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1 Introduction
Ribonuclease A (RNase A; EC 3.1.27.5) was perhaps the most studied enzyme
of the 20th century and is the best characterized ribonuclease. The “A” in its
name refers not to its substrate specificity, but to the predominant form of the
enzyme produced by the bovine pancreas. RNase A is unmodified, whereas
RNase B, RNase C, and RNase D are mixtures of glycoforms. Because of its
availability in large quantity and high purity, RNase A has been the object of
landmark work in protein chemistry and enzymology (see Cuchillo et al.
1997; Raines 1998 and references therein). In addition, cytotoxic RNase A
variants and homologues have demonstrated utility as chemotherapeutic
agents (Leland and Raines 2001).
Recognition of the seminal role of RNase A in the chemical sciences
reached a pinnacle in 1972, when all three Nobel Prizes in chemistry were
awarded for work on this enzyme. Stein and Moore were acknowledged “for
their contribution to the understanding of the connection between chemical
structure and catalytic activity of the active center of the ribonuclease molecule” (Moore and Stein 1973). Anfinsen was recognized “for his work on
ribonuclease, especially concerning the connection between the amino acid
sequence and the biologically active conformation” (Anfinsen 1973). Another
Nobel Prize in chemistry was added in 1984. In that year, Merrifield was
acknowledged “for his development of methodology for chemical synthesis
on a solid matrix” (Merrifield 1984). He too chose RNase A as his model system, making it the first protein to succumb to total synthesis.
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2 Mechanism of Catalysis
RNase A catalyzes the cleavage of the P–O5¢ bond of RNA on the 3¢ side of
cytidine and uridine residues. A mechanism of catalysis that is consistent
with all known data from work on the enzyme is depicted in Fig. 1 (Findlay
et al. 1961). In this mechanism, the imidazole side chain of His12 acts as a
base that abstracts a proton from the 2¢-oxygen of a substrate molecule, and
thereby facilitates its attack on the phosphorus atom. This attack proceeds
in-line via a slightly associative transition state to displace a nucleoside
(Usher et al. 1970, 1972; Sowa et al. 1997). The imidazolium side chain of
His119 acts as an acid that protonates the 5¢-oxygen to facilitate its displacement. The two products are then released to solvent. The slow hydrolysis of
the nucleoside 2¢,3¢-cyclic phosphate occurs in a separate process that
resembles the reverse of transphosphorylation (Cuchillo et al. 1993; Thompson et al. 1994).
The transphosphorylation and hydrolysis reactions catalyzed by RNase A
occur via transition states having a pentavalent phosphorus atom. Uridine
2¢,3¢-cyclic vanadate bears some resemblance to this transition state
(Lindquist et al. 1973), as well as to the substrate and product of the reaction
(Messmore and Raines 2000b). The structure of its crystalline complex with
RNase A has provided valuable insight into the catalytic mechanism of RNase
A (Wlodawer et al. 1983; Ladner et al. 1997). The active site of this structure is
shown in Fig. 2. In the active site, the side chains of His12, His119, Lys41,

Fig. 1. Putative mechanism of
the transphosphorylation
reaction (top) and hydrolysis
reaction (bottom) catalyzed by
ribonuclease A. B is His12, and
A is His119. (Findlay et al.
1961)
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Fig. 2. Crystalline structure of the active site of ribonuclease A bound to uridine 2¢,3¢cyclic vanadate (Protein Data Bank accession code 1RUV)

Asp121, and Gln11, and the main chain of Phe120 are proximal to the vanadyl
group. The apparent roles of these six active-site residues in catalysis are
described herein.

