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Abstract: Computer modeling based on a molecular mechanics approach was used to explore the mechanism of staphylococcal
nuclease action on the thymidine 3’-phosphate 5’-(p-nitrophenyl phosphate)—calcium ion substrate complex. The active-site
residues Asp-21, Asp-40, Glu-43, Arg-35, Tyr-113, Lys-84, Arg-87, and Tyr-85 were included in the calculation. Initially
the X-ray coordinates were used for the enzyme active-site residues with the inhibitor substrate, thymidine 3’,5'-bis(phosphate)
(pdTp), in place. Subsequently, introduction of the p-nitrophenyl group and energy minimization gave the coordinates for
the active substrate. In-line attack by hydroxide was simulated by approach opposite the phosphoryl oxygen atom attached
to the p-nitrophenyl group (path 1) and by approach opposite the phosphoryl oxygen atom attached to thymidine (path 2).
The former pathway is the route that leads to products observed in nonenzymatic cleavage. The latter pathway is the enzymatic
route. Computer simulation of the hydrolysis reaction under enzyme constraints shows that path 2 is of significantly lower
energy, in agreement with the observed enzyme action. Simulation in the absence of enzyme constraints results in similar
energies for the two pathways. Since the p-nitrophenyl group is the better leaving group, the expected products in nonenzymatic
hydrolysis are those observed experimentally, nitrophenoxide ion and thymidine 3’,5’-phosphate. Adjacent attack accompanied

by pseudorotation is not felt to be a viable enzymatic route.

Inferences about enzyme mechanisms have enjoyed the most
credibility when supported by single-crystal X-ray diffraction?
studies or by NMR investigations® employing paramagnetic probes
resulting in detailed structural information on active-site—substrate
complexes. For the ribonuclease—uridylyl-(3’,5")-adenosine (UpA)
system, we have found* that computer modeling based on a mo-
lecular mechanics approach serves as a useful probe in exploring
the relative energy profiles for possible mechanistic variations.
By use of X-ray coordinates to initiate the computer simulation,
a low-energy in-line attack leading to a cyclic intermediate via
a pentacoordinated transition state was obtained.* The result was
in essential agreement with findings based on physical and
chemical studies for the first step of RNase action.’

In this paper, we carry out a similar computer simulation to
obtain a reaction pathway for the hydrolysis of the active substrate,
thymidine 3’-phosphate 5’-(p-nitrophenyl phosphate) (p-
NO,Ph—pdTp), by the staphylococcal nuclease—calcium ion en-
zyme system.

The mechanism of action of RNase and staphylococcal nuclease
is quite different.>7 While both hydrolyze nucleic acids to produce
¥’-nucleoside monophosphates via a proposed trigonal-bipyramidal
transition state, RNase acts only on RNA fragments, but sta-
phylococcal nuclease acts on both RNA and DNA units. The
fact that staphylococcal nuclease does not hydrolyze 2’,3’-cyclic
phosphate esters is consistent with the lack of evidence suggesting
that staphylococcal nuclease proceeds through cyclic phosphate
intermediates like that supported for the first step of RNase action.

An interesting feature of the hydrolysis of p-NO,Ph—pdTp by
staphylococcal nuclease is the exclusive formation of p-nitrophenyl
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phosphate® caused by cleavage of the poorer leaving group, the
5’-oxyanion of thymidine. In nonenzymatic base hydrolysis of
the same substrate, displacement of the better leaving group,
nitrophenoxide, takes place. Within the framework of established
principles of pentacoordination,’ these results are consistent with
in-line attack,!® as expressed in Figure | by path | for nonenzy-
matic hydrolysis and by path 2 for enzymatic action. Apparently,
active-site enzyme constraints are responsible in causing a
changeover in mechanism from what might be expected to be the
preferred mechanism.

Considerable structural information is at hand on staphylococcal
nuclease to support an in-line mechanism leading to a penta-
coordinate transition state of the type implied by path 2.!' The
crystal structure determined to 2-A resolution291213 for the nu-
clease-thymidine 3’,5’-bis(phosphate) (pdTp)—calcium ion complex
indicates the 5-phosphate oriented for possible incipient nu-
cleophilic attack. Incisive NMR studies involving pdTp'4!’ im-
plicate Tyr-85 and Tyr-113 at the active site. Active-site inter-
actions have been further characterized by use of paramagnetic
relaxation techniques on the related nuclease—pdTp—Gd(III)
complex.®® The above structural evidence has been correlated with
inferences from chemical studies to give the mechanism sum-
marized in Figure 2.1

There appears to be sufficient room between the Ca(II) ion and
the 5’-phosphorus atom to accommodate an intervening water
molecule or hydroxyl group that might be responsible for in-line
nucleophilic attack.!617 The presence of Arg-35 and Arg-87,
hydrogen-bonded to the phosphoryl oxygens, favors an Sy2
mechanism by electron withdrawal at phosphorus. The presence
of the coordinated Ca(II) ion favors an Sn2 mechanism by en-
hancement of the nucleophilicity of the attacking water mole-
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Figure 1. Alternate pathways for nonenzymatic and enzymatic hydrolysis
of p-NO,Ph—pdTp. Path 1 leads to products observed in nonenzymatic
hydrolysis and path 2 to products observed in enzymatic hydrolysis by
staphylococcal nuclease.

Figure 2. Possible mechanism for hydrolysis of a polynucleotide by
staphylococcal nuclease.

cule.'¢!” Recently, the crystal structure data on the nuclease—
pdTp—Ca(II) ion system has been refined to 1.5 A.¥® These results
suggest that a water molecule bound between Glu-43 and an
oxygen atom of the 5’-phosphate may be responsible for initiating
the in-line attack by proton transfer to Glu-43.

