employed allow- 
ing the maintenance of water in the active-site region 
(Adelman 1980; Berkowitz and McCammon 1982; 
Brooks and Karplus 1983; Brfinger et al. 1984; Brooks 
et al. 1985; Brfinger et al. 1985). Results from the two 
simulations are compared with the nucleic acid- 
protein interactions observed in the 1.9 ~ resolution 
X-ray coordinates for the 2'GMP-RNase T1 complex 
(Arni et al. 1988). 

Methods 

Molecular dynamics simulations were performed on 
NORD-500 and CRAY-1 computers using the pro- 
gram CHARMM (Brooks et al. 1983). Parameters 
were those currently supported by CHARMM 
(Brooks et al. 1983), except in the case of 2'GMP. Since 
there is no explicit hydrogen bonding potential in the 
protein empirical energy function the charge on each 
2'GMP atom was increased by 20% (Reiher III 1985). 
A net charge of - 1.05 was used for the 2 'GMP mole- 
cule. 

The same strategy was used in the present study as 
in previous MD studies on the free-enzyme form of 
RNase T1 (MacKerell et al. 1988) allowing some of the 
methodological details to be omitted. The 1.9 A re- 
fined coordinates for the 2'GMP-RNase T1 complex 
(Arni et al. 1988) were used as the starting point for the 
MD simulations. The histidines (27, 40 and 92) where 
set to doubly protonated + 1 charge states to corre- 
spond with the X-ray data at pH 5 (Heinemann and 
Saenger 1982; Arni et al. 1988) and experimental data 
indicating those residues to be protonated at that pH 
(Rtiterjans and Pongs 1971; Arata et al. 1979). 

The water representation used was the TIP3P 
model (Jorgensen etal. 1983). In the Stochastic 
Boundary Simulation (SBS) all of the 91 waters in the 
asymmetric unit identified by the X-ray crystallogra- 
phy were included along with an 18 A radius sphere of 
water centered around Tyr42 OH. The sphere was 
positioned using information from previous simula- 
tions and preparation of the water followed the same 
procedure as previously published. (MacKerell et al. 
1988). Water density within the 18 A sphere was main- 
tained by the use of a 20.5/~ constraining potential 
(Warshe11979; Warshel and Russel 1984; Brooks et al. 
1985). 

Partitioning of the residues in the SBS was done 
into a full MD region within the 18/~ sphere and a 
Langevin region outside of the sphere. A friction coef- 
ficient of 50 ps-  a was used for the Langevin dynamics. 
Following the preparation of the system as previously 
stated (MacKerell et al. 1988) the entire system was 
energy minimized for 200 Steepest-Descent Steps with 
harmonic constraints on the protein atoms which were 
gradually decreased every 40 steps. SHAKE (Ryckaert 
et al. 1977; van Gunsteren and Karplus 1982b) was 
used to constrain all covalent bonds involving hydro- 
gen atoms and an integration time-step of 0.02 ps was 
used. The non-bonded list was updated every 10 steps 
using a cutoff of 8.0 ~ and both the electrostatic and 
van der Waals potentials were shifted to obtain a 
smooth transition to zero at 7.5 ~. Initiation of the 
MD run was performed by instantaneously assigning 
all atoms with random velocities yielding an overall 
kinetic energy of 314 K. The system was initially al- 



lowed to equilibrate for 20 ps using a temperature win- 
dow of _+ 10 K with checking every 0.1 ps and rescal- 
ing when necessary followed by application of a 4- 2 K 
temperature window with checking every 0.1 ps which 
was maintained for the remainder of the trajectory. 

In the vacuum simulation (VS) the X-ray structure 
was first energy minimized via 200 Adopted-Basis 
Newton Raphson (Brooks et al. 1983) steps followed 
by an instantaneous assignment of random velocities 
to all atoms corresponding to a temperature of 310 K. 
During the equilibration period of 20 ps a temperature 
window of 4-10 K with checking every 0.1 ps and re- 
scaling when necessary was applied which was then 
changed to _+ 2 K for the remainder of the simulation. 
The electrostatic potential was shifted and the van der 
Waals potential switched (Brooks et al. 1983) to obtain 
gradual cutoffs which went to zero at 7.5 A. 