3 Active-Site Residues
3.1 Histidine 12 and Histidine 119
In early work on catalysis by RNase A, histidines were considered as being
critical residues. Specifically, haloacetates were shown both to carboxymethylate its histidine residues and to inactivate the enzyme (Barnard and Stein
1959a, b; Gundlach et al. 1959; Crestfield et al. 1962; Barnard 1969). Under
some conditions, only one histidine residue is alkylated in each molecule of

22

R. T. Raines

RNase A. The rate of the single carboxymethylation is nearly 104-fold greater
than that of free histidine and greater than that of carbamoylmethylation of
the enzyme, which is consistent with the binding of the anionic form of the
haloacetate in a cationic active site. This limited alkylation modifies only
His12 or His119.
Catalysis by RNase A has a classic bell-shaped pH-rate profile for both the
cleavage of dinucleotide substrates and the hydrolysis of nucleoside 2¢,3¢cyclic phosphate substrates (Herries et al. 1962; Witzel 1963; del Rosario and
Hammes 1969). This profile is consistent with a mechanism that involves two
titratable residues, one of which is protonated and the other unprotonated.
His12 and His119 are the only residues that need be invoked to explain this
pH dependence. Support for this assignment comes from the semisynthesis of
a catalytically active RNase A variant containing a 4-fluorohistidine residue at
positions 12 and 119 of RNase A (Jackson et al. 1994). The pH-rate profile of
this variant retains its bell shape, but shifts to lower pH. Because the pKa of 4fluorohistidine is lower than that of histidine, this perturbation is consistent
with both 4-fluorohistidine residues participating in catalysis.
Recombinant DNA techniques have been used to produce RNase A variants in which either His12 or His119 is replaced with an alanine residue
(Thompson and Raines 1994). These changes have no significant effect on
the three-dimensional structure of the crystalline enzyme (Park et al. 2001).
Eliminating the imidazole group of His12 results in a 104-fold decrease of the
value of kcat/KM for cleavage of poly(cytidylic acid) (poly(C)), uridylyl(3¢,5¢)adenosine (UpA), and UpOC6H4-p-NO2. Eliminating the imidazole
group of His119 decreases the value of kcat/KM by 104-fold for the cleavage of
poly(C), and by almost 104-fold for the cleavage of UpA. In contrast, this
change has no significant effect on the value of kcat/KM for the cleavage of
UpOC6H4-p-NO2. Thus, the value of the imidazole group of His119 to catalysis depends on the pKa of the conjugate acid of the leaving group. The leaving groups in poly(C) and UpA have conjugate acids with pKaª14.8, which is
the pKa of CH3OCH2CH2OH (Ballinger and Long 1960). In contrast, the pnitrophenolate leaving group of UpOC6H4-p-NO2 has a conjugate acid with
pKa=7.14 (Fickling et al. 1959). Thus, the contribution of His119 to catalysis
decreases as the pKa of the conjugate acid of the leaving group decreases.
This correlation is strong evidence that the role of His119 is to protonate the
leaving group during RNA cleavage. Likewise, Brfnsted analyses of catalysis
by wild-type RNase A (leaving-group b=–0.19; Davis et al. 1988b) and imidazole (leaving-group b=–0.59; Davis et al. 1988a) are consistent with general acid catalysis in the enzyme-catalyzed reaction.
The mechanistic role of His12 is not discernable from kinetic data. If His12
does indeed act as a base, then His12 is likely to contribute less to the enzymecatalyzed cleavage of 2¢-deoxy-2¢-thio-UpOC6H4-p-NO2 than to that of
UpOC6H4-p-NO2. This expectation exists because the 2¢-thiol group has pKa
8.2 (Dantzman and Kiessling 1996), but a related 2¢-hydroxyl group has
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pKa=12.68 (Velikyan et al. 2001). Surprisingly, RNase A does not appear to catalyze the cleavage of 2¢-deoxy-2¢-thio-UpOC6H4-p-NO2 (Dantzman 1998) or
2¢-deoxy-2¢-thio-UpU (Reese et al. 1994). Among substrates with a 2¢ hydroxyl
group, UpA is cleaved faster by RNase A than is either UpOC6H4-p-NO2 or
UpU (Richards and Wyckoff 1971; Thompson and Raines 1994). Although 2¢deoxy-2¢-thio-UpA does bind to the active site of RNase A, the values of kcat
and kcat/KM for its cleavage are at least 105-fold lower than are those for the
cleavage of UpA (Dantzman 1998). The basis for this discrepancy is unclear.
Nonetheless, because His119 has been identified as the acid for the cleavage
reaction, it is reasonable to put forth His12 as the base.
The rate enhancements conferred by His12 and His119 are in gratifying
agreement with those expected for general acid/base catalysis by these
residues. For example, suppose a water molecule were to replace the imidazole
that is absent from the H12A and H119A variants. The rate enhancements
then derived from the Brfnsted equation are
kwild-type
kH12A