In modeling staphylococcal nuclease action on the active sub-
strate, p-NO,Ph—pdTp, using techniques devised for a molecular
mechanics approach to the ribonuclease-UpA system,*!® we chose
as a starting point the 2-A resolution data!? on the nuclease-
pdTp—Ca(Il) ion system. After introduction of enzyme constraints
and conformational minimization, the substrate is altered to the
active derivative, p-NO,Ph—pdTp, and energy minimization once
again is performed. Feasible reaction pathways are explored then
to obtain low-energy profiles with and without enzyme constraints
to ascertain possible features influencing the change in hydrolysis
mechanism encountered on going from the enzyme to the no-
nenzyme system. Lastly, consideration of the effects of use of
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Figure 3. ORTEP drawing of pdTp in the enzyme active site of staphy-
lococcal nuclease. Atom positions are obtained from 2.0-A X-ray data.!3
Open circles designate atoms of the enzyme active site, and shaded circles
designate atoms of the pdTp substrate.

Table I. Calculated Energy of Staphylococcal
Nuclease-pdTp-Ca(Il) Ion System?®

atomic

atomic coordinates of

coordinates min energy

from X-ray data® conformation®
TE 4,0 582.90 0.79
~Fpend 4322 3.27
Eyvpw 0.82 —3.64
=E¢ors 5.98 0.18
=Fteric 632.92 0.60

@ All energies are reported in kcal/mol. b No hydrogen atoms
were included in calculations of energy terms. ¢ Hydrogen atoms
were included in calculation of energy terms. d See eq 1 for defi-
nition of energy terms. € ZEypw = ZEng + ZEEPR.

the higher resolution X-ray data'® is discussed.
In application of the molecular mechanics method,? the energy
for a molecule is calculated as a sum of several potential functions:

Esteric = z:Estr + ZEbcnd + ZElors + z:EnB + z:EEPR (1)

The stretch and bend terms are modified Hooke’s law expressions;
E,, is the torsional-energy contribution computed by a cosine
law; E,p includes van der Waals interactions between atoms not
bonded to a common atom; and Egpg is a term for energy of
repulsion between atoms bonded directly to phosphorus, due to
their electron-pair interactions.!® The last term was introduced
to obtain good agreement between calculated and experimentally
determined structures for the phosphoranes. 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 Minimum Energy for the Enzyme Inhibitor Complex. For
initialization of the model calculation, all atomic coordinates for
the non-hydrogen atoms of the inhibitor molecule, pdTp, and the
calcium ion were used along with atomic coordinates for the
residues involved at the active-site region of staphylococcal nu-
clease: Asp-21, Asp-40, Glu-43, Arg-35, Arg-87, Tyr-113, Tyr-85,
and Lys-84. These initial coordinates, available from the 2-A
X-ray study,!? are shown in Figure 3.

(20) The calculational methods of conformation analyses have been re-
viewed by Williams et al. (Williams, J. E.; Stang, P. J.; Schieyer, P. v. R.
Annu. Rev. Phys. Chem. 1968, [9, 531.
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Table II. Staphylococcal Nuclease-pdTp-Ca(Il) Ion Interactions
Included in the Calculation

inter-

atomic kS

dist,> 1,,° mdyne/

interaction atom nos?® A A A

Ca?*-Asp-219 Ca(26)-045) 24 25 0.1
Ca®*-Asp-40 Ca(26)-0(50) 2.3 25 0.1
Ca?*-Glu-43 Ca(26)-0(56) 2.9 25 0.1
Arg-35-5'-phosphate  N(62)-0(24) 29 29 041
Arg-35-5'-phosphate  N(65)-0(23) 21 29 0.1
A1g-87-5'-phosphate  N(73)-0(21) 29 29 0.1
Arg-87-5'-phosphate  N(72)-0(24) 27 29 0.1
Lys-84-3'-phosphate N(97)-0(20) 29 3.0 0.05
Tyr-85-3'-phosphate  0(91)-0(20) 3.1 3.0 005

@ Refer to numbering scheme in Figure 4 and interactions de-
picted in Figure 5. P Distance calculated from X-ray coordi-
nates.'® € The parameter /, is the “strainless” value for bond
length; kg is the stretching force constant for the bond. ¢ A weak
bending force constant was applied to the O-Ca-O bonds to main-
tain octahedral geometry around the calcium ion.

For energy minimization using molecular mechanics, “strainless”
bond lengths, bond angles, force constants, and torsional param-
eters are needed. Bond lengths, /,, and force constants, k,, were
Allinger’s values'®® or bond lengths from X-ray structure of
thymidine?! with k; values calculated by Badger’s rule.?
“Strainless” angles, «,, and force constants, k,, were Allinger’s
values'®® or values from the thymidine structure.! Torsional
constants were used to maintain planarity of the base plane, and
1,3 interactions were used at both phosphorus atoms with the value
of D set at 0.].41%

After computation of an initial energy (Table I), a geometry
search under the above constraints led to a minimum energy
conformation. The latter conformation was an intermediate point
that expedited the completion of the parameterization. Next
hydrogen atoms were added to the pdTp substrate of this inter-
mediate conformation, bringing the atom total to 97.

In later calculations dealing with the reaction pathway, hy-
drogen atoms were selectively added to enzyme residues where
steric hindrance was apparent. Since their addition caused an
insignificant effect on the barrier height of the transition state
in the enzymatic system for both path 1 and path 2 and our
calculated starting conformation without their inclusion corre-
sponded closely to the conformation resulting from X-ray analysis,
we felt their omission in the formation of the active substrate and
reaction coordinates would produce no serious effect and have the
positive effect of reducing the complexity of the calculations.

