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ABSTRACT. RNase PL3 is a structurally highly conserved, pyrimidine-specific RNase, which strongly prefers
to cleave at the 'Sside of uridine. Here, the question of which residues are involved in determining
substrate specificity is addressed. The difference in the rate of cleavage of UpA and CpA was found to
result from a 375-fold largek:a: for the former substrate, whereas the value&gfwere essentially the
same. The pyrimidine specificity of this class of RNases is thought to result from hydrogen bonds between
the base and a threonine residue in thesBbsite. Mutation of this residue (Thr-44) in RNase PL3
resulted in a strongly reduced activity with UpA and poly(U). However, the activity with CpA and poly(C)
had increased. Comparison with the effect of the same mutation in RNase A [delCardayre, S. B., &
Raines, R. T. (1994Biochemistry 336031-6037] and angiogenin [Curran et al. (19%ipchemistry

32, 2307-2313] showed that the function of this threonine in substrate recognition is different in three
RNase subfamilies. Previous studies have shown that th@3@egion contains one or more residues
that are involved in substrate recognition [Vicentini et al. (199tein Sci. 3459-466]. Site-directed
mutagenesis of amino acids in this region identified Phe-42 as the only single residue that affected the
cytidine/uridine specificity ratio. The mutation F42V resulted in a 10-fold increaggidand a 1.9-fold
decrease ik, for CpA. The properties of the double mutant F42V/T44A suggested that a suboptimal
binding of cytidine is caused by Phe-42, partially through an effect on Thr-44.

Mammalian ribonucleases (RNases) that are homologous o H CH, NH, CH,
to bovine pancreatic RNase A (Blackburn & Moore, 1982) \o a olH
form a superfamily that can be divided into four subfamilies n—"" _<H_ N e B _<H_
on the basis of amino acid sequence homology (Vicentini et | /& / | /& /
al., 1994). The primary structures of well over 60 enzymes ’I‘ 0 ~H—N T ----- H—N
have been determined, providing a large data base for studies rib \ Rib
on structure-function relationships. RNase PL3 is a member
of a structurally highly conserved subfamily of RNases, uridine cytidine

which have a strong preference for cleaving thed® bond FicurRe 1. Schematic representation of the binding of the two
at the 3-side of uridine in both polymeric and dinucleotide Pydr.'m'd'ge bats)eskto Tlhr‘45 in RNase A. Hydrogen bonds have been
substrates (Shapiro et al., 1986; Vicentini et al., 1994). In Indicated as broken lines.

contrast, most other pancreatic-type RNases either prefer,genesis: the mutant T45A has a reduced catalytic efficiency
cyudme or do not discriminate between the two pyrimidines it both poly(C) and poly(U) (delCardayre & Raines, 1994,
[cf. Richards and Wyckoff (1971), and Blackburn and Moore 1gg5)  Qualitatively similar results have been obtained with

(1982)]. The pyrimidine specificity of RNase A, the angiogenin (Curran et al., 1993). Because Thr-45 has been
prototypic enzyme of this superfamily, is reasonably well-  cqnserved in all RNases, it is likely that it is important for
understood from studies on the three-dimensional structureg psirate binding in the other subfamilies as well.

of enzyme-inhibitor complexes (Richards & Wyckoff, 1971; RNase PL3, and its human orthologue RNase 4 (Zhou &

Wilodawer, 1985). The pyrimidine base binds in a narmow gyrvqom, 1993), cleave dinucleotides of the structure NpA
pocket on the surface of the enzyme, the so-callesite approximately 400-fold better with uridine than with cytidine
(Richards & Wyckoff, 1971), formed by His-12, Val-43, i, the N position (Shapiro et al., 1986: Vicentini et al., 1994).