b

Ê K H3O+ ˆ
kwild-type Ê K aHis119 ˆ
= Á aHis12 ˜ and
=
kH119A ÁË K aH2O ˜¯
Ë Ka
¯

a

If pKaHis12=5.8 and pKaHis119=6.2 (Markley 1975), and pKaH2O=15.7, then the
Brfnsted equation predicts that general base catalysis provides a rate
enhancement of 107.5b-fold and general acid catalysis provides a rate enhancement of 109.5a-fold. Values of a and b tend to be near 0.5 for proton transfers
between oxygen and nitrogen (Jencks 1985). Thus, the rate enhancements (ca.
104-fold) predicted with this simple model are similar to those observed in
experiments.
His119 has also been replaced by an asparagine residue (Panov et al. 1996).
This substitution decreases the value of kcat/KM by 102-fold for the cleavage of
poly(C) and UpA. Unlike an alanine residue, an asparagine residue can favor
formation of a hydrogen bond to the leaving group in the transition state. One
interpretation of these data is that such a hydrogen bond enhances the affinity of the enzyme for the rate-limiting transition state by 102-fold.
His12 and His119 not only play an important role in catalysis by RNase A,
but also contribute to the binding of single-stranded nucleic acids (Park et
al. 2001). Isothermal titration calorimetric studies with wild-type RNase A
and its H12A and H119A variants show that His12 and His119 contribute 1.4
and 1.1 kcal/mol, respectively, to the stability of the complex with uridine 3¢phosphate (3¢-UMP) at pH 6.0. Fluorescence anisotropic studies show that
the stability of the complex of wild-type RNase A and 6-carboxyfluorescein–d(AUAA) increases by 2.4 kcal/mol as the pH decreases from 8.0 to 4.0,
and His12 and His119 become protonated. At pH 4.0, replacing His12 with
an alanine residue decreases the stability of the complex with 6-carboxyfluorescein–d(AUAA) by 2.3 kcal/mol.

24

R. T. Raines

3.2. Lysine 41
Early chemical modification work suggested that Lys41 contributes to the catalytic activity of RNase A (Murdock et al. 1966). This proposition was supported by the finding that a variant in which Lys41 is replaced by an arginine
residue has only 2 % of the activity of the wild-type enzyme for the hydrolysis
of cytidine 2¢,3¢-cyclic phosphate (Trautwein et al. 1991).
Cysteine elaboration has been used to reveal the role of Lys41 in catalysis
(Messmore et al. 1995). Specifically, Lys41 was replaced with a cysteine
residue, which was then alkylated with five different haloalkylamines. In the
resulting enzymes, high values of kcat/KM for poly(C) cleavage correlate with
low values of pKa for the side chain. Moreover, a side chain with an amidinium
group (that is, –C(=NH2)NH2+), which can form a second hydrogen bond,
does not enhance catalysis. A side chain with a quaternary ammonium group
(that is, –N(CH3)3+), which is cationic but cannot be a hydrogen bond donor,
gives low activity. These data support a model in which the role of Lys41 is not
merely Coulombic. Rather, the role of Lys41 is to form a single hydrogen bond
to the transition state during catalysis. Additional studies with these variants
at position 41 indicate that Lys41 plays the same role during catalysis of the
hydrolysis of uridine 2¢,3¢-cyclic phosphate (Messmore 1999), and contributes
to the binding of uridine 2¢,3¢-cyclic vanadate, 3¢-UMP, and decavanadate
(V10O286–) (Messmore and Raines 2000a, b).
The chemical modification of residue 41 enables the creation of a chemical
switch for the catalytic activity of RNase A (Messmore et al. 2000). Replacing
Lys41 with a cysteine residue results in a 105-fold decrease in the value of
kcat/KM. Forming a mixed disulfide between the side chain of Cys41 of K41C
RNase A and cysteamine reinstalls the amino group and increases the activity
by 103-fold. This enzyme, which contains a mixed disulfide, is readily deactivated by dithiothreitol. Forming a mixed disulfide between the side chain of
Cys41 and mercaptopropyl phosphate, which is designed to place a phosphoryl group in the active site, leads to an additional 25-fold decrease in activity.
This enzyme is reactivated in the presence of dithiothreitol and inorganic
phosphate, which serves to displace the pendant phosphoryl group from the
active site.

