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ACTION ON URIDYLYL-(3’-5’)-ADENOSINE1 
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Contribution from the Department of Chemistry, University of Massachusetts, 

Amherst, Massachusetts 01003 

(Received April 12, 1978) 

The first step of the hydrolytic action of ribonuclease on the dinucleotide substrate UpA is investigated 
via molecular mechanics calculations. UpA coordinates were obtained by conformational minimization 
of the UpcA coordinates from the X-ray diffraction study of RNase-S with UpcA. Only the amino acid 
residues in the immediate vicinity of the active site were included in the calculations: histidine-12, 
histidine-119, and lysine-41. It is found that histidine-119 and lysine-41 may be moved into more 
favorable positions for contact with the phosphate group with little change in energy. The transphos- 
phorylation step is initiated by decreasing the 0,. to phosphorus distance while simultaneously increasing 
the 0,. to phosphorus distance, resulting in cleavage of the P-0,. bond and formation of the 2‘,3’- 
cyclic intermediate. The phosphorus atom moves almost 2 8, in forming this cyclic intermediate, bringing 
the phosphate unit within the hydrogen-bonding distance of lysine-41. Distances between the dinu- 
cleotide and the amino acid residues in both the initial structure and the cyclic intermediate support a 
proposed reaction mechanism involving hydrogcn bonding. The reaction proceeds by an in-line attack 
of the 02. oxygen atom on phosphorus and passes through a transition state which lies along the Berry 
coordinate. The transition-state structure is determined to be intermediate in geometry between a 
trigonal bipyramid and a square pyramid. Compatible with the enzyme catalysis, the computed ground 
state, transition state, and cyclic intermediate structures have comparable energies. 

INTRODUCTION 

Two powerful approaches to the understanding of enzyme mechanisms involve the 
use of paramagnetic probes in determining active-site geometries via NMR3 and 
single-crystal X-ray diffraction ~ t u d i e s . ~  In either of these methods, the use of 
transition-state-analogues aids in the mechanistic interpretation. Computer mod- 
eling of enzyme-substrate complexes provides a third approach which has received 
increased a t t e n t i ~ n . ~  However, because of the lack of sufficient background data, 
either on the enzyme active-site region or on possible transition-state conforma- 
tions, no complete structural delineation of a mechanistic sequence has appeared. 

A great deal of experimental work has been done on the enzyme ribonuclease 
A, which catalyzes ribonucleic acid c l e a ~ a g e . ~ ? ~  The hydrolysis mechanism consists 
of two steps as shown in Figure 1: (1) the phosphodiester bond is cleaved and a 
2‘,3’-cyclic nucleotide is formed along with a free 5’-OH group; (2) the cyclic 
nucleotide is hydrolyzed to form a 3’-nucleoside monophosphate. 

Although the details of these steps are interpreted in many ways, several points 
are generally accepted6: (1) phosphorus is attacked by a nucleophilic oxygen atom 
as a result of catalysis by the enzyme; (2) the transition state formed is a penta- 
coordinate phosphorus structure; ( 3 )  the leaving group is catalytically protonated; 

Reprinted with permission from J .  Am. Chern. Soc., 100, 7393 (1978). Copyright 1978 American 
Chemical Society. 
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FIGURE 1 
substrate. 

The transphosphorylation and hydrolysis steps of ribonuclease action on a dinucleotide 

and (4) at least two out  of the three amino acid residues of the enzyme active-site 
region are important to the reaction, histidine-12, histidine-119, and lysine-41. 

This paper deals with the calculation of a reaction pathway for the first step of 
ribonuclease hydrolysis. The above four points were used as a basis for this work 
along with the mechanism proposed by Roberts et aL8 Of particular interest here 
is the calculation of the possible geometries about phosphorus as it changes from 
a 3’ ,5’-phosphodiester linkage, to a five-coordinate transition state, and finally to 
a cyclized phosphate group. 

A molecular mechanics calculation was applied to the first step of the reaction. 
In general, a molecular mechanics approach to conformational analysis relates the 
strain energy of a molecule to a specific conformation and, by means of a min- 
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RNase ACTION ON UpA 185 

imization technique, seeks the conformation of minimum strain energy. We have 
extended the molecular mechanics program of Allinger et ~ 1 . ~  for calculations on 
phosphorus compounds. In a previous paper,1° the main structural features of a 
variety of phosphoranes were reproduced by this molecular mechanics model, 
parameterized for nonrigid five-coordinate phosphorus. lo 

Pentacoordinate phosphorus belongs to a special class of compounds exhibiting 
stereochemical nonrigid behavior. It has been established that the structural dis- 
tortion (imposed by constraints due to the specific ligand arrangement) between 
the trigonal-bipyramidal and square-pyramidal geometries of phosphoranes is a 
consequence of low angle bending force constants at phosphorus with the Berry 
exchange coordinate governing this distortion.'l In contrast to coordination num- 
bers of two, three, four, and six, added flexibility is available to phosphoranes in 
achieving a structure of minimum energy. A knowledge of this feature of five- 
coordinate phosphorus is essential to establishing any conformational scheme. 

In application of the molecular mechanics method,I2 the energy for a molecule 
is calculated as a sum of several potential functions 

The stretch and bend terms are modified Hooke's law expressions; E,,,, is the 
torsional-energy contribution computed by a cosine law; En, includes van der Waals 
interactions between atoms not bonded to a common atom; and E,,, is a term for 
energy of repulsion between atoms bonded directly to phosphorus, due to their 
electron-pair interactions. lo It was necessary to introduce this last term to obtain 
good agreement between calculated and experimentally determined structures for 
the phosphoranes.iO For each term, the sum is over all interactions for the molecule 
and the total energy is minimized with respect to all positional coordinates. 

INITIAL ENZYME-SUBSTRATE COORDINATES (ESC SET) FOR UPA 

Richards and WyckoffI3 have published the coordinates for the substrate analogue 
UpcA in the enzyme ribonuclease S resulting from an X-ray study at 2-A resolution. 
RNase-S is a catalytically active form of RNase-A, where a bond in the vicinity of 
residues 19-22 has been cleaved. UpcA is an altered dinucleotide which corre- 
sponds in all respects to the usual dinucleoside phosphate UpA [uridylyl-(3'-5')- 
adenosine] except that the 5'-oxygen atom of the ribose attached to the adenine 
base has been replaced with a methylene group. The P-C bond thus present is 
not cleaved by ribonuclease in the X-ray study. 