The following set of conditions was imposed on the system
during the subsequent energy minimization to mimic enzyme
constraints: (1) The angle between thymine base plane and a plane
through three atoms of ribose was held constant. (2) The a-
carbons of each amino acid moiety were held fixed during energy
minimization. (3) Weak interactions between substrate and en-
zyme were introduced. The latter interactions are discussed next.

The initial X-ray coordinates for the system pdTp—enzyme—
Ca(II) ion were searched for interatomic distances of 3.0 A or
less that might indicate enzyme-substrate interactions. The nine
interactions selected, based on close proximity of the atoms and
suggestions in the literature,242*24 are shown in Table II along
with the /; and k, values used for the interactions in the energy
minimization. See Figure 4 for the numbering system used to
identify the atoms. Figure 5 indicates the nine interactions of
Table II included in the calculation. The conventional numbering

(21) Young, D. W,; Tollin, P.; Wilson, H. R. Acta Crystallogr., Sect B
1969, B25, 1423,

(22) Badger, R. M. J. Chem. Phys. 1938, 3, 710; 1934, 2, 128.

(23) Cotton, F. A.; Day, V. W.; Hazen, E. E., Jr.; Larsen, S. J. Am. Chem.
Soc. 1973, 95, 4834.

(24) (a) Cotton, F. A.; Hazen, E. E., Jr; Day, V. W.; Larsen, S.; Norman,
J. G.; Wong, S. T. K.; Johnson, K. H. J. Am. Chem. Soc. 1973, 95, 2367. (b)
Cotton, F. A,; Day, V. W.; Hazen, E. E., Jr,; Larsen, S.; Wong, S. T. K. Ibid.
1974, 96, 4471.
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Figure 4. Numbering scheme used for energy minimization for all cal-
culations. For p-NO,Ph-pdTp, the p-nitrophenyl group is added to O,
of ’-phosphate. For calculations on the isolated p-NO,Ph-pdTp system,
the atoms corresponding to the enzyme fragments are omitted. Open
circles designate atoms of the enzyme active site, and shaded circles
designate atoms of the substrate.

Figure 5. oRTEP drawing of pdTp in the staphylococcal nuclease active
site based on coordinates obtained from energy minimization. Open
circles designate atoms of the enzyme and shaded circles designate atoms
of the pdTp substrate. Dotted lines show enzyme-substrate interactions
included in the calculation (same orientation as Figure 3). Hydrogen
atoms of the substrate are not shown in the drawing but were included
in calculation of the minimum energy conformation.

system for pdTp is shown in Figure 6. The interaction of calcium
ion with the carboxylate side chains of Asp-21, Asp-40, and Glu-43
is suggested by Cotton and Hazen on the basis of the 2-A X-ray
structure.” They also propose possible hydrogen-bond interactions
of the 3’-phosphate group with the phenolic hydroxyl group of
Tyr-85 and the e-amino group of Lys-84. The hydrogen-bonding
interaction of Arg-35 and Arg-87 with the 5’-phosphate was also
proposed by them® and further explored in an X-ray study of a
simpler model for the interaction.*?* In all calculations on the
enzyme—substrate complex, weak force constants were applied to
maintain the close proximity of the atoms involved in the inter-
actions.
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Table III. Comparison of Conformational Parameters Obtained from X-Ray Data and from Minimum Energy Calculations

enzyme system

nonenzyme system

min energy min energy
X-ray'? min energy p-NO,Ph-pdTp X-ray?¢ min energy p-NO,Ph-pdTp
conformation pdTp (caled) (calcd) conformation pdTp (caled) (caled)
Dihedral Angle (Deg)
thymine-ribose planes® 66.0 67.5 64.5 81.5 83.8 83.0
¢c-n(0',C,N,C)) —18.8 (anti) —24.0 (anti) —23.8 (anti) —43.3 (anti) —39.2 (anti) —32.4 (anti)
¢0-0(0',C',C',0') 56.3 54.0 56.5 62.7 44.8 45.6
$0-c(0',C',C',C,) 171.1 173.6 176.0 57.2 72.8 71.8
Distance (A) from Mean Plane 1€
C,’ -0.33 -0.37 -0.34 0.40 0.26 0.35
C, -1.31 -1.21 -1.18 -0.71 -0.68 —-0.66
N -1.11 -1.01 —-1.00 -1.15 —-1.08 -1.05
0o, 1.27 1.31 1.28 0.61 0.61 0.63
Distance from Mean Plane 2¢
C,’ 0.27 0.32 0.26 -0.53 -043 -0.47
C,’ -1.31 -1.22 -1.20 -0.72 -0.75 -0.69
N -1.09 —0.99 —-0.96 -1.11 —-1.00 —-1.00
0, 1.61 1.70 1.61 -0.13 0.02 —-0.08
Designation of Sugar Conformation
C, endo C,  endo C, endo C, endo C, endo C, endo
(Figure 3) (Figure 35) (Figure 7) (Figure 11) (Figure 12)
@ Five atoms included in ribose plane. ? All atom numbers refer to scheme used in Figure 6. € Ribose plane without C,’. ¢ Ribose plane
without C,".
0,4
ca c?
N3/ \05/
N4 L
\ / c2 ce
/P\W o7 w7
(R)O 05—Cs. or Tyr i3
NN
c4 cl
c3—c2'
R = H, p-NO, -Ph od

l 3P

O/T\O

Figure 6. Conventional numbering scheme for pdTp and p-NO,Ph-
pdTp.