Asn-44, Thr-45, and Phe-120. The main interactions are gjnce photh Thr-45 and Phe-120 have been conserved in these
through hydrogen bonding to Thr-45 and van der Waals gn,ymes (Thr-44 and Phe-117, respectively), their uridine-

contacts with Phe-120. The-NH of Thr-45 donates a  preferring specificity raises the question as to which structural
hydrogen to O2 of either pyrimidine base, whereas G features determine substrate recognition. Previously, we
acts as a hydrogen bond acceptor in the case of uridine but,5ye found that replacement of residues-3@ of RNase
as a donor in the case of cytidine (Richards & Wyckoff, p| 3 by the corresponding ones from RNase A yielded a
1971) (Figure 1). The importance of these hydrogen bonds y brig protein (RNase PLRA1) with a more “RNase A-like”
in RNase A has been demonstrated by site-directed MU-pehavior, i.e. an increased catalytic efficien&ydKi) for
cytidine-containing substrates (Vicentini et al., 1994). The
* Correspondence should be addressed to Jan Hofsteenge, Friedricteatalytic efficiency for CpAincreased 82-fold, but that for
Miescher-Institut, P.O. Box 2543, CH-4002 Basel, Switzerland. Tele- UpA only increased 9-fold. Such a preferential increase in

phone: 061 697 47 22. Fax: 061 697 39 76. E-mail: hofsteenge@fmi.ch. N ; ;
*Present address: Department of Molecular Biology, National activity was also observed with the polymeric substrate

Institute of Oncology, H-1525 Budapest, Hungary. poly(C) compared to pqu(U). |n.R'Nf5lse .A, Val-43 is in
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er et al. (1983)]. Since RNase PL3 contains a much largerfor cleavagek../Km, were determined at [Sk K. Data
residue at this position (Phe-42) than RNase A, it was were fitted to the equation describing first-order kinetics
proposed that it is involved in discriminating between uridine using the program Enzfitter (Leatherbarrow, 1987). The
and cytidine (Vicentini et al., 1994). individual kinetic parametergg,;andKn,, were obtained from
In this paper, we have examined the function of Thr-44 initial rates of cleavage at substrate concentrations ranging
in substrate recognition by RNase PL3 by determining the from 0.X, to 3K, (five points). Enzyme concentrations and
properties of a T44A mutant. Furthermore, we have studied reaction times were chosen so that less than 10% of the
the role of residues in the 3612 region of RNase PL3 by substrate was consumed. The data were fitted to the
mutating them one by one into their RNase A counterpart. Lineweaver-Burk equation using previously described pro-
cedures (Hofsteenge et al., 1986). All kinetic parameters
MATERIALS AND METHODS were determined at least twice in independent experiments.
Activities toward the homopolynucleotide substrates were

Materials. Restriction enzyme ed for recombinant - . . .
s Strct Zymes us ! determined as described (Vicentini et al., 1994).

DNA manipulations were obtained from Boehringer-Mann-
heim. The dinucleotides UpA and CpA were supplied by RESULTS
Dr. W. Pfleiderer (University of Konstanz, Germany) and

Sigma (St. Louis, MO), respectively. Poly(U) and poly(C) |solation and Characterization of Mutants of RNase PL3.
were obtained from Pharmacia (Uppsala, Sweden). All mutant proteins could be purified by the standard
Site-Directed Mutagenesis and DNA Sequenciril procedure described in Materials and Methods with a yield
oligonucleotides were prepared using standard phosphoratomparable to that of the wild-type enzyme (approximately
midite chemistry on an Applied Biosystems Model 380A 1.5 mg/L; Vicentini et al., 1994). For those mutations that
DNA synthesizer. For mutagenesis experiments, the cDNA resulted in a change in charge, the chromatographic behavior
coding for RNase PL3 in Bluescript M13 was used (Vicentini on the ion exchange column changed accordingly. The
et al,, 1994). Overlap extension using PCR was employed proteins were judged to be pure, from analysis by SDS
to introduce the mutations (Ho et al., 1989), which were PAGE and amino acid composition (data not shown).
verified by sequencing both strands of DNA by the dideoxy Moreover, the identity of each of the mutants was confirmed
method (Sanger et al., 1977). by isolating the expression plasmid from the same trans-
Expression and Purification of the Recombinant Proteins  formed bacterial culture as the protein and sequencing again
Wild-type and mutant RNase PL3 were expressedtsa the RNase-coding region.
cherichia colistrain Topp-2 (Stratagene, La Jolla, CA) using Effect of Mutation of Thr-44 on the SpecificityGiven
the vector ptrp ss PL3 described previously (Vicentini et al., ihe results obtained with RNase A (delCardayre & Raines,
1994). Proteins were purified from total extracts of the cells 1994) and angiogenin (Curran et al., 1993), removal of the
essentially as described (Vicentini et al., 1994). For the wild- gjge chain of Thr-44 in RNase PL3 was expected to decrease
type enzyme, a slightly modified protocol was used. The e catalytic efficiency with both cytidine- and uridine-
final purification step by reversed phase HPLC was replaced containing substrates. The RNase PL3 mutant T44A had a
by ion exchange chromatography on an FPLC mono S 19 fo|d-reduced activity with poly(U) and a 313-fold-
column. The column was equilibrated in 15 mM B0, decreaseda/Kn for UpA. With cytidine-containing sub-
(pH 6.0) and eluted with a linear gradient of 15 to 350 MM gyrates, however, an increase in activity was observed, 2.6-
of_the same buffer_ln 60 min, at a flow rate of 1 mI__/mm. and 5.2-fold for poly(C) and CpA, respectively (Tables 1
Aliquots of the purified RNases were dialyzed against 50 gnq 2. The reduction in activity of the mutant enzyme with
mM NH,HCO; (pH 7.8) and used for protein chemical pA resulted from a 160-fold decreasekn, whereaskp,
characterization and kinetic analysis. _ ~increased only 1.8-fold. Likewise, the improved activity with
In order to verify the presence of the desired mutation, CpA was caused by an increasekig (6-fold). The mutant

