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Catalysis by Ribonuclease A Is Limited by the Rate of Substrate Association
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ABSTRACT: The value ofk../Ky for catalysis of RNA cleavage by ribonuclease (RNase) A can exceed
10° M~1s1in 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 K, values determined from ptke./Km profiles at 0.010, 0.20, and 1.0 M NacCl are
inconsistent with the known macroscopi€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 ke.o/Ku for the cleavage of this small substrate is limited by
enhancementlj and can even evolve to become perfect substrate desolvation and thiat: is partially limited by
catalysts 2). Catalysis by a perfect enzyme is not limited product release3( 9). RNase A has a series of phosphoryl
by the rate of the chemical transformation of substrate to group-binding subsites beyond its active sité{16). These
product. Rather, catalysis is limited by the rate of a physical subsites, which are cationic, contribute significantly to
step—substrate association or product dissociation. Such acatalysis via favorable Coulombic interactions with the
consummation is achieved by optimizing the affinity of an phosphoryl groups of an RNA substrate, which are anionic
enzyme for intermediates and transition states in its reaction(14, 17, 18). Recently, we described a synthetic DNRNA
pathway 8, 4). chimeric substrate, 6-carboxyfluorescemhArU(dA),~6-

The rate of substrate association to form a Michaelis carboxytetramethylrhodamine (6-FAMIArU(dA)~6-TAM-
complex is not necessarily equal to the rate of physical RA), that can occupy all of the subsites of RNase A but has
encounter. The active site of an enzyme occupies only a smallonly one scissile bondLg, 20). The value okca/Kwu (3.6 x
fraction of its surfaceR). In addition, substrate association 10°'M~*s;0.10 M MES-NaOH buffer, pH 6.0, containing
requires that the active-site residues and substrate assume @10 M NaCl) for the cleavage of this optimized substrate is
specific conformation and relative orientatias).(Thus, to greater than those determined likewise for other substrates,
bring catalysis to the encounter limit, an enzyme must like UpA (2.3 x 10° M~* s7%) and poly(C) (1.5x 10’ M~*
develop tactics to accelerate substrate association as well as *) (21). Moreover, the value of../Ky was determined to
the chemical transformation. be (2.74 0.5) x 10° M~! s ! at low salt concentration (1.0

Ribonuclease A (RNase'AEC 3.1.27.5) was perhaps the MM Bistris-HCI buffer, pH 6.0, containing 0.010 M NacCl)
most studied enzyme of the 20th century. Studies on the  (21).
energetics of cleavage of UpA by RNase A have shown that  The high value ok./Kv for RNase A indicates that the

mere encounter of the enzyme and substrate could limit

T catalysis 22), at least at low salt concentration. For example,
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benzoic acid; 6-FAM, 6-carboxyfluorescein; 6-TAMRA, 6-carboxytet- 10°cm? s at 20°C (26). Hence, thekea/Ku of RNase A

ramethylrhodamine; Bistris, [bis(2-hydroxyethyl)amino]tris(hydroxy- at 0.010 M NaCl is indeed comparab_le to that eXpe'CtEd_ for
methyl)methane; cCMP, cytiding,2-cyclic phosphate; CpA, cytidylyl- an encounter-controlled reaction. This finding has inspired

(3—5)adenosine; cUMP, uriding 3 -cyclic phosphate; MES, 2-mor- s to revisit the energetics of catalysis by RNase A.
pholinoethanesulfonic acid; NMR, nuclear magnetic resonance; poly(C), . .
poly(cytidylic acid); RNase A, bovine pancreatic ribonuclease A; UpA,  Here, the effects of salt concentration, pH, solvent isotope,

uridylyl(3'—5")adenosine; UpU, uridylyl(3-5')uridine. and solvent viscosity on catalysis by RNase A are determined
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with our optimized substrate. The data reveal that catalysis cations with anionic RNA X4, 21), and a constant ionic

is indeed limited by encounter at low salt concentration. strength does not guarantee an identical salt environment.
Moreover, substrate association, not chemical transformation,Hence, buffer concentration was kept low (1.0 mM) to
limits catalysis, even at 1.0 M NaCl. From this comprehen- provide a nearly identical salt environment at different
sive new information on the energetics of catalysis by RNase pH values. 6-FAM-dArU(dA),~4-DABCYL rather than

A, a model is proposed to explain how the enzyme associate6-FAM~dArU(dA),~6-TAMRA was used because the

with its substrate at the rate of encounter. chemical stability of 4-DABCYL is greater than that of
6-TAMRA at acidic pH. Higher concentrations of the
MATERIALS AND METHODS substrate were used at acidic pH {247 nM) than at basic

) ) . . pH (12 nM) because protonation of the fluorescein moiety
Materials. Wild-type RNase A and its H12A variant of the substrate decreases its fluorescence intensity at acidic
were produced, folded, and purified as described elsewherepH (33).2 Nonlinear regression with the program SIGMA-
(27, 28). UpA was a generous gift of J. E. Thompson. pLOT 5.0 (SPSS; Chicago, IL) was used to fitpkia/Kw

