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ABSTRACT. Bovine seminal ribonuclease (RNase) binds, melts, and (in the case of RNA) catalyzes the
hydrolysis of double-stranded nucleic acid 30-fold better under physiological conditions than its pancreatic
homologue, the well-known RNase A. Reported here are site-directed mutagenesis experiments that identify
the sequence determinants of this enhanced catalytic activity. These experiments have been guided in
part by experimental reconstructions of ancestral RNases from extinct organisms that were intermediates
in the evolution of the RNase superfamily. It is shown that the enhanced interactions between bovine
seminal RNase and double-stranded nucleic acid do not arise from the increased number of basic residues
carried by the seminal enzyme. Rather, a combination of a dimeric structure and the introduction of two
glycine residues at positions 38 and 111 on the periphery of the active site confers the full catalytic
activity of bovine seminal RNase against duplex RNA. A structural model is presented to explain these
data, the use of evolutionary reconstructions to guide protein engineering experiments is discussed, and
a new variant of RNase AA(Q28L K31C S32C D38G E111G), which contains all of the elements
identified in these experiments as being important for duplex activity, is prepared. This is the most powerful
catalyst within this subfamily yet observed, some 46-fold more active against duplex RNA than RNase
A

Contemporary biological chemistry seeks to understand vertebrates, a gene encoding a single RNase near the time
the relation between the sequences of proteins and theirwhen amphibians and mammals diverged has undergone
physical and catalytic properties. One approach is to duplication at least six times, giving rise to RNase variants
rationally manipulate proteins using site-directed mutagenesisexpressed in many different tissues. The most recent
technology. Analogous manipulation has, of course, beenduplications of these separated digesti¢8) (and seminal
achieved over the past 2 billion years by evolutionary (14) RNases in bovids about 35 million years ad®,(16).
processes, although by random variation and selection, notBS RNase comprises ca. 2% of the total amount of protein
by rational designfacecreationism). The recruitment of in bovine seminal plasmd.{). Itis a dimer and has potent
established proteins to perform new functions has beenantispermatogenicl@), immunosuppressivel—23), and
documented in dozens of casd3, (@nd the comparison of  cytotoxic activities 4—26), all largely missing from
homologous protein sequences has been used as a tool tpancreatic RNase A.
guide protein engineering from its inception (see, for  Evolutionary processes have also altered the catalytic
example, ref® and3). Nevertheless, the explosion of the properties of these RNases. For example, bovine seminal
genome sequence databases (see, for exampld) feds RNase catalyzes the hydrolysis of duplex RNA at physi-
dramatically improved our ability to reconstruct with rigor ological salt concentration27—30). Pancreatic RNase has
the historical events by which evolution has yielded the essentially no catalytic activity against duplex RNA under
diversity of proteins found on modern earth) ). Thus, it the same conditions. It is not known whether the catalytic
remains timely to ask how a deeper understanding of naturalactivity of bovine seminal RNase against duplex nucleic acids
“protein engineering” can help the protein engineer in the relates to its power as an immunosuppressive and cytotoxic
laboratory. agent, nor is it known what relevance catalytic activity

The ribonuclease (RNaseyuperfamily {—10) is a well- against duplex nucleic acids, immunosuppressivity, or cy-
known system for studying molecular evolutidrl(12). In
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tostatic activity has to the biological function of BS RNase.
Therefore, developing an understanding of the structural
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ilized with acetic acid§1) to create an artificially dimerized
RNase A, which shows a-48-fold increased catalytic
activity at physiological salt concentrations toward duplex
RNA (28) and DNA/RNA hybrids 82). It is conceivable
that the 23 amino acid substitutions separating seminal and
pancreatic RNase in ox might confer catalytic activity against
duplex RNA simply by causing the RNase to dimerize.

A covalently joined dimeric structure is not, however,
necessary for catalytic activity against double-stranded RNA

observed in some RNase29|. Catalytic activity equal to Ficure 1: Evolutionary tree of artiodactyl ribonucleases. The time

(and Sometimes SUFPaSSing) that seen in bovine seminakcale is approximate. Lowercase letters at the vertexes of the tree
RNase is observed in many RNases that cannot form aindicate the ancestral sequences reconstructed in this work (see