In establishing a set of coordinates for the enzyme-substrate complex, the UpcA 
results (list I1 of ref 13) were used as starting coordinates in the energy minimization 
calculation with the CH, group being replaced by an oxygen atom. The molecular 
mechanics program by Allinger et al. ,9 modified as mentioned in the introduction 
for pentacoordinate phosphorus,l" formed the basis for the computer minimization. 

Figure 2 shows the numbering scheme used for the calculation. Our model for 
this system includes UpA as the substrate analogue with histidine-12, histidine- 
119, and lysine-41 positioned in the active site. Only these three important amino 
acid residues were used, to keep the system relatively small for computational 
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FIGURE 2 Numbering scheme used for the enzyme-substrate system RNase- UpcA. 
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FIGURE 3 Conventional numbering scheme for UpcA. 

purposes. However, we note that recent work by Walter and Wold14 suggests that 
lysines-7 and -66 may substitute for the role assigned to lysine-41. 

This unconventional numbering scheme was used so that each atom, whether in 
the enzyme or substrate, is designated by a single number. Atoms 54 and 55 are 
oxygen atoms of water molecules found at the active site in the UpcA X-ray study. l3  

The conventional numbering scheme for UpA is given in Figure 3. Both sets of 
numbers are used in Table V, to be discussed later. 

MODEL PARAMETERIZATION 

In the molecular mechanics calculations, the sources of the values for “strainless” 
bond lengths, bond angles, and van der Waals parameters were Allinger’s pro- 
grammed  value^,^ values from an X-ray study of Sussman and SeemanlS of the 
structure of crystalline UpA, and parameters from our earlier work on the con- 
formational minimization of phosphoranes.1° When force constants were required 
for variations in P-0 bond lengths, Badger’s rule was applied.16 

Torsional constants were used only for the uracil, adenine, and imidazole planes. 
The latter bases were held in a planar configuration by assigning a sufficiently high 
value to the appropriate torsional constants. All bending force constants for angles 
at phosphorus (X-P-Y) were set to zero, in keeping with the findings in our 
earlier study on the stereochemical nonrigidity associated with pentacoordinate 
phosphorus.1° As a result, the phosphate group is not constrained to a particular 
geometry, during minimization, by the imposition of sets of “strainless” angles for 
the trigonal-bipyramidal or square-pyramidal idealized conformations. Also the 
angles C1201,P, C38020P, and CloOllP were given a zero bending force constant 
to allow them freedom to change values during the cyclization step. 

Because of the limitations of the X-ray resolution of 2 A in the ribonuclease S 
study with UpcA in place, the UpcA coordinates of the individual atoms of list I1 
of ref 13 represent a certain amount of strain energy by our calculation. An initial 
energy of 316.2 kcal/mol was calculated for these X-ray coordinates. The distri- 
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TABLE I 
Steric Energy (kcalimol) for X-ray Coordinates of Enzyme-Bound 

UpcA, Conformationally Minimized UpcA, and UpA 

LJpcAO UpAb UpAb 

bond stretch 267.49 1.31 1.04 0.95 
bond bend 41.43 6.85 7.08 5.95 
VDW -5.41 -6.65 -5.74 -5.13 
EPR 7.06 6.29 3.93 4.05 
torsion 5.7 1 0.68 0.77 0.70 
torsion bend -0.01 0.00 0.00 0.00 
total energy 316.22 8.48 7.08 6.53 

Initial energy cdculated from X-ray coordinates (list 11, ref 13) 
of UpcA substrate in ribonuclcase S and thosc of histidinc-12. histi- 
dine-I 19, and 1ysine-jl.Thccoiltribution oT079and orall hydrogen 
atoms was not included since no coordinatcs were ,ivailablc. UpcA, 
UpA (EX-A) ,  and UpA (ESC-B) arc calculated minimum encrgy 
conformations. l’hecontributioii of OT9 and of all hydrogcn ;itoms is 
included. The sets differ in thai UpcA has a carbon atom at position 
20 which is replaced by oxygcn i n  thc UpA calculations. I n  ESC-B, 
histidine-1 19 is rotated 60°C from its position in ESC-A. In the 
calculation of the clcctron pair repulsions term (EPR), a D value of 
0.1 was used. See ref 10 for the origiii of this term. 

energy (X-ray) UpcAb (ESC-A) (ESC-B) 

bution of this initial strain energy (Table I, column 1) is centered in the bond- 
stretching and -bending terms. Some of the bond lengths of UpcA in the enzyme 
X-ray study differ by about 0.1 A from those determined from high-resolution 
X-ray studies that are possible on the individual bases and ribose moieties. For 
example, the C I 2 X l 3  bond length calculated from the UpcA enzyme substrate13 
is 1.42 A while the same bond in native UpAI5 is 1.53 A. 

MINIMUM ENERGY CONFORMATION OF RNase-UpcA AND RNase- 

In order to obtain UpcA and UpA structures of lower strain energy, the substrate 
atoms were moved slightly from their initial X-ray positions. However, the positions 
of the adenine and uracil base planes were maintained the same as in the X-ray 
results, as it is thought that these positions may be due to enzyme constraints. 

In general, for this and subsequent calculations, the water molecules were held 
fixed unless otherwise noted. The histidine carbonyl carbon atoms were held fixed 
and the imidazole planes were held in their X-ray positions unless specific rotations 
are described. The movement of histidine-1 19 toward the phosphate group was 
performed and will be discussed in a following section. For lysine-41, the carbonyl 
carbon and the ecarbon atom were held fixed and the remainder of the chain was 
“free” to move in all minimizations. 

The end result is an adjusted set of coordinates for UpcA and UpA (ESC-A). 
(See columns 2 and 3, Table I, for the strain-energy distribution.) Another coor- 
dinate set for enzyme-bound UpA (ESC-B) is described later in the text. 

Figure 4 displays an ORTEP drawing of the minimum-energy coordinates for 
enzyme-bound UpA (ESC-A) superimposed on the X-ray coordinates of Richards 
and WyckoffI3 for UpcA (lighter lines). Hydrogen atoms are omitted for clarity; 
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RNase ACTION O N  UpA 189 

FIGURE 4 
superimposed on the X-ray coordinates of UpcA that show significant differences (lighter lines). 

ORTEP drawing of the minimum energy structure for enzyme-bound UpA (ESC-A) 

however, they were included in the energy minimization. The principal difference 
between these two structures lies in the position of the phosphate moiety. 