6-FAM~dArU(dA),~4-DABCYL and 6-FAM~dArU- profiles to eq 1:

(dA),~6-TAMRA were from Integrated DNA Technologies

(Coralville, IA) (19, 20). (Keaf K max
[Bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane Keaf Ky = H] K 1)

(Bistris) was from ICN Biomedicals (Aurora, OH). Y +14—2

Morpholino)ethanesulfonic acid (MES) was from Sigma Ky [HH]

Chemical (St. Louis, MO). NaCl was from Fisher Scientific

(Fair Lawn, NJ). DO was from Cambridge Isotope Labo- WhereK; andK; are apparent macroscopic acid dissociation

ratories (Andover, MA). constants. .
Concentrations of wild-type RNase A and its variants were Sobent Isotope EffectsThe effect of solvent isotope on

determined by ultraviolet spectroscopy using- 0.72 mL keafKi for the cleavage of 6-FAMAAIU(dA)~6-TAMRA

mg tcmtat 277.5 nm29). The concentration of UpA was by Wll_d-type RNase A. (9‘050 nM) was determined in 1.0

determined by ultraviolet spectroscopy using 24 600 M. mM Bistris buffer containing NaCl (0.0101.0 M) and H12A

cm-Lat 260 nm at pH 7.0. Concentrations of 6-FAIArU- RNase A (5.0 nM). To minimize the difference in the

(dA),~4-DABCYL and 6-FAM~dArU(dA),~6-TAMRA ionization states of the active-site histidine residues in the
Were2 determined by ultraviolet spectrosi:opy using= H20 and DO buffers keaKw values in RO were determined

4 : in 1.0 mM Bistris-DCI buffer prepared by diluting 0.10 M

77180 and 102 400 M cm, respectively, at 260 nm.  giciic 1oy utfer (pH 6.0) 100-fold with BD, assuming

Assays of Enzymatic CatalysiBhe catalytic activity of  that the effect of solvent isotope on th&values of the
RNase A was determined by monitoring the change in jmidazolium group of a histidine residue is similar to that
fluorescence intensity upon the cleavage of the two fluoro- o the Bistris cation. Fok../Ky determination in BO, a
genic substratesl®, 20). Assays were performed at 2& solution of enzyme was prepared with,@ buffer and
with stirring in 2.00 mL of buffer containing NaCl (0.030 jncubated at least overnight at ambient temperature for
1.0 M), H12A RNase A (5.0 nM), the fluorogenic substrates, complete isotope exchange of those functional groups that
and RNase A. HI2A RNase A was added to reaction participate in catalysis. Further incubation of the enzyme in
mixtures to gbsorb any possible i_nhibitory cqntaminants from the D,O buffer did not produce any detectable difference in
buffer solutions 80). The catalytic contribution of 5.0 nM  cleavage rates. Solvent isotope effects were defined as the
H12A RNase A was negligible herein because of its IoW ratio ofk../Ky determined in bO to that determined in £D.
catalytic activity 81, 32). Fluorescence was measured with - petermination of solvent isotope effects was done in triplicate
a QuantaMaster 1 photon-counting fluorescence spectrometeit each salt concentration.
from Photon Technology International (South Brunswick,  solvent isotope effects on the transphosphorylation reac-
NJ), using 493 and 515 nm as excitation and emission tjon catalyzed by RNase A were also studied with a
wavelengths, respectively. Valueslgf/Ku were determined  dinucleotide substrate, UpA. Cleavage of UpA was moni-
from the change in fluorescence intensity, as describedtored by following the decrease in absorbance at 286 nm by
previously (9, 20). ultraviolet spectroscopyNe = —620 M1 cm 1 (35)). Assays

pH—k.o/Kn Profiles The effect of pH on the value &,/ were performed in 0.10 M MES-NaOH buffer (pH 6.0
Kwu for the cleavage of 6-FAMdArU(dA),~4-DABCYL or pD 6.4) containing NaCl (0.10 M), wild-type RNase
by wild-type RNase A was determined in 2.00 mL of 1.0 A (0.20 nM in H,O and 1.0 nM in RO), and UpA (0.074
mM buffer containing NaCl (0.0:01.0 M), H12A RNase 1.1 mM). The pD value of the f© buffer was calculated
A (5.0 nM), 6-FAM~dArU(dA),~4-DABCYL, and wild- by adding 0.4 to the pH meter readin@®6]. Kinetic
type RNase A (5.0 pM to 0.50 nM). Buffers were sodium parameters were determined by fitting the observed reaction
formate-HCI (pH 3.544.23), sodium acetate-HC| (pH rates to the MichaelisMenten equation37) by nonlinear
4.37-5.61), Bistris-NaOH (pH 5.876.66), MOPS-NaOH regression.
(pH 6.93-7.48), and Tris-HCI (pH 7.858.71). The pH Viscosity EffectsThe effects of medium viscosity d@a/
values of buffers were determined witldet0 pH meter from K for the cleavage of 6-FAMdArU(dA),~6-TAMRA by
Beckman instruments (Fullerton, CA). The pH values of RNase A were determined in 1.0 mM Bistris buffer (pH 6.0)
reaction mixtures did not vary, even after complete cleavage containing sucrose (34.0% w/v), NaCl (0.10 or 1.0 M), wild-
of the substrates by RNase A. Salt effects on RNase A
catalysis are mainly the result of specific interactions of  2The K, of fluorescein in water is 6.534).