3.3 Phenylalanine 120
The main-chain nitrogen of Phe120 is proximal to a non-bridging vanadyl
oxygen in the complex of RNase A and uridine 2¢,3¢-cyclic vanadate (Fig. 2).
Site-directed mutagenesis has been used to replace this residue with glycine,
alanine, leucine, glutamate, and tryptophan (Tanimizu et al. 1998; Chatani et
al. 2001, 2002). The values of kcat/KM for the cleavage of CpA and the hydrolysis of cytidine 2¢,3¢-cyclic phosphate by these variants are 10- to 100-fold
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Fig. 3. Putative structure of the chemical
transition state during catalysis of RNA
cleavage by ribonuclease A. Under optimal conditions, the value of the dissociation constant for this complex is
KTX£10–18 M

lower than for wild-type RNase A. The corresponding values of kcat differ by
not more then tenfold. These small effects suggest that the side chain of
residue 120 has an indirect role in catalysis. That role appears to be the binding of the pyrimidine nucleobase of the substrate, and the orientation of the
side chain of His12 properly for catalysis. In addition, the side chain of Phe120
is important for conformational stability. For example, replacing Phe120 with
an alanine residue decreases the conformational stability of RNase A by
DDGm=–3.3 kcal/mol.
To reveal a role for the main-chain nitrogen of Phe120 in catalysis, a nonnatural variant of RNase A was constructed using the technique of expressed
protein ligation (Evans et al. 1998; Muir et al. 1998). In this non-natural variant, the main-chain nitrogen of Phe120 was replaced with an oxygen, creating
an ester linkage. This substitution decreases the value of kcat/KM for RNA
cleavage by 104-fold (R.J. Hondal and R.T. Raines, unpublished results). This
large decrease suggests that the main chain of Phe120, like the side chains of
His12, His119, and Lys41, makes a critical contribution to catalysis by RNase
A. Thus, the transition state for the cleavage of RNA by RNase A is likely to
resemble that shown in Fig. 3.