Table I shows the total energy and the breakdown in the energy
terms making up eq 1 for the initial conformation and the min-
imum energy conformation. The high strain energy based on the
initial set of coordinates is due to the uncertainity in the atomic
positions in the 2.0-A X-ray study?®!?> and to the choice of
“strainless” bond parameters. The minimum energy pdTp—
enzyme—Ca(II) ion conformation is shown in Figure 5. In Table
III and in a comparison of Figures 3 and 5, it can be seen that
the energy minimization does not affect the conformation of the
pdTp, but does involve some changes in the positions of the enzyme
residues. It is interesting to note that the greatest changes occur
in the area around the calcium ion. This is the area that shows
also the greatest change in X-ray data when 2.0-A data are
compared with 1.5-A data.!!®

Conversion of pdTp to an Active Enzyme-Substrate Complex.
Since pdTp is an inhibitor of staphylococcal nuclease activity, it
is necessary to modify the substrate in order to have a model of
an active complex for hydrolysis reaction. The addition of a
p-nitrophenyl group to the 5’-phosphate of pdTp converts the
inhibitor to an active substrate.”> We assumed that phenyl ring
addition would not greatly alter the thymidine conformation and
that the phenyl ring would be added to the phosphate oxygen that
was not involved in hydrogen bonding, i.e., O,s. To keep within

(25) Cuatrecasas, P.; Wilchek, M.; Anfinsen, C. B. Biochemistry 1969, 8,
2277.

Tyr 85 Lys 84

Figure 7. ORTEP drawing of p-nitrophenyl pdTp in the staphylococcal
nuclease active site based on coordinates obtained from energy mini-
mization. Open circles designate atoms of enzyme; shaded circles, atoms
of substrate (same orientation as Figure 3).

the program limit of 100 atoms, we replaced some atoms that
seemed to be only indirectly involved in enzyme reaction by p-
nitrophenyl atoms.

It was necessary to rotate the phenyl ring in 20° increments
about the P~O,; bond and minimize the geometry at each of these
points. This rotation followed by minimization was necessary
because rotation about the P-O bond sweeps the phenyl ring
through a large volume of space and the computer minimization
techniques do not move the atoms sufficiently to achieve the lowest
possible energy. A conformation with a torsional angle of 77°
(04,P3,0,5Cpy) was found to have the lowest energy conformation.
The phenyl ring was then rotated about the O,s—phenyl bond.
Here, it really was not necessary to rotate and then minimize each
geometry because the phenyl ring could easily slip into its min-
imum energy conformation with a torsional angle
(P2;-0,35~Cpy—Cpy) of approximately 90°.

The structure of the minimum energy conformation of p-
NO,Ph—pdTp in the enzyme site is shown in Figure 7 and some
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Table IV. Bond Parameters for Attacking and Leaving Groups at
Points along Reaction Pathways

1 2 3 4 S 6 7 8 9 10

P-OH® Bond
I, 35 30 25 20 19 1.8 1.7
kS 0.00 0.18 0.41 1.18 1.56 2.10 2.2

P-OR? Bond
I, 159 1.60 1.61 1.67 1.71 1.77 1.78 1.92 3.00 3.5
kg 4.40 4.22 3.99 3.22 2.84 2.30 2.20 1.49 0.18 0.00

Sum of k¢ Values for P-OH and P-OR Bonds
4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40 4.40

@ P-OH bond is the P-O bond formed by attacking group. ° lo
values are the “strainless” bond lengths (A). € kg values are the
bond stretching force constants (mdyne/A). ¢ P-OR bond is the
P-O bond of the leaving group.

8 9

1.7 16 1.5
2.91 4.22 44

conformational parameters for the substrate are given in Table
IIT for comparison to X-ray data. The conformation of the
substrate has not been drastically altered by the minimization
process (cf. Figure 7 with Figures 5 or 3).

Conditions Imposed on the Reaction Pathway Calculations.
Having established a minimum energy structure for an active
substrate—enzyme complex, it is necessary to define conditions
under which the enzyme hydrolysis reactions will be simulated.
As described in Figure 1, path 1 refers to in-line attack by the
OH group opposite the phosphate oxygen atom attached to the
phenyl ring (O, in the numbering scheme of Figure 4) and path
2 refers to in-line OH attack opposite the phosphate oxygen atom
attached to the 5’-carbon of the nucleotide (O,; of Figure 4). The
latter is the experimentally observed enzymatic pathway.®?

For all angles in which phosphorus is the central atom, the
bending force constant was set at zero. This implies that there
is no one ideal “strainless” geometry to which phosphorus is
constrained and allows the phosphorus geometry to be determined
solely by nonbonded interactions and by electron pair repulsion
terms.!® There was, however, one angle which was an exception
to this condition. The O-P-O angle formed by the attacking and
leaving oxygen atoms was held at 180° by applying a force
constant of 1.0 [(mdyn A)/rad?].

Minimum energy conformations were calculated at 10 points
along the reaction coordinate. The only paarameters that varied
from one point to the next were the “strainless” bond lengths (/)
and stretching force constants (k) for the attacking and leaving
groups. At each point a “strainless” P-O bond length, /,, was
selected for the attacking group. From this bond length, the
corresponding force constant, &, was calculated by using Badger’s
rule.?? The force constant of the leavhing group (i.e., the group
that is 180° from the attacking group) was selected so that the
sum of the two force constants for the entering and leaving group
was constant. A value of 4.4 was used for this constant.

k(P-OH) + k,(P-OR) = constant )
attacking leaving

The set of /, and k, parameters used for all pathways is given in
Table IV.

The reason for using eq 2 is that it provides a method whereby
a rapid change in the long bond is accompanied by a small change
in the shorter bond. This leads to a fairly smooth energy path
that reaches maximum energy at the transition state where k-
(P-OH) = k,(P-OR). Also the length of the P-O,;, bonds, ~1.8
A, in the transition state is reasonable.® The minimum energy
conformation calculated at one point was used as a starting ge-
ometry for the next point. Thus, the reaction was simulated by
a movement of atoms along the reaction pathway.