Significant structural features of the X-ray coordinates for UpcA, those for the 
minimum energy set for UpcA, and the crystal coordinates for UpA obtained by 
Sussman and Seeman15 are compared in Table 11. The relative orientation of the 
enzyme-bound base planes differs considerably from that in the native UpA crystal. 
The enzyme constraints produce an appreciable shortening of the important P-0, 
nonbonded distance in UpcA compared to that in native UpA. This shortening is 
also evident in the computed enzyme-bound UpA minimum-energy structure. Since 
this ribose oxygen 0,, attacks phosphorus in the first step of RNase action, short- 
ening of the P-OI1 distance from its value of 4.11 A in native UpA to 3.5 8, in 
enzyme-bound UpA would facilitate nucleophilic attack. 

The angle sets shown in columns 1 and 2 (Table 11) differ somewhat from each 
other. Since the bending force constants for all phosphorus angles were given zero 
values, there was nothing in the calculation which constrained these angles to values 
shown in column 1 for the X-ray structure. Slight adjustments in atomic coordinates 
from UpcA (X-ray) to UpcA (computed) as we have performed can give rise to 
these angle disparities. In comparing the computed angles for UpcA to those for 
UpA (columns 2 and 3, Table 11), several differences are noted due to the sub- 
stitution of 0,, for the CH, group. The presence of the CH, group causes the 
angles involving C20 to open compared to the Oz0 angles. 

With reference to the atom labeling in Figure 3, the kinds of puckering observed 
in the ribose units of each nucleotide are tabulated in Table 111. The method 
suggested by Arnottl’ is used, where CIr--O,,-C4, form a reference plane and the 
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TABLE 11 
Some Structural Parameters for Enzyme-Bound UpcA and UpA 

and for Native UpA 

enzyme bound native 

X-ray computed coniputcd X-ray 
UPCA,~  U P C A , ~  UpAb(ESC-A), UpA,E 

Bond Lengths, A 
p-017 1.61 1.61 1.61 1.62 
P-018 1.46 1.46 1.48 1.47 
p-019 1.66 1.65 1.47 1.48 

P-020 1.61 1.60 

Bond Angles, Degrccs 
01 7-p-018 113.1 105.4 107.1 108.9 

017-P-C20 106.0 108.9 
0 1 7 p - 0 ~ 0  102.0 100.6 

olll-p-c20 106.0 120.0 
01 8-P-020 110.2 106.6 
019-~-CZO 113.4 113.4 
0 I 9- p - 0 ~ 0  112.9 1 10.7 

Nonbonded Distance. A 
P-011 3.31 3.53 3.5 1 4.1Id 

Dihedral Angles, Degrees 

P-C20 1.85 . 1.85 

017-P-019 110.1 102.9 I 12.2 110.0 

Ol8-P-019 108.3 104.7 111.9 118.8 

( I )  uracil-adenincf 64.5 64.6 64.6 11= 
(2) irnidazolc ring 65.9 65.9 65.9 

of His-12 
and His-I 191 

Coordinates from rcf 13. From mininiuin-energy coordinate 
set as discussed in text; D = 0. I. C Froin ref IS. There are two different 
molecules of UpA pcr asymmetric unit. Distances and anglcs listed 
have becn calculated from the positional p;iranicters reported for 
UpA2. The corresponding values Tor UpAl ;ire only slightly different 
rronlihosefor UpA2. I n  UpAi, the 1 ' -011 distancris3.81 A. I n  
UpAI, the dihcdral angle between the uracil and adenine babe plants 
is I 8'. 1 Planes. 

distances of C,., C3,, and C,. from this plane are calculated. For the ribose ring 
bonded to uracil, both the UpcA X-ray and calculated structures show an unusual 
mode of puckering, i.e., the CzSu and C3,u are on the same side of the reference 
plane. The fact that the puckering does not change much between these two struc- 
tures shows that the calculations do not impose unreasonable constraints upon the 
sugar ring conformation. In the UpA ESC-A structure, the C2," has moved to the 
other side of the reference plane, resulting in a 3'-endo conformation, which is 
also found in the native UpA X-ray structure. Upon histidine-119 movement, the 
UpA ESC-B model reverts again to the unusual puckering mentioned above. Both 
glycosidic bonds in all structures have the anti conformation. 

In summary, we have used the UpcA coordinates from an X-ray study to obtain 
minimum-energy structures for UpcA and UpA in the active site of RNase-S. The 
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RNase ACTION ON UpA 191 

TABLE 111 
Sugar Ring Puckering Observed in Calculated and X-ray UpcA 

and UpA Structures" 

enzyme bouiid 
UPA UpA native 

UpcA, UFA, (ESC-A), 1SC-B) .  Up& 
X-ray computed computed computed X-ray 

Distances from Reference Plane Formed by CIW-OI*U-CI*U, A 
C2q~ -0.110 -0.136 0.095 -0.247 0.270 
Cyu -0.473 -0.458 -0.465 -0.601 -0.335 
Cyu -0.559 -0.896 -0.886 -0.782 -0.884 

Distances from Reference Plane Formed by C4*A-OI*AA-CI*A~ A 
C2.a -0.090 -0.279 0.366 0.142 -0.113 
C ~ A  0.636 0.072 0.764 0.504 0.437 
C5#A 0.902 1.166 0.585 0.872 0.912 

The conventional numbering scheme of Figure 3 is used here. 

resulting structure for UpA will now be examined relative to the possible reaction 
pathways encountered in the first step of the enzyme reaction. 

REACTION MECHANISM 

In a proposed mechanism of ribonuclease action on RNA proceeding via a pen- 
tacoordinate transition state, Roberts et al.* discuss the roles of histidine-12, his- 
tidine-119, and lysinedl. With reference to the atom numbering in Figure 2, these 
important mechanistic features are summarized here. A nitrogen atom of histidine- 
12, within hydrogen-bonding distance of Oil, facilitates phosphorus attack by 0,, 
by proton withdrawal. A nitrogen atom of histidine-119 is close enough for hydrogen 
bonding to a phosphoryl oxygen O,, and to the phosphoester oxygen 0, for 
protonation to occur upon cleavage of the P-Oz0 bond (i.e., the 5'-ester bond in 
the accepted nomenclature). Lysine-41 is also indicated by Roberts et aL8 to form 
a hydrogen bond to a phosphoryl oxygen in the enzyme-substrate complex, although 
Richards and Wyckoff13 suggest that this hydrogen bonding is possible only after 
cyclization has taken place. Cyclization is proposed to take place in-line, i.e. , apical 
approach of 0,, and apical departure of 020, in a trigonal-bipyramidal transition 
state. The second step is essentially the reverse of the first, where a water molecule 
which is near OI8 and O,, takes the. place of 0,, (2'-oxygen). The resulting ring 
opening gives a terminal nucleoside 3'-phosphate. 

