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ABSTRACT. To enable application of postgenomic evolutionary approaches to understand the divergence
of behavior and function in ribonucleases (RNases), the impact of divergent sequence on the divergence
of tertiary and quaternary structure is analyzed in bovine pancreatic and seminal ribonucleases, which
differ by 23 amino acids. In a crystal, seminal RNase is a homodimer joined by two “antiparallel”
intersubunit disulfide bonds between Cys-31 from one subunit and Cyse3@ the other and having
composite active sites arising from the “swap” of residue2@ from each subunit. Specialized Edman
degradation techniques have completed the structural characterization of the dimer in solution, new cross-
linking methods have been developed to assess the swap, and sequence determinants of quaternary structure
have been explored by protein engineering using the reconstructed evolutionary history of the protein
family as a guide. A single Cys at either position 32 (the first to be introduced during the divergent
evolution of the family) or 31 converts monomeric RNase A into a dimer. Even with an additional Phe
at position 31, another residue introduced early in the seminal lineage, swap is minimal. A hydrophobic
contact formed by Leu-28, however, also introduced early in the seminal lineage, increases the amount of
“antiparallel” connectivity of the two subunits and facilitates swapping of residue201 Efficient
swapping requires addition of a Pro at position 19, a residue also introduced early in the divergent evolution
of the seminal RNase gene. Additional cysteines required for dimer formation are found to slow refolding
of the protein through formation of incorrect disulfide bonds, suggesting a paradox in the biosynthesis of
the protein. Further studies showed that the dimeric form of seminal RNase known in the crystal is not
the only form in vivo, where a substantial amount of heterodimer is known. These data complete the
acquisition of the background needed to understand the evolution of new structure, behavior, and function
in the seminal RNase family of proteins.

In the postgenomic era, evolutionary histories will be begun to be explored, howevet)(

readily available for the protein modules that are indepen- This is the first in a series of papers that develops
dently evolving units of protein sequence found in genomic evolutionary histories as a guide in experimental biochem-
databases. These histories will be represented by a multiplestry using the extracellular mammalian ribonuclease (RNase)
alignment of the sequences of the proteins in the module family as a modelg, 4). The value of RNase as a system
(as well as their encoding DNA sequences), an evolutionary for exploring protein evolution was noted in the 1970s by
tree, and reconstructed ancestral DNA and protein sequence8eintema and co-workers§), who determined several dozen
for each branch point in the tree. Together with a detailed sequences of digestive RNases from a variety of artiodactyls
model of biomolecular evolution, these histories will be used (the mammal order containing, inter alia, pigs, camels, deer,
to connect sequence, structure, chemical reactivity, andgiraffe, sheep, goat, antelope, and ox). In 1984, Nambiar et
biological function (). How these evolutionary histories al. (6) brought tools from molecular biology to bear on this
will be used to guide experimental biochemistry has only
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system, pointing out that the ongoing evolution in this system Homodimers having active sites formed by elements
and the unusual biological activities displayed by some coming from both subunits are, of course, found throughout
RNase family members made the system ideal for exploring biochemistry. Dimers formed by joining two polypeptide
adaptive and neutral evolutionary change in proteins. This chains via a disulfide bond are fewer, but still common
point was later expanded and discussed in light of new (insulin is an example). Divergent quaternary structures are
information by Benner{—9). known in homologous proteins; for example, alcohol dehy-
At the center of this discussion is the discovery that the drogenase from horse liver is a dimer, while its homologue
digestive enzyme in ruminant$(@) is related by evolutionary ~ from yeast, with some 70% of the amino acids replaced,
ancestry to a large family of nondigestive proteins with forms a tetramer38). Proteins with a swapped secondary
unusual catalytic and biological activitie® 8). Angiogenin, structural element are rarer, but not unkno\28-(31).
for example, isolated by Vallee and co-workers from tumor-  Some evolutionary context illustrates how remarkable
conditioned cell medium while seeking substances important these differences are in the seminal/pancreatic RNase pair.
in the vascularization of solid tumor4X), is a member of  Normally, homologous proteins retain the same overall
the RNase superfamily of proteins. Eosinophil-derived tertiary fold, even after over 75% of the amino acids have
neurotoxin, which causes neuronal degenerati@); €osi- undergone substitutiorBR). The subunit of the swapped
nophil cationic protein, which has anti-parasitic activity) seminal RNase dimer and the pancreatic RNase monomer
the P-30 protein from amphibian eggs, which recently entered differ in tertiary fold after only 20% divergence. Further,
clinical trials as an antitumor agert4); and a sialic acid-  the positioning in the polypeptide chain of active-site residues
binding lectin from frog 15) are also all members of the is normally extremely well conserved; indeed, different
RNase superfamily. positioning of active-site residues can be taken as an
That pancreatic RNases might be part of a superfamily of argument against homolog33).
proteins with such interesting biological activities was  Further, amino acid substitutions that achieve one goal
anticipated by the unusual biological properties of yet another need not be compatible with other goaBl. Introducing
member of the RNase superfamily, bovine seminal ribonu- cysteines on the surface of a protein appears to be a direct
clease 79, 16). Seminal RNase, which represents ap- way of allowing a protein to dimeriz&6—37). In a protein
proximately 2% of the total protein in bovine seminal plasma, that already contains eight cysteines forming four disulfide
has antispermatogenic activityld), immunosuppressive  bonds, however, additional cysteines could form incorrect
activity (18—20), and cytotoxic activity against many disulfide bonds that create a kinetic trap that slows the folding
transformed cell lines2l, 22). Each of these activities is  process 8, 39).
largely absent from pancreatic RNase and the protein that Bennett and co-workers3() recently suggested that
was the most probable recent common ancestor of seminalswapping between subunits might be a general mechanism
and pancreatic RNas@3). by which dimeric structures might evolke nao. In this
To understand the evolutionary processes that have createanodel, the contact between two swapped domains resembles
this remarkable diversity of behavior in relatively little time the contact in the unswapped monomer; this provides a
(from a geological perspective), we must begin by examining preevolved interface for forming a dimer contact. The
the primary evolutionary event, the divergence of sequence,evolution of further contact sites to join the two subunits is
and what its impact is on dependent structural variables, assumed to be a second step, made possible once selective
including tertiary and quaternary structure. In the RNase advantage conferred by dimeric structure is accessible, at
superfamily, the impact has been remarkable. Twenty-threeleast in part, through the swapped dimer. Although contro-
amino acids (out of 124) separate the bovine seminal andversial @0), this model is supported by the propensity of
pancreatic RNases. These differences offer the opportunitypancreatic RNase to form noncovalent dimers joined by an
for different quaternary structures that may have been S-peptide swap when it is lyophilized from acetic a@a)(
exploited by divergent evolution. In its best characterized Some time ago, we noted that reconstruction of specific
purified form, dimeric seminal RNase is joined covalently intermediates in the divergent evolution of a protein family
by two intersubunit disulfide bond24, 25), between Cys- is useful when analyzing the relationship between structure
31 of one subunit and Cys-32n the other and between and function in proteingg 23, 41). In the pancreatic RNase
Cys-32 of the first subunit and Cys-3af the other (the  family, this reconstruction can be done in great detail, thanks
“antiparallel” disulfide connectivity). In pancreatic RNase, in large part to sequence data from artiodactyls collected by
which does not form a covalent dimer, these positions contain Beintema and co-workers over the past two decaégs (
Lys and Ser residues, respectively. Seminal RNase diverged from the pancreatic lineage after
The divergence of primary and quaternary structure also the divergence of camel from the lineage leading to ox but
has an impact on tertiary structure in the dimer. In the crystal before the divergence of dee#d). While the precise
structure of the seminal RNase dimer, residue20 (the structures of these intermediates remain hypothetical, each
S-peptide) 26, 27) from one subunit of the seminal RNase of the ancestral RNases was monomeric. Thus, the evolu-
dimer are swapped with residues 20 from the otherZ5). tionary reconstruction implies that dimeric structure is a
The S-peptide swap creates composite active sites, with ongeature of RNase that arose in the seminal lineage after it
of the two key catalytic histidine residues (His-12) coming diverged from the pancreatic lineage.
from one polypeptide chain in the dimer and the second (His- Molecular biological methods have been applied both in
119), together with catalytically important Lys-41, coming these laboratorie®2( 35) and in the laboratories of Raines
from the other. Pancreatic RNase A is, under normal (43) and D’Alessio 86, 37, 44) to describe the relationship
circumstances, a monomer that builds its active site from a between primary, tertiary, and quaternary structure in seminal
single polypeptide chain. RNase. We complete this description here. The evolution-
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ary analysis of quaternary structure has focused on the 12eluted with elution buffer (20 mM NEHCOs;, 400 mM NaCl,
amino acid substitutions that separate the sequence of moderd mM PMSF, and 0.02% NajNpH 8, 100 mL). Fractions
ox seminal RNase from this common ancestor, rather than(10 mL) were collected and analyzed by SBERSAGE.
the 23 amino acid substitutions that separate pancreatic and-ractions containing ribonuclease were pooled, frozen with
seminal RNase (for this approach, see for example referencediquid nitrogen, and lyophilized.