Substrate Association by Ribonuclease A

on Cyt
SRNA: Ura SRNA Na
o
—_ N, == __
iU B \./  H-B+
0-P=0 K
COpnar © 0
+A-H A: HOguar
oy c
SANA or , o
o U SRNA . U
—_ —_ i
\ /v H-B+ Q OH g
759 U -0-P=0
P O OH
AUH—OH AH

Ficure 1: Putative mechanism of catalysis by ribonucleas88) (
39). (A) Transphosphorylation reaction. (B) Hydrolysis reaction.
In both reactionsB andA refer to His12 and His119, respectively.

type RNase A (0.050 nM), and H12A RNase A (5.0 nM).
Viscosity (7) was determined as the product of the kinematic
viscosity ¢/p) measured with an Ostwald viscometer at 23
°C and the density o) of each solution, which was

determined by weighing a known volume (Table 4). Relative
viscosity ¢/°) 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 kealKm determined without sucrose to thgy/Kwv deter-
mined with sucrose. Determination of medium viscosity

effects was done in triplicate at each salt concentration. The
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FIGURE 2: pH—k./Ky profiles for the cleavage of 6-FAMdJArU-
(dA),~4-DABCYL by ribonuclease A at 0.01@(, 0.20 @), and
1.0 M (O) NaCl. The assays were performed at°Z3in 1.0 mM
buffer containing NaCl. Determination &./Ky 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 f, and K.afKm)max are listed in Table 1. Arrows indicate
macroscopic K, values of ribonuclease A determined by NMR
spectroscopy under similar conditions (0.018 and 0.142 M NacCl
without buffer é8)).

Table 1: Parameter®etermined from the pH Dependence of
kealKwm for the Cleavage of 6-FAMdArU(dA)~4-DABCYL by
Ribonuclease A at 0.010, 0.20, and 1.0 M NacCl

[NaCl] (KeafKm)max
M) pK1 pK2 (M~s™)
0010 3.88:006(5.8) 7.47+0.06(6.2) (2.8%0.1)x 10°
020 4.66+000 (56 6.44+0.08(6.6) (6.7+0.9)x 107
1.0 4.88+ 0.04 6.95+ 0.04 (1.4£0.1) x 1¢°

aValues ¢-SE) were determined by fitting the data in Figure 2 to

viscosity effect at 0.010 M NaCl was indeterminable because eq 1 by nonlinear regressiohMacroscopic [, values of ribonuclease

of strong inhibition by a contaminant in low-salt solutions
of commercial sucrose.

RESULTS

A calculated from microscopic K, values of His1l2 and His119
determined by NMR spectroscopy under similar conditions (0.018 and
0.142 M NaCl without buffer) 48).

Effect of pH on Catalysis by RNase RNase A cleaves  appears to be greater than that of the basic arm. This greater
RNA molecules by concerted general aclihse catalysis  sjope indicates that two titratable groups affect catalysis
using the active-site residues His12 and His119 (Figure 1) pelow pH 4.0. The additional titration near pH 4 has also
(31, 38-41). The need for both a protonated and an peen observed in both pH-rate profiles determined with
unprotonated histidine residue for efficient catalysis results uridine 2,3-cyclic phosphate (cUMPY6) and the titration
in bell-shaped pHke/Ku profiles with two Kavalues near  of His12 by NMR spectroscopy46). Although the use of
6 for the cleavage of dinucleotides and hydrolysis of an equation with two basic functional groups and one acidic
nucleotide 23-cyclic phosphates3g, 42, 43). The Ka  functional group improved the fitting to the profile (data not
values from these pHk./Kw profiles are consistent with  shown), the nonlinear regression did not produce statistically
the microscopic K. values of the active-site histidine  meaningful (X, values for both basic groups. Thus, onK.p
residues determined by NMR spectroscops)( values determined by fitting the profile to eq 1 are listed in

Here, the values df../Ky for the cleavage of 6-FAM Table 1.
dArU(dA)~4-DABCYL by RNase A were determined at ~ The pH-k./Ky profile at 1.0 M NaCl has a symmetric
varying pH at three different salt concentrations (Figure 2 pell shape. The . and kea/Kw)max values are 4.88k
and Table S1 in Supporting Information). Parameters deter-0.04 and 6.95+ 0.04, and (1.4+ 0.1) x 10f M1 s°1.
mined by fitting the data to eq 1 are listed in Table 1. These [K, values are greater than those determined at 0.20