Enzyme Hydrolysis. By use of the latter conditions defining
the way that the reaction pathway is to be calculated for the
enzymatic hydrolysis and application of the enzyme constraints
discussed earlier, an energy—structure profile was obtained for the
two pathways of Figure 1. The results are listed in Tables V (path
1) and VI (path 2). The comparative energy profile is shown in
Figure 8. ORTEP plots of the transition-state structures for paths
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(kcol / mole)
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35 30 25 2:0 |78 2.0 25 30 3.5

P-OH Bond Length Parometer, |, (R) P-OR Bond Lenglh Poarometer, | (°A)

Figure 8. Energy profile for two alternate modes of hydrolysis of p-
NO,Ph-pdTp in the staphylococcal nuclease environment. Circles in-
dicate path 1; squares, path 2. See Figure 1 for definition of pathways.
The attacking group is OH and leaving group is OR (R = O,5-Phin path
1 and O,;-ribose in path 2). Experimentally, path 2 is the preferred path
in enzymatic hydrolysis.

Figure 9. ORTEP drawing of path 1 transition state in hydrolysis of
p-NO,Ph—pdTp in the staphylococcal nuclease environment. Attacking
OH is opposite O,5—Ph (See Figure 1). Phosphorus bond angles for the
transition state are given in Table V, column 7. Open circles designate
atoms of enzyme; shaded circles, atoms of p-NO,Ph-pdTp substrate.
Path 1 is of higher energy than path 2 in enzyme environment. Orien-
tation of drawing is same as Figure 3.

1 and 2 are presented in Figures 9 and 10, respectively.
Cleavage in Nonenzymatic Environment. To obtain comparative
data on the pathways for hydrolysis in Figure 1 for nonenzymatic
hydrolysis with the same substrate, we used the X-ray coordinates
determined for calcium thymidylate by Trueblood et al. as starting
coordinates.?® These are projected in Figure 11.
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Table V. Reaction Path 1 for p-NO,Ph—pdTp Enzyme System (Attacking Group Is OH; Leaving Group Is O,, %)

point on pathwayb

1 2 3 4 5 6 7¢ 8 9 10
Bond Length, A
P-OH 8.26 2.95 2.54 2.05 1.94 1.83 1.81 1.72 1.61 1.60
P-0, 1.60 1.61 1.62 1.69 1.74 1.80 1.82 1.96 2.98 2.96
P-0,, 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60
P-0,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
P-0,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Angle, deg
0,, O 111.0 116.4 121.9 129.5 131.0 132.4 132.6 132.4 121.9 122.2
O 109.2 104.6 108.4 113.9 114.6 115.0 115.0 114.6 104.4 104.4
O O25 108.9 111.7 107.9 99.9 97.6 94.8 94.3 90.8 76.9 76.9
O -P-OH 71.3 67.7 71.5 79.2 81.5 84.1 84.6 88.1 102.1 102.2
O PO,, 108.4 108.6 110.5 1125 112.5 112.4 112.2 112.5 109.8 109.6
O O s 106.5 104.9 100.0 90.1 87.7 84.9 84.5 81.0 68.6 68.7
O -P-OH 74.1 75.4 80.6 90.2 92.7 95.5 96.0 99.5 111.6 111.6
O PO 112.9 110.7 107.4 100.7 98.7 96.3 95.8 92.3 75.1 75.1
O P-OH 66.4 69.6 73.1 80.0 82.0 84.5 84.9 88.5 105.7 105.7
O P OH 179.2 179.4 179.3 179.1 179.0 178.9 178.9 178.8 178.9 178.9
Energy, kcal/mol

=E gy 1.01 0.91 0.97 1.25 1.28 1.30 1.31 1.22 0.89 0.89
=Fpend 343 3.78 3.60 3.60 3.63 3.64 3.65 3.60 3.59 3.58
EEVDWd -2.73 0.49 0.99 2.92 3.34 3.65 3.71 3.20 0.17 0.19
=E¢ors 0.17 1.09 0.52 0.21 0.17 0.14 0.14 0.14 0.23 0.21
Egteric (total) 1.88 6.27 6.08 7.98 8.42 8.73 8.81 8.16 4.88 4.87

b See Table IV.

@ See Figure 4 for numbering scheme.

Figure 10. ORTEP drawing of path 2 transition state in hydrolysis of
p-NO,Ph-pdTp in the staphylococcal nuclease environment. Attacking
OH is opposite O, —ribose (See Figure 1). Phosphorus bond angles for
the transition state are given in Table VI, column 7. Path 2 is of lower
energy than path 1 in the enzyme environment. Open circles designate
atoms of enzyme; shaded circles, atoms of p-NO,Ph-pdTp substrate.
Orientation of drawing is the same as Figure 3.

The following modifications were performed to obtain a min-
imum energy structure of thymidine 3’-phosphate 5'-(p-nitrophenyl
phosphate). The numbering scheme used is the same as the one
used in the pdTp portion of Figure 4. The 3’-phosphate group
was added to the ribose ring (atoms 16-20) and the pdTp structure
was minimized. (See Table III, column S, for structural param-
eters of the minimum energy structure.) The p-nitrophenyl group
was added to the 5’-phosphate at oxygen atom, O,s. This group
was rotated about the P,,—O,s bond to find 2 minimum energy
conformation. The energy profile showed that a conformation
with a torsional angle for O,,P,,0,5Cp,, of approximately 30° was
one of minimum energy. A similar minimization operation was

(26) Trueblood, K. N.; Horn, P.; Luzzati, V. Acta Crystallogr. 1961, 4,
965.