35, 43, 45, 46). This includes amino acid substitutions at Sephadex G-50 (fine grade) was swollen in JMEO;
positions 17, 19, 28, 31, 32, 39, 55, 62, 76, 111, 113, and puffer (20 mM, with 0.02% NabJ pH 8), poured into a 550
115, including the two cysteines that join covalently the mL (total volume) column, and washed with the same buffer

seminal monomers. (2 L). Lyophilized protein from the previous step was
dissolved in NHHCO; buffer (20 mM, with 1 mM PMSF
MATERIALS AND METHODS and 0.02% Nahl pH 8, 4 mL) and applied to the G-50

column in two portions (2 mL each). The column was
d washed with NEHHCO; buffer (20 mM, with 0.02% Nab|

Bovine pancreatic ribonuclease A (RNase A), IPTG, an .
b ( ) pH 8, at 4°C, 40 mL/h), the eluent was monitored by

calf intestine adenosine deaminase were from Boehringer ! )
Mannheim. Bacto Tryptone and Bacto yeast extract were ultraviolet absorbance at 280_nm, and fractions (ca. 5.0 mL)
from Difco. Ampicillin (sodium salt), oL-dithiothreitol were collected. BS RNase dimer was detected after ca. 150

DTT), 1,5-difluoro-2,4-dinitrobenzene (DFDNB), and uridy- mL; BS RNase monomer eluted after ca. 240 mL. The
I(yl—(3?—>5')—aldgnosine (LLpIA) werze fror(n Sigma) W:CI y different fractions were analyzed by SBBAGE (nonre-

NaOAc, and NaHC@were from Merck. Modifying and ducing) and the pure samples were combined and lyophilized.

restriction enzymes were from New England Biolabs. Chro- ~ Construction of Genes Encoding RNase Variani$e
matography materials were from Pharmacia, Bio-Rad, and Synthetic gene for RNase A in the PiAn7 plasmid used as
Sigma. Gel staining solutions were from Bio-Rad. All other the starting point for the site-specific mutation is described

chemicals were from Fluka and were of the highest purity in detail elsewhereg 35, 45). The gene was designed to
available. have unique restriction sites placed at strategic intervals

throughout to facilitate site-specific mutatiod9j, and the
construction of the mutated genes in this work took
advantages of these sites. The constructions are reported in
detail elsewhere3b, 46). We illustrate the general procedure
by describing the construction of thA(K31C S32CY

Assay of RNase Catalysis (UpA Substratéhe catalytic
activity of the mutants was measured using uridyly+=¢8')-
adenosine (UpA) as a substra#7). Stock solutions of
NaOAc buffer (1 M, pH 5.0, sterilized by autoclave) and
UpA (580uM; optical density 13.7 at 265 nm, sterile-filtered
and storep(; at-20 °C) were diluted with sterile water for A(ngl‘ K31C S32C), andh(A19P Q28L. K31C S32C)
the kinetic runs; the final concentration of NaOAc was 0.1 varl_ants. ) o
M. Adenosine deaminase (& of a 2 mg/mL stock solution PIAN7 RNase plasmid5() containing a gene for RNase
per 10 mL of UpA solution) was added directly from the A (51) was digested witiNde and BanH, the fragments
commercial solution. A quartz cuvette (1 mL, path length Were separated on an agarose gel [1% in Tris (40 mM, pH
0.5 and 1 cm) containing UpA solution (3200 uM; 745 8)—acetate (20 mMMyEDTA (2 mM) (TAE) buffer], the
ul) was preequilibrated (23C, 3 min). An aliquot of smallt_er fragment was dlscarded_, and the major fragment
enzyme solution (5L, ca. 10-100 ng of RNase variant) constituting the bulk.of the pIasm_|d and the f|r§t part of thg
was added, the cuvette was inverted three times, and theXNase gene (encoding up to residue 11) was isolated using
decrease of absorbance was measured at 265 or 275 nm. Thgene-Clean. In a separate digestion of PIAN7 RNase with
rate of decrease in absorbance was determined; each assaya 96l andBanmHl, the fragment of the RNase gene encoding

was repeated-23 times, and the results were averagég. amino acids ca. 35124 was similarly obtained. Two sets
andkes values were obtained from LineweaveBurk plots. ~ ©f complementary oligonucleotides bridging theld and
The coupled assay was internally standardized relative toSa®6! sites (corresponding approximately to the region
RNase A in each run. coding for residues 1238) were prepared by automated

solid-phase synthesis (Applied Biosystems) with sequences
appropriate to encode tAgK31C S32C) and\(Q28L K31C
S32C) variants. These sequences also introductaka 7|

site at codon 21 of the gene. Three part ligations joining
the bulk of the plasmid (th®amHI—Ndd fragment), the
synthetic oligonucleotidesNdd —Saw96l), and the RNase
gene fragmentJa®61—BanHl) yielded plasmids carrying
genes encoding th&(K31C S32C) andA(Q28L K31C
S32C) variants of RNase A. THescherichia colicell line

P3 (46) was transformed with these plasmids, the DNA was
isolated using standard techniques (Qiagen protocol), and
the mutant gene was characterized by complete sequencing.

Purification of Seminal RNase Seminal RNase was
purified by a modification of the procedure of Tamburrini
and colleaguesif). Bovine seminal plasma (Schweizerische
Besamungsstation, Bschwil) was centrifuged twice (800
4 °C, 15 min), and the supernatant was stored-860 °C.
After dilution with NH,HCO; buffer (20 mM, with 1 mM
PMSF and 0.02% Nad\NpH 8, 100 mL) it was loaded onto
a CM column (diameter 2.5 cm) which was previously
equilibrated with the same buffer. The column was washed
successively with the following buffers: (a) NHCO;s (20
mM, with 1 mM PMSF and 0.02% NafNpH 8, 150 mL),

(b) NH;HCOs/NaCl (20 mM NHHCGO;, 100 mM NacCl, 1
mM PMSF, and 0.02% Nai\pH 8, 20 mL), (c) NHHCO,/
NaCl (20 mM NHHCQO;, 200 mM NacCl, 1 mM PMSF, and 2Variants of RNase A and seminal RNase are designated first by a

0 boldface letter, indicating the type of RNase that served as the starting
0.02% NaN, pH 8, 10 mL)’ and (d) NEHCO/NaCl (20 point for the mutationA = RNase A;S = bovine seminal RNase),

mM NHsHCGO;, 300 mM NaCI_, 1 mM PMSF, and 0.02%  \ith the amino acid replacements indicated within the parentheses Using
NaNs;, pH 8, 10 mL). The bovine seminal RNase was then the one-letter code.
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Variant A(A19P Q28L K31C S32C) was prepared from by SDS gel electrophoresis to determine the point of
the plasmid containing th&(Q28L K31C S31C) variant.  maximum protein production (typically 223 h). The cells
The plasmid was digested witlidd and PaeR7I, the small were then recovered by centrifugation (5 mirf,G, 700Q)
fragment was discarded, and the large fragment was isolatedand either stored at80 °C or immediately used. From this
as previously described. This was then ligated with synthetic step on 0.02% NafNwas added to all the buffers.
duplex encoding RNase from residues 12 to 21 with a Pro Recaery of Monomeric RNase ProteinsCells were
at position 19. suspended in five times the pellet’'s weight of lysis buffer