covalent dimer, in particular in human “seminal” RNa38)( Table 1).
Therefore, a second hypothesis has been advanced to explain .
catalytic activity of various RNases against duplex RNA, a ©ligonucleotides. However, replacement of Asp-38 by Gly
hypothesis based on the observation that a number of naturafnd replacement of Glu-111 by Gly, neither obviously
ribonucleases with higher isoelectric points also have elevatedinvolved in catalysis (based on inspection of a crystal
double-stranded activity. In this hypothesis, catalytic activity structu_re), are.cr|t|cal to creat|_ng the full ca’FaIytlc act|y|ty
against duplex RNA has been interpreted as being relatedof bovine seminal RNase against duplex oligonucleotides.
to the number of positive charges presented by the RNase,
molecule to its substrate84—36). Exceptions to this rule MATERIALS AND METHODS
are the two basic proteins, human nonsecretory ribonuclease Poly(A) and poly(U) were obtained from Boehringer
and human eosinophil cationic protein (ECP), which are Mannheim, and poly[dA-dFpoly[dA-dT] was purchased
exceptionally basic members of the ribonuclease superfamilyfrom Sigma; the other chemicals were of the same quality
with little catalytic activity against duplex RNA36, 37). as described in the preceding pap&t)( Either recombinant
Bovine seminal RNase, however, is archetypal of a basic RNase A or RNase A purchased from Boehringer Mannheim
RNase homologue. In BS RNase, Lys residues replace Gln-was used. Bovine seminal RNase was expressed as described
55, Asn-62, Tyr-76, and Asn-113 in pancreatic RNase and elsewhere42). The computer model was created with the
Arg replaces Ser-80. The pattern of glycosylation of program HyperChem 4.5 (Hypercube).
ribonucleases is also believed to influence catalytic activity =~ Construction of Mutants The construction of the mutant
against duplex RNA36, 38—40). RNase genes was carried out following three different
We report here a systematic study of the relationship mutagenesis techniques: The modular (or “cassette”) mu-
between sequence in a RNase and its ability to bind, melt, tagenesis technique that was used for the ancient ribonu-
and hydrolyze duplex RNA. This work relies in part on the cleases, b, c, d, g, i1, i2, andj;2 and basic surface mutants
experimental reconstruction of ancient pancreatic RNasesA(Q55K N62K A64T Y76K S80R E111G N113K)A(Q55K
from ancestral mammals, living as long ago as 40 million N62K A64T), A(Y76K S80R), andA(E111G N113K) is
years, within the order Artiodactyl®), which includes the described elsewherd Z, 43—47).
pigs and hippopotamuses, camels and llamas, deer, goats, The ancient ribonucleases f, hy, h, j» (Table 2) and
pronghorn antelope, giraffes, gazelles, and oxen (Figure 1).h,G38D were constructed using the Bio-Rad M13mp19
We show that elevated catalytic activity against duplex RNA phage system. The gene for RNasel®)(was cloned into
is most likely a primitive trait of ancient RNases. This M13mpl9 usingecoRl andBanHI as restriction enzymes.
primitive trait was further enhanced in the seminal RNase The variants were obtained by the method of Kunk)(
family following its divergence ca. 35 million years ago. Part For expression of the protein, the genes were cloned into
of this enhancement is due to the evolution of a dimeric the expression vector pUN-RNase as described in the
structure in the seminal RNase lineage. In contrast, the basigreceding paper4().
residues introduced into the seminal RNase family did not The mutantsA(D38G), A(D38N), A(D38S),A(E111G),
enhance the ability of BS RNase to interact with duplex A(D38G E111G), A(K31C), A(S32C), A(K31F S32C)
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A(K31C S32C)A(Q28L K31C S32C)A(A19P Q28L K31C of redox buffer (100 mM NaCl, 50 mM Tris, pH 8, 5 mM
S32C),A(K31C S32C D38G E111G), andl(Q28L K31C EDTA, 10 mM reduced glutathione, 1 mM oxidized glu-
S32C D38G E111G) were constructed using the Muta-Genetathione, 1 mM PMSF, and 0.02% NgNand the proteins
Phagemid in vitro mutagenesis kit (version 2) from Bio-Rad, were refolded for 612 h at 4°C. The solution was
following procedures recommended by the manufacturer. Thecentrifuged (700§, 30 min, 4°C), and the supernatant was
synthetic RNase A gend?) was cloned in the polylinker-  dialyzed against NkDAc buffer (20 mM, with 0.02% Nap|
site of pPCYTEXP1 (Medac) behind/apromoter using the  pH 8). A small amount of precipitate was removed by
Xhd and BarrHI restriction enzymes. This vector also centrifugation (7009, 4 °C, 10 min), and the pH of the
encodes a temperature-sensitiveepressor. Construction  supernatant was adjusted to 6.8. lon-exchange and affinity
of BS RNase variant§(C31K C32S) andS(C31K C32S chromatography were carried out as described in the preced-
G38D) was carried out as described elsewhdgd. ( Oli- ing paper 41).
gonucleotides were either prepared by automated solid-phase The molar extinction coefficient of RNase was assumed
synthesis (Applied Biosystems) or purchased from King's to be 9800 84). For variants where a Tyr was replaced by
College, London, UK., or from Microsynth, Windisch, a nonaromatic amino acid, the extinction coefficients at 278
Switzerland. The presence of the desired mutation and thenm were reduced by 17%, to reflect the reduction by one-
lack of second-site mutations were confirmed by total sixth of the number of tyrosine residues in the protei) (
sequence analysis. Kinetic Assays Steady-state kinetics were performed with
Isolation of Mutant Proteins Mutant proteins were  UpA (Sigma) as a substraté&3). Poly(A) and poly(U)
reconstituted and purified as described in the preceding paperBoehringer Mannheim) were combined to yield double-
(41). This procedure was satisfactory for most variants of stranded poly(A)poly(U) following the procedure of Libonati
RNase A prepared here. However, variants having the and Floridi 7). Poly(A) and poly(U) (1 mg each) were
dipeptide Arg-Lys at positions 33 and 34 or Lys-Arg at separately dissolved in pure water (1 mL). The solutions
positions 31 and 32 were cleaved between the two basicwere mixed and incubated at room temperature until the
residues (shown by Edman degradation) when refolded fromabsorbance at 260 nm became stable. This mixture was
solutions where urea (810 M) was the denaturant. This applied to a G-200 column (superfine; Pharmacia) preequili-
cleavage was not observed when guanidine hydrochlorideprated in Tris-HCI buffer (10 mM, pH 7.3, with 150 mM
(6—8 M) was used as denaturant. Adding urea under the NaCl and 2 mM MgCJ) and eluted. A fraction (2 mL)
same conditions to a solution of the purified RNase variants showing the highest absorption, corresponding to double-
did not result in cleavage4f, 50). These results are stranded oligonucleotides of ca. 1000 base pairs, was used
consistent with the observation that the 1otell line (51) as a substrate for the RNase variants. The specific activities
of E. coliyields inclusion bodies containing an endoprotease were defined in absorption units and were calculated as done
(OmpT) stable to urea but not to guanidine hydrochloride by Libonati and Floridi 27) from the initial slope, and
that cleaves between adjacent basic resid&gs ( expressed as an increaseio per minute per milligram of
Therefore, an alternative procedure was developed for protein with 30ug/mL of poly(A)-poly(U) at 25°C.
isolating these mutants. The peIIet from the Centrifugation Assays using p0|y(U) as a substrate were carried out in
of the lysed cells was resuspended in 10 times the pellet'sNaOAc buffer (10 mM, pH 5.0, with 150 mM NaCl). The
weight (approximately 130 mL) of guanidine hydrochloride specific activities were calculated from the initial rates
buffer (6-8 M guanidine hydrochloride, 20 MM ammonium reflected in the slope of the linear part of the recordings and
acetate, 500 mM 2-mercaptoethanol, 1 mM PMSF, and were expressed as an increase in absorbance at 260 nm per
0.02% NaN). The inclusion bodies were dissolved by minute per milligram of protein with 2@g/mL poly(U) at
vigorous vortexing and stirring for 3660 min at room 25 °C.
temperature. The solubilization was completed by a 30 min  gjnging of RNase Variants to Duplex DNA'he melting
incubation in a 30C shaker. After centrifugation (7090 of duplex poly(dA-dTipoly(A-T) (13 ug/mL, Boehringer
30 min, 30°C) the supernatant was diluted with 10 volumes Mannheim) in the presence of RNase variants (18/mL)
was examined in the buffer used for measuring catalytic
2variants of RNase A and seminal RNase are designated first by a activity against duplex RNA but with 50 mM NacCl to permit
boldface letter, indicating the type of RNase type that served as the binding to be observedi(). Measurements were obtained

starting point for the mutationAl = RNase A;S or BS = bovine . o
seminal RNase), with the amino acid replacements indicated within ' & t8Mperature range of 305°C in a sealed cuvette (1.5

the parentheses using the one-letter code. The ancestral RNase varianf3lL, filled to the top).