It has been suggested that the cyclization reaction may proceed through an in- 
line square-pyramidal transition state. ,* The three amino acid residues play the 
same role in the latter proposal as they do in Roberts' proposal. In fact, the positions 
of histidine-119 and lysine-41 residues are believed to be rather labile.19 As a result, 
they were moved into positions more favorable for interaction with the phosphate 
group. These mokements are described in the following sections. 

We have examined our ground-state structure for UpA with respect to distances 
between the phosphate group and the amino acid residues. The results are given 
in Table IV. Note that the distances between the imidazole nitrogens and phosphate 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
5
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



192 R. R. HOLMES, J. A. DEITERS and J. C. GALLIJCCI 

TABLE IV 
Distances between Key Atoms" in RNase-UpA Complex (ESC-A 

and ESC-B Sets) 

distance. A 
key atoms ESC-A ESC-U' 

(N65 of histidinc-12) 3.85 
3.82 (N73 of histidine-119) 
3.15 

(N94 of lysinc-41) 1.44 
2.95 
4.24 

(OS4 of a water molecule) 
3.51 

3.56 
3 .OS 
2.98 

4.28 
5.84 

3.17 
3.2 I 

* Atom numbering is that found in Figure 2. Same as ESC-A, 
except for a rotiition of histidine-I19 by 60° about the Cbb-C70 bond 
as described in the text. 

oxygens look fair for possible hydrogen bonding in ESC-A. In ESC-B, these dis- 
tances have been decreased by moving the imidazole ring of histidine-119 closer 
to the phosphate group. Since a molecular model of ribonuclease S shows consid- 
erable freedom for histidine-119 rotation about the C66---C70 bond, we calculated 
minimum-energy conformations for the ESC-A coordinates as a function of rotation 
about this bond. It was found that a 60" rotation of the irnidazole ring (counter- 
clockwise when viewed along the C,,-C,, bond with C,,, closest to the viewer) 
not only decreases the nitrogen to oxygen distances but also results in shortening 
the P. . .Ol l  distance by 0.3 A. Together with the increase in the 011-P-020 
angle from 141" in ESC-A to 154" in ESC-B (not shown in Table IV), these results 
favor an in-line attack of the O,, on the phosphate group. The energies for ESC- 
B are listed in Table I,  column 4. In both ESC-A and ESC-B, the oxygen atom 
O,, of one of the two water molecules found in the enzyme active-site region is 
close enough to O,, and O,, to participate in the second step of the reaction. 

A similar calculation was done by Lipkind and Karpeiskii20 to determine the 
effect of movement of histidine-119. They found that the most probable value for 
the C,-C, torsion angle (N67-C66-C70--C71) was -80", while the C,-C, tor- 
sion angle (C66C70C71-N73) has a wide range of values. In our results ESC-A has 
a C,-C, angle of 79" with C,-C, equal to 130" while ESC-B has a C,-C, angle 
of 153" and a C,-C, of 120". Compared to ESC-A, ESC-B has the histidine-119 
rotated into a better position for interaction with the phosphate group of UpA. 
Lipkind and Karpeiskii found their best position for histidine-1 19 by moving it into 
a location suitable for hydrogen bonding with the nearby amino acid residue of 
asparagine-121. They later included U > p in the calculations, but left out the 
adenosine portion, which may have an effect on the histidine-1 19 position. 

Lastly, the distance of the terminal nitrogen atom of lysine-41 to a phosphoryl 
oxygen (Ng4. * 018) is too large for effective interaction in the enzyme-substrate 
complex. Later, we show that after cyclization has occurred with the accompanying 
phosphorus movement, it is possible for lysine-41 to move easily into a position 
for effective interaction with O18. However, before cyclization, an attempt to  de- 
crease the N9,-. . O,, distance to 3.8 A or less resulted in a large increase of strain 
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energy in the angles of the lysine chain, whereas this was not the case after cycli- 
zation. 

In summary, the geometry for UpA in the active site of RNase-S that has been 
calculated by our molecular mechanics method (ESC-B) conforms to the mecha- 
nism proposed by Roberts et al. in regard to hydrogen-bonding distances between 
the phosphate group and the amino acid residues. This structure appears suitable 
for use as an enzyme-substrate complex and for use in constructing a cyclic in- 
termediate for the first step of the reaction. 

CY CLIZED INTERMEDIATE 

In the first step of the ribonuclease reaction, i.e., the cyclization step, the P-0,” 
bond is broken and a new bond P-O,, is formed to give a four-coordinate phos- 
phorus cycle intermediate. In order to  obtain an intermediate via computer mod- 
eling, an energy minimization was carried out in the following way. Initial coor- 
dinates for the enzyme-bound substrate system (ESC-B) were reminimized into a 
cyclic intermediate (CI) conformation by changing two “strainless” bond lengths 
(i.e., P-OI1 was decreased from 3.5 to 1.60 A while P-Ozo was increased from 
1.60 to 3.5 A) and holding all other bond parameters at the values used for ESC 
minimization. The force constants for these two bonds were changed accordingly. 
The uracil and adenine planes, the two water molecules, the carbonyl carbons of 
the three amino acid residues, the E carbon of lysine-41, and the imidazole planes 
of histidine-12 and -119 were held fixed in position while all the other atoms of 

FIGURE 5 ORTEP drawing of the minimum energy conformation of the 2’,3’-cyclic intermediate 
(CI-A) in the UpA-RNase system. The atom numbering is from Figure 2. For comparison with the 
more conventional atom numbering in Figure 3 ,  C,, = Cz.u; C,, = C3.”; O,, = 02.”; 0,, = 03,t,. 
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the system were free to move into the minimum-energy conformation of the cyclized 
intermediate. 

