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ABSTRACT: The structural features underlying the strong uridine specificity of ribonuclease 4 (RNase 4)
are largely unknown. It has been hypothesized that the negatively chargedR-carboxylate is close to the
pyrimidine binding pocket, due to a unique C-terminal deletion. This would suppress the cleavage of
cytidine-containing substrates [Zhou, H.-M., and Strydom, D. J. (1993)Eur. J. Biochem. 217, 401-410].
Replacement of theR-carboxylate by anR-carboxamide in a fragment complementation system decreased
both (kcat/Km)CpA and (kcat/Km)UpA , thus refuting the hypothesis. However, model building showed that
the deletion allowed the side chain of Arg-101 to reach the pyrimidine binding pocket. From the 386-
fold reduction in (kcat/Km)UpA in RNase 4;R101N, it is concluded that this residue functions in uridine
binding, analogous to Ser-123 in RNase A. In addition, it may have an effect on Asp-80. The 2-fold
increase in (kcat/Km)CpA in the mutant R101N and the close proximity of the side chains of Arg-101 and
Asp-80 suggested that the latter could be involved in suppressing CpA catalysis. The substrate specificity
of RNase 4;D80A was completely reversed: (kcat/Km)UpA decreased 159-fold, whereas (kcat/Km)CpA increased
233-fold. The effect on CpA was unexpected, because the corresponding residue in bovine pancreatic
RNase A (Asp-83) hardly affects cytidine-containing substrates. Furthermore, the residue is conserved
in nearly all sequences of mammalian RNase 1. Thus, an evolutionary highly conserved residue does not
necessarily function in the same way in homologous enzymes. A model, which proposes that the structure
of RNase 4 has been optimized to permanently fix the position of Asp-80 and impede its movement away
from the pyrimidine binding pocket, is presented.

Mammalian ribonucleases (RNases)1 that are homologous
to bovine pancreatic RNase A [called pancreatic-type RNases
(2, 3)] form a superfamily that can be divided into five
subfamilies on the basis of sequence homology (1). All
enzymes cleave RNA exclusively after pyrimidines. The
mechanism of cleavage of the phosphodiester bond has been
examined in detail in bovine pancreatic RNase A (4, 5).
Because the essential catalytic residues have been completely
conserved, the catalytic mechanism appears to be the same
for all RNases belonging to this superfamily. The pyrimidine
specificity of the enzymes results from the binding of the
base in a narrow pocket on the surface of the enzyme, the
so-called B1 subsite. In RNase A this binding site is formed
by His-12, Val-43, Asn-44, Thr-45, and Phe-120 (4). In

particular, Thr-45 plays an important role (6); its dNH
donates a hydrogen bond to O2 of either pyrimidine base,
whereas itsγOH acts as a hydrogen bond acceptor in the
case of uridine but as a donor in the case of cytidine. X-ray
and/or site-directed mutagenesis studies have shown that this
residue, which has been conserved in all RNases sequenced
to date, is also involved in pyrimidine binding in RNases
belonging to three other subfamilies, i.e., RNase 2 [also
called eosinophil-derived neurotoxin (7)], angiogenin (8, 9),
and RNase 42 (10). Furthermore, Phe-120 in RNase A is in
van der Waals contact with the pyrimidine base. Similar
interactions are likely to take place in RNase 2 and
angiogenin, where the Phe has been replaced by a Leu
residue, and in RNase 4, which also contains a Phe at this
position. A summary of the function of the B1 subsite
residues has been given in Table 1, whereas the sequences
of RNase 4 and RNase A have been compared in Figure 1.

Despite the structural conservation of these important
binding residues, the discrimination between cytidine and
uridine by these four RNases differs greatly. Whereas RNase
A cleaves the dinucleotides CpA and UpA about equally
well, RNase 2 and angiogenin prefer CpA over UpA by a
factor of 2 and 11, respectively (11, 12). Furthermore, RNase
4 is a strongly uridine-preferring enzyme, cleaving UpA 380-
fold faster than CpA (13, 14). These results suggest that
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the pyrimidine binding properties are determined by struc-
tural features that are outside of the B1 subsite and are
different in the four enzymes (10).