The pH-ke.a/Km profile at 0.010 M NaCl has a wide M NacCl.
plateau with K, values of 3.88+ 0.06 and 7.47 0.06. The K, values determined from the pHk.a/Kw profiles
The KealKw)max is (2.84 0.1) x 10° M~ s™%. Because of  do not agree with the macroscopikgvalues of RNase A.
the lack of data at low and high pH, the uncertainty in these The macroscopick, values of an enzyme can be calculated
pKa values could exceed the standard errors from the from the microscopic K. values of its catalytically signifi-

nonlinear regression.
The pH-k.o/Ky profile at 0.20 M NaCl has a more narrow

cant titratable groups4{). The microscopic K, values of
the active-site histidine residues determined by NMR spec-

plateau than does that determined at 0.010 M NaCl. Thetroscopy 48) were used to estimate the macroscopiG p

values of Ky and Keaf Km)vax are 4.66+ 0.09 and 6.44&
0.08, and (6.74+ 0.9) x 10’ M~ s L. The profile has an

values of RNase A (Table 1). These macroscopigyalues
are 5.1 and 6.1 at 0.018 M NaCl. At a similar concentration

asymmetric bell shape, and the slope of the acidic arm of NaCl (0.010 M), the pHk../Kwu profile for the cleavage
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Table 2: Solvent Isotope Effects on the Cleavage of
6-FAM~dArU(dA)~6-TAMRA by Ribonuclease A at 0.010, 0.20,
and 1.0 M NaCl

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

[NaCl] [NaCl] concentratioh relative visc.

(M) P20(Keaf Ki)° (M) density (% wiw) (nm°)?  visc. effect
0.010 1.18+ 0.05 0.10 1.125£0.002 30.2+0.1  3.10+£0.02 3.2£0.1
0.10 1.40+ 0.15 1.0 1.168+0.001 29.1+0.1  3.31+0.02 3.4+0.2
1.0 1.76+ 0.02

a Assays were performed at 2& in 1.0 mM Bistris-HCI buffer
(pH 6.0) containing NaCl in kD and BO. ? PCk./Ky is defined as
the ratio of Kea/Km)H° to (kealKm)P20. Errors are standard deviations
of triplicate determinations.

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

kca[KM kcat
solvent (1PM1ts? 10s™
H0 3.5+0.3 29+ 0.3
D>0 0.89+ 0.04 1.8+ 0.2
isotope effects 3.9+ 04 1.6+0.2

a Assays were performed at 2& in 0.10 M MES-NaOH (pH 6.0
or pD 6.4) containing NaCl (0.10 M) in # and BO. ® Isotope effects
are defined as the ratio of kinetic parameters determined.® td
those determined in .

of 6-FAM~dArU(dA),~4-DABCYL by RNase A showslg,
values of 3.88t 0.06 and 7.4& 0.06 (Table 1). Although

a Assays were performed at 2& in 1.0 mM Bistris-HCI buffer
(pH 6.0) containing NaCl with or without sucrose (34% wR/Pensity
(+£SE) of the solution was determined by weighifi@oncentration
(+£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(/p) measured at 23C and the densityp) of
each solution® Viscosity effect is defined as the ratio ¢€./Ku
determined without sucrose to that determined with 34% (w/v) sucrose.

Km (Table 4). Viscosity effects of 34.0% (w/v) sucrose on
keaf K for the cleavage of 6-FAMdArU(dA)~6-TAMRA
were determined to be 322 0.1 and 3.4+ 0.2 at 0.10 and
1.0 M NacCl, respectively. The viscosity effects are close to
the relative viscosity of the solution at each salt concentration
(Table 4).

DISCUSSION

Deduction of pK Values from pH-k../Ky Profiles. An
apparent g, value determined from the ptHk../Ku profile
of an enzyme-catalyzed reaction is often interpreted to be

these . values have some statistical uncertainty becausepg macroscopic i value of a catalytically significant
of the lack of data at low and high pH (Figure 2), these values iy atable group of the free enzymég, 50). Such K, values

are certainly distinct from the macroscopi&values of
RNase A. At 0.142 M NacCl, the macroscopikgvalues of
RNase A are increased to 5.6 and 6.6. The-gl{Ky profile
determined at 0.20 M NaCl showKpvalues of 4.66+
0.09 and 6.44+ 0.08 (Table 1). Whereas th&pfrom the
pH—kofKu profile (6.44+ 0.08) is close to the macroscopic
pK2 (6.6), the [iK; from the pH-k.o/Ky profile (4.66+ 0.09)

is distinct from the macroscopid<p (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 macroscopidp values, the K, values

at 1.0 M NaCl are expected to be higher by -0045 unit
than the K, values determined at 0.142 M NaCl. ThepH
keafKm profile determined at 1.0 M NaCl show&pvalues

of 4.88+ 0.04 and 6.95+ 0.04 (Table 1). The Ig, value
seems to be consistent with the macroscoffe palue,

considering the expected increase from an increase in sal

concentration. Theky value, however, is still not consistent
with the macroscopic it of RNase A.