designatech—j, refer to vertexes in the evolutionary tree shown in Reconstruction of Ancient Sequencedaximum likeli-
Figure 1 and represent the following mutan&s:= A(A19S L35M . . .
N103K),b = A(A19S L35M K37Q N103K)¢ = A(T3S AL9S K37Q hood reconstrucnons_for ancient sequences were made using
N103K), d = A(T3S A19S K37Q N103E)e = A(T3S S15P A19S ~ DARWIN (5). Services of the DARWIN package are
K31Q K37Q S59F T70S Y76N T78A S80H A96V N103E)= A(T3S available by electronic mail (cbrg@inf.ethz.ch) or on the

A19S K37Q N103E)g = A(T3S A19S K37Q Y76N S80R N103E), : . -
hy — A(T3S S16G T17S A19S A20S N34K L35M K370 D38G AaT  WWOrld Wide Web (URL http://cbrg.inf.ethz.ch/p4).

Y76N S80R A102V N103E)h, = A(T3S S16G A19S A20S N34K

L35M K37Q D38G AB4T Y76N S80R A102V N103E), = A(T3S RESULTS

ABE S16G T17S A19S A20S S22N S32R N34K L35M K37Q D38G . , " . )

ABAT Y76N S80H T100S A102V N103Q); = A(A6E S16G T17S Bovine seminal RNase has additional basic residues at
A19S A20S S22N S32R N34K L35M K37Q D38G A64T Y76N S80H  positions 55, 62, 76, 80, and 113 when compared with
T100S A102V N103Q)j; = A(T3S A6K S16G T17S A19S A20S : i
S22N S32R L35M K370 D38G AGAT Y76N S80H 11008 Al0zy Pancreatic RNase A. Together, these form a “cationic
N103Q), and. = A(T3S A6K S16G T17S A19S A20S S22N S32r  surface” on the protein that is reinforced by the loss of an
L35M K37Q D38G AG4T Y76N S80H T100S A102E N103Q). anionic side chain at position 111, where Glu in RNase A is
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seen with RNase A, while that of variaA(Q55K N62K
A64T) was identical within experimental error to that of
RNase A. VarianA(E111G) was then prepared (which has

Table 1: Catalytic Activity of Hybrids of Bovine Seminal and
Pancreatic RNage

. b
pOIyr((e,?eZtiF\)/%l)t/(()U) p(%l/gl (oLfJ) kcaﬁ?f (% a charge made more positive by one unit even though it does
RNaseA  RNase Aj of RNase A) not introduce a basic residue) and was found also to have
RNase A 1.0 100 100 3.6-fold increased catalytic activity against duplex RNA.
Smgzgflyophmzed o %-8 % 23 Thus, the impact of the basic surface on this activity could
HOAc dimer ' be effectively localized to a single substitution at position
A(S32C) 3.1 109 59 111, which did not introduce a cationic center into the
ﬁggig)sszc) 21-01 19265 5911 molecule but rather removed an anionic center. Thus,
A(K31C $32C) o1 110 140 additional basic residues of seminal RNase do not appear to
A(Q28L K31C S32C) 8.0 nd 102 be a determinant of duplex activity in the RNase family of
A(A19P Q28L K31C S32C) 8.0 nd 106 proteins.
AQESK Eﬁf@ﬁlﬂgng 38 nd 2 Next, the impact of quaternary structure on catalytic
A(Q55K N62K ABAT) 0.9 130 26 activity against duplex RNA was examined. This work was
A(E111G N113K) 3.6 90 104 facilitated by the availability of variants having different
ﬁggéég;) 22 190 e quaternary structuregl{), including the dimersA(K31C),
A(D38G E111G) 10.0 93 102 A(S32C),A(K31F S32C), andA(K31C S32C). Variants
A(K31C S32C D38G E111G) 27.6 93 88 A(K31C), A(S32C), andA(K31C S32C) had catalytic
ﬁggggg)) 3%-% 1391 gi activity against duplex RNA enhanced by a factor ef®
A(Q28L K31C S32C D38G 46.4 113 04 above that displayed by monomeric RNase A. With variant
E111G) A(K31F S32C), the enhancement was not statistically
g((ggiﬁ 5322)638@ 1f-g 15}3 5779 significant. Thus, dimers generally have increased activity
bovine seminal RNage 250 39 6 against duplex nucleic acid compared to monomers, but the

increase is small compared with the increase observed in
bovine seminal RNase itself.

We then explored the influence of the nature of the dimer
on catalytic activity against duplex RNA. In the BS RNase
dimer, residues 120 [the S-peptide, so-called because it
replaced by Gly in BS RNase. Ala-64 is also substituted was first prepared by cleaving RNase A with subtiliss)]
by Thr on the same surface. Although this substitution does are exchanged between the two subunits to yield a “swapped”
not change the charge of the protein, the substitution is dimer. In the swapped dimer, the active sites are composite,
included in several of the “cationic surface variants” with the catalytically important His-12 coming from one
examined here. Additional cationic residues are conservedsubunit and His-119 from the other. A variety of mutants
at positions 61 and 66 in both seminal and pancreatic RNasewere assayed for the extent of swapping using a method
Thus, the cationic surface of BS RNase has a total of six involving divinyl sulfone as a cross-linking agewtlj. No
positive charges without any compensating negative chargesclear correlation was observed between catalytic activity
Several authors have suggested that this cationic surface isigainst duplex nucleic acids and the extent of swap over all
important to catalytic activity against duplex RNA observed proteins examined (see Discussion).
in bovine seminal RNase34—36). Two types of dimer distinguished by two types of