Comparison of the values ofkcat/Km for the cleavage of
UpA and CpA by RNase 4 (2.5× 105 and 6.6× 102 M-1

s-1) and RNase A (3.5× 106 and 4.6× 106 M-1 s-1) reveals
that the uridine specificity of the former results from a
suppression of the activity with cytidine-containing sub-
strates. Two residues that are involved in this suppression
are Phe-42 and Thr-44, both part of the B1 subsite, since
mutation into Val and Ala caused an increase in activity with
CpA and poly(C) (10). The double mutant F42V/T44A
cleaved CpA 10-fold better than UpA. However, the
absolute value ofkcat/Km of this mutant with CpA (1.3×
104 M-1 s-1) is still 19-fold lower than that of the wild-type
enzyme with UpA. This must mean that still other parts of
the RNase 4 structure are suppressing the activity with CpA.
In RNase A auxiliary residues have been identified that do
not directly form part of the B1 subsite but influence its
properties. Asp-83 exerts its effect by hydrogen bonding to
γO of Thr-45 (15) and Ser-123 by participating in a
hydrogen-bonding network with water molecules that interact
with the base in the B1 subsite (16).

A feature that distinguishes RNase 4 from all other RNases
of the superfamily is its shorter C-terminus. Compared to
RNase A this could have two consequences: (i) in RNase 4
the negatively charged C-terminalR-carboxylate is in close
proximity to the pyrimidine-binding pocket (1); (ii) Ser-123
is missing, but the shorter C-terminus provides room for a
residue from another part of the molecule to take its position

(14). Alternatively, the role of the other auxiliary residue,
Asp-80, differs between RNase 4 and the cytidine-preferring
RNases.

Here these hypotheses are tested. The effect of the
negatively chargedR-carboxylate of RNase 4 on its substrate
specificity has been examined using a fragment complemen-
tation system, consisting of residues 1-115 of RNase 4 and
either the natural or the C-terminally amidated peptide 111-
119. Model building strongly suggested that, mainly because
of the shortened C-terminus, Arg-101 (Lys-104 in RNase
A) could approximately take the position of Ser-123 in
RNase A. Its importance, and that of Asp-80, for substrate
cleavage has been examined by kinetic analysis of the site-
directed mutants.

MATERIALS AND METHODS

Materials. Bovine pancreatic RNase A, carboxypeptidases
A, B, and Y, and pepsin were from Boehringer Mannheim,
FRG. Buffer substances were obtained from Fluka, Swit-
zerland. UpA and CpA were obtained from Dr. A. Okrusek,
Warsaw, Poland. Recombinant porcine RNase 4 was
prepared and purified as described (14).

Protein Chemistry.Reversed-phase HPLC was done using
Vydac C4 or C18 columns and a trifluoroacetic acid solvent
system (17). A flow rate of 0.2 mL/min and columns with
2.1 mm diameter were used for analytical purposes, whereas
for preparative runs 4.6 and 10 mm columns at a flow rate
of 0.5 and 2 mL/min were used.

Fast protein liquid chromatography was done on a Phar-
macia FPLC system and a Mono S column using buffer A,

Table 1: B1 Subsite and Auxiliary Residues in RNase A and RNase 4

RNase A RNase 4 function in RNase A

B1 subsite residues that contact the base
Val-43 Phe-42 van der Waals contacts with the pyrimidine
Thr-45 Thr-44 hydrogen bonds to pyrimidine
Phe-120 Phe-117 van der Waals contacts with the base

auxiliary residuesa

Asp-83 Asp-80 hydrogen bonds to Thr-45γO
Ser-123 deleted binds to uracil O4 via water molecules

a Residues that do not contact the pyrimidine base but interact with residues (or water molecules) that do.

FIGURE 1: Comparison of the primary structures of porcine RNase 4 and bovine pancreatic RNase A. The numbering for pRNase 4 and
RNase A is shown above and below the sequences, respectively. Catalytic residues have been indicated with *, whereas residues that are
involved in substrate binding have been marked with #. Asp-80 and Arg-101 in pRNase 4 have been underlined.<Q denotes pyroglutamic
acid.
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15 mM phosphate pH 6.0, and buffer B, 500 mM phosphate,
pH 6.0. Proteins were detected at 280 nm.

Tryptic peptide mapping was done as described (14).
Amino acid analysis was done using the dabsyl chloride
method (18). The incorporation of the C-terminal lysinamide
in one of the synthetic peptides was demonstrated using a
modification of this method (19).