Coordinate sets selected every 0.1 ps were used in 
the analysis of the trajectories. Time-averaged coordi- 
nates from the two simulations along with X-ray coor- 
dinates were energy minimized for 120 steps with grad- 
ually decreasing harmonic constraints on all atoms 
prior to analysis. RMS differences, At, following least- 
squares fit of all backbone atoms (N, C c~, C, O), were 
calculated using: 

N 
A r = I / N  Z {[r i1--r i212} 1/2, (1) 

i = l  

where r~ and r~2 are the positions being compared and 
the summation is either for the individual atoms or 
over the backbone or sidechain atoms of the individu- 
al residues. RMS fluctuations, AR, were calculated 
using: 

N 
AR=I/N Y, {<[(Ax,)2+(Ayz)2+(Az,)2])} ~/2, (2) 

i=1 

where Axe, Ay~ and Az~ are the differences between the 
reference and instantaneous atomic coordinates for 
the ith atom, { ) represents the time average and the 
summation is either for the individual atoms or over 
the backbone or sidechain atoms of the individual resi- 
dues. Interaction energies were calculated using the 
same potentials as used in the simulations. 

R e s u l t s  

The potential energy of the two simulations, presented 
in Fig. I a and b, initially relaxes in a similiar fashion, 
however, in the VS the potential energy of the system 
drops a second time at approximately 100 ps. For both 
simulations the RMS difference between the backbone 
atoms and the X-ray structure as a function of time 
(Fig. 1 c) also underwent an initial fast relaxation fol- 
lowed by a stabilization, with a marked decrease in the 
rate of change, indicating that both simulations were 
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Fig. 1 A - C .  Total potential energy of the A vacuum simulation 
and the B stochastic boundary simulation as a function of time. 
C RMS difference m /Imgstr6ms between 5 ps time-averaged 
backbone atom (N, C ~, C, O) positions from the vacuum simula- 
uon (line) and stochastic boundary simulation (dash) 

fairly well equilibrated. To avoid complications associ- 
ated with the potential energy decrease in the VS the 
time-range of 120 to 240 ps was selected for analysis 
while the 53 to 176 ps time range was used from the 
SBS simulation. 

To examine changes in the structures which occur 
during the two simulations the RMS differences be- 
tween the backbone atoms from the X-ray structure 
and the SBS or VS time-averaged MD structures are 
presented in Fig. 2 a and b, respectively. Comparison 
of the differences for the two simulations show them to 
generally be smaller in the SBS in accordance with 
Fig. 1 c. Of the most significant changes in the VS are 
those in the region of residues 38 to 60, which encom- 
passes many of the residues which define the enzyme's 
active site. On the other hand residues 20 to 26, which 
lie at the C-terminal of the e-helix, change much more 
in the SBS as compared to the VS. 

To aid in the analysis the active site it will be sepa- 
rated into the recognition site, designated RS, and the 
catalytic site, designated CS (MacKerell et al. 1988). 
Residues in the RS include 42 to 46 and 98, all of which 
interact with the guanine base in the 2'GMP-RNase 
T1 X-ray structure (Arni et al. 1988). Comprising 
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Fig. 2A and B. RMS difference by residue for the backbone 
atoms (N, C e, C, O) from the time-averaged simulation struc- 
tures and the X-ray structure for the A stochastic boundary 
simulation and the B vacuum simulation. Units are in 
Angstroms. Circles represent residues subjected to the Verlet 
algorithm and squares to the Langevin algorithm. Residues in 
the s-helix are underscored with - - - - - -  and in the/~-pleated 
sheets with . . . . . . .  

Table 1. RMSDifferences between the X-ray positions of active- 
site residues and the time-averaged MD positions in the 
2'GMP-RNase T1 simulations 

Residue SBS VS 

Backbone Sidechain Backbone Sidechain 

RS region 
42 0.90 1.30 t.17 1.30 
43 0.91 3.03 2.30 2.74 
44 1.32 1.88 2.79 4.16 
45 1.27 1.85 3.63 2.95 
46 1.48 1.07 3.61 2.84 
98 2.53 4.48 3.30 2.83 

CS region 
40 0.95 1.33 2.92 2.97 
58 0.91 1.55 1.45 3.08 
77 0.86 1.65 1.08 3.00 
92 0.98 1.69 3.87 3.75 

Units are in Angstroms 
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Fig. 3A-C .  Stereodiagrams of the active-site structures from 
the A X-ray structure, the B time-averaged stochastic boundary 
simulation structure and the C time-averaged vacuum simula- 
tion structure. The sidechain atoms of Asn43 and Ash44 were 
ommitted. All protein backbone atoms were oriented to the 
same reference structure 

the CS are  res idues  40, 58, 77 and  92 which  in te rac t  
wi th  the  p h o s p h a t e  mo ie ty  of  2 ' G M P  and  have  been 
impl ic i t ed  to be invo lved  in the  ca ta ly t ic  m e c h a n i s m  
(Takahash i  and  M o o r e  1982). 