To learn whether the cationic surface is responsible for intersubunit connectivity have been identifiedl). The
the increased (compared with RNase A) catalytic activity of “antiparallel” connectivity has Cys-31 in each subunit joined
BS RNase against duplex RNA, three variants were preparedwith Cys-32 in the other, while the “parallel” connectivity
in a first round of mutagenesisA(Q55K N62K A64T), joins Cys-31 from one subunit with Cys-31 of the other and
A(E111G N113K), andh\(Q55K N62K AB4T Y76K S80R Cys-32 from each subunit with Cys-32 from the other. The
E111G N113K). Except foA(Q55K N62K A64T), each extent of antiparallel connectivity increased in the series
was within a factor of 2 as active as RNase A against the A(K31C S32C) (35%+ 20% in the antiparallel disulfide
small molecule substrate UpA (Table 1). This suggests thatlinkage), A(Q28L K31C S32C) (75%t 10% in the anti-
these RNase variants adopt a native fold. Further, each hadarallel disulfide linkage), and(A19P Q28L K31C S32C)
catalytic activity against single-stranded poly(U) within a (75%= 15% in the antiparallel disulfide linkage). Catalytic
factor of 2 the same order of magnitude as that displayed activity against duplex activity also increased in this series

aAll data reported with standard error a£10%. nd = not
determined® Prepared and purified as described in Materials and
Methods; 30ug/mL. ¢ At 20 ug/mL. 9 Expressed inE. coli. ¢ From
Boehringer Mannheim.

by RNase A (Table 1).
VariantA(Q55K N62K AB4T Y76K S80R E111G N113K)

in this order (Table 1).
An alternative strategy was pursued in parallel to learn

was examined in a second round of mutagenesis. Againsthow evolution engineered catalytic activity against duplex

duplex RNA [poly(A}poly(U)], this variant had catalytic
activity increased 3:63.8-fold above that seen with RNase

RNA within the RNase superfamily of proteins. Putative
sequences that represent possible intermediates in the evolu-

A. This is consistent with the notion that the basic surface tion of RNase within the artiodactyl family over the past 40
confers increased double-stranded activity. Dissection of themillion years were obtained from Beintema (personal com-
basic surface showed, however, that the entire effect couldmunication). These were placed on a tree constructed using
be achieved by substitutions at positions 111 and 113 alone.maximum parsimony tool$56—58) and inspected for their
Thus, the catalytic activity of variarA(E111G N113K) biological plausibility. After adjustment for information
against duplex RNA was increased 3%8-fold over that contained in the fossil record (see Discussion), genes
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Table 2: Sequence Changes in Reconstructed Ancient Ribonuéleases

RNase ancestral sequences
A a b c d e f g h h; i1 i j1 j2 sem
3 Thr Thr Thr Ser Ser Ser Ser Ser Ser Ser Ser* Thr* Ser Ser Ser
6 Ala Ala Ala Ala Ala Ala Ala Ala Ala Ala Glu Glu Lys Lys Ala
15 Ser Ser Ser Ser Ser Pro Ser Ser Ser Ser Ser Ser Ser Ser Ser
16 Ser Ser Ser Ser Ser Ser Ser Ser Gly* Gly* Gly* Gly* Gly Gly Gly
17 Thr Thr Thr Thr Thr Thr Thr Thr Ser* Thr* Ser Ser Ser Ser Asn
19 Ala Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Pro
20 Ala Ala Ala Ala Ala Ala Ala Ala Ser Ser Ser Ser Ser Ser Ser
22 Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Asn* Asn* Asn Asn Ser
31 Lys Lys Lys Lys Lys GIn Lys Lys Lys Lys Lys Lys Lys* Lys* Cys
32 Ser Ser Ser Ser Ser Ser Ser Ser Ser Ser Arg Arg Arg Arg Cys
34 Asn Asn Asn Asn Asn Asn Asn Asn* Lys* Lys* Lys* Lys* Asn Asn Lys
35 Leu Met Met Leu Leu Leu Leu Leu* Met Met Met Met Met Met Met
37 Lys Lys GIn GIn GIn GIn GIn GIn GIn GIn GIn GIn GIn GIn GIn
38 Asp Asp Asp Asp Asp Asp Asp Asp Gly Gly Gly Gly Gly Gly Gly
59 Ser Ser Ser Ser Ser Phe Ser Ser Ser Ser Ser Ser Ser Ser Ser
64 Ala Ala Ala Ala Ala Ala Ala Ala Thr Thr Thr Thr Thr Thr Thr
70 Thr Thr Thr Thr Thr Ser Thr Thr Thr Thr Thr Thr Thr Thr Thr
76 Tyr Tyr Tyr Tyr Tyr Asn Tyr Asn Asn Asn Asn Asn Asn Asn Lys
78 Thr Thr Thr Thr Thr Ala Thr Thr Thr Thr Thr Thr Thr Thr Thr
80 Ser Ser Ser Ser Ser His Ser Arg* Arg* Arg* His His His His Arg
96 Ala Ala Ala Ala Ala Val Ala Ala Ala Ala Ala Ala Ala Ala Ala
100 Thr Thr Thr Thr Thr Thr Thr Thr Thr Thr Ser Ser Ser Ser Thr
102 Ala Ala Ala Ala Ala Ala Ala Ala Val Val Val* Val* Val* Glu* Val
103 Asn Lys Lys Lys Glu Glu Glu Glu Glu Glu GIn GIn GIn GIn Glu

a Reconstructed ancient sequences are designated by lowercase boldface letters (Figure 1), with subscripts indicating nodes in the evolutionary
tree where more than one alternative sequence was reconstructed. The sequence for bovine seminal RNase is indicated by sem. Only those positions
where the ancestral sequences differ from those of contemporary RNase are shown. The ancient sequences were adapted from Beldjema et al. (
who calculated them using the maximum parsimony procedure of Fs@®hat the amino acid level. A single modification in the Beintema tree
(12), which places pig and hippopotamus as a subfamily diverging together from the main lineage (as opposed to having them diverge individually
from the main lineage, see Figure 3) resolved several ambiguities in the Beinkéitia reconstructions without altering any unambiguously
assigned amino acids. Those amino acids marked with asterisks indicate positions where assignment depends on ambiguous parsimony reconstructions
or might be changed by plausible reorganization of the tree.