and the correctness of the rest of the sequence, the expressiofad RNase A-like properties (Table 1), cleaving preferentially
plasmid was purified from the same cells as the protein and ater cytidine.

sequenced. Effect of Mutation of Residues in the-362 Region on

Protein Chemistry. The purity of the RNases was o cytigine/Uridine Specificity RatioTo test whether the
establlsh_ed by rever_sed phase HPITC’ SMGE' Edm_an . _large preferential increase in catalytic activity for cytidine-
degradation, and amino acid analysis as described (V|cent|n|Containing substrates of mutant RNase PLRA1 (RNase PL3
etal., 1994). From the latter, the exact concentration of the with residues 3642 replaced by the corresponding ones
protel_n and, in mqst cases, additional evidence for the from bovine pancreatic RNase A; see introductory section)
mutation were obtained. o was caused by the mutation F42V, this residue was mutated

Kinetic Studies and Data AnaIyS|sAct|V|ty toward the back to phenylalanine, yielding RNase PLRAL V42F. The
dinucleotides UpA and CpA was measured in 50 MM MES i) rate of cleavage of poly(C) by this mutant enzyme
NaOH (pH 6.9) containing 125 mM NaCl, 1 mM EDTA,  5nq thek../K. for CpA were reduced 44- and 54-fold,
0.2mM DTT, 0.1% poly(ethylene glycolM, = 6000), and  egpectively, compared to those for RNase PLRAL. In
0.2 mg of bow_ne_serum albumin per milliliter. The reactions contrast, the enzymatic activity with poly(U) had not changed
and the quantitation of products were performed as descrlbed(-rab|e 2), whereas with UpA, only a small decrease (3-fold)
previously (Vicentini et al., 1994). The specificity constants o< observed (Table 1). Consequently, the specificity ratios
of RNase PLRAL VA42F KeafKin)cpn/ (Keal Kim)upa @nd @io)polyicy
! Abbreviations: CpA, cytidylyl-35-adenosine; MES, 2N-mor- (vo)poyu), decreased in comparison with those of RNase

pholino)ethanesulfonic acid; PCR, polymerase chain reaction,-SDS PLRAL to values that were nearly the same as those of the
PAGE, polyacrylamide electrophoresis in the presence of sodium

dodecyl sulfate; UpA, uridylyl-35'-adenosine; i)poyy), initial rate wild-type enzyme (Figure 2). T_hese results suggested that
of cleavage of poly(C) or poly(U). of the residues in the 3642 region only Phe-42 affected
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Table 1: Kinetic Parameters for the Cleavage of UpA and CpA by Wild-Type and Mutant RNade PL3