Solkent Isotope EffectsSolvent isotope effects dga/Ku
for the cleavage of 6-FAMdArU(dA),~6-TAMRA by

are independent of the substrate used to deterkif&y
values, as shown in pHk../Ku profiles for the RNase
A-catalyzed transphosphorylation of UpA, UpU, and CpA
(52) and hydrolysis of cytidine'Z'-cyclic phosphate (cCMP)
(42, 52) and cUMP 43, 45). The notion that pHkea/Km
profiles manifest macroscopid<g values of an enzyme is,
however, based on the assumption that the substrate is not
sticky 2 If this assumption is incorrect, then the pl.a/Ku
profile could depict mirage K, values 49, 50), which do

not reflect the actual acid dissociation constants of the
enzyme. Indeed, the pHk../Ky profiles for the cleavage
of 6-FAM~dArU(dA),~4-DABCYL by RNase A (Figure

2) do not reflect the macroscopipvalues of RNase A
(Table 1). These inconsistencies between tevalues from
pH—k.ofKm profiles and the macroscopicKp values of

1.RNase A are consistent with 6-FAMIArU(dA),~4-DAB-

CYL being a sticky substrate that undergoes rapid cleavage
after it forms a Michaelis complex with RNase A.

Analysis of pH-k.o/Ky Profiles. A kinetic mechanism for
catalysis of RNA cleavage by RNase A is depicted in Figure

RNase A were determined at three different salt concentra-3A. The macroscopic acid dissociation constants of the free

tions (Table 2). Th&@L(k../Kwu) values are 1.18- 0.05, 1.40
+ 0.15, and 1.76+ 0.02 at 0.010, 0.10, and 1.0 M NacCl,
respectively.

Solvent isotope effects on the valuelef/Ky andk., for

the cleavage of UpA by RNase A were also determined for

comparison (Table 3). At 0.142 M NaCk°(k.afKu) was
determined to be 3.2 0.4, which is much greater than any
of the P9(k../Ky) values determined with 6-FAMdArU-
(dA)>~6-TAMRA (Table 2). The value of°k was
determined to be 1.6 0.2 with UpA (Table 3).

Viscosity EffectsThe viscogen sucrose was used to probe
the contribution of the rate of substrate associatioR.{o

enzyme are&; andK,. The second-order rate constants for
the substrate-association steps larek;', andk;"; the first-
order rate constants for the substrate-dissociation steks are
k), andk,". The rate constant for the chemistry stejxd$

The equation describing the pHk../Kyw 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 enzymsubstrate
encounter complex proceeds through the first irreversible step (such
as the release of the first product) faster than it releases unreacted
substrate §3).
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Ficure 3: Kinetic mechanisms of catalysis by ribonuclease A. (A)
The kinetic mechanism with parallel pathways that lead to a Mich-
aelis complex, EFeS.K; andK; are equilibrium acid dissociation
constants of the free enzymig; ks, k7, andkg are acid dissociation
rate constants of the ES compléx, k', andk,"’ are rate constants
of substrate-association stejg; k;', andk,"" are rate constants of
substrate-dissociation stepsis the rate constant of the chemistry
step. (B) The kinetic mechanism for the acidic titration witkyp

(C) The kinetic mechanism for the basic titration witk;p

Koaf K

kiks [H'] KikgH'T K,
Kotks Ky ke k[HT] [H]
[H] Ky ke[H] vk
< e +k2+k3+k'2'+k8[H+])

)

This equation is impractical to use for fitting pHkca/Kwm
profiles> The pH-k../Ky profile can be analyzed, however,

41f the kinetic mechanism in Figure 3A does not have parallel
pathways (i.€ ki', ki, k', andk,'" are 0), then the pHKkea/Km profile
would always portray the macroscopic acid dissociation constiénts,
andK; (47, 49). The abnormal K, values from the pHkea/Kw profiles
indicate that the parallel pathways cannot be ignored.

5 Acids and bases are not necessarily sequestered from solvent in

the ES states. lks > ko' andkg[H*] > k;'" in Figure 3A (i.e., proton

transfer in the ES states is faster than substrate release), then the effect

of pH onkea/Ku can be described by eq 84):
[H ]
Kl

, (3)

whereK; = ks/ks andK;, = ks/ks. Eq 3, though S|mpler than eq 2,
is still |mpract|cal to use for the flttlng of experimental pHdc?
Kn profiles.

K)
g+ ke |k
]

[H]
Ky

kca{ M (
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by considering the acidic titrationk() and the basic titration
(K2) separately.