¢ Transition state.

4 2Figw = ZEnp + ZEEPR-

Figure 11. ORTEP drawing of thymidylate ion based on X-ray coordinates
of calcium thymidylate.?

Figure 12. ORTEP drawing of p-NO,Ph—pdTp based on coordinates ob-
tained from energy minimization with no enzyme constrains (same ori-
entation as Figure 3).
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Table VI. Reaction Path 2 for p-NO,Ph-pdTp-Enzyme System (Attacking Group Is OH; Leaving Group Is O,, %)

point on pathway®

1 2 3 4 5 6 7¢ 8 Y 10
Bond Length, A
P-OH 6.15 3.03 2.55 2.05 1.94 1.84 1.82 1.73 1.61 1.60
P-0,, 1.60 1.61 1.62 1.69 1.74 1.80 1.82 1.96 2.97 2.97
P-0,, 1.60 1.60 1.60 1.60 1.60 1.61 1.61 1.61 1.60 1.60
P-0O,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
P-0,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Angle, deg
0,,PO,, 113.9 110.3 106.9 100.1 98.0 95.4 94.9 91.1 75.7 75.5
P 109.7 105.1 98.7 89.1 86.6 83.8 83.2 79.6 63.7 63.5
O O 103.0 106.4 103.8 97.1 95.3 93.0 92.5 88.7 79.3 79.6
O -P- OH 179.1 178.4 178.8 179.4 179.5 179.6 179.6 179.6 178.5 178.5
O PO,, 108.9 112.3 116.1 119.8 120.2 120.3 120.3 120.0 111.8 111.8
O O 104.6 103.1 105.4 109.8 110.4 110.7 110.7 110.1 102.7 102.7
O2 P- O 65.6 70.6 73.7 79.8 81.9 84.4 84.9 88.6 104.3 104.5
0,,P-0,, 116.7 1194 123.8 128.0 128.7 129.0 128.9 128.5 119.1 119.0
0,,P-OH 70.0 73.3 80.1 90.4 93.1 96.1 96.7 100.3 115.1 115.3
0,,P-OH 77.8 74.5 77.0 83.6 85.3 87.5 87.9 91.7 102.1 101.9
Energy, kcal/mol
ZEgy 0.94 1.05 0.98 1.25 1.30 1.33 1.34 1.23 0.89 0.89
ZFyend 3.70 4.35 3.99 3.75 3.75 3.75 3.74 3.69 4.05 4.06
ZEypw -2.98 -2.23 -1.26 0.68 1.11 1.45 1.54 1.11 -1.66 —1.64
ZEiors 0.08 0.10 0.09 0.09 0.08 0.08 0.08 0.08 0.07 0.07
E gt eric (total) 1.74 3.27 3.80 5.77 6.24 6.61 6.70 6.11 3.35 3.38

b See Table IV.

@ See Figure 4 for numbering scheme.

(kcol/ mole)

Energy

1 1 il 1 1. l |
35 30 25 20 178 20 25 30 35

P-OH Bond Length Porometer, I.(Z)

P-OR Bond Length Parometer, o (A)

Figure 13. Energy profile for two alternate modes of hydrolysis of p-
NO,Ph-pdTp with no enzyme constraints. Circles indicate path 1;
squares, path 2. See Figure 1 for definition of pathways. The attacking
group is OH and leaving group is OR (OR = O,s—Ph in path 1 and
Oy —tibose in path 2). Experimentally, path 1 is the preferred path in
a nonenzymatic environment.

carried out by rotating the phenyl group about the O,—Cp, bond.
Like that observed for the enzyme—-substrate calculation, the
P»,0,5CpyCpy, angle always comes back to approximately 90° as
the minimum energy conformation, no matter what was taken
as the initial angle of rotation. Figures 7 and 12 show the dif-
ference in the phenyl ring orientation in the enzyme system as

¢ Transition state. d EEVDW = EEnB + zEEPR-

Figure 14. ORTEP drawing of path 1 transition state in hydrolysis of
p-NO,Ph-pdTp with no enzyme constraints. Attacking OH is opposite
0,s~Ph. See Figure 1. Paths 1 and 2 are of similar steric energy in the
nonenzyme environment. Orientation of drawing is the same as Figure
3. Phosphorus bond angles for the transition state are given in Table VII,
col 7.

compared to that in the nonenzyme system.

The resulting conformation of p-NO,Ph—pdTp, which was used
as the ground-state structure for simulation of the nonenzymatic
hydrolysis reaction, is shown in Figure 12, Several significant
conformational parameters are listed in Table III. Table III and
a comparison of Figures 11 and 12 show that the addition of the
p-nitrophenyl group does not appreciably alter the conformation
of the thymidylate structure as determined by the X-ray study.?

Under the conditions described in a previous section for reaction
pathway calculations, paths 1 and 2 (Figure 1) were investigated
by energy minimization at each of 10 points. No atoms were
constrained during the energy minimizations.

The results are given in Tables VII and VIII for paths 1 and
2, respectively. The relative energy profile for these two paths
is graphed in Figure 13 and ORTEP plots of the transition-state
structures are given in Figures 14 and 15.

Discussion
Computer simulation of the two reaction pathways illustrated
in Figure 1, under the conditions described herein, reveals that
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Table VII. Reaction Path 1 for p-NO,Ph-pdTp (Nonenzyme System) (Attacking Group Is OH; Leaving Group Is O,,%)

point on pathway?