F igu re  3 shows the act ive site f rom the X- ray  struc-  
ture  (a) and  the M D  t ime-ave raged  act ive-si te  s truc-  
tures  f rom the SBS (b) and  the VS (c), respect ively.  
C o m p a r i s o n  of  the two s imula t ion  act ive sites shows 
tha t  the act ive site f rom the crys ta l  s t ruc ture  is closer  

to the SBS than  the VS active site. R M S  differences 
be tween  the act ive-si te  res idue pos i t ions  f rom the two 
s imula t ions  and  the crys ta l  s t ruc tures  are p resen ted  in 
Table 1. In  general ,  the differences are  smal le r  for the 
SBS, except ions ,  however ,  exist with the  s idechains  of  
some of  the RS residues.  F u r t h e r  evidence of the ma in -  
t enance  of  the act ive-s i te  s t ruc ture  of  the SBS is seen in 
Table 2 where  the  2 ' G M P - p r o t e i n  h y d r o g e n  b o n d s  are  
l is ted and  in Table  3, showing  the res idue- res idue  hy- 
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Table 2. Hydrogen bonds between 2 'GMP and Ribonuclease 
TI 

Table 4. RMS Fluctuations of the active-site residues in the 
2 'GMP-RNase T1 simulations 

Hydrogen bond Distance [~] 

Donor Acceptor X-ray SBS VS 

RS region 

Asn43 H 2 'GMP N7 2.2 2.2 2.5 
Asn43 H 2 'GMP 06  - - 2.1 
Ash44 H 2 'GMP 06  2.1 1.9 - 
Tyr45 H 2 'GMP 06  2.1 2.5 - 
2 'GMP H5T Tyr45  OH - - 2.1 
2 'GMP H1 Glu46 Oel  2.0 2.0 2.0 
2 'GMP H1 Glu46 Oe2 2.1 2.2 - 
2 'GMP H21 G l u 4 6  Oe2 2.0 2.0 2.0 
Ash98 H521 2 'GMP O2PT 2.2 - 
Ash98 H622 2 'GMP N3 - 2.2 - 
2 'GMP H22 Asn98 0 2.0 - 2.3 
2 'GMP H22 Asn98 O61 - 2.3 - 

CS region 

His40 He2 2 'GMP O1PT 2.0 2.0 2.0 
2 'GMP H2T Glu58  Oel 2.5 2.5 - 
2 'GMP H2T Glu58  Oe2 2.1 2.2 - 
Arg77 H H l l  2 'GMP O2PT - - 1.9 
Arg77 HH21 2 'GMP O1PT - 2.4 1.9 
Arg77 HH22 2 'GMP O I P T  2.4 2.2 - 
His92 He2 2 'GMP O2PT - 2.0 - 

Hydrogen bonds between 2 'GMP and active site residues fol- 
lowing 120 steps of restrained ABNR minimization of the pro- 
tein atom X-ray or time-averaged simulation coordinates. Crite- 
ria for hydrogen bond existence are hydrogen-acceptor distance 
< 2.5 A and donor-hydrogen-acceptor angle < 65 ° 

Table 3. Hydrogen bonds between active-site residues in the 
X-ray and time-averaged simulation structures 

Hydrogen bond Distance [~.] 

Donor Acceptor X-ray SBS VS 

RS region 

Tyr42 HH Glu46 Oel 2.0 2.1 2.0 
Asn43 H621 Tyr45 OH - - 2.2 
Tyr45 H Glu46 Oel - 2.3 2.5 

CS region 

His40 0 Glu58 H 1.9 1.9 - 
Glu58 H His40 0 2.6 - 2.0 
His40 Hill Glu58 Oel - - 2.0 
His40 He2 Glu58 Oe2 2.5 2.2 - 
Arg77 He Glu58 Oe2 2.0 2.0 2.1 
Arg77 HH22 Glu58  Oe2 - 2.0 1.8 

R S - C S  

His92 He2 Asn98 0 2.2 - - 

Hydrogen bonds between 2 'GMP and active site residues fol- 
lowing 120 steps of ABNR minimization of the protein atom 
X-ray or time-averaged simulation coordinates. Criteria for hy- 
drogen bond existence are hydrogen-acceptor distance _< 2.5 
and donor-hydrogen-acceptor angle < 65 ° 

