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Abstract: Stochastic boundary simulations are performed to study the binding of 3’-uridine monophosphate to bovine
pancreatic ribonuclease A for three protonation states of the enzyme-product complex. Because charged species are
involved, the structure of the enzyme-product complex provides a sensitive test of the method used for treating the
long-range electrostatic interactions. Toavoid spurious effects resulting from group-switch or atom-switch electrostatic
potential truncation schemes, an extended electrostatics algorithm is used. It allows for the inclusion of all electrostatic
interactions through a pairwise charge—charge interaction at short distances and charge—group multipole moment
interactions at large separations. Since X-ray data are available only at low pH where the phosphate was assumed
to be monoanionic, the present simulations provide predictions concerning the structure and interactions of the enzyme—
product complex at other pH values. In particular, the role of specific residues in the binding of the product is examined.
Maximal binding is found to occur when a phosphate dianion interacts with positively charged His 12 and 119; a fall
in binding is expected at low and neutral pH due mainly to the loss of enzyme interactions with the phosphate and
base. All three groups of the product (the base, ribose, and phosphate) are involved in binding to the enzyme; Thr

45, Lys 41, and a positively charged histidine (His 12 or His 119) are the respective recognition residues.

I. Introduction

A full understanding of ribonuclease A (RNase A) requires
notonly a description of its catalytic function but alsoa knowledge
of the protein—nucleic acid interactions which determine its
specificity. There have been numerous experimental studies of
the binding of substrates and inhibitors to RNase A.! The
positively charged active site of RNase A facilitates the binding
of the substrate but binds the product more strongly? since the
latter is a dianionic phosphate monoester whereas the substrate
is a monoanionic diester. For example, at an ionic strength of
0.2 M, the dissociation constant of the product, 3’-uridine
monophosphate (3’-UMP), is 0.05 mM at pH 5.5, 25 °C, which
is an order of magnitude less than that of the substrate, cyclic-
UMP (0.5 mM at pH 5.8, 27 °C). In this paper, we focus on
the binding of the product, 3’-UMP, to RNase A, identify the
key enzyme-mononucleotide interactions, and examine how these
interactions change as a function of pH.

The 1.9-A resolution X-ray structure of RNase A cocrystallized
with 3’-UMP has been determined at pH 5.5.3 At this pH, it was
assumed that the two active site histidines, His 12 and His 119,
are protonated and the phosphate is in the singly charged state
(see below). There are two hydrogen bonds between O2 and N3
of the base and N and O7! of Thr 45, respectively, two hydrogen
bonds from O of the sugar to His 12(N<2) and Lys 41(N?), and
four hydrogen bonds from the phosphate oxygens to His 12, His
119, Phe 120, and GIn 11 (see Figure 1). Both proton* and 3P
NMRS solution studies support the X-ray results, since they
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Figure 1. Schematic diagram of important hydrogen-bonding contacts
between the key residues of the enzyme active site and the product (bold
lines) in the X-ray structure.?

indicate that a doubly protonated His 12 interacts directly with
the phosphate in the enzyme—product complex.

Ionization constants of the phosphate, His 12, and His 119 for
the RNase A/3’-UMP complex have been determined from the
pH dependence of proton and 3P NMR chemical shifts, as shown
in Table 1. The NMR data are compatible with the assumption
that the observed maximum in the binding at pH 5.5 (Table 2)
corresponds to the interaction between the phosphate dianion
and the two protonated active site histidines. The fall in binding
at lower pH (pH < 5.5) is presumed to be due to protonation of
the phosphate group, whereas the fall in binding at higher pH
(pH > 5.5) is due to deprotonation of His 12 and His 119. We
examine this hypothesis by performing molecular dynamics
simulations on the RNase A/3’-UMP complex in 3 different
protonation states, viz., (i) with monoanionic 3’-UMP and
protonated His 12 and His 119 (pH 4.0-4.5), (ii) with dianionic
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Table 1. Ionization Constants

pKa
molecule His 12 His 119 phosphate®

RNase A/3-UMP 7.5% 4,15
RNase A/3-UMP 6.5 £ 0.4c 4.6 £0.7¢
RNase A/3-UMP 6.2¢ 8.0¢
¥-UMP 5.8