An ORTEP drawing of the resulting structure is shown in Figure 5. Bond dis- 
tances and angles are tabulated in column 1 of Table V. The strain energy of the 
cyclic intermediate (6.12 kcal/mol) is quite comparable to the energy of the un- 
cyclized dinucleotide, ESC-B (6.53 kcal/mol). In forming this cyclic intermediate, 
phosphorus moves about 1.85 A from its original position at the active site, in good 
agreement with the prediction of Richards and Wyckoff21 that a phosphorus motion 
of approximately 2 8, is needed to form a cyclic intermediate. 

An X-ray diffraction study by Coulter" of sodium P-cytidine 2',3'-cyclic phos- 
phate provides a structure for comparison to the minimum-energy, cyclized inter- 
mediate. Values from Coulter's study are shown in columns 3 and 4 of Table V. 
The cytosine base in the X-ray study is in the syn conformation while the uracil 
base in our calculation is in the anti conformation. Internal ring angles and torsional 

TABLE V 
Structural Parameters of 2',3'-Cyclic Phbsphates" 

UMP(calcd) CMP (X-rayd) 
mzymc-substrate nntivc crysval. 

complex rodiuni-salt 
C I A b  CI-Be anion A anion I3 

Bond Distances. A cp-0-c-c-b CVCIC) . .  
p-011 ( P - W  I . i l  . 1.61 
P-01, (P-03.) 1.61 1.61 

CIO-cn (C2.-C,.) I .54 1.54 
clo-oll (Cr-02.) I .43 1.43 

CI2-01, (Cr-034 I .43 I .43 

Additiunal Phosphorus Bond Distances. A 
P-Oia (P-01) I .48 1.48 
p-019 (p-02) I .48 1.47 

ol'-P-Ol, (Or-P-01.) 103.0 98.0 
Internal Ring Anglcs in p-0-c-c-b cycle. DCgrW 

P-oI7-c,2 (P-O,,-C3,) 107.9 111.9 
OI,-ClrCID (OI-CI-Cr) 109.7 108.0 
cI,-clo-oI I (Cy-C2.-0,*) 108.9 108.0 
Go-011-P (CrOr-P) 108.5 112.1 

Additional Phosphorus Bond Angles. Degrees 
Oll-P-0lr (02-P-01) 109.6 110.4 
01 I-P-Ol* (02,-P-02) 108.2 110.2 
Oll-P-01" (0,-P-01) 109.1 I 10.5 
01,-P-019 (0,-P-02) 1 11.8 111.2 
OII-P-019 (01-P-02) I 14.5 115.2 

Hn-Ciz-C~o-Hai (Ii-Cy-Cy-H) 16.5 4.3 

c~-cIo-cII-cI) (clr-c2~-cJ-c,*) 15.1 5.5 

Torsional Angles. Degrees 

01 i-Cio-Cia-Ov (Or-Cz-Ci*-Oy) 15.3 3.2 

P-Ol,-CI2-CI J (P-Oy-C,.-C..) 102.7 103.1 
P-01 I-clo-cs (P-o+-cy-cI.) 126.5 110.3 

Phosphorus Movement from Sv~rting Coordinates (ESC-B). A 1.85 2.17 

I .62 1.61 
1.61 1.62 
I .47 I .46 
I .54 I .57 
I .47 I .46 

I .47 I .47 
I .48 I .49 

96.0 95.7 
111.6 111.0 
106.5 106.7 
107.2 106.0 
112.1 112.2 

110.2 111.1 
109.7 111.6 
I 10.4 110.1 
109.8 108.9 
118.2 117.3 

3.6 0.5 
6.6 4.0 
5.5 -0.7 

92.7 95.3 
101.5 96.6 

Energy Distribution. kcnl/mol 
bond strctch 0.90 0.94 
bond bend 5.64 5.64 
VDW -4.79 -4.78 
EPR 3.72 3.66 
torrionnl 0.65 0.73 
tolal energy 6.12 6.18 

@ The numbring systrni relcrs 10 numbers uscd in Figurc 2. For convciiicncc thc conventional designation (Figure 3) i s  shown in prcnthew. * 2'.3'-Cgclic internicdiatc dcrivtd lrom thc cnrynic-subbtratcconiplcx asdcfincd by WC-B cwrdinatea. C S a m  nr Cl-A cxccpl for changcr 
in lour paramctcrs of thc calculation as dcscribcd in text. d k c  rcl 19. There arc two nuclcotidc anions pcr asyrninctric unit which dirfcr somewhat 
from each other in structure. 
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angles from the X-ray study appear to differ considerably from our calculated cyclic 
intermediate structure, CI-A, but if we introduce some additional constraints, it is 
possible to get a minimum-energy, cyclized intermediate which has bond distances 
and angles similar to Coulter’s. The additional constraints are nonzero force con- 
stants for three bond angles (P-O,,-Cl0, P-O17-C12, and O,,-P-O,,) and 
a nonzero torsional constant, V,, for the torsional angle 0,,C,,C,,O1,. The strain 
energy for this cyclic intermediate (CI-B) is similar to that of cyclic intermediate 
A. Parameters for CI-B are tabulated in column 2 of Table V. 

We conclude that both calculated cyclic structures are reasonable models for 
intermediates in the action of ribonuclease on the dinucleotide UpA. Although 
the CI-B structure more closely resembled the X-ray structure of native 2’,3’-cyclic 
cytosine, we preferred to use the CI-A structure for further calculations, because 
it has no angle bending force constant constraints on the angles at phosphorus. 
Since we had imposed no phosphorus bending force constants on the original UpA 
conformation, and wished to impose none on the five-coordinate transition state, 
we chose the cyclic intermediate CI-A. Also it is reasonable to expect some struc- 
tural variation within the cyclic moiety on going from the native crystal to the 
enzyme environment. 

LYSINE MOVEMENT 

As previously mentioned, the terminal nitrogen of lysine-41 is possibly important 
in hydrogen bonding to phosphoryl oxygens. The N,,-O,, distance in the dinu- 
cleotide coordinate set ESC-B is 5.8 A, and in the cyclic intermediate CI-A the 
same parameter is 4.8 A. Neither distance is short enough for effective hydrogen 
bonding. In order to see if lysine-41 could be brought within hydrogen-bonding 
distance with no increase in strain energy, a series of calculations was carried out 
in the enzyme substrate ESC-B and the cyclized intermediate (CI-A) coordinates. 