Residue SBS VS 

Backbone Sidechain Backbone Sidechain 

RS region 

42 
43 
44 
45 
46 
98 

CS region 

40 
58 
77 
92 

0.56 0.67 0.53 0.68 
0.67 0.91 0.60 0.85 
0.74 0.87 0.77 1.08 
0.86 1.27 0.78 1.23 
1.03 0.84 0.95 0.68 
0.75 0.90 0.59 0.95 

0.50 0.59 0.47 0.65 
0.48 0.53 0.56 0.86 
0.57 0.55 0.47 0.68 
0.95 1.00 0.66 0.77 

Umts are in Angstroms 

Table 5. RMS Fluctuations of non-hydrogen atoms in 2 'GMP 

Atom FluctuaUons [~] 

SBS VS 

Base 

N1 0.72 0.44 
C2 0.69 0.44 
N2 0.77 0.58 
N3 0.66 0.49 
C4 0.63 0.45 
C5 0.66 0.44 
C6 0.71 0.45 
0 6  0.81 0.60 
N7 0.71 0.55 
C8 0.72 0.58 
N9 O.64 0.52 

Sugar 

CI '  0.63 0.61 
C2' 0.62 0.54 
02 '  0.70 0.44 
CY 0.69 0.71 
O3' 0.9t 0.70 
C4' 0.73 0.91 
04 '  0.71 0.91 
C5' 0.99 1.14 
O5' 1.17 1.97 

Phosphate 

PT 0.62 0.39 
O1 PT 0.60 0.44 
O2PT 0.68 0.47 
O2T 0.64 0.43 

d r o g e n  b o n d s .  A g a i n ,  t h e r e  is g o o d  a g r e e m e n t  b e t w e e n  

the  X - r a y  a n d  the  SBS s t r u c t u r e  in b o t h  the  RS a n d  CS 
r e g i o n s  of  t he  ac t ive  site. 

L i s t e d  in  Tab le  4 a n d  Tab le  5 fo r  b o t h  s i m u l a t i o n s  

are  t he  R M S  f l u c t u a t i o n s  fo r  t he  ac t ive - s i t e  r e s i d u e s  

a n d  fo r  2 ' G M P ,  r e spec t ive ly .  T h e  ac t ive - s i t e  f l uc tua -  
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T a b l e  6.  I n t e r a c t i o n  e n e r g i e s  b e t w e e n  2 ' G M P  a n d  R i b o n u c l e a s e  

T1 in  t h e  X - r a y  a n d  t h e  S B S  a n d  VS t i m e - a v e r a g e d  s t r u c t u r e s  

2 ' G M P  r e g i o n  E n g e r g y  [ k c a l / m o l e ]  

X - r a y  S B S  VS 

B a s e  

V D W  - 20.3  - 22 .5  - 21.9  
E le  - 50.5 - 42.1 - 42.8  

T o t a l  - 70.7  - 64.6  - 64.7  

S u g a r  

V D W  - 4 . 3  - - 6 . 0  - 6 . 0  

E le  - - 4 . 4  - -  11.6 - 16.4 
T o t a l  - 8.7 - 17.6 - -  22 .4  

P h o s p h a t e  

V D W  - 10.8 - 9.9 - 9.8 
Ele  - 9 5 . 2  - 113 .2  - 139 .7  

T o t a l  - 106 .0  - 123.1 - 149 .5  

2 ' G M P  

V D W  - 35.3 - 38.4  - 37.3 

E le  - 150.1 - 166 .9  - 198 .8  

T o t a l  - 185 .4  - 205 .3  - 2 3 6 . 6  

Al l  s t r u c t u r e s  w e r e  s u b j e c t e d  t o  120  s t e p s  o f  r e s t r a i n e d  A B N R  

m i n i m i z a t i o n  p r i o r  t o  c a l c u l a t i o n s .  V D W = v a n  d e r  W a a l s ,  

E le  = e l e c t r o s t a t i c  

- 1 8 0  

- 2 0 0  

- 2 2 0  

_~ - 2 4 0  

- 2 6 0  
I I I l 

=~ - 180  B 

- 2 0 0  

-~-~ -22o 
- 2 4 0  

-26o 

0 25 50 75 1 0 0  125 

T,me [PSI 

F i g .  4 A  a n d  B. I n t e r a c t i o n  e n e r g y  b e t w e e n  2 ' G M P  a n d  R N a s e  
T1 v e r s u s  t i m e  f r o m  t h e  A s t o c h a s t i c  b o u n d a r y  s i m u l a t i o n  a n d  

B t h e  v a c u u m  s i m u l a t i o n  

tions are similar for the two simulations. In the case of 
2'GMP, however, there is an increased motion in the 
SBS. The only exceptions occur with atoms C4', 04', 
C5', and 05', where an increase in mobility occurs in 
the VS as compared to the SBS. RMS fluctuations 
for the entire enzyme will be presented elsewhere 
(MacKerell et al. submitted to J. Mol. Biol.) along with 
the temperature factors from the X-ray studies (Arni 
et al. 1988). 