UpA CpA
kcat KITI kCé\{l‘(l'l‘lb kcat Km kcal/Kmb

RNase (s (x10* M) (x1PM1s™h (s (x10* M) (x1PM~1s™
wild-type 675 2.7 2.5(1) 1.80.2 2.8+0.7 6.4+ 1.6 (1)
T44A 4.2+ 0.1 4,94 0.2 0.008+ 0.0002 (3x 1073) 11.1+2 3.3+£1.0 33+ 5(5.2)
PLRA1 2103+ 171 0.9+ 0.1 23.6+1.9(9.4) 78.5- 2.6 1.4+ 0.1 526+ 20 (82)
PLRA1 V42F 706+ 36 0.9+ 0.1 7.7+ 0.5 (3.1) 3.9£ 0.3 4.6+ 0.5 9.8+ 0.6 (1.5)
S36K nd nd 2.2-0.01(0.9) nd nd 5.5 0.01 (0.8)
H37D nd nd 3.0+ 0.01 (1.2) nd nd 7.50.02(1.1)
Y38R nd nd 2.8£0.01(1.2) nd nd 5.6 0.02 (0.7)
R41P nd nd 3.5-0.01(1.4) nd nd 6.1 0.02 (0.9)
F42Vv 1026+ 104 1.4+ 0.3 7.4+ 0.8 (3.0) 18.3£ 0.8 1.5+ 0.1 119+ 12 (19)
FA2VIT44A 11.9+11 93+11 0.013+ 0.001 (5x 1073) 29.94+ 45 2.3+ 0.6 130+ 15 (20)
RNase A 35.3 46000

2 The reported values are the weighted means of at least two experiments together with their standard error. The values in parentheses give the
value ofk./Kn, relative to that of the wild-type enzyme. The data for the wild-type enzyme with UpA are from Vicentini et al. (29@4)ies
for kea/Km Were also determined under pseudo first-order conditions<§¥m), and were within 15% of those listed hefélhese values have
been taken from Vicentini et al. (1994).

Table 2: Initial Rate of Cleavage of Poly(U) and Poly(C) by Furthermore, thg cytidine/uridinv_a specificity ratio for th_ese
Wild-Type and Mutant RNase PR3 substrates had increased only in the F42V mutant (Figure
poly(U) [nM (ng of poly(C) ["M (ng of 2). The |mproveq.catalyt|c activity vynh_ CpA in mutant
RNase RNase)'mLtmin]  RNase)imL-2min 7] RNase PL3 containing the F42V substitution was mainly due
wild-type 580 (1) 8.8 (1) to an increase ik The values for this parameter increased
T44A 30 (0.05) 23.1(2.6) 44- and 10-fold in RNase PLRA1 and RNase PL3 F42V,
PLRA1 4200 (7.2) 2000 (227) respectively, but the value oK, decreased only ap-
PLRAL V42F 4410 (7.6) 45 (5.1) proximately 2-fold (Table 1). In agreement with these
ag% 1;’?8 ((125?)) g '3 ((8 'g)) observations, also, the reduction in catalytic activity of RNase
V38R 1140 (2.0) 2.9(1.2) PLRAL V42F with CpA, compared to that of RNase PLRAL,
R41P 800 (1.4) 3.62 (1.4) was largely caused by an effect & (Table 1).
Ei%/TMA igg ((é?) igg ((28)) On the basis of the three-dimensional structure of RNase

: _ A, it seemed likely that Phe-42 and Thr-44 are close to each
2The numbers represent the rate of production of acid-soluble other in space (Figure 3). It was, therefore, of interest to
nucleotides and are the average of duplicate determinations. The . | ' .
numbers in parentheses give the activity of the mutant relative to that examine the effect of adding the mutation T44A to the
of the wild-type enzyme. mutant F42V. Compared to that of RNase PL3 F42V, the
catalytic efficiency of the double mutant RNase PL3 F42V/

T44A had increased only 1.1- and 1.7-fold with CpA and
| poly(C), respectively. With UpA and poly(U), however, the
0.02 L 04 catalytic activity was reduced (570- and 6-fold; Tables 1 and
i 1 2), compared to that of RNase PL3 F42V. The properties
< s of the double mutant resembled more closely those of the
< £ F42V than those of the T44A mutant when cytidine-
3 or < containing substrates were used, whereas with UpA and
S % 3 poly(U), the reverse was true.
- DISCUSSION
. L I Iﬁ 1 L Role of Thr-44 The pyrimidine specificity of RNase A
W PLRAT PLEAT SK D YR AP Fe2v is mediated by Thr-45, which forms hydrogen bonds with

the pyrimidine base on thé-Side of the scissile bond (Figure
Ficure 2: Effect of mutation of RNase PL3 on substrate specificity. 1). Since both uridine and cytidine make two hydrogen