VariantsA(S16G T17N A19P A20S) and(S16G T17D (50 mM Tris, 100 mM NaCl, 1 mM EDTA, and 0.2 mM
A19P A20S) were constructed by digesting the PIAN7 RNase PMSF, adjusted to pH 7.8 with concentrated HCI) and lysed
plasmid with PaeR7l and Ndd and ligating the large  via French press (1000 psi,°€). Inclusion bodies contain-
fragment with the synthetic duplex encoding RNase from ing most of the expressed RNase variants were recovered
residues 13 to 21 with the corresponding mutations. (together with cell debris) by centrifugation (330 min, 4

To prepareA(K31C), A(S32C), A(K31F S32C), and  °C, 700®). After addition of 4 volume equiv of buffer
A(A19P K31C S32C), the synthetic gene for RNase A was relative to the weight of the pellet denaturing buffer (100
cloned in the polylinker site of the pCYTEXP1 vector mM NaCl, 5 mM EDTA, 8-10 M urea, deionized with
(Medac) behind & promoter using thexhd and BanHl mixed bed ion-exchange resin, 1 mM PMSF, 500 mM
restriction enzymes. This vector also encodes a temperature2-mercaptoethanol, and 50 mM Tris, pH 7.8, for proteins
sensitived repressor32). For the preparation of variants expressed in the lorstrain 6 M guanidinium hydrochloride,
A(A19P K31C) andA(A19P S32C), the synthetic gene for 0.1 M DTT, 10 mM Tris-HCI, pH 8, and 1 mM PMSF for
RNase A was cloned in the polylinker site of the pET-23b proteins expressed in BL21), the mixture was vigorously
vector (Novagen) usindNdd and Hindlll restriction en- vortexed and stirred at room temperature until the inclusion
zymes. These variants were constructed using the Muta-bodies were completely dissolved (360 min).

Gene Phagemid in vitro mutagenesis kit (version 2) from  After complete solubilization, proteins expressed in the
Bio-Rad, following the procedure recommended by the lon™ strain were incubated in a 3@ shaker for another 30

manufacturer. In all cases, the presence of the desiredmin. The solution was centrifuged (30 min, room temper-
mutation and the lack of second-site mutations were con- ature, 7009) and the supernatant was loaded onto a
firmed by total sequence analysis. (carboxymethyl)agarose column (diameter 2.5 cm) previously

Expression of Genes Encoding RNase Varianthe equilibrated with ammonium acetate (20 mM, pH 6.7). The
mutant genes constructed in the PiAN7 vector were trans- column was washed with Ni@Ac buffer (20 mM, pH 6.7,
ferred to the expression plasmid pUN, described in detail 100 mL), and the cationic proteins were eluted with CM
elsewhere45, 53). pUN RNase A was cleaved witkdd elution buffer (0.5 M NaCl and 20 mM N{DAc, pH 6.7).
and BanHI and the major fragments were retained. The Proteins expressed in BL21 were, immediately after dena-
PiAN7 RNase variants were also digested with these endo-turation, dialyzed against acetic acid (20 mM) for 18 h, and
nucleases and the smaller fragment was isolated. In a two-the precipitate was removed by centrifugation (10 min, 4
way ligation, BanHI—Ndd fragment from pUN RNase °C, 700@).
containing most of the plasmid and the insert RNase from To refold the monomers, solid oxidized (1 mM) and
Ndd to BanHI were ligated, and the product was used to reduced glutathione (10 mM) were added to the eluate or
transform thek. coli cell line RB 791 B4). In the pUN the supernatant, and the pH was raised to between 7.6 and
RNase vector, the gene follows /apromoter, which is 7.8. Refolding was achieved by stirring the solution at 4
controlled by a temperature-sensitivgepressor. °C for 12 h. After 12 h no further increase in catalytic

A lon~ cell line (lon~ hptR™ tet) of E. coli (55, 56) was activity toward UpA as substrate was observed.
transformed with either pUN or pCYTEXP1 vectors contain-  The buffer was then changed by ultrafiltration (YM 3
ing the variant genes, while a BL21(DE3)pLysS @&mpT membrane, Amicon) to NaOAc (pH 5.0, 50 mM), and the
rs~ mg~) cell line was transformed with pET-23b vectors. solution was concentrated (6 mL) and applied to a pUp
Cells stored in glycerol at-80 °C were used to inoculate agarose (Sigma, 5 mlnia 1 cmdiameter) column. The
an overnight flask containing LB medium (100 mL; 10 g of column was washed with buffer (NaOAc, pH 5, 50 mL),
Bacto Tryptone, 10 g of NaCb g of Bacto yeast extract, and the RNase variants were eluted using a stepwise gradient
water to 1 L) with ampicillin (0.1 mg/mL). After growthat (0.5, 1, anl 3 M sodium chloride in 50 mM sodium acetate,
30 °C overnight, aliquots (10 mL) from the overnight flask pH 5.0, 26-50 mL each) to yield monomeric proteins as
were used to inoculate 10 Erlenmeyer flasks (each 2 L) judged by SDSPAGE and silver staining of the gel.
containing 406-500 mL of expression medium (16 g of Variants without the mutations K31C and/or S32C were
Bacto Tryptone, 10 g of NaCl, 10 g of Bacto yeast extract, concentrated by ultrafiltration and the buffer was exchanged
water to 1 L) to which solutions of MgS2 mM), CaC} to NaOAc (100 mM, pH 5).

(0.1 mM), and ampicillin (10g/mL) had been added. The Recaery of Dimeric RNase ProteinsThe buffer of the
expression medium was then incubated with shaking(30  glutathione-blocked monomeric proteins was exchanged to
250 rpm) until the cells had reached an optical density of refolding buffer (100 mM NaCl and 50 mM Tris-HCI, pH
1.0 (550 nm, ca. 4.5 h). Expression of the mutant proteins 7.8). The variants were incubated at room temperature with
in the lom strain was then induced by raising the temperature DTT (100 mM) for 1 h. To remove glutathione and DTT,

to 42°C, while expression in BL21 was induces by adding the solution was loaded onto a preequilibrated PD10 column
IPTG to a final concentration of 0.4 mM. Aliquots were (Sephadex) and eluted with refolding buffer following the
withdrawn at time intervals, the cells were recovered by procedure recommended by the manufacturer. The proteins
centrifugation, and their RNase variant content was analyzedwere refolded at 4£C for 200-300 h in concentrations
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between 65 and 5Q@g/mL. This procedure yielded a dimer/ period of 5 h, in the dark at room temperature. The solution
monomer ratio of up to 9:1, depending on the variant and was incubated for another 20 h, while aliquots were
its concentration. To separate dimer from monomers andwithdrawn and incubated with 2-mercaptoethanol (final
oligomers, an additional affinity chromatography with a concentration 200 mM) for 30 min at room temperature. The
stepwise elution profile was performed (see above). Puresamples were loaded on a reducing SDS electrophoretic gel
dimer was obtained in a buffer (3 M NaCl and 250 mM and resolved by electrophoresis. The ratio of monomer to
NaOAc, pH 5.0). Samples of 1.5 mL were pooled and cross-linked dimer was estimated by silver staining.
analyzed on SDSPAGE and silver-stained, and the pure  Kinetics of Refolding RNase A variants (0-51 mg) in
fractions were combined. Typically-#4 mg of pure dimer  refolding buffer (100 mM NaCl and 50 mM Tris-HCl, pH
was obtained from 4.5 L of expression medium. 7.8) were fully reduced and denatured by incubating them
The proteins produced in this way bear an N-terminal in 200 mM DTT at 37°C for 2 h and heating them to 8C
methionine residue, as determined by Edman degradationfor 15 min. To initiate the folding, the samples were passed
Control experiments of a variety of RNase mutants with and through a pre-packed PD10 column (Sephadex), which was
without this methionine have failed to detect evidence for preequilibrated in refolding buffer (100 mM NaCl and 50
its impact on the catalytic properties, at least for these mM Tris-HCI, pH 7.8), and the denatured proteins were
mutants 41). Concentrations of RNase variants were recovered in 3.5 mL. The RNase was reoxidized either in
determined both by SDSPAGE using known amounts of  air or by adding reduced and oxidized glutathione (1 mM
RNase A as standards and by measuring the absorbance aind 0.2 mM, respectively). Aliquots (36.) of the refolding
280 nm [absorbance of a 1% solution is 7.3; alternatively, mixture were withdrawn at different intervals and the
at 278 nm, the molar extinction coefficient was assumed to refolding intermediates were trapped by mixing with NaOAc
be 9800 §7)]. (4 uL, 1 M, pH 5) and freezing at-80 °C. RNase activity
Western Blots Western blotting was performed at 25 mA  of these aliquots was assayed using UpA as substrate as
and 4°C for 16 h. The membrane was washed inOBBS/ described above, while the extent of dimer formation was
milk buffer (70 mM NaCl, 5 mM sodium phosphate, pH determined from SDSPAGE.