To further examine the interaction between the in- 
hibitor and the enzyme the interaction energy, calcu- 
lated using the same empirical energy function as in 

the simulations, between 2'GMP and all protein 
atoms was determined for the X-ray and the MD time- 
averaged simulation structures. Results, presented in 
Table 6, are separated into the guanine base, the sugar, 
the phosphate moiety and the total molecule. Overall, 
the values for all three structures are in agreement, 
although better agreement with the crystal structure 
occurs in the SBS. It should be emphasized that the 
interaction energies presented represent only the po- 
tential energy between the groups listed and are not 
related to any experimental thermodynamic parame- 
ters (Brown and Kollman 1987). 

Analysis of the interaction energy as a function of 
time for both the SBS and the VS is presented in 
Fig. 4 a and b, respectively. In the case of the VS the 
energy stays approximately constant throughout the 
simulation. In the SBS, however, at 82 ps (correspond- 
ing to 135 ps in Fig. 1) the interaction energy becomes 
less favorable by approximately 30 Kcal/mote. Fur- 
ther analysis of this phenomenon indicates that the 
interaction energy loss is related to changes around 
the phosphate moiety of 2'GMP (not shown). Next, 
examination of the interaction energies of the individ- 
ual CS residues which interact with the 2'GMP phos- 
phate moiety in the time region that the energy change 
occurs (Fig. 5) show His92 to be responsible for the 
less favorable interaction energy. 

Discussion 

The simulations are well equilibrated, as shown in 
Fig. 1, where after initial relaxation of the structures 
the changes in both potential energy and RMS differ- 
ences with time were minimal in agreement with pre- 
vious studies (van Gunsteren and Berendsen 1984; 
Krfiger et al. 1985; Post et al. 1986;/~qvist et al. 1986). 
In the VS the drop in the potential energy at 100 ps is 
not distinctly seen in the RMS difference (Fig. 1), indi- 
cating that the change in the enzyme is not global in 
nature. Analysis of the VS time-averaged structures 
from 40 to 90 ps and 120 to 240 ps of the VS (not 
shown) reveals a shift in the position of the 2'GMP 
phosphate group and CS residues which interact with 
the phosphate. This shift encompasses a change of 
structure in the CS region from one similar to those 
occurring in the X-ray and SBS to that observed in the 
VS (Fig. 2). Problems, however, were avoided by 
selecting the time region of the VS after the shift for 
analysis, since it was related to a change in the equilib- 
rium structure to a more favorable potential energy 
rather than a fluctuation of the equilibrium structure 
as occurs in the SBS simulation (see below). 

Analysis of the overall structural changes in the 
two simulations (Fig. 2) shows the differences to be 
smaller in the SBS indicating the influence of water to 
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Fig. 5 A - D .  Interaction energy between 
the 2 'GMP phosphate moiety and the 
sidechain atoms of A His40, B Glu58, 
C Arg77 and D His92 versus time 

maintain the enzyme structure in the simulation. Some 
of the SBS residues (20 to 26), however, exhibit larger 
differences than in the VS. Of these residues several 
were in the Langevin region of the SBS indicating that 
the differences may be an artifact. Significant differ- 
ences, however, also occur in other Langevin residues 
(region 63 to 72) in which large differences also occur 
in the VS suggesting the importance of allowing resi- 
dues outside of the waterball the freedom to move, 
which are partially restricted in the normal stochastic 
boundary approach (Brooks and Karplus 1983; 
Brfnger et al. 1984; Brooks et al. 1985). Such restric- 
tion of movement at the boundary surface may influ- 
ence phenomena occurring within the waterball and 
complicate the interpretation of results (McCammon 
and Harvey 1987). 