The effect of the mutation of residues in the-38 region of RNase bonds with the threonine, this interaction explains the
PL3 is expressed as the ratio of the specificity constants for the . " .
dinucleotide substrates (shaded bars) or as the ratio of the initial approximately equal catalytic efficiency for cleavage after

rate of cleavage for homopolymeric substrates (open bars). The€ither CpA or UpA (Richards & Wyckoff, 1971). However,
absolute values of these parameters have been given in Tables BIso angiogenin, which cleaves preferentially after cytidine
and 2. (Harper & Vallee, 1989), and RNase PL3 contain a threonine
the cytidine/uridine specificity ratio. To confirm this, mutant at this position (Thr-44). This raised the question about the
enzymes in which Ser-36, His-37, Tyr-38, Arg-41, or Phe- €Xact function of this residue in substrate recognition, and
42 was replaced individually by its RNase A counterpart the involvement of other amino acids.

were examined for their substrate specificity. With the  Determination of the steady state kinetic parameters for
exception of F42V, none of the single mutations caused athe cleavage of UpA and CpA by wild-type RNase PL3
significant change in the values fiy/K, with the dinucle- showed that the uridine-preferring specificity of this enzyme
otide substrates UpA and CpA (Figure 2, Table 1) or in the resulted from a 375-fold higher catalytic constat,, for
initial rate of cleavage of poly(U) or poly(C) (Table 2). UpA. On the other hand, the values Kf, for the two
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Ficure 3: Stereoview of the pyrimidine pocket in RNase A. The structure shown was taken from the RNasdiRe vanadate complex

(6RSA; Wlodawer et al., 1983). At the position of Val-43 (homologous to Phe-42 in RNase PL3), a phenylalanine residue has been built
in (thin lines), to illustrate its possibly close proximity to the pyrimidine base and Thr-45. Hydrogen bonds have been indicated by broken
lines.