Edman degradation was performed with an Applied
Biosystems 477A sequencer. Peptide and protein masses
were determined on a Canyon Creek LDI 1700 MALDI-
TOF-MS or on an API 300 triple quadrupole mass spec-
trometer. Peptide synthesis was done at the peptide synthesis
facility at the FMI using the solid-phase/fluoren-9-yl-
methoxycarbonyl (Fmoc) strategy. All peptides were puri-
fied by preparative reversed-phase HPLC, and the purity was
analyzed by analytical HPLC and amino acid analysis.

Preparation of Des(116-119)-RNase 4. Recombinant
porcine RNase 4 (165µg) was dried in a speedvac and
dissolved in 330µL of 50 mM NH4HCO3, pH 8.3, containing
6 M urea. CPB (22µL, 0.5 mg/mL) was added, and the
mixture was incubated at 37°C for 45 min, which yielded
des(119)-RNase 4. Des(119)-RNase 4 (100µL from the
previous step) was mixed with urea-acetate buffer, pH 4.8
(260 mg of urea plus 518µL of 1 M acetic acid plus 230
µL of water). CPY (8.1µL, 15.7 µM) was added, and the
reaction was stopped after 3 min by the addition of 150µL
of 1% TFA. The digestion mixture containing des(118-
119)-RNase 4 was fractionated by HPLC. Des(118-119)-
RNase 4 was digested with CPA to yield des(116-119)-
RNase 4, as described for RNase A (1-118) (20), and
purified by FPLC.

Preparation of RNase A (1-122). RNase A (1-122) was
prepared by first unfolding the enzyme in 10 M urea and
subsequent dilution of the denatured enzyme into Tris buffer
containing CPY. After dilution, refolding of the enzyme and
digestion by CPY occurred simultaneously. The cleaved,
refolded enzyme is protected against further digestion by
CPY (21). CPY was dialyzed against water overnight and
concentrated to 90µM in a Centricon-30 microconcentrator
(Amicon). RNase A (5 mg) was dissolved in 10 M urea in
0.1 M sodium phosphate, pH 6.3, to a final concentration of
100 mg/mL, and the mixture was incubated at 37°C for 1
h. The unfolded RNase (50µL) was diluted into a mixture
of 300 µL of Tris-acetate buffer, pH 8.3, 75µL of CPY
was added, and the mixture was incubated for 4 min. The
mixture was loaded onto a Mono S column, and proteins
were eluted with a gradient from 0 to 200 mM NaCl in 20
mM Hepes-NaOH, pH 8.0, over 60 min at a flow rate of 1
mL/min. The peak eluting before native RNase A was
collected, and the proteins were purified by reversed-phase
HPLC on a Vydac C4 column with a linear gradient from
14% to 42% acetonitrile in 45 min. RNase A (1-122) (260
µg) was found to be pure by SDS-PAGE, analytical HPLC,
and tryptic peptide mapping.

Site-Directed Mutagenesis and Expression of Recombinant
RNase 4. Mutagenesis was performed using the cDNA
coding for RNase 4 described previously (14). Mutations
were introduced by overlap extension using PCR (22) and
verified by dideoxy sequencing (23) of both strands. The
mutant RNase 4’s were purified as described (14). Their
purity was assessed by SDS-PAGE and reversed-phase LC-
ESIMS.

Kinetic Measurements.Kinetic analysis of the transes-
terification reaction with the dinucleotides UpA and CpA
was performed at 25°C in 50 mM Mes-NaOH, pH 6.0,
containing 125 mM NaCl, 1 mM EDTA, 0.1% poly(ethylene
glycol), and 0.2 mg/mL bovine serum albumin (24). The
decrease in absorbance at 294 nm was measured with a
Hewlett-Packard 8452A spectrophotometer. The dissociation
constant,Kd, of the noncovalent peptide-RNase complexes
was determined using UpA as a substrate. The concentra-
tions of both the truncated RNase and peptide were deter-
mined by amino acid analysis. Peptide (P) and truncated
RNase (E) were mixed in buffer and incubated for 10 min
at 25 °C, and the reaction was started by addition of UpA
(final concentration 66µM). The pseudo-first-order progress
curve of substrate disappearance was followed for at least 5
half-lives. Under conditions where [P0] . [E0] and [S0] ,
Km, the pseudo-first-order rate constant can be described by

where [E0] and [P0] are the starting concentrations of
truncated RNase and peptide, respectively, andKd is the
dissociation constant of the complex. The rate constant,kobs,
obtained at seven concentrations of peptide was fitted to eq
1, which yielded estimates for the value ofKd as well as the
specificity constant,kcat/Km, of the protein-peptide complex.
To determine the values ofkcat/Km for the substrate CpA,
the peptide concentration in the assay was adjusted to 10×
Kd, and the progress curve was recorded using 50µM CpA.

