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ABSTRACT: The value ofkcat/KM for catalysis of RNA cleavage by ribonuclease (RNase) A can exceed
109 M-1 s-1 in a solution of low salt concentration. This value approaches that expected for the diffusional
encounter of the enzyme and its substrate. To reveal the physicochemical constraints upon catalysis by
RNase A, the effects of salt concentration, pH, solvent isotope, and solvent viscosity on catalysis were
determined with synthetic substrates that bind to all of the enzymic subsites and thereby enable a meaningful
analysis. The pKa values determined from pH-kcat/KM profiles at 0.010, 0.20, and 1.0 M NaCl are
inconsistent with the known macroscopic pKa values of RNase A. This incongruity indicates that catalysis
of RNA cleavage by RNase A is limited by the rate of substrate association, even at 1.0 M NaCl. The
effect of solvent isotope and solvent viscosity on catalysis support this conclusion. The data are consistent
with a mechanism in which RNase A associates with RNA in an intermediate complex, which is stabilized
by Coulombic interactions, prior to the formation of a Michaelis complex. Thus, RNase A has evolved
to become an enzyme limited by physics rather than chemistry, a requisite attribute of a perfect catalyst.

Enzymes catalyze specific reactions with enormous rate
enhancement (1) and can even evolve to become perfect
catalysts (2). Catalysis by a perfect enzyme is not limited
by the rate of the chemical transformation of substrate to
product. Rather, catalysis is limited by the rate of a physical
stepssubstrate association or product dissociation. Such a
consummation is achieved by optimizing the affinity of an
enzyme for intermediates and transition states in its reaction
pathway (3, 4).

The rate of substrate association to form a Michaelis
complex is not necessarily equal to the rate of physical
encounter. The active site of an enzyme occupies only a small
fraction of its surface (5). In addition, substrate association
requires that the active-site residues and substrate assume a
specific conformation and relative orientation (6). Thus, to
bring catalysis to the encounter limit, an enzyme must
develop tactics to accelerate substrate association as well as
the chemical transformation.

Ribonuclease A (RNase A1; EC 3.1.27.5) was perhaps the
most studied enzyme of the 20th century (7). Studies on the
energetics of cleavage of UpA by RNase A have shown that

kcat/KM for the cleavage of this small substrate is limited by
substrate desolvation and thatkcat is partially limited by
product release (8, 9). RNase A has a series of phosphoryl
group-binding subsites beyond its active site (10-16). These
subsites, which are cationic, contribute significantly to
catalysis via favorable Coulombic interactions with the
phosphoryl groups of an RNA substrate, which are anionic
(14, 17, 18). Recently, we described a synthetic DNA-RNA
chimeric substrate, 6-carboxyfluorescein∼dArU(dA)2∼6-
carboxytetramethylrhodamine (6-FAM∼dArU(dA)2∼6-TAM-
RA), that can occupy all of the subsites of RNase A but has
only one scissile bond (19, 20). The value ofkcat/KM (3.6×
107 M-1 s-1; 0.10 M MES-NaOH buffer, pH 6.0, containing
0.10 M NaCl) for the cleavage of this optimized substrate is
greater than those determined likewise for other substrates,
like UpA (2.3 × 106 M-1 s-1) and poly(C) (1.5× 107 M-1

s-1) (21). Moreover, the value ofkcat/KM was determined to
be (2.7( 0.5)× 109 M-1 s-1 at low salt concentration (1.0
mM Bistris-HCl buffer, pH 6.0, containing 0.010 M NaCl)
(21).

The high value ofkcat/KM for RNase A indicates that the
mere encounter of the enzyme and substrate could limit
catalysis (22), at least at low salt concentration. For example,
Ca2+ and (Lys)3 have been reported to associate with A(pA)4

with bimolecular rate constants of 4.6× 1010 M-1 s-1 (23)
and 1.4× 1010 M-1 s-1 (24), respectively, at low salt (1
mM sodium cacodylate). The diffusion coefficient of Ca2+

ion is 7.92× 10-6 cm2 s-1 at 25 °C (25), which is 6-fold
greater than the diffusion coefficient of RNase A, 1.19×
10-6 cm2 s-1 at 20°C (26). Hence, thekcat/KM of RNase A
at 0.010 M NaCl is indeed comparable to that expected for
an encounter-controlled reaction. This finding has inspired
us to revisit the energetics of catalysis by RNase A.

Here, the effects of salt concentration, pH, solvent isotope,
and solvent viscosity on catalysis by RNase A are determined
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with our optimized substrate. The data reveal that catalysis
is indeed limited by encounter at low salt concentration.
Moreover, substrate association, not chemical transformation,
limits catalysis, even at 1.0 M NaCl. From this comprehen-
sive new information on the energetics of catalysis by RNase
A, a model is proposed to explain how the enzyme associates
with its substrate at the rate of encounter.

MATERIALS AND METHODS

Materials. Wild-type RNase A and its H12A variant
were produced, folded, and purified as described elsewhere
(27, 28). UpA was a generous gift of J. E. Thompson.
6-FAM∼dArU(dA)2∼4-DABCYL and 6-FAM∼dArU-
(dA)2∼6-TAMRA were from Integrated DNA Technologies
(Coralville, IA) (19, 20).

[Bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane
(Bistris) was from ICN Biomedicals (Aurora, OH). 2-(N-
Morpholino)ethanesulfonic acid (MES) was from Sigma
Chemical (St. Louis, MO). NaCl was from Fisher Scientific
(Fair Lawn, NJ). D2O was from Cambridge Isotope Labo-
ratories (Andover, MA).

Concentrations of wild-type RNase A and its variants were
determined by ultraviolet spectroscopy usingε ) 0.72 mL
mg-1 cm-1 at 277.5 nm (29). The concentration of UpA was
determined by ultraviolet spectroscopy usingε ) 24 600 M-1

cm-1 at 260 nm at pH 7.0. Concentrations of 6-FAM∼dArU-
(dA)2∼4-DABCYL and 6-FAM∼dArU(dA)2∼6-TAMRA
were determined by ultraviolet spectroscopy usingε )
77 180 and 102 400 M-1 cm-1, respectively, at 260 nm.

Assays of Enzymatic Catalysis. The catalytic activity of
RNase A was determined by monitoring the change in
fluorescence intensity upon the cleavage of the two fluoro-
genic substrates (19, 20). Assays were performed at 23°C
with stirring in 2.00 mL of buffer containing NaCl (0.010-
1.0 M), H12A RNase A (5.0 nM), the fluorogenic substrates,
and RNase A. H12A RNase A was added to reaction
mixtures to absorb any possible inhibitory contaminants from
buffer solutions (30). The catalytic contribution of 5.0 nM
H12A RNase A was negligible herein because of its low
catalytic activity (31, 32). Fluorescence was measured with
a QuantaMaster 1 photon-counting fluorescence spectrometer
from Photon Technology International (South Brunswick,
NJ), using 493 and 515 nm as excitation and emission
wavelengths, respectively. Values ofkcat/KM were determined
from the change in fluorescence intensity, as described
previously (19, 20).

pH-kcat/KM Profiles. The effect of pH on the value ofkcat/
KM for the cleavage of 6-FAM∼dArU(dA)2∼4-DABCYL
by wild-type RNase A was determined in 2.00 mL of 1.0
mM buffer containing NaCl (0.010-1.0 M), H12A RNase
A (5.0 nM), 6-FAM∼dArU(dA)2∼4-DABCYL, and wild-
type RNase A (5.0 pM to 0.50 nM). Buffers were sodium
formate-HCl (pH 3.54-4.23), sodium acetate-HCl (pH
4.37-5.61), Bistris-NaOH (pH 5.87-6.66), MOPS-NaOH
(pH 6.93-7.48), and Tris-HCl (pH 7.85-8.71). The pH
values of buffers were determined with aΦ40 pH meter from
Beckman instruments (Fullerton, CA). The pH values of
reaction mixtures did not vary, even after complete cleavage
of the substrates by RNase A. Salt effects on RNase A
catalysis are mainly the result of specific interactions of

cations with anionic RNA (14, 21), and a constant ionic
strength does not guarantee an identical salt environment.
Hence, buffer concentration was kept low (1.0 mM) to
provide a nearly identical salt environment at different
pH values. 6-FAM∼dArU(dA)2∼4-DABCYL rather than
6-FAM∼dArU(dA)2∼6-TAMRA was used because the
chemical stability of 4-DABCYL is greater than that of
6-TAMRA at acidic pH. Higher concentrations of the
substrate were used at acidic pH (24-47 nM) than at basic
pH (12 nM) because protonation of the fluorescein moiety
of the substrate decreases its fluorescence intensity at acidic
pH (33).2 Nonlinear regression with the program SIGMA-
PLOT 5.0 (SPSS; Chicago, IL) was used to fit pH-kcat/KM

profiles to eq 1:

whereK1 andK2 are apparent macroscopic acid dissociation
constants.

SolVent Isotope Effects. The effect of solvent isotope on
kcat/KM for the cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA
by wild-type RNase A (0.050 nM) was determined in 1.0
mM Bistris buffer containing NaCl (0.010-1.0 M) and H12A
RNase A (5.0 nM). To minimize the difference in the
ionization states of the active-site histidine residues in the
H2O and D2O buffers,kcat/KM values in D2O were determined
in 1.0 mM Bistris-DCl buffer prepared by diluting 0.10 M
Bistris-HCl buffer (pH 6.0) 100-fold with D2O, assuming
that the effect of solvent isotope on the pKa values of the
imidazolium group of a histidine residue is similar to that
on the Bistris cation. Forkcat/KM determination in D2O, a
solution of enzyme was prepared with D2O buffer and
incubated at least overnight at ambient temperature for
complete isotope exchange of those functional groups that
participate in catalysis. Further incubation of the enzyme in
the D2O buffer did not produce any detectable difference in
cleavage rates. Solvent isotope effects were defined as the
ratio ofkcat/KM determined in H2O to that determined in D2O.
Determination of solvent isotope effects was done in triplicate
at each salt concentration.