5.9¢
RNase A 5.8-6.0° 6.2-6.3¢

4 RPOsH — RPO,> + H*. ¢ From 'H NMR;? base C5 and C6
proton chemical shift as a f{pH) at 23 °C. Concentrations: RNase A,
0.0030 M; 3'-UMP, 0.0015 M; NaCl, 0.3 M. ¢ From 3P NMR;’ chemical
shift as a fipH) at 24 °C. Concentrations: RNase A, 0.0060M; 3'-
UMP, 0.0060 M; ammonium formate, 0.1 M. 4 From 'H NMR;2’ histidine
C2-proton chemical shift as a f{pH) (NB. Temperature not given in
paper). Concentrations: RNase A, 0.0100 M; 3’-UMP, 0.012 M; NaCl,
0.2 M. ¢ From '"H NMR.2%¢

Table 2. Association Constants for 3’-UMP/RNase A Binding as a
Function of pH at 25 °C and 0.1 M KC}?’

pH K/1000 (M) pH K/1000 (M-1)
4.5 39 6.0 12.2
5.0 9.0 6.5 6.1
5.5 142 7.0 2.3

3’-UMP and protonated His 12 and His 119 (pH =~ 5.5), and (iii)
with dianionic 3-UMP, neutral His 12, and protonated His 119
(pH =~ 6.5). We refer to these three protonation states of the
RNase A/3’-UMP complex as the low, optimal, and neutral pH
states. The present simulations provide information concerning
the groups involved (on the enzyme and on the product) and how
their interactions change with pH. The important role of solvent
isalsomadeclear. Thesimulationstudiesare of particular interest
because X-ray results are available only at low pH, where the
phosphate is monoanionic and the two histidines are protonated.

In section II, we describe the methods used in the simulations.
The dominant interactions between the product and the enzyme
are electrostatic. Preliminary calculations showed that group-
switch truncation of these long range forces with cutoff distances
less than 12 A leads to dissociation of the product, while
simulations with no potential truncation result in a stable bound
state of the enzyme-product complex. To approximate the no-
cutoff calculation, we use the extended electrostatics method.$
We compare the results with those from an atom-based truncation
scheme. These results are presented insection III. Alsoinsection
ITI, we analyze the simulation resuits for the three protonation
states of the RNase A/3’-UMP complex. The conclusions are
summarized in section IV. The Appendix contains a brief
discussion of the nature of the force convergence (in magnitude
and direction) for four commonly used truncation schemes for
the nonbonded interactions.

II. Methodology

The active site of RNase A has a positive charge of 8 e at physiological
pH (pH =~ 6-7). Since the interaction of the positively charged active
site histidines with the phosphate group of the product is predominantly
electrostatic, this system provides a very sensitive probe of the effects of
the truncation used for the long-range electrostatics interactions. In this
section we briefly describe the system and outline the methods employed
in the simulations, the details of the treatment of the Coulombic
interactions, and the parameters of the force field.