The enzymatic activity of mutant RNase 4’s with the
substrates UpA and CpA was determined under pseudo-first-
order conditions as described above. The pseudo-first-order
rate constant,kobs, was obtained at four different enzyme
concentrations, from which the value ofkcat/Km was obtained
by linear regression. At least three independent experiments
were performed.

Model Building. A model of the pyrimidine binding site
of RNase 4 was built manually, based on the coordinates of
6rsa.pdb, using the program Insight II (BIOSYM/Molecular
Simulations, San Diego, CA). Residues 123-124 of RNase
A were deleted, and Val-43, Ile-81, and Lys-104 were
replaced by the corresponding residues of RNase 4, i.e., Phe-
42, Val-78, and Arg-101. The conformation of the main
chain was not altered, whereas that of the side chains of Arg-
101 and Phe-42 was adjusted. No energy minimization was
performed, but overlap of van der Waals radii was verified
using the “bump-check” option of the Insight II program. In
addition, the entire molecule was submitted to SWISS-
MODEL (25), which used the coordinates of free RNase
(7rsa.pdb).

RESULTS

Fragment Complementation System of RNase 4. It has
been proposed that the close proximity of theR-carboxylate
to the pyrimidine binding pocket of RNase 4 has an effect
on catalysis (1). Previous attempts to test this hypothesis
by replacing Lys-119 with the C-terminal sequence of bovine
pancreatic RNase A (-Ala-Ser-Val) by mutagenesis failed,
due to the recovery of minute amounts of inactive RNase 4
mutant (14). Therefore, a fragment complementation system
consisting of des(116-119)-RNase 4 and C-terminal peptides
was established as follows.

kobs) (kcat/Km)[E0][P0]/(Kd + [P0]) (1)
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Des(116-119)-RNase 4 was produced by a stepwise
procedure using different carboxypeptidases. Incubation of
RNase 4 with CPB in the presence of 6 M urea yielded des-
(119)-RNase 4, as expected (C-terminal sequence -His116-
Phe-Asp118-OH). Des(119)-RNase 4 was further digested
with carboxypeptidase Y (CPY) to yield des(118-119)-
RNase 4. This reaction was found to be the crucial step in
the entire preparation and was investigated in more detail.
CPY digestion as a function of pH in the range from 4.8 to
7.4 showed that at neutral pH values des(113-119)-RNase
4 was the only reaction product. On the other hand, at pH
values below 5, a substantial amount of des(118-119)-RNase
4 accumulated as well (Figure 2A). Under slightly acidic
conditions the relative cleavage rate of the Phe117-Asp118

bond was increased, probably due to partial protonation of
the carboxyl side chain, and protonation of His-116 slowed
the cleavage of the His116-Phe117 bond. The time course of
the reaction at pH 4.8 was also determined (Figure 2B). It
was found that after 2 min des(119)-RNase 4 was nearly
completely converted into des(118-119)-RNase 4 but that
at later time points the formation of des(113-119)-RNase 4
became significant. Des(118-119)-RNase 4 was isolated
from a 2 min digest of des(119)-RNase 4 and was further
digested with CPA to yield des(116-119)-RNase 4 (see
Materials and Methods). The purified, inactive, protein was
characterized by amino acid analysis and tryptic peptide
mapping. A single peptide was obtained from the C-terminal
region, which by Edman degradation yielded the sequence
Arg-Val-Val-Ile-Ala-CysCm-Glu-Gly-Asn-Pro-Glu-Val-Pro-
Val, corresponding to residues 102-115. Moreover, its

molecular mass as determined by MALDI-TOF-MS was in
agreement with the calculated value.