Solvent isotope effects on the transphosphorylation reac-
tion catalyzed by RNase A were also studied with a
dinucleotide substrate, UpA. Cleavage of UpA was moni-
tored by following the decrease in absorbance at 286 nm by
ultraviolet spectroscopy (∆ε ) -620 M-1 cm-1 (35)). Assays
were performed in 0.10 M MES-NaOH buffer (pH 6.0
or pD 6.4) containing NaCl (0.10 M), wild-type RNase
A (0.20 nM in H2O and 1.0 nM in D2O), and UpA (0.074-
1.1 mM). The pD value of the D2O buffer was calculated
by adding 0.4 to the pH meter reading (36). Kinetic
parameters were determined by fitting the observed reaction
rates to the Michaelis-Menten equation (37) by nonlinear
regression.

Viscosity Effects. The effects of medium viscosity onkcat/
KM for the cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by
RNase A were determined in 1.0 mM Bistris buffer (pH 6.0)
containing sucrose (34.0% w/v), NaCl (0.10 or 1.0 M), wild-

2 The pKa of fluorescein in water is 6.5 (34).

kcat/KM )
(kcat/KM)MAX

[H+]
K1

+ 1 +
K2

[H+]

(1)
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type RNase A (0.050 nM), and H12A RNase A (5.0 nM).
Viscosity (η) was determined as the product of the kinematic
viscosity (η/F) measured with an Ostwald viscometer at 23
°C and the density (F) of each solution, which was
determined by weighing a known volume (Table 4). Relative
viscosity (η/η°) refers to the ratio of the viscosity of a
solution with sucrose to that of the same solution without
sucrose. A medium viscosity effect was defined as the ratio
of kcat/KM determined without sucrose to thekcat/KM deter-
mined with sucrose. Determination of medium viscosity
effects was done in triplicate at each salt concentration. The
viscosity effect at 0.010 M NaCl was indeterminable because
of strong inhibition by a contaminant in low-salt solutions
of commercial sucrose.

RESULTS

Effect of pH on Catalysis by RNase A. RNase A cleaves
RNA molecules by concerted general acid-base catalysis
using the active-site residues His12 and His119 (Figure 1)
(31, 38-41). The need for both a protonated and an
unprotonated histidine residue for efficient catalysis results
in bell-shaped pH-kcat/KM profiles with two pKa values near
6 for the cleavage of dinucleotides and hydrolysis of
nucleotide 2′,3′-cyclic phosphates (38, 42, 43). The pKa

values from these pH-kcat/KM profiles are consistent with
the microscopic pKa values of the active-site histidine
residues determined by NMR spectroscopy (44).

Here, the values ofkcat/KM for the cleavage of 6-FAM∼
dArU(dA)2∼4-DABCYL by RNase A were determined at
varying pH at three different salt concentrations (Figure 2
and Table S1 in Supporting Information). Parameters deter-
mined by fitting the data to eq 1 are listed in Table 1.

The pH-kcat/KM profile at 0.010 M NaCl has a wide
plateau with pKa values of 3.88( 0.06 and 7.47( 0.06.
The (kcat/KM)MAX is (2.8( 0.1) × 109 M-1 s-1. Because of
the lack of data at low and high pH, the uncertainty in these
pKa values could exceed the standard errors from the
nonlinear regression.

The pH-kcat/KM profile at 0.20 M NaCl has a more narrow
plateau than does that determined at 0.010 M NaCl. The
values of pKa and (kcat/KM)MAX are 4.66( 0.09 and 6.44(
0.08, and (6.7( 0.9) × 107 M-1 s-1. The profile has an
asymmetric bell shape, and the slope of the acidic arm

appears to be greater than that of the basic arm. This greater
slope indicates that two titratable groups affect catalysis
below pH 4.0. The additional titration near pH 4 has also
been observed in both pH-rate profiles determined with
uridine 2′,3′-cyclic phosphate (cUMP) (45) and the titration
of His12 by NMR spectroscopy (46). Although the use of
an equation with two basic functional groups and one acidic
functional group improved the fitting to the profile (data not
shown), the nonlinear regression did not produce statistically
meaningful pKa values for both basic groups. Thus, only pKa

values determined by fitting the profile to eq 1 are listed in
Table 1.

The pH-kcat/KM profile at 1.0 M NaCl has a symmetric
bell shape. The pKa and (kcat/KM)MAX values are 4.88(
0.04 and 6.95( 0.04, and (1.4( 0.1) × 106 M-1 s-1.
These pKa values are greater than those determined at 0.20
M NaCl.

The pKa values determined from the pH-kcat/KM profiles
do not agree with the macroscopic pKa values of RNase A.
The macroscopic pKa values of an enzyme can be calculated
from the microscopic pKa values of its catalytically signifi-
cant titratable groups (47). The microscopic pKa values of
the active-site histidine residues determined by NMR spec-
troscopy (48) were used to estimate the macroscopic pKa

values of RNase A (Table 1). These macroscopic pKa values
are 5.1 and 6.1 at 0.018 M NaCl. At a similar concentration
of NaCl (0.010 M), the pH-kcat/KM profile for the cleavage

FIGURE 1: Putative mechanism of catalysis by ribonuclease A (38,
39). (A) Transphosphorylation reaction. (B) Hydrolysis reaction.
In both reactions,B andA refer to His12 and His119, respectively.