1 2 3 4 5 6 7¢ 8 9 10
Bond Length, A
P-OH 7.55 3.06 2.58 2.05 1.95 1.84 1.82 1.73 1.61 1.60
P-0, 1.60 1.61 1.63 1.70 1.74 1.81 1.82 1.97 3.03 3.22
P-0,, 1.60 1.61 1.61 1.61 1.61 1.61 1.61 161 1.60 1.60
P-0,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
P-0,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Angle, deg
0,,PO,, 102.8 104.2 107.0 108.1 108.0 107.7 107.7 107.9 104.6 103.9
21PO0, 110.7 107.1 113.7 121.2 122.1 122.7 122.8 122.9 118.4 117.9
0,,PO,, 119.3 123.5 116.4 106.5 104.1 101.3 100.8 97.1 80.0 78.2
0,,-P-(OH) 61.2 58.9 65.9 75.6 77.9 80.6 81.1 84.6 100.6 102.3
0,,P0,, 110.4 114.5 118.6 126.6 128.2 129.3 129.5 128.6 112.5 110.3
0,,PO,, 105.8 103.1 98.0 91.4 89.2 86.7 86.2 82.9 66.5 64.2
0,,P-(OH) 73.6 75.1 80.3 87.0 89.3 91.9 92.4 95.9 113.1 115.5
0.,PO,, 107.4 105.0 102.4 93.3 90.9 88.3 87.7 84.2 72.6 72.8
0,,P(OH) 72.6 74.5 77.0 86.3 88.7 91.4 91.9 95.5 107.3 107.0
0,,P(OH) 179.4 177.5 177.5 177.7 177.8 177.9 178.0 178.2 179.4 179.5
Energy, kcal/mol
ZE gy 0.94 1.11 1.28 1.49 1.51 1.54 1.55 1.50 1.08 1.06
=Fpend 3.38 3.11 3.27 3.52 3.55 3.55 3.55 3.47 3.16 3.14
EEVDWd 7.13 8.71 9.77 12.06 12.48 12.74 12.82 12.16 8.12 8.02
ZEiors 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.03
Egteric (total) 11.48 12.95 14.35 17.10 17.57 17.85 17.94 17.15 12.38 12.25
@ See Figure 4 for numbering scheme. © See Table IV. € Transition state. ¢ ZEypw=*ZE.p + TEgpR.
Table VIII. Reaction Path 2 for p-NO,Ph-pdTp (Nonenzyme System) (Attacking Group Is OH; Leaving Group Is O,, %)
point on pathway?
1 2 3 4 5 6 7¢ 8 9 10
Bond Length, A
P(OH) 9.64 3.05 2.58 2.06 1.95 1.84 1.82 1.73 1.61 1.60
PO,, 1.60 1.61 1.63 1.70 1.74 1.81 1.82 1.97 3.04 3.33
PO,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
PO,, 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
PO, 1.60 1.60 1.60 1.60 1.61 1.61 1.61 1.61 1.60 1.60
Angle, deg
0,,PO,, 102.6 102.1 99.8 93.3 91.3 88.9 88.5 85.1 70.8 69.7
2P0, 111.4 110.5 106 .4 98.0 95.8 93.1 92.6 89.2 70.6 67.3
0,,PO,, 119.1 115.2 109.1 100.3 98.2 95.7 95.2 92.2 85.1 84.8
0,,P(OH) 180.0 179.9 179.6 179.2 179.1 179.0 179.0 178.9 179.1 179.1
0,,P0,, 110.0 110.5 111.5 1114 111.3 111.0 110.8 110.9 109.6 108.3
23P0,5 105.7 106.7 108.1 108.0 107.9 107.6 107.4 107.6 108.1 107.3
0,,P(OH) 77.4 77.9 79.9 85.9 87.8 90.1 90.5 93.8 108.5 109.7
0,,PO,, 107.6 1114 120.1 135.0 137.9 140.6 141.1 141.5 124.2 122.2
0.,P(OH) 68.6 69.4 73.6 82.2 84.5 87.2 87.7 91.2 109.3 112.3
0,,P(OH) 60.9 64.9 71.2 80.0 82.2 84.6 85.1 88.2 95.7 96.1
Energy, kcal/mol
ZE gy 0.95 0.99 1.17 1.45 1.49 1.52 1.53 1.48 1.03 0.98
ZEhend 3.38 3.33 3.48 3.77 3.83 3.89 3.90 3.86 3.35 3.33
Eyvpw 8.18 8.26 9.20 11.66 12.17 12.55 12.66 12.13 8.30 8.09
ZFors 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
E gt eric (total) 12.55 12.61 13.88 16.91 17.52 17.99 18.12 17.50 12.71 12.43

@ See Figure 4 for numbering scheme. ® See Table IV.

the activation energy for paths 1 and 2 for the nonenzyme hy-
drolysis of p-NO,Ph—pdTp (Figure 13) is comparable, near 6
kcal/mol. Significantly, however, Figure 8 for these two paths
for staphylococcal nuclease action on the same substrate shows
the activation energy for path 1 to be approximately 2 kcal higher
than that for path 2. The lower energy obtained for path 2 is
consistent with kinetic studies® giving exclusive formation of
p-nitrophenyl phosphate and thymidine 3’-phosphate. The higher
activation energies for path | of the enzymatic hydrolysis relative
to the three other pathways is attributable, for the most part, to
higher van der Waals interactions in the transition states for this
pathway; cf. Tables VI, VII, and VIII with Table V.

As depicted in Figures 7 and 12, the substrate geometry es-
tablished in the simulation process as the ground state differs
considerably for the enzyme and nonenzyme systems. (See also

€ Transition state. ¢ TEypw=ZE,p + ZEEpR.

Table IIL.) The different substrate conformations are directly
related to the type of enzyme constraints chosen in this study. The
results suggest a reasonable validity for their importance in the
actual enzyme system.