The mechanism in Figure 3B depicts the acidic titration
with pK;. The equation that describes the-pki./Kw profile
of this mechanism can be expressed as

[HT)[ kiks
= (H K, )(k2+k3) "
o 1+[H+] 1—|—[H]
K, oK,
where
B k, Kk,
A
and
g
= 1+E =1+S (6)
2

S is a stickiness ratios5), which herein is the ratio df; to
k.. When the substrate is not sticky,= 0 and eq 4 simplifies
to the familiar form

klk3
k, + k (KeafKi)
by = 2. = el ©)
R S
K1 Kl

Accordingly, the pH-ke./Kyu profile manifests,, the actual
macroscopic K, value of the enzyme, if the substrate is not
sticky. pH-Kk.a/Kw profiles determined for the turnover of
UpA and cCMP by RNase A manisfest this case.

If the substrate is sticky, however, the appardf foom
the pH-Kkea/Km profile is dependent on the magnitudessof
andK, in eq 4. The pH-ke../Ku profiles determined with
6-FAM~dArU(dA),~4-DABCYL at 0.010, 0.20, and 1.0 M
NaCl (Figure 2) show shiftediy, values and plateaus, which
indicates thakK, = Kj. (If Ky # Kj, then the profiles would
have a hump or hollow rather than a plate&8)() From eq
5, Ky is equal toK; if EH,?t and EH" associate with the
substrate at the same ratq & k;') and proton release is
much faster than substrate release fromE#S (ks > k).

If Ko = Ky, then eq 4 simplifies to

Kiks
K JKyy = ko + ki _ (kca!KM)TAx ®)
1+ H 1 1+ i
oK, oK,

and the apparentky value from the pH-k../Ky profile
differs from the actual macroscopi&Kpvalue by—log o:

(9)

The apparent acidick values in the pHk../Ky profiles
determined at 0.010 and 0.20 M NacCl are shifted by 1.2

pKapparent= pKl - |Og 0= pKl - Iog(l + Sr)
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and 0.9 units, respectively, from the macroscofig yalueof
RNase A (Table 1). From eq 9, the value $fis then 15

and 7 at 0.010 and 0.20 M NacCl, respectively. The apparent
pKavalue determined at 1.0 M NacCl also seems to be distinct

from the macroscopicky value of the enzyme. Thus, the
pH—k.a/Kn profiles indicate that the substrate is sticl&y (
> 1), even at 1.0 M NaCl.

The mechanism in Figure 3C depicts the basic titration

with pK,. The equation that describes the-pkda/Ky profile
of this mechanism can be expressed as

(1 + Ka klkS
B [H +] k, + kg
kca{KM _( N K2 )(1 N O’KQ) (10)
HI\ [H]
where
. ky 2
K, = (k_l)(l + k_7)K2 (12)
and
)
1+ ——
k, + k; (12)

o=—"F—"77v"
Ks
1)

The pH-Kk./Kv profile determined at 0.010 M NacCl
(Figure 2) shows a shiftediK value and plateau, which
indicates thaK, = K; in analogy to the acidic titration (vide
supra). From eq 11K, is equal toK; if the substrate
association rate for EHand E are samé{= k;'") and proton
release is much faster than substrate release fromE& i,
> ky). If K, = K;, then the apparentik value from the
pH—k.afKn profile differs from the actual macroscopi&p
value by—log o:

pKapparent: pKZ - IOg 0= pKZ + IOQ —k3 (13)

1+

k, + k;

The wide plateau with shiftediy values of the pH-keafKw
profile at 0.010 M NacCl is again indicative of a sticky
substrate §3). The &e.afKm)wax value, (2.8+ 0.1) x 10°

Park and Raines

First, if 0 = 1 in eq 12, then the pHk../Ky profile in eq
10 simplies to the familiar form

klk3
_ k2 + k3 _ (kca!KM)MAX
kca{KM - K2 - K2 (14)
[H'] [H']

For a sticky substraté{> k,) to haves = 1, proton release
must be much slower than substrate release fromeEHk;

< kp). Second, ik, < K3, then the pH-k../Ky profile also
simplifies to eq 14, which occurs when substrate associates
much faster with EH than with E & > K'). The data in
Figure 2 are consistent with either of these cases. For
example, the first case is possible if proton release from
EH"eS 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 pHk../Kyu profiles at 0.20 and 1.0 M NacCl
are consistent with 6-FAMdArU(dA),~4-DABCYL being

a sticky substrate for RNase A.