FIGURE 2: pH-kcat/KM profiles for the cleavage of 6-FAM∼dArU-
(dA)2∼4-DABCYL by ribonuclease A at 0.010 (b), 0.20 (9), and
1.0 M (O) NaCl. The assays were performed at 23°C in 1.0 mM
buffer containing NaCl. Determination ofkcat/KM values at each
pH was done in triplicate (Table S1 in Supporting Information).
Each curve was fitted to eq 1 by nonlinear regression. Values of
apparent pKa and (kcat/KM)MAX are listed in Table 1. Arrows indicate
macroscopic pKa values of ribonuclease A determined by NMR
spectroscopy under similar conditions (0.018 and 0.142 M NaCl
without buffer (48)).

Table 1: Parametersa Determined from the pH Dependence of
kcat/KM for the Cleavage of 6-FAM∼dArU(dA)2∼4-DABCYL by
Ribonuclease A at 0.010, 0.20, and 1.0 M NaCl

[NaCl]
(M) pK1 pK2

(kcat/KM)MAX

(M-1 s-1)

0.010 3.88( 0.06 (5.1b) 7.47( 0.06 (6.1b) (2.8( 0.1)× 109

0.20 4.66( 0.09 (5.6b) 6.44( 0.08 (6.6b) (6.7( 0.9)× 107

1.0 4.88( 0.04 6.95( 0.04 (1.4( 0.1)× 106

a Values ((SE) were determined by fitting the data in Figure 2 to
eq 1 by nonlinear regression.b Macroscopic pKa values of ribonuclease
A calculated from microscopic pKa values of His12 and His119
determined by NMR spectroscopy under similar conditions (0.018 and
0.142 M NaCl without buffer) (48).
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of 6-FAM∼dArU(dA)2∼4-DABCYL by RNase A shows pKa

values of 3.88( 0.06 and 7.47( 0.06 (Table 1). Although
these pKa values have some statistical uncertainty because
of the lack of data at low and high pH (Figure 2), these values
are certainly distinct from the macroscopic pKa values of
RNase A. At 0.142 M NaCl, the macroscopic pKa values of
RNase A are increased to 5.6 and 6.6. The pH-kcat/KM profile
determined at 0.20 M NaCl shows pKa values of 4.66(
0.09 and 6.44( 0.08 (Table 1). Whereas the pK2 from the
pH-kcat/KM profile (6.44( 0.08) is close to the macroscopic
pK2 (6.6), the pK1 from the pH-kcat/KM profile (4.66( 0.09)
is distinct from the macroscopic pK2 (5.6). The microscopic
pKa values of the histidine residues at 1.0 M are not known.
From the effect of increasing NaCl concentration from 0.018
to 0.142 M on the macroscopic pKa values, the pKa values
at 1.0 M NaCl are expected to be higher by 0.4-0.5 unit
than the pKa values determined at 0.142 M NaCl. The pH-
kcat/KM profile determined at 1.0 M NaCl shows pKa values
of 4.88 ( 0.04 and 6.95( 0.04 (Table 1). The pK2 value
seems to be consistent with the macroscopic pK2 value,
considering the expected increase from an increase in salt
concentration. The pK1 value, however, is still not consistent
with the macroscopic pK1 of RNase A.

SolVent Isotope Effects. Solvent isotope effects onkcat/KM

for the cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by
RNase A were determined at three different salt concentra-
tions (Table 2). TheD2O(kcat/KM) values are 1.18( 0.05, 1.40
( 0.15, and 1.76( 0.02 at 0.010, 0.10, and 1.0 M NaCl,
respectively.

Solvent isotope effects on the value ofkcat/KM andkcat for
the cleavage of UpA by RNase A were also determined for
comparison (Table 3). At 0.142 M NaCl,D2O(kcat/KM) was
determined to be 3.9( 0.4, which is much greater than any
of the D2O(kcat/KM) values determined with 6-FAM∼dArU-
(dA)2∼6-TAMRA (Table 2). The value ofD2Okcat was
determined to be 1.6( 0.2 with UpA (Table 3).

Viscosity Effects. The viscogen sucrose was used to probe
the contribution of the rate of substrate association tokcat/

KM (Table 4). Viscosity effects of 34.0% (w/v) sucrose on
kcat/KM for the cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA
were determined to be 3.2( 0.1 and 3.4( 0.2 at 0.10 and
1.0 M NaCl, respectively. The viscosity effects are close to
the relative viscosity of the solution at each salt concentration
(Table 4).