In this series, N9,, the terminal nitrogen of lysine-41, was held by a strong 
pseudobond to the nearest phosphoryl oxygen O,,. This was done by using a large 
force constant of 25 mdyn/A for this bond. The calculations were performed for 
various I, values for this bond which varied from 2.6 to 3.6 A, in increments of 0.2 
A. Only the atoms of the lysine chain were free to move. The carbonyl carbon of 
lysine and all the other atoms in the system were fixed in position. Thus, in order 
for a particular lo value to be attained for the N,,-OI8 “bond”, the lysine chain 
would have to undergo either rotation about torsional angles, translation of the 
chain, bond stretching, or bond bending. If only rotation about torsional angles or 
translation occurs, then the lysine can easily approach the 018 atom with no increase 
in strain energy for the system. But if bond stretching or angle bending occurs to 
any great extent, the system will be more strained and the corresponding lo value 
cannot easily be attained. 

Steric energies for each minimized structure are shown in Table VI. In the 
dinucleotide-enzyme complex, the strain energy increases as soon as the N9, * . * OI8 
distance decreases to 3.6 A. It continues to increase at a faster rate as the “bond” 
length gets smaller. The increase in energy is due to distortion in the C-C-C 
bond angles and stretching of the C-C bonds of the lysine chain. With the cyclic 
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TABLE VI 
Steric Energies of the Enzyme-Substrate Complex (ESC-B) and of 

the Cyclized Intermediate (CI-A) as Lysine-41 Approaches the 
Phosphate Group 

N94 - - * 0 1 8  strain energy. kcal/tnol 
distancc, A ESC-B CI-A 

2.6 17.95 6.02 
2.5 13.13 6.06 
3.0 10.05 6.07 
3.2 8.3 I 6.09 
3.4 7.27 6.10 
3.6 6.75 6.12 

intermediate structure, lysine-41 can easily be brought within hydrogen-bonding 
distance of 018 with little distortion in structure and little increase in strain energy. 

In both structures, a 3.6-A distance for N,,-..018 is attainable, but it is more 
easily reached in the cyclic intermediate than in the ground-state complex. Thus, 
the role of lysine-41 in binding the dinucleotide at the active site is probably not 
too important, but, lysine-41 could easily play a role of stabilizing the cylic inter- 
mediate via hydrogen bonding between its terminal nitrogen N, and the phosphoryl 
oxygen O18. 

PENTACOORDINATE TRANSITION STATE 

The calculated structures for the ground state of UpA and the cyclic intermediate 
both agree with the proposed mechanism by Roberts et d8 for the first step of the 
reaction with regard to histidine-12, histidine-119, and lysine-41 participation. Hence, 
it appears that both of these calculated structures are good representatives of the 
actual systems. Next we consider the possible transition states that may be con- 
structed based on the enzyme-bound ground-state geometry. 

Since the majority of the mechanisms proposed for the catalytic activity of 
RNase6-8~22~23 involve a pentacoordinate transition state, we wished to simulate a 
five-coordinate structure by changing the P-O,, and P-O,,, bond parameters. 
In the calculations, some assumptions were made. Since phosphorus moves 1.9 A 
from the unruptured dinucleotide ( E X - B )  to the cyclic intermediate (CI-A), the 
transition state may occur at some point along a straight line between these two 
phosphorus positions; in the transition state the entering group (O1J and the leaving 
group (02J may form equal bond lengths; the strain energy of the transition state 
should not vary greatly from the energy of the dinucleotide or of the cyclic inter- 
mediate. The first two assumptions limit the number of calculations while the third 
one arises from the conjecture that this fast reaction may be expected to have a 
low-activation energy. 

In the calculation of a minimum-energy structure for a transition site, the same 
conditions with regard to fixed atoms were used as in the cyclic intermediate 
calculation, with the following exceptions. Phosphorus was moved along the re- 
action pathway (i.e., the straight line from its location in ESC-B to its location in 
CI-A) in increments of 0.25 8, and held fixed at these points during the energy 
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minimization. At each of these phosphorus locations, several possible transition 
states were calculated by varying I ,  values for the P-0,, and P-O,o bonds, i.e., 
the “strainless” bond distance for both the entering and leaving groups. The force 
constants were varied with bond length as stated earlier. For the equatorial bonds 
P-O,,, P-OL8, and P-O19, 1, was not altered. 

The results of this series of calculations are shown in Table VII. For a given 
phosphorus atom location, as expected, the energy of the transition state decreases 
as the bond lengths of both the entering and leaving groups increase. For every 
value of lo, the strain energy approaches a minimum at a phosphorus position of 
0.75 A; i.e., when phosphorus has moved approximately 0.75 A away from its 
location in the unbroken dinucleotide-enzyme complex, it is in a favorable location 
for the formation of a five-coordinate transition state where dP-OH - dp--02,. 

The area about the phosphorus position of 0.75 A was further investigated, as 
shown by the last two distance entries in Table VII. At the position of minimum 
energy, 0.70 A, both structures have energies similar to the ground-state and cyclic- 
intermediate energies. We have chosen the result with 1, = 2.10 A as being the 
most feasible transition state. This bond length is close to that reported by Boyd24 
in a molecular orbital calculation on reaction intermediates of cyclic phosphate 
esters. He estimates a P-0 axial distance in a trigonal-bipyramidal transition state 
in the range 2.2-2.6 A. 

An ORTEP drawing which depicts the phosphorus atom movement as the cyclic 
intermediate (CI-A) is formed from the enzyme-substrate complex (ESC-B) via 
the transition state with 1, = 2.10 A (TS-A) is shown in Figure 6. Phosphorus bond 
lengths, angle parameters, and strain energies are tabulated in Table VIII. 

In TS-A, the phosphorus atom was constrained to move along the straight-line 
path from its position prior to reaction to its position in the cyclized intermediate. 
Other transition states were calculated without constraint on the phosphorus motion 
to see if the transition-state geometry would be altered to any great extent. Pa- 
rameters for one of these calculations are also shown in Table VIII (TS-B). Note 
that the largest bond angle differences between TS-A and TS-B occurs in the 
O,,-P-O,,, angle, the angle formed by the entering and leaving groups, so that 
when the phosphorus position is fixed, the resulting transition state is more square 

- 

TABLE VII 
Steric Energies of Possible Transition States in the RNase- UpA 

System (kcaho l )  

I0 values for 
P-OI1 and P-Om 

bonds. A 
phosphorus positions along pathway 

from ESC-B to CI-A. A 
0.50 0.75 1.00 1.25 

I .80 17.52 16.28 17.90 22.30 
2.00 10.29 9.44 10.89 14.58 
2.20 6.65 5.99 7.19 10.21 
2.40 5.34 4.80 5.71 8.23 

0.65 0.70 0.75 0.80 0.85 
2.10 1.40 7.35 1.36 1.41 7.65 
2.15 6.64 6.58 6.60 6.70 6.87 
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(C) 

FIGURE 6 Minimum energy conformations of the dinucleotide UpA in the RNase environment: (a) 
starting conformation (ESC-B); (b) five-coordinate transition state (TS-A) (axial P-0 bonds are 2.1 
A in lengtb); (c) 2’,3‘-cyclic intermediate (CI-A). 

pyramidal in character and its energy is slightly higher than when phosphorus is 
not fixed in position. 