Sobent Isotope Effect on CatalysiSThe 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 dg./Kv for RNase A
can be written 36) as

(keafKn)™ _ "k + G
(keafKp)™ 1T G

PO (kealKn) = (15)

whereP0k; is the intrinsic isotope effect on the chemistry
step and is defined as the ratio lafin H,O to ks in D0,
and C; is a forward commitment factos8), which is the
ratio of ks to k, when the medium is pD.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),~6-TAMRA. The value of
PO(k.ofKy) for the cleavage of UpA by RNase A is 39
0.4 (Table 3). This value is close to the solvent isotope effects
on keaf Ky andkeq for the hydrolysis of cCMP, which were
determined previously to be4 (52) and 3.1 66), respec-
tively. BecauseC; > 0 in eq 2, the value d:%k; is likely to
be even greater than 30 0.4. The value 0Pk for the
cleavage of UpA by RNase A is 1:5 0.2 (Table 3). Because
POkt < PCks, a step other than the chemistry step determines
keat This solvent isotope effect di, is consistent with the
observation that product release partially limits the value of

M~ s7%, corresponds to the rate of substrate association, k_, for UpA cleavage by RNase A8).

which is likely to be encounter-controlled. Moreover, the

The solvent isotope effect dia/Ku for the cleavage of

pH—kea/Kw profile shows that the rate of substrate associa- -FAM~dArU(dA),~6-TAMRA by RNase A are much

tion is pH-independent at this salt concentratikn=€ k; =
K.
The apparent basicKp values from the pHkea/Kwm

less than that for the cleavage of UpA (Table 2), which
indicates that is larger for the longer substrate. Because
D,0 is more viscous than 4@ by a factor of 1.24 at 20C

profiles at 0.20 and 1.0 M NacCl are close to the macroscopic (57), solvent isotope effects from an increase in medium
pKa values of RNase A (Table 1). Even when a substrate viscosity must be considered whénis large £8). Hence,

is sticky, the apparent iy of the pH-k../Kw profiles

for the kinetic mechanism in Figure 3C can manifest the

actual macroscopicly value of an enzyme in two cases.

61n the general case, the stickiness rafiojs a function of several
commitment factors, includin@s (55). Herein,Cs is identical toS.
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eg 15 needs to be modified, as in eq 16: = 2.33+ 0.05 is likely to correspond t@n because the
cleavage of 6-FAM-dArU(dA),~4-DABCYL by RNase A
6o POk, + 1.24C, is limited by the substrate-association rate at pH 6.0. The
“(KeafKn) =T 1vc (16) actual value ofn is unknown but can be estimated from

the salt effect on theé../Kuy value of K41R RNase A.
Because K41R RNase A is a sluggish catalgg},(the value

Thus, if a substrate is extremely sticky (i-€,> 1), then "% g™ 08"for K41R RNase A likely reflect

PO(k.afKy) Would be close to 1.24 rather than unity. The S ) )
solslear\lt igc)Jtope effect d:O(kealKv) = 1.18+ 0.05 at 0_’610 (21). By approximatingn as 2.66 3 is estimated to be-0.9
M NacCl does indeed suggest an origin in the higher viscosity (D. ,

of D,0 and thatkea/Ky is limited by substrate association. The observed effect of salt concentration on the solvent
By assuming tha®%ks = 3.9 (as®:O(kea/Kn) = (3.9 + 0.4) isotope effect is consistent with~ 0.9. The solvent isotope

for the cleavage of UpA), eq 16 can be used to estimate thateffect on cleavage of 6-FAMdArU(dA),~6-TAMRA by
the value ofC; is 16 and 4 at 0.10 and 1.0 M NaCl, RNase A does not vary significantly, even when the salt

respectively, for the cleavage of 6-FAMIArU(dA),~6- concentration is increased by2fold (Table 2). The forward
TAMRA by ,RNase A. TheseC; values are in qualitative commitment factor can be expressed as a function of[Na
agreement with the values & determined from pHkea/ as in eq 1921):

Kwm profiles (vide supra). Apparently, 6-FANMJIArU(dA),~6-

TAMRA is indeed a sticky substrate, and substrate associa- C= Cfe[Na+] (B=1n (29)

tion limits ke.a/Ku, even at 1.0 M NacCl.

Medium viscosity effects corroborate this conclusion \whereCe is the commitment factor when [Np= 1.0 M.
(Table 4). The frequency with which two molecules collide According to eq 19, when the value gfis close to 1,C;
is inversely proportional to the microviscosity of the medium (and hence the solvent isotope effect) is expected to be nearly
(59, 60). Adding sucrose to 34% (w/v) both increases the independent of salt concentration.
medium viscosity and decreases the valuk.aiy for the The value of$ reveals the nature of the transition state
cleavage of 6-FAM-dArU(dA)>~6-TAMRA by approxi- o the substrate-association step. If a Michaelis complex
mately 3-fold at 0.10 and 1.0 M NaCl (Table 4). Thus, the t5mg without an intermediate, then the salt effect on the

viscosity effects are consistent with the solvent isotope 5ssociation rate is expected to be minimal. For exanfple
effects—substrate association limiks./Ky for the cleavage  ~, g 1 for the single-step association of a protein and nucleic
of 6-FAM~dArU(dA)~6-TAMRA by RNase A, even at  4¢iq 62). The 3 value of~0.9 indicates that RNase A and