DISCUSSION

Deduction of pKa Values from pH-kcat/KM Profiles. An
apparent pKa value determined from the pH-kcat/KM profile
of an enzyme-catalyzed reaction is often interpreted to be
the macroscopic pKa value of a catalytically significant
titratable group of the free enzyme (49, 50). Such pKa values
are independent of the substrate used to determinekcat/KM

values, as shown in pH-kcat/KM profiles for the RNase
A-catalyzed transphosphorylation of UpA, UpU, and CpA
(51) and hydrolysis of cytidine 2′,3′-cyclic phosphate (cCMP)
(42, 52) and cUMP (43, 45). The notion that pH-kcat/KM

profiles manifest macroscopic pKa values of an enzyme is,
however, based on the assumption that the substrate is not
sticky.3 If this assumption is incorrect, then the pH-kcat/KM

profile could depict mirage pKa values (49, 50), which do
not reflect the actual acid dissociation constants of the
enzyme. Indeed, the pH-kcat/KM profiles for the cleavage
of 6-FAM∼dArU(dA)2∼4-DABCYL by RNase A (Figure
2) do not reflect the macroscopic pKa values of RNase A
(Table 1). These inconsistencies between the pKa values from
pH-kcat/KM profiles and the macroscopic pKa values of
RNase A are consistent with 6-FAM∼dArU(dA)2∼4-DAB-
CYL being a sticky substrate that undergoes rapid cleavage
after it forms a Michaelis complex with RNase A.

Analysis of pH-kcat/KM Profiles.A kinetic mechanism for
catalysis of RNA cleavage by RNase A is depicted in Figure
3A. The macroscopic acid dissociation constants of the free
enzyme areK1 andK2. The second-order rate constants for
the substrate-association steps arek1, k1′, andk1′′; the first-
order rate constants for the substrate-dissociation steps arek2,
k2′, andk2′′. The rate constant for the chemistry step isk3.4

The equation describing the pH-kcat/KM profile for the
kinetic mechanism in Figure 3A includes 11 rate constants
and two acid dissociation constants:

3 A sticky substrate is one in which the initial enzyme-substrate
encounter complex proceeds through the first irreversible step (such
as the release of the first product) faster than it releases unreacted
substrate (53).

Table 2: Solvent Isotope Effects on the Cleavage of
6-FAM∼dArU(dA)2∼6-TAMRA by Ribonuclease A at 0.010, 0.20,
and 1.0 M NaCla

[NaCl]
(M) D2O(kcat/KM)b

0.010 1.18( 0.05
0.10 1.40( 0.15
1.0 1.76( 0.02

a Assays were performed at 23°C in 1.0 mM Bistris-HCl buffer
(pH 6.0) containing NaCl in H2O and D2O. b D2Okcat/KM is defined as
the ratio of (kcat/KM)H2O to (kcat/KM)D2O. Errors are standard deviations
of triplicate determinations.

Table 3: Solvent Isotope Effects on the Cleavage of UpA by
Ribonuclease Aa

solvent
kcat/KM

(106 M-1 s-1)
kcat

(103 s-1)

H2O 3.5( 0.3 2.9( 0.3
D2O 0.89( 0.04 1.8( 0.2
isotope effectsb 3.9( 0.4 1.6( 0.2

a Assays were performed at 25°C in 0.10 M MES-NaOH (pH 6.0
or pD 6.4) containing NaCl (0.10 M) in H2O and D2O. b Isotope effects
are defined as the ratio of kinetic parameters determined in H2O to
those determined in D2O.

Table 4: Medium Viscosity Effects on the Cleavage of
6-FAM∼dArU(dA)2∼6-TAMRA by Ribonuclease A at 0.10 and 1.0
M NaCla

[NaCl]
(M) densityb

concentrationc

(% w/w)
relative visc.

(η/η°)d visc. effecte

0.10 1.125( 0.002 30.2( 0.1 3.10( 0.02 3.2( 0.1
1.0 1.168( 0.001 29.1( 0.1 3.31( 0.02 3.4( 0.2

a Assays were performed at 23°C in 1.0 mM Bistris-HCl buffer
(pH 6.0) containing NaCl with or without sucrose (34% w/v).b Density
((SE) of the solution was determined by weighing.c Concentration
((SE) was determined by dividing 34% (w/v) by the density of the
solution.d Relative viscosity ((SE) was determined as a product of
the kinematic viscosity (η/F) measured at 23°C and the density (F) of
each solution.e Viscosity effect is defined as the ratio ofkcat/KM

determined without sucrose to that determined with 34% (w/v) sucrose.
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This equation is impractical to use for fitting pH-kcat/KM

profiles.5 The pH-kcat/KM profile can be analyzed, however,

by considering the acidic titration (K1) and the basic titration
(K2) separately.

The mechanism in Figure 3B depicts the acidic titration
with pK1. The equation that describes the pH-kcat/KM profile
of this mechanism can be expressed as

where

and

Sr is a stickiness ratio (55), which herein is the ratio ofk3 to
k2. When the substrate is not sticky,Sr ) 0 and eq 4 simplifies
to the familiar form

Accordingly, the pH-kcat/KM profile manifestsK1, the actual
macroscopic pKa value of the enzyme, if the substrate is not
sticky. pH-kcat/KM profiles determined for the turnover of
UpA and cCMP by RNase A manisfest this case.