7.4, and 2.5% dried milk, 14 mL) for Smin. Anti-BS RNase  Free SH content of fully reduced and denatured RNase
antibodies (8.6 mg/mL, 30L, raised in rabbit) in 0.5 PBS/  yariants was determined by taking immediately an aliquot
milk buffer (1 mL) were added and the solution shaken for of the eluate and treating it witk-ethylmaleimide (40Q:M)

1h. The membrane was washed twice with BBS buffer 4t room temperature for 10 min. The alkylation reaction
(25 mL). After the addition of 0.5 PBS/milk buffer (15  was quenched by adding aqueous trifluoroacetic acid (2%).
mL) containing goat anti-rabbit antiboey(IgG—) horserad-  MALDI/MS analysis of the alkylated samples revealed a
ish peroxidase conjugate (%), the membrane was shaken  sjngle component with a mass expected for monomeric
at room temperature for 1 h. The membrane was again RNase alkylated with 10 equiv of NEM.

washed with k PBS buffer (15 mL) and developed in @ e rsybunit Disulfide Connectity. Dimeric RNase A

buffer (2.5 mg/mL 4-chloro-1-naphthol, 60% ethanol, and | ;.one (10 were purified by reversed-phase HPLC
0.1% hydrogen peroxide) for-550 min until bands were using a \(/ydg!f:gglls coIFL)Jmn (218¥|'P54 >4258 mm). A

clearly visible. , o two-solvent system was used: solvent A contained 0.1%
Assessing the Extent of the S-Peptide Swamss-linking TFA, while solvent B contained 0.086% TEA in 90%
experiments were done using divinyl sulfone (DVS) as 2 10% 4cetonitrile. The proteins were eluted with a gradient from
;olution in ethanolg8, 59). Enzyme (13g, 1 nM/subunit) 0% to 30% solvent B over 30 min and from 30% to 45%

in NaOAc buffer (100 mM, pH 5.0, 10aL) and DVS (1 solvent B over 30 min with a flow rate of 0.7 mL/min.

uL of the 10% solution, JuM) were incubated at 36C. Protein peaks were detected by absorbance at 210 nm.
This is approximately a 1000-fold excess of sulfone to each The fraction containing the pure dimeric RNase A variant

subunit of the protein. Aliquots were withdrawn over a " . .
0
period of 96 h, the remaining catalytic activity (against UpA) was lyophilized _and redissolved In aqueous TFA (70%, 100
. . ul). The solution was treated with grains of CNBr and
was measured, and the reaction was quenched by addin ;
i : ; ncubated in the dark at room temperature for 14 h. After
2-mercaptoethanol (final concentration 200 mM) and incu- o . . )

. . lyophilization, the digested RNase A variants were redis-
bating for 15-30 min at room temperature. The samples ! .
were loaded on a reducing SDS electrophoretic gel andsolved in aqueous TFA (0.1%, 20L) and the peptide

9 P 9 containing residues 14124 interconnected by disulfide

r_esolveo_l by electroph_ore5|s. The ratio of monomer to Cross- bonds was isolated by HPLC as described. The lyophilized
linked dimer was estimated by Coomassie blue staining. . ) .
fragment was subjected to five cycles of Edman degradation

DVS induced cleavage of the peptide backbone. The . i . . .
fragments were isolated by HPLC (Vydac RP-C18 column, using a gas-phase sequencer, Applied Biosystems Procise

218TP54, 4x 250 mm) using a two-solvent system (solvent

A contained 0.1% TFA, solvent B contained 0.086% TFA pEgyULTS

in 90% acetonitrile, gradient-01% solvent B over 25 min,

then -40% solvent B over 40 min), and analyzed by mass In the form known by X-ray crystallography, seminal

spectrometry and Edman degradation. RNase is a dimer joined by two intersubunit disulfide bonds,
An independent cross-linking assay was also done in between Cys-31 from one subunit and Cy$@2the second

several proteins using 1,5-difluoro-2,4-dinitrobenzene (DFD- and between Cys-3bn the second and Cys-32 on the first

NB) (60—62). Enzyme (1.5ug) was dissolved in borate (antiparallel connectivity)a5). Raillard 85) and Di Donato

buffer (50 mM, pH 8.5, 11QuL). A solution (9 uL) of et al. 37) independently showed that a variant of RNase A

DFDNB (81.5u4M) in 2% methanol/water was added over a carrying cysteines at both positions 31 and 32 also formed
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Ficure 1: Quaternary structure of the RNase A variants as Khase A {hours)
indicated, determined by nonreducing SEFAGE. Lane 1, RNase
A; lane 2, BS-RNase; lane 3, A(S32C); lane 4, A(K31F S32C);
lane 5, A(Q28L K31C); lane 6, RNase A; lane 7, S(C31K C32S);
0 6 123 48 D6

lane 8, BS-RNase; lane 9, A(A19P K31C S32C); lane 10, A(A19P
S32C); lane 11, A(A19P K31C); lane 12, A(K31C); lane 13,
A(Q28L K31C); lane 14, A(K31C S32C); lane 15, A(Q28L K31C

i TR |
AJCIZEL K31E 83200 (hoiis )
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S32C); lane 16, A(A19P Q28L K31C S32C); lane 17, -B®\ase. “MEIF 8320 (horars)
) i — i

a dimer, although the nature of the linkage (parallel or - . . 35 0025 5075 100 E0

antiparallel) was not investigated. In this work, four variants oM ACAIIF B3I} (houn)

of RNase A were prepared(K31C), A(S32C),A(K31F !!II- - e

S32C), and thé\(K31C S32C) variant reported previously.