1.0 M NaCl. its substrate form an intermediate during substrate association

Salt Effect on Substrate Associatiqri—kea/Kw profiles and that this intermediate contains almost as many Coulom-
and solvent isotope effects show thay/Kw for the cleavage ¢ interactions as does the Michaelis complex.

for 6-FAM~dArU(dA),~4-DABCYL by RNase A is limited
by the substrate-association rate at pH 6.0. Hence, the saltl.
effect onk../Ky actually reports on the salt effect on the
substrate-association rate. The salt effeckqyKwy for the
cleavage of 6-FAM-dArU(dA)~6-TAMRA by RNase A
has been analyzed quantitatively with eq 27)(

Mechanism of Substrate Association by Ribonuclease A
0 enhance the rate of association, biological systems use
special tactics such as electrostatic guidarG-66) and
diffusion in reduced dimension$,(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

(ko/Kyp) A (Figure 4). In this mechanism, RNase A diffuses to a
Ko /Ky = —= MIMAX (17) substrate and forms a short-lived complex (E:S) through
[Na™]\|" nonspecific Coulombic interactions between the substrate and
1+ K+ the enzymic surface beyond the active 9&@ (The substrate
Na

then scans the surface of the enzyme by repeated inelastic
collisions @). 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:S— ES) by providing an appropriate electrostatic
potential on the enzymic surfac63—66).

pn<n'<n (18) In solutions of high salt concentration, the free energies

of E:S and the transition state between E:S and ES are so

whereg is a correlation parameter for the salt effect on the high that searching for the active site (E55ES) limits the
free energy of the substrate-association transition state to thasubstrate-association rate (Figure 4). The Coulombic nature
on the free energy of the ES state. WhHegKy is limited of the transition state between E:S and ES gives the substrate-
completely by the chemistry stemy, = n. In the other association rate its significant dependence on salt concentra-
extreme, wherk.,/Ky is limited completely by substrate tion (8 ~ 0.9), as shown in the salt-rate profi@1j. At 0.010
associationy’ = gn. The values ofKza/Km)max, ', andKyat M NacCl, the transition state between E:S and ES is stabilized
for the cleavage of 6-FAMdArU(dA),~6-TAMRA by significantly, and the encounter of the enzyme and the
RNase A at pH 6.0 are (3= 0.4) x 10° M~1s %, 2.33+ substrate (B~ S— E:S) determines the substrate-association
0.05, and (25t 2) mM, respectively Z1). The value ofn’ rate, which is insensitive to salt concentration and pH, as

where k.alKu)vax is the maximum ofke/Ku, n' is the
absolute value of the slope in the linear region of a
log[Na"]—log(k.a/Knm) plot, andKys+ is the salt concentration
wherekq/Ky is half of its maximum. The parametaf is
related ton, the number of Naions released from a substrate
upon binding, as in eq 18:
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Data table used to generate Figure 2. This material is
available free of charge via the Internet at http://pubs.acs.org.

J} high [salf]

low [salf] 1.

Ficure4: Notional mechanism and free energy profile for substrate -
association by ribonuclease A. The black circle and the solid line
represent ribonuclease A and an RNA substrate, respectively. The
indentation in the black circle indicates the location of the substrate- 5
binding cleft on ribonuclease A. E:S is an intermediate formed by
nonspecific Coulombic interactions. ES is a Michaelis complex
formed by specific interactions of the substrate with the substrate-
binding cleft. Vertical arrows on the free energy profile indicate
the effect of a decrease in salt concentration on the free energy of
E:S and the transition state from E:S to ES. At high salt, the
formation of ES from E:S determines the rate of substrate
association, which is dependent on the salt concentration of the
medium. At low salt, the encounter between E and S determines
the rate of substrate association, which is independent of the salt
concentration.

shown in the salt-rate profil2() and pH-rate profile (Figure
2). The kealKm)vax = 2.8 x 10° Mt s determined at
this low salt concentration is the rate of encounter and the

limit of catalysis by RNase A. 9.

Optimization of Catalytic Effeateness by Ribonuclease
A. The significant contribution of physical steps to the overall
rate is a distinct characteristic of a perfect enzyrae4).
Once the free energy of the transition state of a chemistry

step is as low as that of a substrate-association or product- 11.

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

12

(71) to maximize catalysis. Accordingly, the evolution of  13.

an enzyme to enhance the rate of physical steps is an

indication that catalysis of the chemistry step has already 14

been optimized fully.
During catalysis by RNase A, the chemistry step is

optimized enough for the substrate-association rate to 15.

determinek../Ku, 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 te- 5.

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@). 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 18.

of a perfect catalyst.

" This virtue has potential chemotherapeutic utility, as RNase A can
serve as a template for the creation of new cytotoxi8. (

10.

19.
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