Stereodiagrams of the three active-site structures, 
presented in Fig. 3, show that all three structures are 
similar; the guanine moiety interacts with the RS 
residues, sugar-protein interactions only occur with 
Asn98 in the simulation structures and the phosphate 
moiety interacts with CS residues. RMS differences in 
the RS region of the simulation structures (Table 1) 
reveal little change in the SBS, except in the case of 
Ash98, while larger changes generally occur in the VS. 
This is supported by the maintenance of hydrogen 
bonds in the SBS as compared to the X-ray structure 
(Table 2). Important hydrogen bonds which are main- 
tained include those involving the backbone atoms of 
residues 43 to 45 with the N7 and 06  2 'GMP atoms 
and of the Glu46 sidechain with the H1 and H21 atoms 
of 2'GMP. These interactions yield a well organized 
pattern which would be lost in the presence of other 
nucleic acid bases and thus, constitutes the mode of 
recognition in RNase TI (Heinemann and Saenger 
1982). In the case of the VS larger structural changes 
in the RS generally occur (Table 1) leading to a loss of 
several hydrogen bonds and the concomitant forma- 
tion of new bonds (Table 2). Simultaneously, the rear- 
rangement of the active site leads to the formation of 

several residue-residue interactions which are not ob- 
served in either the X-ray or SBS structures (Table 3). 
Overall, the changes in the VS result in a loss of several 
important 2'GMP-protein hydrogen bonds which do 
not occur in the SBS simulation, again indicating the 
importance of using water in the simulation to main- 
tain the proper protein-inhibitor interactions. 

As in the RS, the CS structure is similar in the 
X-ray and SBS structures while the VS structure differs 
from the other two (Fig. 3, Table 1). With the X-ray 
structure three of the four CS residues interact directly 
with the phosphate moiety (Table 2) while in the SBS 
structure all four CS residues are hydrogen bonded to 
the phosphate. Of note is the lack of a hydrogen bond 
with His92 in the X-ray structure which is present in 
the SBS structure which, by chemical modification, 
NMR (Takahashi and Moore 1982) and gene manipu- 
lation experiments (Nishikawa et aL 1987), has been 
indicated to be involved in the catalytic mechanism of 
RNase T1. Analysis of the P212121 crystal contacts of 
ribonuclease T1 (Arni et al. 1987) reveals hydrogen 
bonding between the backbone atoms of His92, Ala95 
and Gly97 with those of Alal and Cys2 across the 
two-fold screw axis along with a number of non- 
bonded contacts. Thus, the protein-protein inter- 
molecular interactions in the RNase T1 crystals may 
influence the position of the His92 sidechain, suggest- 
ing that the solution His92 position may be similar to 
that observed in the SBS structure. 

The above protein-protein crystal interactions 
may also influence the position of Asn98 leading to the 
relatively large positional shift in that residue between 
the X-ray and SBS structures (see Table 1). Further- 
more, in the X-ray structure it is thought that Glu58 is 
protonated (neutral) allowing it to hydrogen bond to 
the O3P phosphate oxygen (Arni et al. 1988) while 
in the present study Glu58 is negatively charged, al- 
lowing the single protonated oxygen on the phos- 
phate, OP2, (Saenger 1984) to hydrogen bond with 
Glu58 and possibly contributing to some difference 
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between the structures. With the VS simulation a num- 
ber of the CS residue-phosphate moiety hydrogen 
bonds are lost, while an increase in hydrogen bonding 
occurs with Arg77 (Table 2). Some of the lost hydrogen 
bonds are replaced by several residue-residue hydro- 
gen bonds (Table 3) all of which involve Glu58. Analy- 
sis of the active-site structures (Fig. 3) show that this 
residue moves back away from the phosphate moiety, 
which is related to the potential energy drop at 100 ps 
of the VS simulation. 

RMS fluctuations of active-site residues are similar 
in both the RS and CS of the SBS and VS (Table 4) 
in contrast to results observed in free RNase T1 
(MacKerell etal .  1988). An exception occurs with 
I-Iis92, which had an increased mobility in the SBS 
simulation. This higher mobility may be related to the 
change in the interaction energy of that residue with 
the phosphate moiety at 82 ps of the SBS (see below). 
With 2 'GMP, however, there is generally a higher mo- 
bility in the SBS as compared to the VS except for the 
4' and 5' atoms of the ribose moiety. The pattern of 
similar mobilitites for the active-site residues in the 
two simulations while the 2 'GMP mobility increases 
in the SBS indicates the dominance of residue-residue 
interactions on the active-site residue fluctuations. 
This may possibly be due to the exclusion of water 
from those residues by 2 'GMP,  while with 2 'GMP the 
influence of water, which is directly interacting with 
the inhibitor (MacKerell et al. submitted to J. Mol. 
Biol.), leads to an increase in mobility. For  the 4' and 
5' ribose atoms, which have an increased mobility in 
vacuum, there are no interactions with the protein 
(Table 2) indicating a possible damping effect of water 
on their motions in the SBS. Thus, it appears that in 
instances where protein-inhibitor non-bonded interac- 
tions occur the presence of water leads to an increase 
in flexibility, however, with the portion of the inhibitor 
not involved in non-bonded interactions and highly 
exposed to the solvent (or analogously a protein side- 
chain) the presence of water leads to a damping of the 
motion. 