Complementation of Des(116-119)-RNase 4 by C-Ter-
minal Peptides. Addition of increasing amounts of the
C-terminal peptide PYVPVHFDK (1) to des(116-119)-
RNase 4 increased RNase activity in a saturable manner
(Figure 2C). Analysis of the data according to eq 1 (see
Materials and Methods) yielded the value forkcat/Km and an
estimate of the dissociation constant of the protein-peptide
complex, Kd (Table 2). The catalytic efficiency of the
complex with peptide1 for the substrates UpA and CpA
was nearly the same as that of native RNase 4 (Table 2).3

The system was used to study the influence of the
negatively chargedR-carboxylate on the catalytic properties
of RNase 4. Des(116-119)-RNase 4 was complexed with
the synthetic peptides shown in Table 2, resulting in
structures similar to RNase 4 (1), to RNase 4 with an
amidated C-terminus (2), and to RNase A (3). The catalytic
properties were determined as shown in Figure 2C, and the
values obtained forkcat/Km andKd have been summarized in
Table 2. Replacement of the negatively charged C-terminal
R-carboxylate by a neutral carboxamide, as in peptide2,
reduced the catalytic efficiency toward UpA 16-fold. Also,
the complex with peptide3 (PYVPVHFDASV) had a
strongly decreased activity toward this substrate. Toward

3 Peptide1 contains Tyr at position 2 instead of Glu (as in RNase
4) to facilitate the determination of its concentration. The nearly
complete recovery of enzymatic activity with des(116-119)-RNase 4
showed that this substitution did not influence the catalytic properties.

FIGURE 2: Digestion of des(119)-RNase 4 with carboxypeptidase Y. (A) Reversed-phase HPLC of the reaction products. Des(119)-RNase
4 was digested for 1 min with CPY at pH 4.8. The mixture was chromatographed on a C4 column equilibrated in 0.1% TFA. Elution was
achieved with a linear gradient of CH3CN. The protein in each peak was identified by peptide mapping and analysis of the C-terminal
peptide. (B) Time course of CPY digestion. Samples were taken at the indicated times, acidified, and analyzed as described in “A”. The
peak area for each molecular species was determined by integration: (O) des(119)-RNase 4; (b) des(118-119)-RNase 4; (0) des(113-
119)-RNase 4. (C) Complex formation between des(116-119)-RNase 4 and the C-terminal peptides was monitored by measuring the
pseudo-first-order rate constant for cleavage of UpA (66µM). The results obtained with peptide1 (PYVPVHFDK) and 6.2 nM des(116-
119)-RNase 4 are shown. The solid line shows the best fit of the data to eq 1 (Materials and Methods), yielding values for the dissociation
constant of the protein-peptide complex,Kd, and its catalytic efficiencykcat/Km (summarized in Table 2).

Table 2: Kinetic Parameters of Derivatives of Des(116-119)-RNase 4/Peptide Complexes and of Truncated RNase Aa

kcat/Km (M-1 s-1)

UpA CpA Kd (µM)

RNase 4b 2.5× 105 6.6× 102

des(116-119)-RNase 4
+PYVPVHFDK (1) (2.10( 0.03)× 105 (5.67( 0.02)× 102 7.0( 0.5
+PYVPVHFDK-NH2 (2) (1.29( 0.08)× 104 (1.33( 0.06)× 102 18.0( 3.2
+PYVPVHFDASV (3) (1.72( 0.03)× 104 (4.79( 0.02)× 102 7.2( 0.6

RNase Ab 3.5× 106 4.6× 106

des(123-124)-RNase A (0.35( 0.02)× 106 (4.0( 0.18)× 106

a Kinetic parameters were determined in 50 mM Mes,I ) 0.150, pH 6.0 at 25°C as described in Materials and Methods. The values given are
the weighted means, together with their standard errors, of duplicate experiments.b Data were taken from ref14.
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CpA, however, the complex with the amidated peptide2 had
a 4-fold reducedkcat/Km (Table 2). In contrast, the complex
formed with the (longer) C-terminal peptide of RNase A (3)
was almost as active toward CpA as that with the native
RNase 4 C-terminus.

These results demonstrated the importance of theR-car-
boxylate in RNase 4 for the cleavage of, in particular, UpA.
It was therefore of interest to investigate whether a shortened
C-terminus would generally cause uridine specificity in
pancreatic-type RNases. Bovine pancreatic RNase A was
shortened by two amino acids [des(123-124)-RNase A].
Removal of Ser-123 and Val-124 in this enzyme did not
result in uridine specificity. Whereaskcat/Km for UpA
decreased 10-fold, that for CpA dropped only 1.2-fold (Table
2).