The Phe at position 31 in t(K31F S32C) variant reflected ;.0 0, & 00 5 B0 A e

the fact that reconstructed intermediates throughout much ' 05 1025 5075 100 00
ALALEP K31C) (hours)

of the evolutionary history of the seminal RNase gene family
encode a Phe at this positioB3-65).
Each of these variants retains catalytic activity against UpA

as a substrate (Table 1) within a factor of 2 relative to RNase = "= T I B Ty T
A, indicating that the native fold was achieved. In each = .minal BN (hourss AUA 9P QTAL KAIC 532000 (hotrs)

V.a“a”t- rejoldmg under Stand.ard recons_tltutlon con(j_lt!ops Ficure 2: SDS-PAGE showing the time-dependent cross-linking
yleld§ a dlmer as the predqmlnant species under oxidizing o supunits of dimeric RNases with an S-peptide swap using divinyl
conditions, judging by a single band with a mass of ca. sulfone. Variants are of RNase A with the substitutions indicated.
27 000 after nonreducing SB®AGE (Figure 1). Electro-  Time of cross-linking experiment is shown in hours. The upper
phoresis of the variants in the presence of mercaptoethanofand (present, for example, in the gel analyzing seminal RNase)

- : : . rises from swapped dimer (see text); the lower band arises from
yields single bands migrating at ca. 13 500. These data Showﬁnswapped dimer or monomer. Both the upper band and lower band

that addition of a single Cys to RNase A at either position |ose over time the five carboxyl-terminal amino acids (FDASV),

31 or position 32 is sufficient for dimer formation. as proven by mass spectrometry (see text). Gels were stained with
We next asked whether these dimers swapped the S—%OQ“:%SSA% b'”re- Q”arr]‘t“tg“to” 'Sthb%ge.'tﬁctar‘lm_‘r'”rg (seetFeXt)’la“d the

peptide to create composite active sites. D’Alessio and co- jor bands are counted together wi el respective cleavage

roducts.

workers reported an elegant assay for detecting the S-peptidé)
swap in bovine seminal RNaség). In this assay, the dimer  pAGE had a mass of ca. 14 000, consistent with the fact
is lightly treated with agents that reduce the intersubunit {4t RNase A is not a dimer with swapped S-peptides and
disu_lfide bonds oply. The dimers whose subunit_ polypeptide composite active sites (Figure 2). MALDI-TOF mass
chains are entwined disassociate slowly. Raines and co-gpeciroscopy of the product showed that DVS also reacted
workers have also used this assay to analyze the biologicalith the side chains of lysines, presumably to give a cyclic
activities of RNase variant#8, 67), suggesting that dimeric product. A parallel study with difluorodinitrobenzene [DFD-
StI’L.JC.'[UI'e with an S-peptide swap is essential for biological \g (60)], which cross-links Lys-7 with Lys-41 (and therefore
activity. N N _ also detects a swap), also gave only monomer. Catalytic

A cross-linking approach exploiting the ability of His-12  activity of the RNase was lost in parallel with formation of
and His-119 to react with electrophilic reagents is also the covalently cross-linked dimer.
conceivable to detect the swap. Divinyl sulfone (DV58,( A series of control experiments showed that the appearance
59) was examined as the cross-linking agent because theof cross-linked band was a reliable quantitative indicator of
sulfone unit mimics the reactive phosphai&)(and because  swapping. Lyophilization of RNase A from acetic acid
the electrophilic CH groups in DVS are at a distance yields ca. 20% of a dimer held together by swapping of the
appropriate to react with the two histidines as nucleophiles, S-peptide fragment227). Treatment of RNase A samples
judging by the crystal structure of seminal RNag8)( If  prepared in this way with DVS also gave ca. 20% covalently
the active site of the dimer is composite, with His-12 coming joined dimer (Figure 2). Last, purified seminal RNase is a
from one subunit and His-119 coming from the other, the dimer having nearly complete swapping. Cross-linking with
cross-link should join covalently the two subunits even under pvS gave ca. 85% of the expected dimer (Figure 2), as did
denaturing conditions, yielding a product of mass 27 000 cross-linking with difluorodinitrobenzene (data not shown).
even after reduction of the intersubunit disulfide bonds. If  These controls established the reliability of DVS cross-
the active site is not composite, cross-linking would link two  jinking as a tool for estimating the extent of swap. Interest-
hlstldlnes from the same _subunlt, _y!eldlng monomers rather ingly, DVS also caused a time-dependent cleavage of RNase,
than dimers under reducing conditions. a reaction that appears to be without precedent. To

DVS (0.1% solution) gave time-dependent irreversible understand this reaction, the fragments of the cleavage
inactivation of RNase A with a half-life of ca. 12 h. After reaction were isolated by HPLC and analyzed. Edman
reduction, inactivated RNase A gave a product that by-SDS degradation of the large fragment (visible on the gels of

i —
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Figure 2) showed that the fragment had the sequence (sideof the dimer retained noncomposite active sites, at least under
chain-modified K)-E-T-A-A-A, (where the modification on  these refolding conditions.

lysine arises from the reaction of ta@mino group of lysine We then turned to the “hinge region” joining the S-peptide
with DVS), corresponding to the amino terminus of native to the rest of the RNase protein, comprising residues 16
RNase. By mass spectrometry, the principal mass of the22, a rather flexible loop in RNase that adopts different
small peptide was 655.7, corresponding to the peptide conformations in the swapped and unswapped forms. Parente
sequence FDASV plus a single DVS unit. These results and D’Alessio 69) suggested that the 389 peptidyt
implied that DVS cleaves after His 119 to release the last proline bond in the cis conformation was important for
five amino acids of RNase A, with the amino-terminal amino swapping and perhaps for dimerization. Evolutionary re-
group of the resulting pentapeptide carrying a DVS modi- constructions suggested that this proline was also introduced
fication. early in the evolution of the seminal RNase gene. In this

The large fragment arising from the DVS-induced cleavage région, however, seminal RNase and pancreatic RNase differ
was also analyzed by mass spectrometry. The mass spectrurﬁy four amino acids. qu different variants were prepared
of the modified RNase showed a series of peaks separatedn the first round of studiesA(S16G T17N A19P A20S)
by 118 Da (the mass of DVS) indicating incorporation of andA(S16G T17D A19P A20S). Cross-linking with DVS
up to 12 DVS units (corresponding to 10 Lys side chains, falled.to deteqt_swapped dimeric form, at least under the
the amino-terminal amine, plus an additional DVS cross- 'efolding conditions used here (data not shown).
linking His-12 and His-119). The predominant peak corre- [N @ second round of mutagenesis, Pro-19 was added to
sponding to the incorporation of seven DVS molecules.  create theA(A19P Q28L K31C S32C) variant. This again

The A(K31C) andA(S32C) (data not shown) as well as formed an active covalent dimer (Figure 1), confirming

; . previous results from Raillar@p) and Di Donato et al.37).
t_heA(K31C S32C) variants, refo_lded under standard _cor_1d| The cross-linking assay suggested that, under standard
tions, showed no swapping using the DVS cross-linking

) : refolding conditions, ca. 85% of th&(A19P Q28L K31C
gisrrsé)r/s([::qgounrg ?c)).rmAlzzr(])cr)#ggsittZeSaect?\;gteslﬂzsfotrjr:]] dgﬁvﬁ:ggé S32C) variant forms a dimer with composite active sites
conditic')ns. Thus, while either Cys-31 or Cys-32 alone is (I_:igu_re 2), somewhat higher than t.hat observed with the
sufficient to suppo’rt the formation of a covalent dimer, both kinetic measurements reported by Di Donato and colleagues

together are not sufficient to produce an S-peptide swa and(S?). This result was therefore confirmed with difluorod-
9 ) ] : P Pep P initrobenzene as a cross-linking agent (data not shown).
a composite active site.