Analysis of the interactions energies (Table 6) be- 
tween 2 'GMP and the protein again reveals better 
agreement between the X-ray and SBS structures ver- 
sus the VS structure. In all three cases the majority of 
interaction energy occurs in the region of the phos- 
phate moiety followed by the guanine base, while with 
the sugar moiety very little interaction energy is pres- 
ent. Closer examination of the contribution of various 
RS residues towards the interaction energy with the 
guanine base is presented in Table 7. The largest con- 
tribution occurs with the sidechain of Glu46 which, via 
the OE1 and Oe2 atoms, forms two hydrogen bonds 
with the base (Table 2). Other significant contributions 
occur with the backbone atoms of Ash43 and Ash44 
which also form hydrogen bonds to the base. Of par- 

Table 7. Interaction energies between 2'GMP guanine moiety 
and recognition site residues in the X-ray and the SBS and VS 
time-averaged structures 

Residue Energy [kcal/mole] 

X-ray SBS VS 

Tyr42 
BKB - 3.5 - 3.6 - 3.5 
SDC -0.3 0.0 0.7 

Asn43 
BKB - 6.8 - 7.5 - 7.5 
SDC - 1.1 - 0.5 - 1.6 

Asn44 
BKB - 3.5 - 3.3 1.1 
SDC - 0.3 - 0.3 - 0.2 

Tyr 4 5 
BKB -0.7 0.4 2.9 
SDC - 5.2 - 2.7 - 2.5 

Glu46 
BKB 0.9 1.1 0.4 
SDC - 41.4 - 40.6 - 41.7 

Asn98 
BKB -4.3 -0.5 -4.6 
SDC - 1.7 - 3.7 1.3 

All strucutures were subjected to 120 steps of restrained ABNR 
minimization prior to calculations. BKB=backbone (N, C c~, 
C, O), SDC = sidechain (atoms including and beyond C fl) 

ticular interest are the interactions of the Tyr42 and 45 
sidechains with the base due to their formation of a 
sandwich structure with the base (Heinemann and 
Saenger 1982). With the present potential energy func- 
tion the van der Waals contributions are somewhat 
favorable, albeit small, and with Tyr42 cancelled out 
by the electrostatic interactions. This low interaction 
energy supports the suggestion that the role of the 
tyrosines, which are conserved in the ribonucleases 
from various fungi (Hill et al. 1983), are to provide a 
hydrophopic environment for the base and thus help 
to exclude water molecules which could possibly com- 
pete for the guanine-protein hydrogen bonds rather 
than directly contributing to the interaction energy 
(MacKerell et al. submitted to J. Mol. Biol.). 

To further investigate the interaction energy be- 
tween 2 'GMP and the protein the interaction energies 
for the two simulations are plotted as a function of 
time (Fig. 4). In the VS the interaction energy remains 
relatively constant throughout  the simulation while in 
the SBS a marked change leading to a less favorable 
interaction energy occurs at 82 ps followed by a return 
to the initial range of values after approximately 5 ps. 
Closer examination of the interaction energies of the 
CS residue sidechains as a function of time (Fig. 5) 
shows that the change is solely related to the interac- 



tion between the phosphate and His92. Presented in 
Fig. 6 are two time frames, one at 82.4 ps just prior to 
the change and a second at 83.4 ps during the period 
of less favorable interaction energy. As may be seen the 
decrease in energy is associated with the sidechain of 
His92 moving away from the phosphate leading to a 
loss of favorable electrostatic interactions between the 
negative phosphate group and the positive His92 side- 
chain incl~ading the breaking of the His92 H e 2  
- 2 ' G M P  O2PT hydrogen bond (Table 2). The interac- 
tion energy then increases again when His92 moves 
back to its initial position (not shown). This motion 
can be described as an equilibrium fluctuation since it 
occurs when the enzyme is well equilibrated and then 
moves back, after a short period, to its initial position. 
Although it may be an artifact of the simulation, such 
transient fluctuations have previously been suggested 
by Cooper (1976) to be likely to occur. Furthermore,  
the nature of the fluctuation suggests an interesting 
situation where the enzyme, with the inhibitor bound, 
momentari ly shifts to a configuration where the inhibi- 
tor is not so tightly bound. Such a configuration would 
offer an opportunity for the inhibitor to dissociate 
from the enzyme. 