Model of the Pyrimidine Binding Site of RNase 4.A
model of the B1 subsite of RNase 4 was built using the
coordinates of the RNase A-uridine vanadate complex
[6rsa.pdb (26)]. In the initial model a large open space was
present close to the B1 subsite, due to the deletion of the
two C-terminal residues. Inspection of the model indicated
that either the side chain of Lys-119 or that of Arg-101 (the
C-terminal residue ofâ-strand 94-101) could point into the
pyrimidine binding site (Figure 3A). In RNase A Ser-123
is important for binding uridine (Figure 3B, Table 1, and
refs 16 and27) but not cytidine (28). To discern whether
possibly Lys-119 or Arg-101 in RNase 4 takes over the role
of Ser-123, site-directed mutants were prepared.

Isolation and Characterization of Mutants of RNase 4.All
mutant proteins could be purified by the standard procedure
described in Materials and Methods. The proteins were
judged to be pure from analysis by SDS-PAGE and LC-
ESIMS. Their molecular masses were in good agreement
with the theoretical values (see footnote to Table 3).

The values forkcat/Km for the mutated RNase 4’s with the
substrates UpA and CpA have been summarized in Table 3.
The K119A mutation had only a minor, improving, effect
on the catalytic efficiency of both substrates. This is in
agreement with the occurrence of Gly at position 119 in
human RNase 4, which is functionally indistinguishable from

the porcine enzyme (13). In contrast, mutation of Arg-101
caused a 385-fold decrease in (kcat/Km)UpA but a minor (1.9-
fold) increase in (kcat/Km)CpA. The same effect was observed
for the mutant R101A, excluding the possibility that new
alternative interactions of the Asn side chain were involved.

The effect of the R101N mutation, together with the
possible close proximity (Figure 3A) of the side chain of
Arg-101 to that of Asp-80, the residue corresponding to Asp-
83 in RNase A, suggested that the acidic residue could be
involved in suppressing CpA catalysis. The effect of
mutating Asp-80 was dramatic. The 159-fold decrease in
catalytic efficiency with UpA and the concomitant 233-fold
increase in the cleavage of CpA (Table 3) resulted in a
cytidine-preferring RNase 4. The value of (kcat/Km)CpA of
the mutant enzyme was nearly the same (61%) as that of
(kcat/Km)UpA of the wild-type enzyme. The ratios of the
specificity constants for UpA and CpA with the various
RNase 4’s have been summarized in Figure 4.

DISCUSSION

The clear-cut specificity of RNase 4 for uridine makes it
an attractive object for the study of substrate specificity in
the RNase A superfamily. Until now most of these kinds
of studies have been performed with bovine RNase A, an
RNase that cleaves equally well after cytidine and uridine
(6, 15), and angiogenin, a cytidine-preferring RNase (9). A

FIGURE 3: Pyrimidine-binding site in RNase 4 and RNase A. (A) Stereo diagram of the modeled pyrimidine binding site in RNase 4. The
uridine vanadate is shown in magenta. The side chain of Arg-82 is in too close contact with Phe-42 but has been included to demonstrate
the effect on the Asp-80-Arg-82 interaction (see Discussion). TheR-carboxylate has been indicated withR. The coordinates for this model
were taken from 6rsa.pdb (26). (B) Mode of binding of uracil in the B1 subsite of RNase A. This figure has been adapted from that in ref
16.

Table 3: Kinetic Parameters of Mutants of RNase 4a

kcat/Km (M-1 s-1)

UpA CpA

RNase 4b 2.5× 105 6.6× 102

RNase 4;R101Nc (6.5( 0.1)× 102 (1.23( 0.02)× 103

RNase 4;D80Ac (1.57( 0.09)× 103 (1.54( 0.02)× 105

RNase 4;K119Ac (4.3( 0.1)× 105 (7.7( 0.1)× 102

a Kinetic parameters were determined as described in Table 2. The
values are the weighted means, together with their standard errors, of
at least three independent experiments.b Data were taken from ref14.
c Molecular masses of the mutant proteins: RNase 4;R101N, 13 783
Da (exp 13 786 Da); RNase 4;D80A, 13 765 Da (exp 13 767 Da);
RNase 4;K119A, 13 753 Da (exp 13 753 Da).
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comparison of the B1 subsite and auxiliary residues in RNase
A with the sequence of RNase 4 reveals two major
differences: The Valf Phe substitution at position 42 and
the shortening of the C-terminus, which deletes Ser-123
(Table 1). The function of Phe-42 has previously been
examined. Its mutation to Val improved the rate of cleavage
of CpA much more than that of UpA, suggesting that it plays
some role in suppressing activity with cytidine substrates
(10) (see also below).