] . ) Evolutionary reconstructions suggest that both Pro-19 and
To complete these studies, the corresponding variant wascys-32 are introduced early in the evolution of the seminal
prepared that introduced residues from pancreatic R_Nase ARNase gene, while Cys-31 is introduced very late, perhaps
into a seminal RNase context. TBEC31K C32S) variant  only in the past million years. Therefore, tAéA19P S32C),
did not, of course, form a covalent dimer, as expected from A(A19P K31C), andA(A19P K31C S32C) variants were
the results of Kim and colleague43). Neither, however,  examined. Each forms a covalently linked dimer (Figure
did it form a substantial amount of swapped noncovalent 1) The three variants gave increasing amounts of S-peptide
dimer, at least under the standard refolding conditions swap, however, under standard refolding conditions. The
according to the DVS cross-linking assay (data not shown). first (a possible evolutionary intermediate) gave only a trace
These results also show that DVS is a useful tool for of swap (<20%, even at long incubation times). The second
examining swapping in RNase variants, giving expected (an unlikely evolutionary intermediate) gave more (ca. 30%)
results in control systems and generating coherent data inFigure 2). The third (an unlikely evolutionary intermediate)
new systems. gave the most swap (ca. 40%) under standard refolding
The crystal structure of seminal RNagb) suggests that  conditions (data not shown).
the orientation of the subunits necessary for S-peptide swap These data do not fully characterize the dimers, however,
and influencing the parallel/antiparallel orientation of the in particular with respect to their intersubunit disulfide
intersubunit disulfide bridges might be guided by noncovalent connectivity. In its crystallized stat@4, 25), seminal RNase
interactions between the dimer subunits. In particular, a dimer is joined covalently by intersubunit disulfide bonds
hydrophobic contact between Leu-28 in one subunit and Leu- between Cys-31 of one subunit and Cys-88 the other
28 in the other might provide this guidance. Evolutionary and between Cys-32 of the first subunit and Cys«#lthe
reconstructions showed that a hydrophobic amino acid wasother (the antiparallel disulfide connectivity). Molecular
introduced at position 28 early, following the divergence of modeling showed that a dimer joined through a-31'/32—
the seminal RNase lineage from the pancreatic RNase32 parallel connectivity is also possible, despite a minor
lineage, although the specific hydrophobic amino acid is not steric interaction of the two loops around residue 91 (Figure
conserved (in the Russian antelope saiga, evidently a3). Other examples are known of proteins where two
pseudogene). To explore this hypothesis A@28L K31C alternative intersubunit disulfide connectivities exist under
S32C) variant was prepared. Again, a catalytically active physiological conditions (see, for example, caseif).(
covalent dimer is formed (Figure 1), confirming results  To characterize the connectivity of variants containing Cys
obtained by Raillard35) and Di Donato et al.37). When residues at both positions 31 and 3&(K31C S32C),
treated with DVS and reduced, approximately 40% of the A(Q28L K31C S32C), and\(A19P Q28L K31C S32C)],
product was covalently joined, indicating that the hydro- each was digested with CNBr. The large fragment contain-
phobic amino acid at position 28 significantly increases the ing residues 14124 interconnected by disulfide bonds was
amount of swap (Figure 2), confirming results obtained by isolated by HPLC, and the purified fragment was subjected
Di Donato et al. 87). Nevertheless, the predominant form to five cycles of Edman degradation. Each fragment contains



Dimeric Structure in Ribonuclease Variants Biochemistry, Vol. 37, No. 12, 19981015

with CNBr is incomplete when the Cys is involved in a
disulfide bond 72). Partial cleavage of the Met-3@ys-

31 bond should give rise to a mixture of CCR and MCCR
peptides, as the residue preceding Met-30 is also a Met.
These products cannot be separated and might confuse the
guantitation of the cystine degradation products. Last,
disulfide exchange reactions might scramble the connectivity
at some point during the analysis. Each of these points is
considered below in light of data presented here and
examples from the literature.

Disulfide exchange during the analysis was a potential
problem. Disulfide exchange was recognized already 40
years ago as a factor complicating the assignment of disulfide
links. Ryle and Sangei7) found that, upon treatment with
cold concentrated HCI, insulin gave more cystine peptides
than could be accounted for by a unique structure, indicating
the possibility of disulfide exchange under acidic conditions
as well as basic conditions. They investigated this exchange
in model systems [cystylbisglycine and bis(2,4-dinitrophen-
ylhcystine, 10 mL of 12 N HCl and 20 mL of acetic acid, 35
°C, 1 day].

Nevertheless, proteolytic fragmentation and two cycles of
manual Edman degradation (TFA, %0, 20 min) was used
to assign disulfide connectivity in the ascidian trypsin
inhibitor | (74) without evidence of rearrangement of the
disulfide bonds. Likewise, workers at Amge@5( 76)
exploited automated Edman degradation (Applied Biosystems
470A) to isolate the di-PTH derivative of cystine, reporting
a recovery ca. 20% as efficient as that for standard amino
acids. The di-PTH-cystine eluted near the PTH derivative
of tyrosine. The automated nature of the cycle allows it to

Ficure 3: Ribbon diagrams representing native seminal RNase with be control!eq more pfec!se'y than manual Edma” degrada-
the antiparallel intersubunit disulfide connectivity-332/32—31 tion, permitting quantitation between consecutive cycles. A
[Brookhaven Protein Data Bank entry 1BSRBS)| and with the similar analysis was executed for casen@)( This shows

N-terminal swap (A), models of pancreatic RNase (Brookhaven that the PTH derivative of cystine can be recovered and
Protein Data Bank entry 5RSA) monomers superimposed on thequantitated, provided care is taken, even considering its

seminal RNase structure to retain the antiparallel disulfide con- . - . S
nectivity (B), and a model with the left subunit rotated to allow NStability (presumably with respect foelimination). Bauer

the parallel 3+31/32—32 connectivity (C). Residue Leu-28 is a_nd FOHeagueS 7(r) assigned all of the intramolecular
highlighted in black. Images were produced using the MidasPlus disulfide bonds of echistatin, a peptide with four disulfide

program from the Computer Graphics Laboratory, University of ponds and 49 amino acids, by incubation 4oh at 100°C
California, San Francisca). in 250 mM oxalic acid (first . = 1.25). No disulfide
three amino termini, position 14 (Asp, resulting from CNBr exchange was evident, indicating that the acid-catalyzed
cleavage after Met-13), position 80 (Ser, resulting from CNBr cleavage of a peptide bond was more rapid than the acid-
cleavage after Met-79), and either position 30 or 31 (Met or catalyzed exchange of disulfide bonds under these conditions.
Cys, resulting from CNBr cleavage after Met-29 or Met-30, The protein includes two disulfide bonds built from adjacent
respectively). Positions 80 and 14 release the same productsysteines, as is present in some of the RNase variants
in Edman degradation regardless of the intersubunit disulfide described here.
connectivity. From position 31, however, in the parallel In our experiments, substantial amounts of disulfide
connectivity, the first and second cycles release cystine exchange would have been detected had it occurred, as it
residues. From position 31 in the antiparallel connectivity, would lead to the release of peptide fragments following
the first cycle releases no cystine, while the second cycle CNBr cleavage from the interconnected web. This web was
releases 2 equiv of cystine. analyzed by HPLC, which isolated the web plus two
As this was the first time that any variant of RNase has fragments assigned to residue$ through 13 and 1 through
been completely characterized in this way, and as the 13 (the amino-terminal methionine was incompletely cleaved,
experiments were difficult, studies were done to search for and this fragment is not joined to the rest of the protein by
factors that might complicate or compromise the analysis. a disulfide) as the major products. Only minor amounts of
Edman degradation of a Cy€ys bond where both Cys unassigned product were observed, amounting to perhaps
residues are involved in disulfide bonding might be difficult. 10% of the total. This places an upper limit of 10% on
The bis(phenylthiohydantoin) (PTH) derivative of cystine can disulfide exchange during the analysis.
be difficult to quantitate, as it is susceptiblegeelimination Difficulties in CNBr cleavage proved to be more signifi-
to give dehydroalanine, a reaction observed with serine andcant. In RNase A, it is known that the Melet cleavage
threonine as well{1). Next, cleavage of a MetCys bond in RNase A is incomplete when the protein is treated with
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CNBr under specific conditions. For example, Link and  As an example, Figure 4 shows the results of the first three
Stark (78) reported that the recovery of free homoserine Edman cycles of th&(Q28L K31C S32C) variant. The di-
lactone did not exceed 33% with RNase A and attributed PTH derivatives of cystine are clearly identified, coeluting
the low yield of cleavage to the assumption that cleavage of with the PTH derivative of Tyr. To correct for overlap
the Met-29-Met-30 bond yielded an N-terminal methionine, between the diPTH-cystine peak and the peak arising from
which itself did not undergo CNBr cleavage. This assump- PTH-tyrosine, the Tyr contribution was determined from
tion was supported by several reports that amino-terminal Edman degradation of the reduced pyridinylethylated variant
methionines are cleaved inefficiently by CNBro-81). and was subtracted. The amounts were corrected for a
This, in turn, was interpreted as evidence that the positively repetitive cycle yield of 80%, and the fraction of antiparallel
charged amino-terminal ammonium ion hindered the forma- disulfide connectivity was calculated to be approximately
tion of the sulfonium ion, just four bonds away, postulated 70%.
to be an intermediate in the cleavage cycle. In a different In this calculation, four variables, the amounts of parallel
system, Doyen and Lapreslé2) showed that the Met-123 and antiparallel forms of the CCR- protein, and the amounts
Cys-124 bond in albumin, with the Cys participating in a of parallel and antiparallel forms of the MCCR- protein, must
disulfide bridge, was only partially cleaved by CNBr (75% be found with four measurements, the amount of cystine in
formic acid, room temperature, 22 h). The fraction not cycles 1, 2, and 3 and the MCCR:CCR ratio. In principle,
cleaved was recovered as a homoseritystine linkage. since no species can have a concentration less than zero,
The incomplete CNBr cleavage of the Met-28let-30— the solution of the four independent equations containing
Cys-31 segment in the RNase variants examined here wadour variables was also bounded by a fifth constraint. With
of special concern, as a mixture of MCCR- and CCR- amino the A(A19P Q28L K31C S32C) variant, the solutions found
termini would confuse the signal arising from consecutive that the amount of parallel MCCR- peptide was close to zero.
Edman degradations. In the first cycle, only the parallel This is consistent with the notion that the rate of formation
CCR- peptide would yield di-PTH-cystine, as before. How- of sulfonium salt was fast compared to cleavage in this case,
ever, the cystine recovered from the second cycle would that formation of sulfonium committed the peptide to