If the substrate is sticky, however, the apparent pKa from
the pH-kcat/KM profile is dependent on the magnitudes ofσ
and KR in eq 4. The pH-kcat/KM profiles determined with
6-FAM∼dArU(dA)2∼4-DABCYL at 0.010, 0.20, and 1.0 M
NaCl (Figure 2) show shifted pKa values and plateaus, which
indicates thatKR ) K1. (If KR * K1, then the profiles would
have a hump or hollow rather than a plateau (53).) From eq
5, KR is equal toK1 if EH2

2+ and EH+ associate with the
substrate at the same rate (k1 ) k1′) and proton release is
much faster than substrate release from EH2

2+•S (k5 . k2′).
If KR ) K1, then eq 4 simplifies to

and the apparent pKa value from the pH-kcat/KM profile
differs from the actual macroscopic pKa value by-log σ:

The apparent acidic pKa values in the pH-kcat/KM profiles
determined at 0.010 and 0.20 M NaCl are shifted by 1.2

4 If the kinetic mechanism in Figure 3A does not have parallel
pathways (i.e., k1′, k1′′, k2′, andk2′′ are 0), then the pH-kcat/KM profile
would always portray the macroscopic acid dissociation constants,K1

andK2 (47, 49). The abnormal pKa values from the pH-kcat/KM profiles
indicate that the parallel pathways cannot be ignored.

5 Acids and bases are not necessarily sequestered from solvent in
the ES states. Ifk5 . k2′ andk8[H+] . k2′′ in Figure 3A (i.e., proton
transfer in the ES states is faster than substrate release), then the effect
of pH on kcat/KM can be described by eq 3 (54):

kcat/KM )
(k′1

[H+]
K1

+ k1 + k1

K2

[H+])k3

([H+]
K1

+ 1 +
K2

[H+])(k′2
[H+]
K′1

+ k2 + k3 + k2

K′2
[H+])

(3)

whereK′1 ) k5/k6 andK′2 ) k7/k8. Eq 3, though simpler than eq 2,
is still impractical to use for the fitting of experimental pH-kcat/
KM profiles.

FIGURE 3: Kinetic mechanisms of catalysis by ribonuclease A. (A)
The kinetic mechanism with parallel pathways that lead to a Mich-
aelis complex, EH+•S.K1 andK2 are equilibrium acid dissociation
constants of the free enzyme;k5, k6, k7, andk8 are acid dissociation
rate constants of the ES complex.k1, k1′, andk1′′ are rate constants
of substrate-association steps;k2, k2′, andk2′′ are rate constants of
substrate-dissociation steps.k3 is the rate constant of the chemistry
step. (B) The kinetic mechanism for the acidic titration with pK1.
(C) The kinetic mechanism for the basic titration with pK2.
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and 0.9 units, respectively, from the macroscopic pKa valueof
RNase A (Table 1). From eq 9, the value ofSr is then 15
and 7 at 0.010 and 0.20 M NaCl, respectively. The apparent
pKa value determined at 1.0 M NaCl also seems to be distinct
from the macroscopic pKa value of the enzyme. Thus, the
pH-kcat/KM profiles indicate that the substrate is sticky (Sr

> 1), even at 1.0 M NaCl.
The mechanism in Figure 3C depicts the basic titration

with pK2. The equation that describes the pH-kcat/KM profile
of this mechanism can be expressed as

where

and

The pH-kcat/KM profile determined at 0.010 M NaCl
(Figure 2) shows a shifted pKa value and plateau, which
indicates thatKR ) K2 in analogy to the acidic titration (vide
supra). From eq 11,KR is equal toK2 if the substrate
association rate for EH+ and E are same (k1 ) k1′′) and proton
release is much faster than substrate release from EH+•S (k7

. k2). If KR ) K2, then the apparent pKa value from the
pH-kcat/KM profile differs from the actual macroscopic pKa

value by-log σ:

The wide plateau with shifted pKa values of the pH-kcat/KM

profile at 0.010 M NaCl is again indicative of a sticky
substrate (53). The (kcat/KM)MAX value, (2.8( 0.1) × 109

M-1 s-1, corresponds to the rate of substrate association,
which is likely to be encounter-controlled. Moreover, the
pH-kcat/KM profile shows that the rate of substrate associa-
tion is pH-independent at this salt concentration (k1 ) k′1 )
k′1′).

The apparent basic pKa values from the pH-kcat/KM

profiles at 0.20 and 1.0 M NaCl are close to the macroscopic
pKa values of RNase A (Table 1). Even when a substrate
is sticky, the apparent pKa of the pH-kcat/KM profiles
for the kinetic mechanism in Figure 3C can manifest the
actual macroscopic pKa value of an enzyme in two cases.

First, if σ ) 1 in eq 12, then the pH-kcat/KM profile in eq
10 simplies to the familiar form

For a sticky substrate (k3 . k2) to haveσ ) 1, proton release
must be much slower than substrate release from EH+•S (k7

, k2). Second, ifKR , K2, then the pH-kcat/KM profile also
simplifies to eq 14, which occurs when substrate associates
much faster with EH+ than with E (k1 . k′1′). The data in
Figure 2 are consistent with either of these cases. For
example, the first case is possible if proton release from
EH+•S is hindered by the bound substrate, and the second
case is possible if the cationic charges of active-site histidine
residues have a role in facilitating substrate association. In
either case, the pH-kcat/KM profiles at 0.20 and 1.0 M NaCl
are consistent with 6-FAM∼dArU(dA)2∼4-DABCYL being
a sticky substrate for RNase A.