The stereodiagram in Fig. 7 of the superposition of 
the MD time-averaged 83.5-88.5 ps structure from 
the SBS and the time-averaged CS residues from a 
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simulation of free RNase T1 including water (Mac 
Kerell et al. 1988) shows that during the period of low- 
ered interaction energy His92 moves to a position sim- 
ilar to that observed in free RNase TI.  Such a similari- 
ty in the His92 position between the two enzyme forms 
is reminiscent of the idea that a conformational change 
from one equilibrium conformer to another involves a 
shift in the probability that a specific conformer is 
being sampled in an equilibrium situation (Steitz et al. 
1982). Thus, in the presence of 2 'GMP the enzyme is 
primarily sampling a conformation like that presented 
in Fig. 6a, however, equilibrium fluctuations of the 
system occur such that low probability conformers are 
on occasion also sampled, as is seen during the period 
of less favorable interaction energy (Fig. 6 b). The sam- 
pling of this low probability conformer, which results 
in a loss of favorable protein-inhibitor interaction 
energy, presents an opportunity for the inhibitor to 
dissociate from the enzyme and, thus, change the prob- 
ability that specific conformers will be sampled. Thus, 
the fluctuation may lead to a conformational change 
in the enzyme leading to a conformer similar to that 
observed in the free enzyme (Fig. 7). 

The presence of this equilibrium fluctuation makes 
it tempting to calculate some type of rate constant 
which may be associated with an experimentally deter- 
mined rate. Considering that the off rate for 2 'GMP 

A 

[3 

Fig. 6. Stereodiagrams of the catalytic-site structures from 
the stochastic boundary simulation at A 82.4 ps and B 
83.4 ps. Times refer to Figs. 4 and 5. All protein backbone 
atoms were oriented to the same reference structure 

Fig. 7. Superposition stereodiagrams of the catalytic-site 
structures from the MD time-averaged SBS free RNase T1 
structure (thin lines) (MacKerell etal. 1988) and the 
83.4-88.4ps MD time-averaged SBS 2'GMP-RNase T1 
complex structure (thick lines) 
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at 300 K is approximately 100 s - I  as deduced from 
temperature-jump experiments (MacKerell Jr., A. D. 
unpublished results) and assuming that such an equi- 
librium fluctution as described above occurs on the 
order of 109 s-1 (once in 123 ps in the present simula- 
tion) the enzyme would sample in the range of 10 7 such 
low energy configurations prior to dissociation. Thus, 
the 2 'GMP-enzyme complex may sample a number of 
low interaction energy configurations before one such 
a 'dissociating' configuration is reached. The require- 
ment for the sampling of such a number of configura- 
tions may be interpreted to indicate that more than 
one residue, including the inhibitor itself, is involved in 
achieving the 'dissociating' configuration. 

Conclusion 

Simulations of the active-site of RNase T1 in the pres- 
ence and absence of water show that water is impor- 
tant in maintaining the proper 2 'GMP-protein inter- 
actions, as seen in the X-ray structure. Water also 
alters the fluctuations of the system, especially con- 
cerning the bound inhibitor 2 'GMP.  However, the re- 
sults also show that the basic interactions between 
2 ' G M P  and RNase TI are fairly well maintained in the 
VS indicating that the use of vacuum simulations to 
study changes beyond the active-site region, which 
may require longer simulations, is reasonable. Analy- 
sis of the active-site structure from the SBS simulation, 
combined with various experimental evidence (Taka- 
hashi and Moore 1982; Nishikawa et al. 1987), indi- 
cate that in solution the sidechain of His92 may direct- 
ly interact with the phosphate moiety of 2 ' G M P  
supporting the suggested catalytic role of that residue 
(Nishikawa et al. 1987). Results also support the no- 
tion that the guanine-protein hydrogen bonding pat- 
tern is responsible for the specificity of RNase T1 for 
guanylic acid residues (Arni et al. 1988). Lastly, an ap- 
parent equilibrium fluctuation in the active site 
around the inhibitor suggests a possible relationship 
between motions occurring in the picosecond time 
range and the dissociation of 2 'GMP which occurs in 
the millisecond domain. 
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