Table 3: Catalytic Activity of Reconstructed Ancient RNases against Duplex RNA

poly(A)-poly(U) poly(U) UpA KealKm

RNase ancestor of relative to RNase A (% of RNase A) KealKm x 1CP (% of RNase A)
RNase A 1.0 100 5.0 100
RNase & 1.0 97 45 90
a ox, buffalo, eland 1.4 106 6.1 122
b ox, buffalo, eland, nilgai 1.0 112 5.9 118
c b and the gazelles 0.8 97 4.5 91
d bovids 0.9 86 3.9 78
e deer 1.0 77 3.6 73
f deer, pronghorn, giraffe 1.0 103 3.3 67
g Pecora 1.0 87 4.6 94
hy Pecora and BS RNase 5.2 106 55 111
h, Pecora and BS RNase 5.2 106 6.5 130
i1 Ruminata 5.0 96 4.5 90
i Ruminata 4.3 80 5.2 104
j1 Artiodactyla 4.6 73 3.7 74
j2 Artiodactyla 2.7 51 3.3 66
h,(G38D) 1 94 4.9 98
A(D38G) 5 103 5.5 110
bovine seminal RNase 22 39 2.3 46

aExpressed irE. coli. ® From Boehringer Mannheim.

encoding these hypothetical ancestral proteins were preparedhe same as that observed with contemporary pancreatic
and expressed (Table 2). In several cases when significantovine RNase A (Table 3). In the more ancient reconstructed
ambiguities were found in the ancient reconstructions, proteins (ancestorhs, hy, i1, iz, j1, andj,; see Figure 1),
alternative ancestral RNases were prepared (see Discussionhowever, this catalytic activity was enhanced by a factor of
Finally, a parallel set of reconstructions were obtained using 3—5. Dissection of ancestdr was assisted by the experi-
a maximum likelihood methodb@) implemented withinthe  mental fact that the digestive RNase from pronghorn antelope
DARWIN system B). has 7-fold increased catalytic activity against duplex RNA
The catalytic activity against duplex RNA of the hypo- (15). Pronghorn and bovine seminal RNase differ at nine
thetical ancestral sequences reconstructed for organismsgositions in their primary structures. The only amino acid
living more recently than ca. 40 million years was essentially residue common to all three sequences (BS RNase, prong-
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horn RNase, and ancestoy but absent in RNase A is Gly-
38. Therefore, a variant of RNase A was constructed with
Asp-38 replaced by Gly as the only amino acid substitution.
This mutant had essentially identical double-stranded activity
as ancestoh, 5 times higher than RNase A.

To confirm that Gly-38 in the ancestral protein was the
key to the enhanced catalytic activity of this ancestor against
duplex RNA, Gly-38 was removed from the ancient protein

and replaced by Asp, the amino acid found in the descendent

proteins. This created the varidan{G38D), whose catalytic
activity against duplex RNA substrates was restored to that

of RNase A and the other reconstructed RNases descendent

from h;. This implies that essentially all of the catalytic
activity found in ancestral RNade (and earlier ancestors)
can be ascribed to the presence of Gly at position 38.
Identification of residue 38 as an element important to the
activity of bovine seminal RNase against double-stranded
RNA prompted an examination of substitutions other than
Gly at this position, in particular, substitutions that may have
been introduced during natural selection in other RNases
from other organisms. Asn is present at position 38 in the
pancreatic RNase from nilgai, whereas Ser is found in impala
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FIGURE 2: Melting of poly[dA-dT}poly[dA-dT] in the presence
of RNase variantsa, A(K31C S32C D38G E111G, A(D38G
E111G);0, A(D38G); +, A(E111G);®, RNase A;x, no protein.

S(C31K C32S). This monomer, lacking the intermolecular
disulfide bridges found in bovine seminal RNase, showed a
12-fold increased catalytic activity against duplex RNA
relative to RNase A, corresponding to a 2-fold decrease in
catalytic activity relative to BS RNase, consistent with a
small but significant role of dimeric structure in catalytic

(60) Asp_38 has also been rep|aced both by Asn and SeractiVity againSt dupleX nucleic acids. ThUS, this variant had

during the divergent evolution of RNase. The RNase
variants A(D38N) and A(D38S) had increased double-
stranded activity, although the increase was only about half
that observed when Asp-38 was replaced by Gly (Table 1).
This suggested that while a portion of the increase in catalytic
activity against duplex RNA in the D38G mutant is due to

a catalytic activity against duplex RNA essentially the same
as that displayed bjA(D38G E111G). To analyze further
the role of position 38 in the context of BS monomer, variant
S(C31K C32S G38D) was constructed. The catalytic activity
against double-stranded RNA was further reduced to 3 times
that of RNase A.

the removal of the charge, another portion arises due to the To explore the mechanism by which RNases might achieve

removal of the side chain.

These results imply that Gly-111, Gly-38, Cys-31, and
Cys-32 in BS RNase account entirely for the enhanced
catalytic activity of bovine seminal RNase against duplex
RNA, assuming that the effects of these substitutions are

catalytic activity against duplex RNA, the ability of RNase
variants to bind and melt duplex DNA was measured (Figure
2). An excellent correlation was found between the affinity
of a RNase for duplex DNA and its ability to hydrolyze
double-stranded RNA. This suggests that an RNase achieves

additive. To test this model, these residues were introducedincreased ability to hydrolyze duplex RNA by acquiring

in pairs into RNase A. First, substitutions at positions 38
and 111 were combined to cread¢D38G E111G). This
variant had greater catalytic activity than either &(®38G)

or A(E111G) variants, 10-fold higher than that observed with
RNase A but still a factor of 2 less than that observed in
bovine seminal RNase. This suggested that the contribution
to this catalytic activity made by a dimeric structure was
independent of the contribution made by Gly-38 and Gly-
111.

Variant A(K31C S32C D38G E111G) was then created.
This protein was a dimer, as expected)( It had a very
high catalytic activity against duplex RNA, some 30 times
higher than that of RNase A. This activity is somewhat
higher than the corresponding activity of bovine seminal
RNase itself. Judging by cross-linking with divinyl sulfone
(41), the protein was found to have only a small (ca. 20%)
amount of S-peptide swap. While not ruling out the
possibility that some other combination of residues not
examined in this work might also have high catalytic activity
against duplex RNA, these reconstructions provide an
accounting for the high catalytic activity of BS RNase itself
in terms of just four residues, Cys-31, Cys-32, Gly-38, and
Gly-111, whose effects are roughly additive.