SolVent Isotope Effect on Catalysis. The rate of the
chemistry step during catalysis by RNase A (Figure 1) is
sensitive to solvent isotope because protons are transferred
in its transition state. Hence, the stickiness of a substrate
can be assessed directly by measuring the solvent isotope
effect. The solvent isotope effect onkcat/KM for RNase A
can be written (36) as

whereD2Ok3 is the intrinsic isotope effect on the chemistry
step and is defined as the ratio ofk3 in H2O to k3 in D2O,
and Cf is a forward commitment factor (53), which is the
ratio of k3 to k2 when the medium is H2O.6

The effect of solvent isotope on the cleavage of UpA by
RNase A was determined and compared with that for the
cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA. The value of
D2O(kcat/KM) for the cleavage of UpA by RNase A is 3.9(
0.4 (Table 3). This value is close to the solvent isotope effects
on kcat/KM andkcat for the hydrolysis of cCMP, which were
determined previously to be∼4 (52) and 3.1 (56), respec-
tively. BecauseCf > 0 in eq 2, the value ofD2Ok3 is likely to
be even greater than 3.9( 0.4. The value ofD2Okcat for the
cleavage of UpA by RNase A is 1.6( 0.2 (Table 3). Because
D2Okcat < D2Ok3, a step other than the chemistry step determines
kcat. This solvent isotope effect onkcat is consistent with the
observation that product release partially limits the value of
kcat for UpA cleavage by RNase A (8).

The solvent isotope effect onkcat/KM for the cleavage of
6-FAM∼dArU(dA)2∼6-TAMRA by RNase A are much
less than that for the cleavage of UpA (Table 2), which
indicates thatCf is larger for the longer substrate. Because
D2O is more viscous than H2O by a factor of 1.24 at 20°C
(57), solvent isotope effects from an increase in medium
viscosity must be considered whenCf is large (58). Hence,

6 In the general case, the stickiness ratio,Sr, is a function of several
commitment factors, includingCf (55). Herein,Cf is identical toSr.
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eq 15 needs to be modified, as in eq 16:

Thus, if a substrate is extremely sticky (i.e.,Cf . 1), then
D2O(kcat/KM) would be close to 1.24 rather than unity. The
solvent isotope effect ofD2O(kcat/KM) ) 1.18( 0.05 at 0.010
M NaCl does indeed suggest an origin in the higher viscosity
of D2O and thatkcat/KM is limited by substrate association.
By assuming thatD2Ok3 ) 3.9 (asD2O(kcat/KM) ) (3.9 ( 0.4)
for the cleavage of UpA), eq 16 can be used to estimate that
the value ofCf is 16 and 4 at 0.10 and 1.0 M NaCl,
respectively, for the cleavage of 6-FAM∼dArU(dA)2∼6-
TAMRA by RNase A. TheseCf values are in qualitative
agreement with the values ofSr determined from pH-kcat/
KM profiles (vide supra). Apparently, 6-FAM∼dArU(dA)2∼6-
TAMRA is indeed a sticky substrate, and substrate associa-
tion limits kcat/KM, even at 1.0 M NaCl.

Medium viscosity effects corroborate this conclusion
(Table 4). The frequency with which two molecules collide
is inversely proportional to the microviscosity of the medium
(59, 60). Adding sucrose to 34% (w/v) both increases the
medium viscosity and decreases the value ofkcat/KM for the
cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by approxi-
mately 3-fold at 0.10 and 1.0 M NaCl (Table 4). Thus, the
viscosity effects are consistent with the solvent isotope
effectsssubstrate association limitskcat/KM for the cleavage
of 6-FAM∼dArU(dA)2∼6-TAMRA by RNase A, even at
1.0 M NaCl.

Salt Effect on Substrate Association. pH-kcat/KM profiles
and solvent isotope effects show thatkcat/KM for the cleavage
for 6-FAM∼dArU(dA)2∼4-DABCYL by RNase A is limited
by the substrate-association rate at pH 6.0. Hence, the salt
effect onkcat/KM actually reports on the salt effect on the
substrate-association rate. The salt effect onkcat/KM for the
cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by RNase A
has been analyzed quantitatively with eq 17 (21):

where (kcat/KM)MAX is the maximum ofkcat/KM, n′ is the
absolute value of the slope in the linear region of a
log[Na+]-log(kcat/KM) plot, andKNa+ is the salt concentration
wherekcat/KM is half of its maximum. The parametern′ is
related ton, the number of Na+ ions released from a substrate
upon binding, as in eq 18:

whereâ is a correlation parameter for the salt effect on the
free energy of the substrate-association transition state to that
on the free energy of the ES state. Whenkcat/KM is limited
completely by the chemistry step,n′ ) n. In the other
extreme, whenkcat/KM is limited completely by substrate
association,n′ ) ân. The values of (kcat/KM)MAX, n′, andKNa+

for the cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by
RNase A at pH 6.0 are (3.3( 0.4) × 109 M-1 s-1, 2.33(
0.05, and (25( 2) mM, respectively (21). The value ofn′

) 2.33 ( 0.05 is likely to correspond toân because the
cleavage of 6-FAM∼dArU(dA)2∼4-DABCYL by RNase A
is limited by the substrate-association rate at pH 6.0. The
actual value ofn is unknown but can be estimated from
the salt effect on thekcat/KM value of K41R RNase A.
Because K41R RNase A is a sluggish catalyst (61), the value
of n′ ) 2.66 ( 0.08 for K41R RNase A likely reflectsn
(21). By approximatingn as 2.66,â is estimated to be∼0.9
(21).