As seen for the transition states shown in Figures 9 and 10 for
paths 1 and 2, respectively, for the enzyme hydrolysis, in-line attack
does not drastically alter the general substrate conformation except
in the immediate vicinity of the 5’-phosphate unit. The same is
true for the nonenzymatic routes, which, in these cases, lack
enzyme constraints. Hence, it might be surmised that enzyme
constraints are effective in choosing the most effective geometry
for nucleophilic attack that leads to a low energy profile for
efficient catalysis.

Although it is not apparent that in the enzyme system in-line
OH attack opposite the better leaving group, p-nitrophenoxide
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Attacking OH

Figure 15. ORTEP drawing of path 2 transition state in hydrolysis of
p-NO,Ph—-pdTp with no enzyme constraints. Attacking OH is opposite
O,;-ribose. See Figure 1. Paths 1 and 2 are of similar steric energy in
the nonenzymatic environment. Orientation of drawing is the same as
Figure 3. Phosphorus bond angles for the transition state are given in
Table VIII, column 7.

(path 1), will give a transition state of higher energy than that
for path 2, the increased steric interactions associated with path
1 (Table V) imply a poorer fit between enzyme residues and the
transition-state geometry.

Of course, the condition on both the enzyme and nonenzyme
hydrolysis pathways requiring the bending force constant, kj, to
be sufficiently large [(1 mdyn A)/rad?] to hold the attacking OH
group and leaving group in-line assures that a transition state will
form with these groups axially oriented in an approximately
trigonal-bipyramidal geometry. This is a reasonable condition
in this case. On the basis of known phosphorane compound studied
by X-ray diffraction,’ derivatives with acyclic substituents attached
to phosphorus have structures that do not deviate much from an
idealized trigonal bipyramid.?’” Use of an increasing number of
five-membered cyclic substitutents at phosphorus, especially with
ring unsaturation, results in structural changes toward a square
pyramid.?’ In the simulation of RNase action on UpA,* we set
this bending force constant to zero in accord with the formation
of a cyclic intermediate. This resulted in a transition-state ge-
ometry intermediate between the trigonal bipyramid and square
pyramid.?®

The fact that axial bonds are weaker than equatorial bonds for
a trigonal bipyramid?® is the principal reason why entering and
leaving groups are postulated to do so from these positions.*® Even
though the nonenzyme paths are not differentiated by their ac-
tivation energies based on strain considerations (Figure 13), path
1 is favored in terms of bonding considerations, leading to the
release of thee better departing group. path | is the nonenzy-
matically observed route.?

(27) (a) Holmes, R. R.; Deiters, J. A. J. Am. Chem. Soc. 1977, 99, 3318.
(b) Holmes, R. R. Acc. Chem. Res. 1979, [2, 257.

(28) See also: Holmes, R. R. Int. J. Pept. Protein Res. 1976, 8, 445.

(29) Holmes, R. R. Acc. Chem. Res. 1972, 5, 296.

(30) Westheimer, F. H. Acc. Chem. Res. 1968, [, 70.
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Other R groups attached to the 5’-phosphate allow efficient
catalysis, e.g., p-aminophenyl or a methyl group.”? A modest
size change does not seem to be a factor. The p-nitrophenyl group
when attached to the pdTp substrate minimized with no appre-
ciable buildup of steric strain. Presumably other R groups would
result in a similar active substrate geometry (cf. Figure 7).

We are not able to differentiate between degrees of substrate
activity with the present type of calculation. On going from the
inactive substrate, pdTp, to an active one, R—pdTp, the 5'-
phosphate goes from a dianionic species to the monoanionic diester
form. It may be possible to make the four hydrogen bonding force
constants between the 5’-phosphate oxygen atooms and the Arg-35
and Arg-87 residues (Figure 5) larger for the dianionic form to
hold it in a more rigid position and, thus, mimic substrate activity
by a resultant increase in strain terms on hydrolysis. Electronically,
the dianion is less subject to nucleophilic attack.

Similarly, one may mimic changes in base specificity, i.e., A
and T nucleotidyl portions hydrolyze faster than C- and G-con-
taining substrates, or changes in metal ion.” Group 2B divalent
metal ions competitively inhibit staphylococcal nuclease activity.!
All of these factors suggest the extremely delicate balance of
electronic and steric interactions at an active site that make an
enzyme operate so effectively compared to nonenzyme routes.
Further, complementation studies indicate that almost the entire
amino acid sequence is needed for the maintenance of nuclease
activity.’

Rather than the in-line mechanism considered here, one might
consider the possibility of an adjacent process, whereby the in-
coming group enters an axial position adjacent to the leaving group
(equatorially situated). In this process, ligand exchange occurs
(pseudorotation) during the lifetime of the transition state to bring
the group undergoing hydrolysis to a departing axial position.*
We simulated the adjacent mechanism in the RNase system* and
found high barriers for potential pseudorotational processes. The
same arguments given there apply here. In general, we see no
valid reason for expecting an enzyme system to accommodate a
facile intramolecular ligand exchange process.

On the basis of 1.5-A X-ray data, Tucker, Hazen, and Cotton!!
have proposed an active-site geometry for staphylococcal nu-
clease—pdTp—Ca(II), which differs somewhat from the active site
used in this calculation based on 2.0-A data. We have carried
out preliminary calculations of reaction pathways based on 1.5-A
data that incorporate the new features of the active site!! and retain
calculation conditions as described in this paper. These calcu-
lations show that the mechanism proposed by Tucker, Hazen, and
Cotton!! is sterically reasonable and the energy profile for path
1 and path 2 in the enzyme environment is similar to that shown
in Figure 8 for 2.0-A data.
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