Here the role of the shortened C-terminus of RNase 4 has
been analyzed. A brief overview of this part of the RNase
A molecule is useful. The function of residues in the
C-terminus of RNase A in determining substrate specificity
has been examined kinetically (28) and by X-ray crystal-
lography (16, 29, 30). TheγOH of Ser-123 is thought to be
important for binding to uridine but not to cytidine. The
results obtained in this paper with des(123-124)-RNase A
are in agreement with these studies. Deletion of Ser-123
and Val-124 resulted in a larger decrease inkcat/Km for UpA
(10-fold) than for CpA (1.2-fold; Table 2). Gilliland et al.
(16) have found that bothdNH andγOH of Ser-123 interact
with uridine O4 through two conserved water molecules
(Figure 3B). Although they proposed a similar network for
the binding of cytidine, the much smaller effect of removal
of Ser-123 on catalysis of cytidine substrates (Table 2)
indicates that in this case the network is not as important.

For RNase 4 Zhou and Strydom (1) proposed that the
shortened C-terminus causes a low activity with cytidine-
containing substrates through an interaction between the free
R-carboxylate and the cytidine amino function, which would
prevent productive binding. The results shown in Table 2
contradict this hypothesis. The presence of the freeR-car-
boxylate has a positive influence on the cleavage of CpA,
as concluded from the 4-fold reduction ofkcat/Km upon
replacement by the neutral carboxamide. The (kcat/Km)UpA

decreased 16-fold, showing that in the case of UpA this
positive effect is stronger. The magnitude of this differential
effect is, however, too small to explain the strong uridine-
preferring specificity of RNase 4 (Figure 4). Also the results
obtained with des(123-124)-RNase A show that a shorter
C-terminus by itself does not confer uridine specificity onto
an RNase (Table 2).

Vicentini et al. (14) have hypothesized that the shorter
C-terminus allows other residues in RNase 4 to replace the
function of Ser-123 in RNase A in the binding of uridine in

the B1 subsite. The model in Figure 3A and the mutagenesis
experiments (Table 3), in particular the 385-fold reduction
in (kcat/Km)UpA upon mutation into Asn, strongly favor the
notion that the side chain of Arg-101 fulfills this role. Its
CZ atom can approximately occupy the position ofγO of
Ser-123 in RNase A, whereas its NH1 and NH2 groups could
be close enough to theR-carboxylate and OD1 of Asp-80
to form hydrogen bonds. In the present model the distance
between the guanidinium function and O4 of uridine is too
big for a direct hydrogen bond. A plausible explanation for
the reduction in (kcat/Km)UpA is that Arg-101 participates in a
water network, like Ser-123 in RNase A (Figure 3B).
Furthermore, Arg-101 may help in fixing the side chain of
Asp-80 (see below). The slightly (1.9-fold) increased activity
of RNase 4;R101N with CpA is insufficient to explain RNase
4’s substrate specificity (Figure 4). An observation that
strengthens the overall model is the substitution of Ile-81 in
RNase A by the smaller Val-78 in RNase 4. A larger side
chain at this position would sterically hinder access of the
Arg-101 side chain to the B1 subsite. The aliphatic part of
Arg-101 can nicely contact CG1 and CG2 of Val-78.