The observed effect of salt concentration on the solvent
isotope effect is consistent withâ ≈ 0.9. The solvent isotope
effect on cleavage of 6-FAM∼dArU(dA)2∼6-TAMRA by
RNase A does not vary significantly, even when the salt
concentration is increased by 102-fold (Table 2). The forward
commitment factor can be expressed as a function of [Na+],
as in eq 19 (21):

whereCf
Q is the commitment factor when [Na+] ) 1.0 M.

According to eq 19, when the value ofâ is close to 1,Cf

(and hence the solvent isotope effect) is expected to be nearly
independent of salt concentration.

The value ofâ reveals the nature of the transition state
for the substrate-association step. If a Michaelis complex
forms without an intermediate, then the salt effect on the
association rate is expected to be minimal. For example,â
≈ 0.1 for the single-step association of a protein and nucleic
acid (62). Theâ value of∼0.9 indicates that RNase A and
its substrate form an intermediate during substrate association
and that this intermediate contains almost as many Coulom-
bic interactions as does the Michaelis complex.

Mechanism of Substrate Association by Ribonuclease A.
To enhance the rate of association, biological systems use
special tactics such as electrostatic guidance (63-66) and
diffusion in reduced dimensions (6, 51, 52, 67-70). Such
precedents and the results reported here are consistent with
a two-step mechanism for the binding of a substrate to RNase
A (Figure 4). In this mechanism, RNase A diffuses to a
substrate and forms a short-lived complex (E:S) through
nonspecific Coulombic interactions between the substrate and
the enzymic surface beyond the active site (67). The substrate
then scans the surface of the enzyme by repeated inelastic
collisions (6). If the substrate finds the active site of the
enzyme before it dissociates from the enzyme, then the
complex is stabilized by specific interactions between the
active-site residues and the substrate (ES). Charged residues
near the active site could steer the substrate to the active
site (E:Sf ES) by providing an appropriate electrostatic
potential on the enzymic surface (63-66).

In solutions of high salt concentration, the free energies
of E:S and the transition state between E:S and ES are so
high that searching for the active site (E:Sf ES) limits the
substrate-association rate (Figure 4). The Coulombic nature
of the transition state between E:S and ES gives the substrate-
association rate its significant dependence on salt concentra-
tion (â ≈ 0.9), as shown in the salt-rate profile (21). At 0.010
M NaCl, the transition state between E:S and ES is stabilized
significantly, and the encounter of the enzyme and the
substrate (E+ Sf E:S) determines the substrate-association
rate, which is insensitive to salt concentration and pH, as

D2O(kcat/KM) )
D2Ok3 + 1.24Cf

1 + Cf
(16)

kcat/KM )
(kcat/KM)MAX

1 + ([Na+]

KNa
+ )n′ (17)

ân < n' < n (18)

Cf ) Cf
Q[Na+](â-1)n (19)
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shown in the salt-rate profile (21) and pH-rate profile (Figure
2). The (kcat/KM)MAX ) 2.8 × 109 M-1 s-1 determined at
this low salt concentration is the rate of encounter and the
limit of catalysis by RNase A.

Optimization of Catalytic EffectiVeness by Ribonuclease
A. The significant contribution of physical steps to the overall
rate is a distinct characteristic of a perfect enzyme (2-4).
Once the free energy of the transition state of a chemistry
step is as low as that of a substrate-association or product-
release step, further enhancement of the rate of the chemistry
step does not improve overall catalytic efficacy. For such
an enzyme, substrate association (or product release) must
be improved to the limit allowed by the Haldane relationship
(71) to maximize catalysis. Accordingly, the evolution of
an enzyme to enhance the rate of physical steps is an
indication that catalysis of the chemistry step has already
been optimized fully.

During catalysis by RNase A, the chemistry step is
optimized enough for the substrate-association rate to
determinekcat/KM, at least for a tetranucleotide substrate.
Substrate-association proceeds via an intermediate (E:S in
Figure 4), most of which proceeds to a Michaelis complex
at low salt concentration rather than dissociating to E+ S.
With longer substrates, the intermediate is dynamic, as RNase
A can diffuse in one dimension along a single strand of RNA
before forming a Michaelis complex (70). Sequence analysis
of RNase A homologues from over 40 different vertebrates
shows that RNase A is a modern protein that has evolved
rapidly (72). Despite its nascency, RNase A has the attributes
of a perfect catalyst.7
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