3.4 Aspartic Acid 121
In native RNase A, Asp121 is proximal to His119, the acid in the catalysis of
RNA cleavage (Fig. 2). The proximity of His119 and Asp121 suggests that these
residues form a “catalytic dyad”. In this motif, a histidine residue that mediates general acid/base catalysis forms a hydrogen bond with an aspartate
residue, in analogy to the catalytic triad of serine proteases (Schowen 1988;
Neurath 1989).
Several attempts have been made to determine the role of the aspartate
residue in the His···Asp catalytic dyad of RNase A. In one study, Asp121 was
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replaced with asparagine in RNase(1–118)•(111–124), which is a noncovalent
complex that resembles RNase A (Lin et al. 1970, 1972). This noncovalent complex consists of residues 1–118 of RNase A (which is obtained by proteolytic
digestion of the intact enzyme) and an overlapping synthetic peptide composed of the fourteen C-terminal residues. The D121 N noncovalent complex
has ca. 5 % of the catalytic activity of RNase(1–118)•(111–124) (Stern and
Doscher 1984). These data are difficult to interpret, however, because the
three-dimensional structures of RNase(1–118)•(111–124) and its D121 N
variant differ significantly (Martin et al. 1987; Cederholm et al. 1991; deMel et
al. 1992).
Site-directed mutagenesis of the intact enzyme has been used to replace
Asp121 with other residues. The glutamate variant has ca. 17 % of the activity
of the wild-type enzyme for the hydrolysis of cytidine 2¢,3¢-cyclic phosphate
(Trautwein et al. 1991). Replacing Asp121 with an asparagine and alanine
residue decreases the values of kcat/KM and kcat for the cleavage of UpA and
poly(C) by 101- and 102-fold, respectively (Schultz et al. 1998). The values of
kcat/KM and kcat for the hydrolysis of U>p are reduced by 3-fold (D121 N) and
tenfold (D121A). The alterations do not perturb the three-dimensional structure of the crystalline enzyme, and do not alter the pH-rate profile for hydrolysis. These effects are far less than those observed for analogous variants of
serine proteases (Craik et al. 1987; Sprang et al. 1987; Carter and Wells 1988;
Sprang et al. 1988; Corey and Craik 1992). Yet, in the structure of D121 N
RNase A, Nd rather than Od of Asn121 faces His119. Overall, the His···Asp
hydrogen bond in the active site of RNase A has a significant but not substantial role in catalysis. This role is likely to position the proper tautomer of
His119.
A major difference between Asp121 of RNase A and the aspartate residue in
the catalytic triad of serine proteases is solvent exposure – Asp 121 is more
accessible to solvent. In native RNase A, Asp121 can form hydrogen bonds
with solvent water. It is therefore not surprising that the hydrogen bond in the
His···Asp catalytic dyad of RNase A plays a less significant role in catalysis
than do the analogous hydrogen bonds in serine proteases.
1H-NMR spectra of wild-type RNase A and the D121 N and D121A variants
have been analyzed thoroughly as a function of pH (Quirk and Raines 1999).
The effect of replacing Asp121 on the microscopic pKa values of the histidine
residues is surprisingly modest – none change by more than 0.2 units. There
is no evidence for the formation of a low-barrier hydrogen bond between
His119 and either an aspartate or an asparagine residue at position 121. In the
presence of 3¢-UMP, protonation of one active-site histidine residue favors
protonation of the other. This finding is consistent with the phosphoryl group
of 3¢-UMP interacting more strongly with the two active-site histidine
residues when both are protonated.
A major role of the His···Asp catalytic dyad is to enhance the conformational stability of RNase A. Replacing Asp121 with an asparagine or alanine
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residue results in a loss in the conformational stability of DDGm=2.0 kcal/mol
at pH 6.0 (Quirk et al. 1998). This loss is a substantial fraction of the total
DGm=9.0 kcal/mol, and is similar in magnitude to the loss of transition state
binding during catalysis of RNA cleavage. The pH-dependencies of the conformational stabilities of the wild-type, D121 N, D121A, and H119A enzymes
reveal that the pKa of Asp121 is 2.7 in native wild-type RNase A but 3.6 in the
denatured enzyme. The side chain of His119 is largely responsible for this
change in pKa.