Because neither of the two major differences in the B1
subsite of RNase 4 (Table 1) could satisfactory explain the
suppression of the cleavage of CpA, the possibility that Asp-
80 is involved was examined. The results in Table 3 and
Figure 4 clearly show that the D80A mutation caused a
complete reversal of the specificity of RNase 4. It is
concluded that this residue is essential for catalysis with UpA
but that it suppresses at the same time that with CpA. The
latter is a somewhat surprising finding, because the corre-
sponding residue in RNase A, Asp-83, hardly has any
influence on the rate of cleavage of poly(C), although it
enhances that of poly(U) (15). The effect on poly(U)
catalysis has been explained by the participation of Asp-83
in hydrogen bonding to Thr-45γO, which would improve
its capability to accept a hydrogen bond from uridine N3
(15). In nearly all other mammalian RNase 1’s sequenced
to date, this aspartate is present as well (2, 3). These
observations lead to the interesting concept that although the
structure of Asp-80 is evolutionarily highly conserved
between RNases 1 and 4, its exact function may have
changed due to interactions with its environment. A similar,
and probably functionally related, phenomenon has been
observed for Thr-44 in RNase 4. Also, this residue is
conserved in all pancreatic-type RNases, but its function
differs in members of different subfamilies (10). Its site-
directed replacement by Ala in RNase A decreases the
efficiency of cleavage of uridine- and cytidine-containing
substrates to approximately the same extent (6). In angio-
genin the mutation reduces (kcat/Km)CpA 9-fold more than (kcat/
Km)UpA (9), whereas in RNase 4 it increases (kcat/Km)CpA 5-fold
but decreases (kcat/Km)UpA 300-fold (10, 14).

The results presented here and in previous publications
(10, 14), are consistent with the following model to explain
the substrate specificity of RNase 4: The B1 subsite is
formed by Phe-42, Thr-44, and Phe-117, with theR-car-
boxylate and the side chains of Arg-101 and Asp-80 as
auxiliary residues. Its structure appears to have been
optimized to fix Asp-80 permanently in a position close to
Thr-44 and the B1 subsite (Figure 3A). This would improve
the hydrogen bond accepting properties of Thr-44, resulting
in optimal binding of uridine (cf. ref15). It also causes

FIGURE 4: Substrate specificity of various RNase 4’s. Note that
the logarithm of the ratio of the specificity constants has been
plotted. Values larger than 0 correspond to uridine-preferring
RNases and those lower than 0 to cytidine-preferring ones.
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nonproductive binding of cytidine. The latter assumption
is based on observations made in high-resolution structures
of RNase A (16). The side chain of Asp-83 in the RNase
A-uridine vanadate and RNase S-UpcA complexes points
toward the B1 subsite and is close to, but not hydrogen
bonded to,γO of Thr-45 (cf. Figure 5A). However, in all
structures with a cytidine bound in the B1 subsite (i.e.,
1rnm.pdb, 1rnn.pdb, and 1rob.pdb), Asp-83 has turned away
from Thr-45 in the B1 pocket (distance between Thr-45γO
and Asp-83 OD> 4 Å; Figure 5B) and interacts directly
(1rob.pdb), or via water molecules (1rnm.pdb and 1rnn.pdb),
with Arg-85. The side chain of Arg-101 of RNase 4 may
help to fix Asp-80 in its orientation toward the B1 subsite
by hydrogen bonding to its OD1 (Figure 3A). It, in turn, is
kept in place by interacting with theR-carboxylate (Figure
3A).

Also, the side chain of Phe-42 of RNase 4 may be involved
in fixing the position of Asp-80. In the model of free RNase
4, obtained using SWISSMODEL (25), the side chain of Phe-
42 occupies the pyrimidine binding site through interaction
with Phe-117 and has to move away upon substrate binding.
This agrees with the observation that not onlykcat/Km for
CpA increases in RNase 4;F42V but also that for UpA is
slightly larger than in the wild-type enzyme (10). The
removal of the side chain of Phe-42 from the B1 subsite
would move it between Arg-82 and Asp-80 (the residue
corresponding to Asp-83 in RNase A). This would sterically
hinder Asp-80 to move into an alternative position. Thus,
in this model the improving effect on CpA catalysis of the

RNase 4 mutation R101N, F42V, or T44A (Table 3 and ref
10) would be caused by an increased freedom of Asp-80 to
move upon binding of cytidine in the B1 subsite. The
reduced catalysis with UpA would be due to the loss of, or
decrease in, the hydrogen bond accepting properties of Thr-
44.

The exact mechanism by which the close proximity of
Asp-80 to Thr-44 and the B1 subsite to suppress CpA
catalysis remains unclear. This question can probably only
be addressed when the three-dimensional structure of RNase
4 in complex with uridine and cytidine analogues becomes
available.
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