COMPARISON OF “FREE” AND ENZYME-BOUND TRANSITION 
STATES 

To see how the dinucleotide-enzyme environment affects the transition-state ge- 
ometry, we looked at the minimum-energy structure of the isolated fragment 1 
under similar conditions, i.e., lo(P-OIl) = Zo(P-Ozo) = 2.10 A. Structural fea- 
tures of the energy-minimized conformation for I are shown in Table VIII (TS-C). 
The geometry is quite close to regular trigonal-bipyramidal geometry. The two 
short phosphoryl bonds, P-OlX and P-O19, repel each other via the electron- 
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TABLE VIII 
Structural Parameters and Steric Energies of Transition States" 

TS- A TS-B TS-C 

p-01 I 
p-0  I7  
p-018 
p-019 
p-020 

Oll-P-017 
01 I-P-OIS 
0 I I -P-O19 
0 1  I - P-020 
ol7-P-oln 
017-P-019 
017-P-020 
Ol8-P-019 
0, a- P-020 

0 19-p-020 

bond stretch 
bond bend 
.VDW 
EPR 
torsional 

Bond Distanccs, A 
2.16 2.14 
1.61 I .6l 
I .47 I .47 
I .47 1.47 
2.16 2.14 

Bond Anglcs, Ucgrccs 
78.8 82.9 

104.3 98.6 
87.3 89. I 
150.2 162.2 
112.7 110.1 
127.4 133.6 
51.6 85.1 

I 19.8 I 16.3 
103.9 97.9 
87.1 89.8 

Stcric Energy, kcal/mol 
I .68 1.13 
6.30 5.9 I 

-5.53 -5.34 
3.98 3.85 

1.35 6.38 
0.93 0.83 

2.13 
1.61 
I .47 
1.47 
2.13 

91.4 

90.0 
179.4 
118.6 
117.4 
88.0 
124.0 
90.3 
90.4 

89.9 

0.16 
0.12 

-0.46 
3.64 
0.00 
3.46 total energy ~~ 

The atom numbcrin&corrcsponds to that given in Figurc 2. 

I 

pair repulsion term (EPR), thus causing the equatorial angle to open to 124". By 
comparing TS-A and TS-B to this structure, one can see how the dinucleotide- 
enzyme environment influences the transition state. 

For all the transition states calculated, we observed that O,, and O,(, were always 
positioned in-line [i.e., they occupy axial positions in a trigonal-bipyramidal (TP) 
geometry or trans-basal positions in a square-pyramidal (SP) form]. The direction 
and amount of distortion from ideal TP geometry to SP geometry were assessed 
by the dihedral-angle rnethod.lla The results are shown in Table IX. 

We calculate the distortion in the dinucleotide-enzyme environment to be along 
the Berry coordinate; moving toward a square-pyramidal structure with O,, as the 
pivotal atom. The transition-state structure TS-C is only 6% distorted from a regular 
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TABLE IX 
Dihedral Angles, 6, for Transition States and for Ideal Trigonal-Bipyramidal (TP) and Square-Pyramidal 

(SP) Geometries" 
- 

cdge, 66 TP -rs-cr TS-DJ 7's-A. SP-If w - 3 r  

11-19 101.5 102.8 109.2 1011.8 118.5 118.5 
11-17 101.5 99.0 108.3 108.2 118.5 76.9 
19-20 101.5 101.7 109.2 109.1 118.5 118.5 
17-20 101.5 99.8 107.7 107.6 I18.5 76.9 
18-20 101.5 102.5 90.2 89.9 76.9 118.5 
11-18 101.5 103.5 88.8 88.6 76.9 118.5 
17-18 53.1 53.8 63.0 65.3 16.9 76.9 

17-19 53.1 54.7 28.2 22.8 0.0 76.9 
X I M X )  - 4(TP)I * 0.0 13.3 101.1 113.1 2 17.9 217.9 

S - x!l4(A'l - WWl* 0.0 13.3 101.1 113.1 217.9 217.9 

18-19 53.1 50.8 67.0 71.5 ' 76.9 0 

&16,(X) - 4j(SP)[ 217.9 204.6' 116.111 104.81 0.0 0.0 

?4 motlull un Berry coord' 0 6 46 52 I00 100 

*All  dihedral angles arc calcuh~ed for unit bond lengths. See ref I la. b Numbering scheme as in Figure 2. Trnnsition sLnle cdlculaled 
for slfuclure 1.11 is slighlly distorted along the Berry coordinate toward SP-3. Transition state with I0 (P-011 and P-0,) = 2.10 A. The 
phosphorus movement is unrestrained. Distortion is along tho Berry coordinate toward SP-I. 'Transition state with I0 (P-01 and P-010) - 2.10 A. The phorphorus atom is constrained dung a straight line bctween WC-B and C I A  Dislortion is dong the Berry coordinate toward 
SP-I. /Square pyramid with atom I8 in apical position. Square pyramid with atom 17 in apical position. 1 X is the transition state. TS-A. 
TS-B. or TS-C. ' Calculated from the angla i n  SP-3. Calculntcd from the angler in SP-I. S = 2 17.9. Sce ref I la. Perccnt displacement 
along the Bcrrycoordinale is given by [&[a,(X) - &(TP)[l/S. 

trigonal bipyramid. When the constraints of the enzyme system and the remainder 
of the UpA molecule are included, the resulting transition states, TS-A and TS- 
B, are approximately 50% distorted along the Berry coordinate. These results 

agree with the suggestion of one of the authors' that the transition state may be 
intermediate in geometry between the trigonal-bipyramidal and square-pyramidal 
forms. 