contain contributions from the antiparallel CCR- peptide (2
equiv), from the parallel CCR- peptide (1 equiv), and from
the parallel MCCR- peptide (1 equiv). In the third Edman
cycle, the antiparallel MCCR- peptide would contribute 2
equiv of di-PTH-cystine, while the parallel MCCR- peptide
would contribute 1 equiv.

The relative amounts of MCCR- and CCR- peptides
arising via CNBr cleavage of the parallel and antiparallel
connectivity are difficult to predict. If the rate of reaction
of the peptide with CNBr to generate the sulfonium salt was

cleavage (i.e., sulfonium formation is not reversible), and
that the antiparallel orientation had more difficulty forming
the sulfonium, perhaps because of the proximity of Met-30
to Arg-33.

The results showed that in the varigktK31C S32C) the
parallel connectivity predominated, while in variaAt&Q28L
K31C S32C) and\(A19P Q28L K31C S32C) the antiparallel
disulfide connectivity predominated (Table 1). There appears
to be a general correlation in these three variants between
the fraction of antiparallel disulfide connectivity and the

rapid with respect to cleavage, then both the Mdet and extent of S-peptide swap. Variadt(A19P Q28L K31C
Met—Cys bonds should be cleaved, and the amount of the S32C) displays the largest amount of S-peptide swap in this
CCR- peptide should be higher, because the formation of group of variants, while varianA(Q28L K31C S32C)
the sulfonium is presumed to commit the Met to further displays more S-peptide swap than variafk31C S32C)
reaction 82). If, however, the generation of sulfonium salt (Table 1).
was slower than cleavage, the relative amount of MCCR- We then asked whether the introduction of additional
would be higher. Further, the relative amounts of MCCR- cysteines into the polypeptide chain creates kinetic barriers
and CCR- peptides would be sensitive to the concentrationto refolding of the monomer. For variakt(A19P Q28L
of CNBr present in the reaction mixture. Finally, the K31C S32C) and\(K31C S32C), as well as seminal RNase,
antiparallel connectivity places Arg-33 nearer to Met-30 than the rate of appearance of catalytic activity displayed a lag
the parallel. If Coulombic interactions indeed influence the (ca. 1 h) during refolding in air at 4C in the absence of
rate of formation of sulfonium, the fraction of MCCR- glutathione (Figure 5). RNase A displays no lag under these
formed in the CNBr cleavage reaction might be higher in conditions. This lag disappears when the experiments are
the antiparallel connectivity than in the parallel connectivity. repeated in the presence of glutathione (1 MM GSH; 0.2 mM
These considerations required that independent measureGSSG), at concentrations approximating those believed to
ments be made for several of the variables to permit a be present in the endoplasmic reticulu8)( This result
guantitative analysis of the disulfide connectivity. To strongly suggests that the lag arises from the formation of
estimate the relative amounts of MCCR- and CCR- peptides, incorrect disulfide bonds, presumably involving the extra Cys
the product of the CNBr cleavage was reduced and the Cysresidues, during the refolding process. These presumably
residues were reacted with vinylpyridine to give pyridinyl- act as kinetic traps during refolding, diverting the protein
ethyl derivatives. These are readily quantitated in an Edmaninto metastable forms with incorrect disulfide connectivity
degradation. Successive Edman cycles on an automatednd thereby slowing the folding process.
sequenator permitted the estimation of the relative amounts Finally, to learn more about the state of intermolecular
of MCCR- and CCR- peptides, with estimates of the lag and disulfide bonds formed by seminal RNase under physiologi-
the repetitive cycle yields. With theA(K31C S32C), cal conditions, the proteins in crude seminal plasma were
A(Q28L K31C S32C), andA(A19P Q28L K31C S32C) resolved by PAGE under both nonreducing denaturing and
variants, the MCCR:CCR ratios were calculated to be 0.6, reducing denaturing conditions. The proteins were visualized
0.8, and 0.9, respectively. by Western blotting using antibody raised against denatured
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Ficure 4: (A) HPLC traces showing phenylthiohydantoin derivatives emerging from variant A(Q28L K31C S32C) following cleavage
with CNBr and then one, two, and three rounds of Edman degradation. Vertical axis is intensity measured by UV spectroscopy; horizontal
axis is retention time (minutes); peaks are indicated by the single-letter code. The PTH-Tyr and PTH-cystine come together. See Results
and Discussion for more details. (B) Samples are the same as in panel A but reduced and treated with vinylpyridine. These data provide
the background measurements for interpreting the data in panel A. See Results and Discussion for more details.

seminal RNase. To be certain that disulfide exchange did having surface areas ranging from 708 # as much as
not occur during the analysis, the experiments were repeateds000 A in area 84). Typical dimer contacts resemble the
under different conditions. Duplicate samples of seminal interiors of proteins in terms of hydrophobicity and, to some
plasma were obtained with and withodtethylmaleimide, extent, packing. They generally involve more than one
which should react with free thiols, thereby blocking thiol- amino acid from each subunit in contact with the other.
catalyzed disulfide exchange. Parallel samples with and Taking a fully folded, functional monomer as a starting point,
without N-ethylmaleimide were loaded with and without this implies that a hydrophobic contact surface must evolve
preincubation at 98C (5 min); heating should accelerate from a (normally) hydrophilic solvent-exposed surface. This
any residual disulfide exchange that might exist. As can be implies an evolution via multiple mutations. If the inter-
seen from Figure 6, the pattern of seminal RNase conjugatesmediate stages in this evolution do not confer survival value,
is unaltered in all four lanes. Were disulfide exchange then the question arises: If dimer formation requires multiple,
occurring during the analysis, one would expect different simultaneous substitutions, where individual substitutions by
patterns with different analytical conditions. Thus, these themselves serve no selected function (otherwise a gradual
results suggest that, under physiological conditions, ap-evolution of dimeric structure would be admissible by
proximately 50% of seminal RNase is in the form of Darwinian theory), how is it possible to evolve dime8s)?
conjugates with other proteins. This is a specific case of a quite general question in molecular
evolution: How can function involving multiple amino acid
DISCUSSION residues emerge by a process that predominantly involves

The evolution of homodimeric proteins from monomeric altération of single amino acid residues?

ancestors during divergent evolution presents a paradox to Eisenberg and his grouB1) proposed a solution for
molecular evolution. Dimers are typically joined by contacts evolving dimers that avoids this paradox. Their solution was
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Table 1: Catalytic Activity and Dimer Structure of RNase Variants a 3
KealKm 31-32/32-31' .
(% of swap antiparallel e o
RNase A) (%) connectivity (%) - i" +