To test this model, reciprocal mutants were prepared in

improved capacity to bind to and melt duplex oligonucle-
otides.

Catalytic activity against duplex RNA is often a function
of conditions as well as the structure of the catalyst. In
particular, the concentration of salt greatly influences the
capability of a RNase to catalyze the hydrolysis of duplex
RNA (36, 40). As the equilibrium between duplex and
monoplex oligonucleotides is also influenced by the ionic
strength, it is difficult to separate the two factors. As a
starting point for further interpretation, the effect of ionic
strength on the catalytic activity ¢k(D38G), A(E111G),
A(D38G E111G), andA(K31C S32C D38G E111G) was
examined in Tris-HCI buffer (pH 7.3) at different salt
concentrations (Table 4). In general, the catalytic activity
of the RNase variants against duplex RNA increased with
decreasing salt concentration, both with and without mag-
nesium. This is interpreted as a correlate of the well-known
instability of duplex RNA at lower dielectric constants and
is consistent with a model that suggests that a RNase must
melt the duplex structure before it can catalyze the hydrolysis
of one strand.

Many workers have reported that catalytic activity is a
function of salt concentration. A bell-shaped curve is
observed with a maximum shifted to higher salt concentra-

bovine seminal RNases. Cys-31 and Cys-32 were replacedtions with more basic RNase varian36( 61, 62). As the

in bovine seminal RNase by Lys and Ser to yield the variant

data in Table 4 show, a similar effect might be inferred in
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Table 4: Activity of RNase Variant against Poly¢Roly(U) as a example, 23 amino aciq substitutions separate bovine semi_nal
Function of lonic Strength RNase and pancreatic RNase. Some 7 408 077 hybrids
[NaCl] (mM) betwe_en the two protein sequences are possmle. Thus,

0 15 45 9 150 200 coml_)ln.atorlal hybrid “space” cannot be examined random]y.

Nor is it adequate to do an “orthogonal” search of hybrid

(@) Buffer: Tris-HCI (10 mM, pH 7.3) space, starting by making all 23 single point replacements,

RNase A 652 1360 190 32 2 1 identifying the one with the highest (for example) hydrolytic
A(E111G) 594 360 190 80 4 3 o . X ;
A(D38G) 812 755 250 160 8 4 activity against duplexes, then introducing all 22 of the
A(D38G E111G) 894 740 250 160 9 7  remaining substitutions individually, finding the one with
A(K31C S32C D38G E111G) 345 245 160 150 60 16 the highest activity, and repeating this process. Although
(b) Buffer: Tris-HCI (10 mM, pH 7.3) and Mg&(2 mM) this approach requires (maximally) 275 hybrids, it assumes
RNase A 10 6 2 0.5 that the 23 substitutions have independent impact on behavior
ﬁ(gééée) 222 213 113 22§ in the protein. This is known not to be true in the RNase
AED38G)E1116) 26 34 30 46 superfamily 41), as well as in many other protein families
A(K31C S32C D38G E111G) 27 34 40 14.3 (65, 66).

2 Poly(A) and poly(U) (Boehringer Mannheim) were annealed to A variety of strategies can be used to obtain additional

yield double-stranded poly(A)oly(U), which was purified by size-  information. FifSt, the prqperties .Of naturally occurring
exclusion chromatography (G-200, superfine; Pharmada). (This homologues might be exploited. This was the approach used

was used as a substrate for the RNase variants following the generalpy Beintema, Libonati, and Sorrentin84—36) to propose
procedure of Sorrentino et al61). Specific activities are reported, that basic residues in a RNase contribute to catalytic activity

calculated from the initial rates reflected in the slope of the linear . . ..
parts of the recordings, and expressed as an increase in absorbance ggainst duplex RNA. A correlation between the basicity of

260 nm per minute per milligram of protein with 3@g/mL of a RNase and its ability to hydrolyze duplex RNA is
poly(A)-poly(U) at 25°C. ® Expressed irE. coli. theoretically plausible, as additional basic residues on an

RNase might create a binding site for the second polyanionic

oligonucleotide strand. Beintema, Libonati, and Sorrentino

(34—36) inspected a large number of natural variants within
d the RNase superfamily for their catalytic activity against

to orient the subunits in the dimer to enforce an antiparallel duplex. RNA’. observing a general co.rrelatiory betwegn
arrangement of the intersubunit disulfide bondi®)( a final ca}talytlc activity and basicity in the protein, consistent with
variant,A(Q28L K31C S32C D38G E111G), was prepared. th'ihmohde'- i formulated usin th .
The disulfide connectivity was then established using the . e hypot €siS tformu ate using t IS strategy proved, in
Edman degradation strategy reported by Ciglic et 41).( this case, to be incorrect. No increase in the catalytic activity
The variant existed 70% 10% in the antiparallel con- of B.S RN*’?‘SG against duple>_< RNA could be assigneq to any
nectivity. It was found to have the highest catalytic activity basic residue introduced into BS RNase following its

; . divergence from the pancreatic homologue. The variant
t duplex RNA yet 46 t ter than f
RNase &) | yet seen (46 times greater than for \ ek Ne2k AG4T Y76K SSOR E111G N113K), having