ISOMERIC TRANSITION STATES AND PSEUDOROTATION 

Further calculations on possible transition states were carried out by using TS-B 
bond lengths and by imposing various bond-angle requirements about the phos- 
phorus atom. These calculations employed the enzyme constraints described for 
the ground state of UpcA and UpA. Two types of transition states were investi- 
gated, trigonal bipyramidal and square pyramidal. In the former, TP angles and 
bending force constants were imposed on the ten angles having phosphorus as a 
central atom. The ribose ring always spans apical-equatorial positions. Several TP 
states were obtained by varying the atoms in the apical positions. In the latter type, 
SP angles and bending force constants were applied to the ten angles about phos- 
phorus. Only two square pyramids were calculated, one with O,, apical and the 
other with OI9 apical. Both isomers had the ribose ring spanning cis-basal positions. 
The results of these calculations are shown in Table X. The sets of angle values, 
a,,, and force constants, kb, are those reported in earlier work." 

These results show that the square pyramid with O,, apical is of lower energy 
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TABLE X 
Steric Energies of Transition States with Angle Constraints for 

Trigonal-Bipyramidal and Square-Pyramidal Conformations 

steric cnergy, 
transition statc isomcrs kcal/inol 

6 . 3 8 O  TS-B (no force constants used) 
trigonal bipyramids 
011 and Oleapical 12.29 

12.21 
01 I and 020 apical 6.82 
0 1 7  and 018 apical 17.89 
0 1 7  and 019 apical 10.28 
0 1 7  and 0 2 0  apical 15.63 

01s apical with 01 I 7.03 

9.4 I 

01 I arid OIp apical 

s q u m  pyramids 

and 0 2 0  trans basal 

and 020 trans basal 
019 apical uith 011 

From Table VII I .  

than that with OI9 apical and agree with our earlier conclusion that the direction 
of distortion along the Berry coordinate is toward a square-pyramid structure with 
O,, apical. The TP structure with 0,, and 0,, apical is slightly lower in energy 
than the SP for the dinucleotide-enzyme complex. 

A comparison of the six TP isomers shows that the structure with 0,, and 0," 
in apical positions if of lowest energy, favoring an in-line mechanism. Once this 
structure is formed, the 0,,, can easily depart from its apical position. If pseudo- 
rotation of this intermediate were to occur, the two possible representations shown 
in Figure 7 would result. By our calculations, these two structures are of much 

\ pivot 

FIGURE 7 
having 0,, and Ozt, in apical positions. 

Pseudorotation of the trigonal-bipyramidal transition state formed by an in-line process 
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FIGURE 8 Pseudorotation of transition-state trigonal bipyramids formed by adjacent attack, 

higher energy than the original trigonal bipyramid, so it is unlikely that pseudo- 
rotation will occur for an in-line mechanism here. Also, the pseudorotation places 
0 2 ,  in an equatorial position, rather than in a leaving apical position. 

In considering an adjacent attack where O,, enters from an apical position and 
02(,, the leaving group, is in a basal position, there are two possible initial trigonal 
bipyramids, both of which must pseudorotate to put 0, in an apical position for 
leaving (Figure 8). Both of these isomers with O,, and OI8 apical and OI1 and O,, 
apical are of high energy. In order for them to pseudorotate, they must go through 
an even higher energy structure (with O,, and 0 2 ,  apical). As a result, the adjacent 
mechanism seems to be much less favored than the in-line process. And the in- 
line process with no subsequent pseudorotations is the most energetically favored 
mechanism by these calculations. It is difficult to say whether the in-line process 
results in a trigonal bipyramid with O,, and 0 2 ,  in apical positions or in a square 
pyramid with O,, and 0,, in trans-basal positions, since these two structures are 
of similar energy in our calculations. From the dihedral angle results, a structure 
intermediate between the two seems most likely.' 

In summary, our results on transition-state calculations show that a five-coor- 
dinate transition state with energy similar to that of the starting coordinates (ESC- 
B) and of the cyclic intermediate (CI-A) can be simulated. The entering and leaving 
oxygen atoms occupy apical positions with respect to a TP in a structure inter- 
mediate between a regular TP and SP and do not undergo pseudorotation. The 
direction and degree of the distortion is a result of the geometric constraints of the 
dinucleotide-enzyme environment as simulated in these calculations. 

REACTION-PATHWAY BARRIER ENERGY 

To investigate the reaction pathway in greater detail, we calculated conformation 
and strain energies along a reaction coordinate at several points between the ground 
state and transition state and between the transition state and the cyclic interme- 
diate. From the strain energy at points along this reaction pathway it should be 
possible to determine if there are high-energy barriers, i.e., structures which forced 
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atoms into close contact with each other or which necessitated large distortions in 
bond lengths and bond angles as the reaction path was traversed. 

Two approaches were used in selecting these points along a pathway for calcu- 
lation of minimum-energy structures. 

(1) The P-0,, and P-O,,, bond lengths were changed in equal increments in 
going from the ground state to the cyclic intermediate, with the corresponding 
force constants being determined by Badger’s rule.16 

(2) The force constants for these two bonds were changed in equal increments, 
with the bond lengths being adjusted accordingly. By either method, the energy 
at intermediate points does not vary by more than t 1 .5  kcal/mol relative to  the 
energy of the initial substrate conformation. It is apparent then that there are no 
high-energy barriers along either reaction coordinate. 

By a slight variation in the relative rate of changing P-0 bond lengths, the 
reaction coordinate can be adjusted to provide a pathway similar in energy to  the 
initial RNase-UpA complex, the transition state, and the cyclized intermediate. 
From the ORTEP drawing in Figure 6 it is also possible to visualize a movement 
along a reaction coordinate which does not force atoms into close proximity with 
one another. 

CONCLUSION 

In summary, we have calculated the geometries for UpA constrained at the active 
site of RNase, for the cyclic intermediate, and for possible transition states between 
these two points. The histidine-I19 and lysine-41 residues were moved into positions 
more favorable for interaction with the phosphate group. Both the initial enzyme- 
substrate and the cyclic intermediate support the proposed mechanism of Roberts 
et al. with respect to hydrogen-bonding distances between the phosphate group 
and the active-site residues. The most likely transition state arises from an in-line 
attack and has a five-coordinate structure intermediate in geometry between a 
trigonal bipyramid and a square pyramid lying along the Berry coordinate. The 
phosphorus atom moves almost 2 A upon formation of the cyclic intermediate. In 
addition, there are no high energy points along a reaction pathway calculated for 
step one of the RNase reaction. 
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