3.5 Glutamine 11
X-ray diffraction analyses show that the side chain of Gln11 can form a hydrogen bond to a substrate, substrate analog, phosphate ion, or sulfate ion bound
in the active site of RNase A (Gilliland 1997). 1H-NMR spectroscopy provides
further evidence for this interaction, as large changes in the NHe1 and NHe2
resonances of Gln11 are observed upon binding of pyrimidine nucleotides
(Bruix et al. 1991). In the enzymic complex with uridine 2¢,3¢-cyclic vanadate
(Fig. 2), the side-chain nitrogen of Gln11 forms a hydrogen bond with a nonbridging vanadyl oxygen. Work with variants of RNase S, which is the noncovalent complex of S-peptide (residues 1–20) and S-protein (residues 21–124),
also ascribes a significant role for Gln11 in catalysis (Marchiori et al. 1974).
The role of Gln11 in catalysis by RNase A has been probed by creating variants in which this residue is replaced with alanine, glutamine acid, and histidine (delCardayré et al. 1995). The results show that, unexpectedly, Gln11 does
not lower the free energy barrier for RNA cleavage. Instead, Gln11 serves by
increasing the free energy of the enzyme•substrate complex. This increase
appears to be due, at least in part, to a binding interaction that reduces nonproductive binding. In the absence of the side chain of Gln11, RNase A is more
likely to bind an RNA molecule with its phosphoryl group in an improper
conformation for in-line attack by the 2¢-hydroxyl group. The increase in the
number of substrate binding modes causes a decrease in the value of kcat and
an identical decrease in the value of KM, such that the value of kcat/KM is
unchanged. This compensation is most dramatic in the turnover of UpOC6H4p-NO2 by Q11A RNase A. Unlike poly(C) or UpA, UpOC6H4-p-NO2 cannot
interact with the subsites of the enzyme on both sides of the scissile bond,
making its proper alignment problematic. The values of both kcat and KM for
the cleavage of UpOC6H4-p-NO2 by Q11A RNase A are 102-fold lower than are
those for the cleavage of UpOC6H4-p-NO2 by the wild-type enzyme. Thus, a
hydrogen bond between the side chain of Gln11 and a phosphoryl oxygen
appears to enhance catalysis in a subtle manner – by orienting the substrate
so as to prevent it from binding in a nonproductive mode.
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4 Rate Enhancement
RNase A has only 124 amino acid residues. The molecular formula of the
native, uncharged enzyme is C575H901N171O193S12, which corresponds to a molecular mass of 13,682 Da. How effective is this diminutive enzyme at catalyzing RNA cleavage?
The ratio of kcat/KM for an enzyme-catalyzed reaction to kuncat for the uncatalyzed reaction provides a measure of the affinity of the enzyme for the ratelimiting transition state during catalysis (Wolfenden 1976). One complicating
factor in applying this measure to RNase A is the dramatic effect of salt concentration on the enzyme-catalyzed reaction. This effect has been examined in
detail with enzymatic assays that monitor the cleavage of 6-carboxytetramethylrhodamine–dArU(dA)2–6-carboxyfluorescein (6-TAMRA–dArU(dA)2
–6-FAM), which is a fluorogenic substrate in which a labile ribonucleotide
residue is embedded between three deoxynucleotide residues (Kelemen et al.
1999). Unlike shorter substrates, 6-TAMRA–dArU(dA)2–6-FAM can interact
with all of the known phosphoryl-group binding sites of RNase A. At pH 6.0
and 23 °C, the value of kcat/KM for the cleavage of 6-TAMRA–dArU(dA)2–6FAM is 6¥105 M–1 s–1 in the presence of 1.0 M NaCl (Fig. 4). In the presence of
0.010 M NaCl, this value increases to 3¥109 M–1 s–1, which is among the largest
known for an enzyme. At pH 6.0 and 25 °C, the uncatalyzed rate of UpA
transphosphorylation, measured by following the cleavage of [5,6-3H]
Up[3,5,8-3H]A for several weeks, is 5¥10–9 s–1 (Thompson et al. 1995). The dissociation constant for the rate-limiting transition state during the transphosphorylation of UpA is therefore KTX (=kuncat/(kcat/KM))=10–18 M. Because the
rate-limiting transition state may not involve a change in covalency (Thompson et al. 1995; Park and Raines 2002), this value for KTX is an upper limit for
the dissociation constant of the enzyme bound to the chemical transition
state for P–O5 bond cleavage. At pH 6.0 and 23 °C, the complex of RNase A
with the substrate analog 6-FAM–d(AUAA) has Kd=8.2¥10–7 M in the pres-

Fig. 4. Effect of Na+ concentration on the value
of kcat/KM for the cleavage of 6-TAMRA–
dArU(dA)2–6-FAM by ribonuclease A. (Park
and Raines 2001)
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ence of 0.018 M NaCl (Fisher et al. 1998). If this complex resembles the
Michaelis complex, then RNase A accelerates RNA cleavage by at least 1012fold.

5 Envoi
Its history and simplicity make RNase A an ideal choice for basic research in
protein chemistry and enzymology. In addition, RNase A provides chemists
with both an inspiration for the design of artificial ribonucleases and a
benchmark with which to gauge the success of their designs. The discovery
and application of new methods is likely to continue to shed light on the intimacies and intricacies of catalysis by this venerable enzyme.
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