the entire basic surface of BS RNase, does indeed have
DISCUSSION increased catalytic activity against duplex RNA. However,
the only substitution that evidently has an impact on this
The protein engineer has the task of generating proteinsactivity is the one converting Glu at position 111 to Gly.
with different physical and catalytic properties via rational The loss of the negative charge at position 111 increases
manipulation of protein sequences. As a typical protein has the overall charge of the protein byl but does not introduce
over 100 amino acids and over 1000 heavy atoms (C, N, O, a new basic site. Thus, introduction of basic residues is
and S), this task is difficult; indeed, fully predictable evidently not an approach to engineer catalytic activity
manipulation of behavior through deliberate manipulation against duplex nucleic acids in these RNases.
of structure is not even possible in small molecule chemistry. A second strategy to identify additional information relies
To improve the odds that a protein engineering enterprise on a crystal structure in light of a structural hypothesis. It
will be successful, information in addition to the sequence seems plausible, for example, that two active sites will help
and the crystal structure is helpful. a RNase hydrolyze a substrate with two strands, if only
Homologous protein sequences have long provided ad-because one active site holds the second strand while the
ditional information to guide the protein enginegy.( Even other active site cleaves the first. Thus, it is rational to
two homologous sequences with different properties are hypothesize that a dimeric protein will be a better catalyst
adequate to formulate hypotheses about which amino acidfor the hydrolysis of duplex RNA than a monomeric protein.
residues are responsible for different behaviors. Obviously, The work of Ciglic and colleague4{) provided a range
hypotheses are easiest to devise when two proteins withof variants with different quaternary structures useful for
different behaviors differ at a very small number of positions; testing this hypothesis. Dimeric structure was indeed found
one can then systematically make hybrids between the twoto contribute to the ability of a RNase to catalyze the
proteins to identify those residues that are important for the hydrolysis of duplex RNA. Simply joining two RNase
differences in behavior6@), a process that has been called monomer units together by a single disulfide bond involving
“homology scanning” §4). either Cys-31 or Cys-32 enhances catalytic activity of the
When many amino acid substitutions separate the two RNase against poly(Apoly(U) by a factor of 23. The
sequences, the hybrid approach can be time-consuming. Foenhancement depends modestly on the context. For example,

these variants in the presence of WM@2 mM). The effect
is, however, too small to be interpreted.
Last, as a hydrophobic residue at position 28 is believe
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the variantA(K31F S32C), chosen because Phe is encoded LS pecora S pecora
at position 31 by a seminal RNase gene from giraff6),( i _I/T/“‘ sheep o
showed no increase in catalytic activity against duplex RNA. N giraffe girafe

etc.)

This suggests that the orientation of the subunits in the dimer ¢~

etc.)
may also be important for catalytic activity against duplex \T camel
nucleic acids. T hippopotamus
Dimeric structures are known to come in two types, one S rig
where the first 20 amino acids (the S-peptide) are exchanged, S whale S whale
or swapped, between subunits and the other where they are § horse S horse
not (see ref4l for references). S-peptide swapping does

not, however, appear to be a structural feature that determines S pecora . S pecora
catalytic activity against duplex RNA. For examples, variant s\/ (deer, T// (deer,

T camel

T hippopotamus
S pig

sheep

A(Q28L K31C S32C) and varianA(A19P Q28L K31C < \ girafte o \ ;‘,’f{f‘ée
\‘ ete. etc.

S32C) have approximately the same catalytic activity against S
duplex RNA, even though the second is ca. 80% swapped, S
\YT hippopotamus
S whale
S horse S horse

\\T camel

\T hippopotamus
S pig

while the former is 40% swapped.

The failure of both the “basic surface” hypothesis and the
“dimeric structure” hypothesis to together account fully for
the increased catalytic activity of BS RNase against duplex

oligonucle_otides prompted a_third strategy for investigation. Ficure 3: Reconstructed amino acids depend on the connectivity
By applying rules of parsimony to the sequences of of an evolutionary tree, here illustrated in the reconstruction of Thr
contemporary RNase sequencBs, (67), the recent evolu-  or Ser at position 3. Nevertheless, it is clear that in this case different
tionary history of the RNase family was reconstructed. This trees give only slightly different reconstructions, with no impact
allowed us to retrace the steps by which nature has evolved®" the conclusions drawn from them.
proteins that act on double-stranded nucleic acid (Figure 1). .- _ . .
Fourteen ancestral RNases with sequences approximating @ ‘in-line” mechanismg9). In this mechanism, the's
those presumed to be evolutionary intermediates in the OXYg9€n of the following nucleoside must lie T&dway from
evolution of pancreatic RNases were constructed and studied"€ attacking oxygervQ). In a standard A-type double helix
(Table 2) 6). These dated back beyond the putative most 2dopted by RNA, this geometry is not possible. The 2
recent common ancestor of bovine seminal RNase and RNas&Ydroxyl group is not within bonding distance of the- 3
A (Figure 1, Table 2). The catalytic activity of these ancient Phosphate, and the-bxygen of the following nucleoside is
proteins from now extinct organisms against poly@ly- not placed 18D away from the 2hydroxyl group.
(U) was measured (Table 3p)( For most of the recent This implies that to hydrolyze duplex RNA via the RNase
evolution of RNase A, Cata|ytic activity against dup|ex A meChanism, the Catalyst must IOca”y melt the double helix
oligonucleotides remained low. Going back in geological (36, 71). If this is indeed a step in the catalytic cycle by
time, however, an increase in catalytic activity against duplex Which these variants achieve catalytic activity against duplex
RNA was observed upon going from ancestral proﬁme RNA, it ShOUld correlate with the Capacity of an RNase
most recent common ancestor of Pecora, which includes thevariant to bind and melt double-helical DNA. The observa-
deer’ Sheep' and bovids) to ancestral proteimhe point tion that ancestral RNaSBl binds to cellulose bearing
where bovine seminal RNase diverges in Beintema’s parsi- double-stranded DNA in 50 mM NaCl solution, whereas
mony analysis11) (Table 3). RNase A does not50), suggested that this might be the
Between ancestdn and ancestog, Gly-38 is replaced  €ase.
by Asp, which is retained in most of the descendent To explore the relationship between the ability to bind and
artiodactyl pancreatic RNases. The precise point where melt duplex oligonucleotides and the ability to catalyze the
this substitution is made in the reconstructed history of the hydrolysis of duplex RNA, melting curves were obtained
protein depends on the exact nature of the tree (Figure 3)with poly[dA-dT]-poly[dA-dT] duplexes in the presence of
(68). Nevertheless, it is clear that the change was made cadifferent RNase variants. A good correlation exists between
40 million years ago, near the time when ruminant artio- the ability of a RNase variant to catalyze the hydrolysis of
dactyls diverged from nonruminant artiodactys§) Prong-  duplex RNA (Table 1) and its ability to bind and melt duplex
horn RNase has a Gly at position 38, however, and shows aDNA (Figure 2). Thus, itis highly likely that duplex melting
7-fold increased catalytic activity against double-stranded is the first step in the hydrolysis of duplex RNA catalyzed
nucleic acid {5). These observations prompted investigation by the active RNase variants prepared here.
of the amino acid substitution at position 38, which was  This correlation suggested a structural model to account
found also to be critical for catalytic activity against duplex for the catalytic activity of RNase variants against duplex
RNA. RNA. Starting with the high-resolution crystal structure of
Thus, these three strategies together identified four resi-BS RNase provided by Mazzarella and co-work&3 énd
dues, Cys-31, Cys-32, Gly-38, and Gly-111, that appearedthe structure of RNase A complexed with d(ApTpApApG)
to be sufficient to confer the full catalytic activity against (73), we built a model for the putative interaction between
duplex RNA found in seminal RNase. We then asked what duplex RNA and RNase joined as a dimer through disulfide
mechanistic hypotheses might be formulated to explain why bonds having the antiparallel connectivity (Cys-31 from each
these substitutions have their effect. In the RNase A subunit pairs with Cys-32 from the other). The model made
mechanism, the'zhydroxyl group attacks the'-phosphate  the assumption that both active sites of the dimer bind to an
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Can this insight into structurefunction relationships
gained by a combination of evolutionary analysis, structural
biology, and wet biochemistry assist the protein engineer in
designing variants of RNase with high catalytic activity
against duplex RNA? From the results reported by Ciglic
et al. @1), it was concluded that a hydrophobic residue at
position 28 enhanced the amount of antiparallel disulfide
connectivity. The variantA(Q28L K31C S32C D38G
E111G) was therefore prepared, as it adds this hydrophobic
residue to the residues determined in this paper to be
important for duplex activity. The protein has the highest
catalytic activity against duplex RNA observed in this series,
some 50% higher than that displayed by seminal RNase and
46-fold higher than RNase A. The intersubunit disulfides
in this variant are ca. 70% of the antiparallel type. The high
catalytic activity of this variant against duplex RNA is
attributed to the presence together in one protein of all of
the structural features presumed to be important for this
behavior: a dimeric structure (regardless of swap), antipar-
allel intersubunit disulfide connectivity, and glycine residues
at positions 38 and 111.