substrates were essentially the same (Table 1). As for mostized by hydrogen bonds between the side chain carboxamide
enzymes, the substrate specificity of RNase PL3 is deter-of GIn-117 and=NH and O of Thr-44 (Acharya et al., 1994,
mined by preferentially recognizing the substrate in the Russo et al., 1994). In RNase PL3, one of the residues that
transition state, rather than in the recognition of the ground could be responsible for the way in which Thr-44 functions
state. An overly strong binding of the latter would lead to is Phe-42 (see below).
suboptimal catalysis [cf. Fersht (1985)]. Mutation of Thr- The Thr— Ala mutation reducedk../Kn for UpA 313-
44 into an alanine greatly reduced the cleavage of UpA and fold which corresponds to a loss of 3.3 kcal/mol of binding
poly(U), but it increased the cleavage of CpA and poly(C) energy in the transition state. This value is higher than
(Tables 1 and 2). From the kinetic parameters for the expected for the removal of a single hydrogen bond-{1.5
dinucleotides, it is evident that mainly catalyslgq, is 2.0 kcal/mol; Fersht et al., 1985), an observation that was
affected but thaK,, is altered only slightly. Itis not known also made for RNase A (delCardayre & Raines, 1994). It
whether in RNase PL3 Thr-44 actually hydrogen bonds to seems possible that interactions with Thr-44 are important
uridine and cytidine as shown in Figure 1. In any case, its for correct orientation of the uridine and that, in their absence,
side chain appears to be important for the cleavage of uridine-other contacts that are essential for transition state stabiliza-
containing substrates but appears to have a negative effection are impaired.
on that of cytidine-containing ones, possibly by causing Effect of Mutation of Residues in the-362 Region and
suboptimal binding with respect to the catalytic machinery. the Role of Phe-42From previous studies on RNase PL3,
The magnitude of the effect of the T44A mutation was it was concluded that, in addition to the conserved residues
smaller for poly(U) and poly(C) than for the corresponding in the B, pocket, Thr-44 and Phe-117 residues in the-36
dinucleotides (Tables 1 and 2). In particular, the decrease42 region must also be involved in pyrimidine recognition
observed with UpA (313-fold) was much larger than with (Vicentini et al., 1994). Two mutagenesis experiments, the
poly(U) (20-fold). This could be explained if this polymeric  back-mutation of Val-42 in RNase PLRA1 into Phe and the
substrate made energetically important interactions with the single-site mutation F42V, showed that Phe-42 is the only
enzyme at subsites that are distant from the active site andsingle residue that influences the cytidine/uridine specificity
the pyrimidine-binding pocket. Such subsites have been (Figure 2). Compared to the wild-type enzyme, the mutant
demonstrated in RNase A (de Llorens et al., 1989) and otherF42V had an increased activity with both uridine- and
RNases, including RNase PL3 (O. Zelenko, U. Neumann, cytidine-containing substrates. However, the increase with
and J. Hofsteenge, manuscript in preparation). CpA or poly(C) was much larger than with UpA or poly(U)
Comparison of the results presented here with those (Tables 1 and 2). In agreement with the finding in the wild-
obtained for RNase A and angiogenin revealed that, althoughtype enzyme that catalysis and not substrate binding deter-
Thr-45 has been structurally conserved in all 62 RNases mines specificity, the major contribution to the improved
sequenced to date (Beintema, 1987; J. J. Beintema, personalleavage of CpA by RNase PL3 F42V resulted from an
communication), its function seems to differ in at least these increase ink., rather than inK,, (Table 1). The much
three RNase subfamilies. Thus, whereas the FhAla smaller increase itk.o/Km for UpA was distributed about
mutation in RNase A decreases the cleavage of uridine- andequally over the two parameters.
cytidine-containing substrates to approximately the same The above-mentioned results clearly established Phe-42
extent (delCardayre & Raines, 1994), it redukegK, of as the most important residue in the-3® region determin-
angiogenin for CpA 10-fold more than that for UpA (Curran ing the cytidine/uridine specificity. However, one or more
et al., 1993). In RNase PL3, the mutation decredgg®, of the remaining residues play a role as well, by affecting
for UpA but increased that for CpA (Table 1). This suggests Phe-42. The effect of the F42V mutation on the specificity
that the role of the threonine residue depends on structuralratio, as calculated from Table 1, was about 2.8-fold greater
features unique to each RNase, probably in particular onin the context of the RNase A loop than in that of RNase
those of the B subsite. Indeed, for both RNase A and PL3. This indicates a cooperative interaction between Phe-
angiogenin, residues have been identified that interact with 42 and the other residues of the loop.
the threonine and modulate pyrimidine binding. Asp-83in  Previously, it has been noted that, compared to RNase PL3,
RNase A can form a hydrogen bond with Thr-45, which is RNase PLRAL shows improved catalytic efficiency with all
important for the binding and cleavage of poly(U), but not substrates tested. It was assumed that this was due to
that of poly(C) (delCardayre & Raines, 1995). The relatively mutation of one or more residues, other than Phe-42,
low ribonucleolytic activity of angiogenin has been rational- surrounding Lys-40, a residue possibly involved in transition
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state stabilization (Vicentini et al., 1994). In particular, the must mean that, in addition to residues—384, still other
replacement of Arg-41 by a proline residue was thought to parts of the structure are affecting the activity with this
be important. The results obtained here for the single-amino substrate. The C-terminus of RNase PL3 is two residues
acid mutants S36K, H37D, Y38R, and R41P show that no shorter than that of RNase A (Hofsteenge et al., 1989). This
single residue increased the cleavage of both cytidine- andcould affect the properties of the; Bubsite, through the
uridine-containing substrates (Tables 1 and 2). Only the absence of a residue equivalent to Ser-123 in RNase A, and
combination of the single mutations, as in RNase PLRAL the close proximity of the C-terminal-carboxylate (Zhou
V42F, caused such an increase. These residues surround Strydom, 1993; Vicentini et al., 1994). Studies to test
Lys-40, which in analogy to Lys-41 in RNase A could be these hypotheses are now in progress.
important for stabilization of the pentacoordinated reaction
intermediate (Richards & Wyckoff, 1971). It is plausible ACKNOWLEDGMENT
that the spatial structure of this region, in particular the turn
formed by residues 3638, influences the alignment of the
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