A. System. The starting point for the simulations was the 1.9-A
resolution X-ray structure of RNase A /3’-UMP.? Since we are primarily
interested in the structure of the active site where the product is bound,
we initially chose to study a reduced system which included only residues
with one or more atoms that were within 16 A of the phosphorous atom.
To test whether this choice is satisfactory, we examined the electrostatic
potential generated by the portion of the enzyme not included in the
reduced system and its interaction energy with the product bound to the
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activesite. The X-raystructure of the RNase A/3-UMP complex without
the product and crystallographic water molecules was used to calculate
the electrostatic potentials of the full and reduced enzyme by solution of
the Poisson equation with a dielectric constant that changed from an
internal dielectric constant of 4 to the solvent dielectric constant of 80
at the dielectric boundary;”# the ionic strength was taken to be zero. The
version 19 parameters forthe CHARMM van der Waals radii and charges
wereemployed.® Contour plots of the electrostatic potential for the reduced
enzyme at radial distances greater than 10 A from the phosphorus differed
significantly from those of the full enzyme molecule. We found that Lys
1, Asp 14, and Arg 85, whose C*—P distances are 16.9, 15.21, and 14.44
A, respectively, had to be included to reproduce the full enzyme potential
(within 0.25 kcal/mol) out to 12.5 A from the phosphorus atom. The
final reduced system was composed of 90 amino acid residues with the
following connectivity: 1-14; 22; 25-27; 29-36; 39-49; 51; 53-54; 56;
58-60; 63; 65-69; 71-72; 75; 77-19; 81-85; 88-95; 104-114; and 116~
124.

Stochastic boundary dynamics2!0 was carried out on both the full and
the reduced system (see below) to reduce the computation and to
incorporate solvent in the active site region. A fully solvated protein
represents a large number of atoms to be simulated. Often, a restricted
region of the protein, such as the active site, is of particular interest. The
stochastic boundary approximation provides a means of reducing the
computational effort required by replacing much of the bulk solvent and
protein far from the active site region by a static boundary potential of
mean force and interaction with a heat bath. Atoms within an inner
active site regionare simulated explicitly according to Newton’s equations
of motion. Atoms in an intermediate buffer region are coupled to a heat
bath and feel an external boundary potential which represents the solvent
or protein not explicitly included in the simulation. Finally, some atoms
areincluded but fixed in an outer reservior region. Within the stochastic
boundary approximation it is possible to provide an accurate representation
of the system while greatly reducing the computational burden.21®

In this work, the center of the system was chosen to be the phosphorous
atom. Using the stochastic boundary approximation, protein and solvent
atoms within 12 A of the center (active site region) were propagated
according to Newton’s equations using the Verlet algorithm and a time
step of 1 fs. Non-hydrogen protein and solvent atoms in the volume
outside 12 A and inside 16 A (buffer region) are assumed to be in direct
contact with a heat bath and were propagated according to the Langevin
equation with harmonic constraints determined from averaged X-ray
temperature factors. The averaged X-ray temperature factors (B =
(8/3)x2 < AR? >) employed were 14 A2 for backbone, C?, and side-chain
atoms, 15 A? for 8 position atoms, 16 A2 for + position atoms, and 17
A2 for all other atoms. The heat bath temperature used was 300 K, and
the friction constant for protein and water atoms was 62 ps~!. The
constraining force and friction constants for the protein atoms were scaled
using a cubic spline function which ranged from zeroat 12 A toa maximum
of one-half at 14 A. Atoms outside 16 A (reservoir region) were held
fixed (but they contribute to the forces on moving atoms). All bonds to
hydrogen atoms were constrained to have fixed length and were propagated
using the SHAKE algorithm.!! Solvent molecules, represented by a
modified TIP3P potential,!2 were constrained relative to the center of the
system by a constraining potential (of the Lennard-Jones form) at 16 A;
they were treated by molecular dynamics in the active site region and
Langevin dynamics in the buffer region.

The forces on the atoms and their dynamics were calculated with the
CHARMM program.?® Initially, to relieve strains in the X-ray structure,
the system was minimized with weak constraints on the protein atoms
for 100 steps using the Powell algorithm.!> Next a 18.5-A sphere of
equilibrated TIP3P water was centered on the phosphorous atom in the
X-ray structure. All solvent atoms within 2.6 A of a heavy atom and
outside 16 A of the phosphorus atom were removed; to mimic the bulk
water in contact with the active site region of the protein, 171 water
molecules were added to the 41 crystal waters. The remaining solvent
was minimized for 100 steps to relieve close contacts and equilibrated
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