These results show how evolutionary selection (or, now,
FiGURe 4: Model of the interaction of BS RNase with idealized the protein engineer) might create a RNase with catalytic
A-RNA. Amino aCidkSid‘? chains i';] the activle Silte ('7"3;]}2- His-  activity against duplex RNA. They do not, however, answer
%é?’szyls/;zlg%e (r:nya;r_gegégg;reeezbtl Ofégtigngﬁfg;riﬁf; Cligeski)é):ds the *nonclassical” questions, those relating to why evolution
chains at positions 38, 3&nd 111, 117lare in black; the A-RNA  chose to undertake this engineering task. To address such
strands are red and blue. Panel A is a model of the interaction of questions, we must understand how catalytic activity against
BS RNase 12) with A-RNA. In panel B the crystal structures of  duplex RNA in an RNase, or an ability to bind and melt
two RNase Ad(ApTpAPApG) complexes73) are superimposed gy nlex DNA, help an artiodactyl survive, select a mate, and

on the crystal structure of BS RNasg2|. The computer model - . -
was created with the HyperChem 4.5 program (Hypercube Inc.). reproduce. In the pancreatic RNases from artiodactyls, it

Images were produced using the MidasPlus program from the @ppears as if this catalytic activity has no selected function.
Computer Graphics Laboratory, University of California, San Catalytic activity observed in artiodactyl pancreatic RNases

Francisco 75). is highly variable. In pronghorn, for exampld5), the
activity is 7-fold higher than in ox. Impala and nilgai
RNA strand at the same time (Figure 4). Accepting standard pancreatic RNases have Ser and Asn, respectively, at position
geometric parameters of RNA74), one plausible model 38 (60); these are therefore expected from the results reported
places different strands in the different active sites. This here to have ca. 3-fold increased catalytic activity against
requires an almost 9end in the course of the oligonucle-  double-stranded RNA when compared with ox pancreatic
otide chain. The nucleosidé ® the diester cleavage site RNase. The variability in this behavior across the evolution-
is the partner of a base in the complementary stran€ll®6  ary tree suggests that catalytic activity against duplex
residues away from the nucleosidetb the linkage that ~ RNA plays no selectable physiological role in digestive
would be cleaved in the first active site. Residues 111 and RNases.
38 are on the surface of the protein at each end of the active Tpjs, in turn, suggests that the special properties conferred
center. In the model, Asp-38 lies near the RNA chain as it p, G}y-38 on the RNase may themselves have selective value
passes from one active site to the other. The loss of a3 more ancient RNases and in the seminal RNase branch
negative charge at position 38 might help the dimer to bind ¢ the RNase superfamily, where this Gly has been con-
and bend duplex RNA. served. The fact that the engineer can create a variant of
This model presumes an antiparallel disulfide connectivity RNase with stillhigher catalytic activity against double-
between the subunits where Cys-31 from each subunit isstranded RNA [varianA(Q28L K31C S32C D38G E111G)]
joined with Cys-32 from the other. Cleavage A{K31C presents an interesting conundrum. Either a seminal RNase
S32C D38G E111G) with CNBr followed by Edman with maximal duplex activity is not the selective optimum
degradation41) showed that varianA(K31C S32C D38G  for this protein, this activity is not the goal of natural
E111G) had 46:60% of the antiparallel intersubunit disulfide selection, or natural selection is still in the process of
connectivity (see re#l for a further discussion of the  optimizing duplex activity. This question will be addressed
method). As noted above, the ability to form a dimer with elsewhere 42, 76).
the antiparallel intersubunit disulfide connectivity correlates
approximately with catalytic activity against duplex RNA ACKNOWLEDGMENT
in the seriesA(K31C S32C),A(Q28L K31C S32C), and We are indebted to Dr. J. Stackhouse for much help and
A(A19P Q28L K31C S32C). This suggests that the major many discussions, to A. Crainic for her assistance in
contribution to duplex activity of thé& (K31C S32C D38G construction of the mutam®t(D38G), to Rebecca Moore for
E111G) variant comes from the fraction with the antiparallel preparing samples, and to Dr. R. Tykwinski for correction
disulfide intersubunit connectivity. of the manuscript.
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