RNase A expressed 100 0 nointersubunit disulfides
RNase A dimer lyophilized nd 20 no intersubunit disulfides ' A
A(K31C) 51 0 antiparallel not possible
A(S32C) 59 0 antiparallel not possible
A(K31F S32C) 91 0 antiparallel not possible
A(Q28L K31F S32C) 97 0 antiparallel not possible L
A(A19P K31C) 51 30 antiparallel not possible .
A(A19P S32C) 58 20 antiparallel not possible Ui d LR R T2 @ 4
A(AL9P K31C S32C) nd 40 nd FiGURE 6: (A) Crude bovine seminal plasma resolved by PAGE
A(K31C S32C) 140 12 3%20 under both nonreducing denaturing and reducing denaturing condi-
A(Q28L K31C S32C) 102 40 7&10 tions, visualized by Western blotting using antibody raised against
A(A19P Q28L K31C S32C) 106 85 %15 _ denatured bovine seminal RNase (from rabbit). Lane g lof
A(Q28L K31C) 79 13  antiparallel notpossible  monomeric RNase A (Boehringer Mannheim) [the small amounts
é((csslfg g:gSN)AlQP A20S) 5879 00 nrljoi;r:teer;suli)%ri]tlt dcltsutl'fllf(';less of immunoreactive bands appearing at high molecular weight are
bovine seminal RNase 59 85 nd well-known in such samples and presumably arise due to a small

(isolated) amount of misfolded RNase A that is forming an intermolecular

aKinetic parameters were calculated from Lineweav@urk analysis
of data collected with UpA as substrate and reported relative to RNaseﬂL of bovine seminal fluid, incubated with 100 mM DTT for 5
A. RNase A was expressed i coliand contains an N-terminal Met.

Seminal RNase was isolated from bull seminal plasma by the proceduredimer, heated with DTT as in lane 4; lane 6d.of purified RNase
of Tamburrini and co-worker#4g). Thek:. values for the dimers were
calculated per active site. Swap was estimated by the extent of dimerresolved by PAGE under nonreducing denaturing conditions,
band cross-linked with divinyl sulfone, scanned, and analyzed using visualized by Western blotting as in panel A. Lane 1, with heating
ImageQuant 3.3 (Molecular Dynamics) [Figure 2, where data for and withN-ethylmaleimide (NEM); lane 2, without heating (5 min,
A(K31C), A(S32C), andA(A19P K31C S32C) are not shown]. The
disulfide bond connectivity of variants having Cys residues at both and withoutN-ethylmaleimide (NEM); lane 4, without heating and
positions 31 and 32 were determined by CNBr fragmentation followed without N-ethylmaleimide (NEM).

by Edman degradation, as discussed in Materials and Methods and

Results. Antiparallel disulfide connectivity joins 31 from one subunit
with Cys-32 of the other and Cys-32 from one subunit with Cys-31  ° ) .
of the other. Variants with only a single Cys either at position 31 or at in the fold of the second, while the replaced chain from the
position 32 can form only the parallel intersubunit disulfide connectivity second fits into the site vacated in the fold of the first subunit.
(Cys-31 of one subunit paired with Cys:3if the other or Cys-32 of
one subunit paired with Cys-38f the other). nd= not determined.
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Ficure 5: Rate of reactivation of fully reduced and denatured
RNase variants at pH 7.8,°€. Reoxidation in oxygend) and in

the presence of a glutathione redox buffer (GSSG, 0.2 mM; GSH,

1 mM) (@). Catalytic activity was measured againstad UpA
at 25°C. (A) RNase A; (B) BS-RNase; (C) A(K31C S32C); (D)

A(A19P Q28L K31C S32C).

disulfide bond]; lane 2, 0.xg of purified bovine seminal RNase
dimer; lane 3, 0.5:L of bovine seminal fluid, crude; lane 4, 0.5

min at 95°C; lane 5, 0.5ug of purified bovine seminal RNase

A, heated with DTT as in lane 4. (B) Crude bovine seminal plasma

95 °C) and with N-ethylmaleimide (NEM); lane 3, with heating

a chain from one subunit replaces the corresponding chain

Bennett and colleague81) suggested that domain swap-
ping might be the first step in the evolution of dimeric
proteins from monomers. The contact between the swapped
peptide chain and the second subunit resembles the contact
between the chain and its own subunit. Thus, there is no
need to evolve a new interface for forming a dimer. Implicit
in this model is the notion that swapping is a natural event
in any case and can be induced by even a single amino acid
substitution. Under the model, once the swap has occurred,
a stepwise evolution of the hydrophobic contact site,
introducing one hydrophobic amino acid at a time, will
stabilize the dimeric structure gradually, presumably improv-
ing the survival value of the protein as well by a gradual
process entirely acceptable to Darwinian theory.

The Eisenberg “swap early” model for the evolution of
guaternary structure postulates that swapping of a key
secondary structural element is the first process in the
evolution of a dimer. In the evolution of the dimeric
structure of seminal RNase, the model is made more plausible
by the fact that pancreatic RNases form dimers through this
swap, albeit under nonphysiological conditio2§,(27). It
is not difficult to imagine how this (presumably) nonfunc-

based on their analysis of a crystal structure of diphtheria tional behavior might be exploited during divergent evolution
toxin, which is sometimes monomeric and sometimes dimeric to create a dimeric structure following the Eisenberg model.
as it functions. Diphtheria toxin is endocytosed as a In this model, the swap might then be enhanced by
monomer. After it is endocytosed, however, it undergoes a introduction of a Pro at position 19, stabilized via the
conformational change in the acidic environment of the introduction of a hydrophobic contact site at position 28,
lysosome that allows the protein to leave the lysosome andand then fixed through introduction of cysteines at positions
enter the cytoplasm. This conformational change involves 31 and 32 to permit a covalent bond between subunits.

a swap of a portion of the polypeptide chain between two D’Alessio and his group reported that additwo cys-
monomeric units to form a noncovalent dimer. In the swap, teines, at positions 31 and 32, in an RNase A background
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also yields a protein capable of forming dimers, some antiparallel disulfide connectivity and the amount of swap
swapped and some netd, 44) (see also re85). This offers in variants that contain cysteines at positions 31 and 32. This
an alternative “covalent dimer early” model for the evolution is the one residue that appears (from the crystal structure)
of dimers, one where two cysteine residues were introducedto form a specific contact site in addition to the swap and
first, with the swap evolving later. the disulfide bonds themselves.

The reconstructed evolutionary history of the seminal Together these results suggest a model for the origin of
RNase family strongly suggests, however, that cysteines weredimeric structure different from both the model of Bennett
notintroduced at positions 31 and 32 at the same tié3e-( et al. 31) and the model of D’Alessio and co-workery.

65). Rather, the codon for a single cysteine at position 32 In this model, the first seminal RNase gene encoded a protein
was introduced early in the history of the seminal RNase with a single cysteine at position 32 but none at position 31.
family, while that for the cysteine at position 31 was This was capable of forming a dimer joined by only a single
introduced only very recently. Thus, neither the D’'Alessio disulfide bond. This dimer has, of course, a “parallel”
nor the Bennett et al. model is consistent with the recon- connectivity. At essentially the same time, Pro-19 and a
structed evolutionary history. hydrophobic residue at position 28 were introduced. This

Reconstruction of the sequences of ancestral RNases usingmplies that early versions of the seminal RNase gene
principles of maximum parsimony and maximum likelihood encoded proteins capable of some swap, suggested by the
suggests that the ancestral protein at the point where the20% swap of theA(A19P S32C) variant. Some 30 million
seminal and pancreatic lineages diverged contained Cys atyears later, a second Cys was introduced at position 31. This
neither position 31 nor 32, had no ability to form covalently permitted antiparallel connectivity (given a hydrophobic
linked dimers, and showed no propensity to form noncovalent residue at position 28), enabled substantial amounts of swap,
dimers greater than that observed with bovine pancreaticand rigidly fixed a specific orientation of the active sites
RNase A 23). From this it can be inferred that modern relative to each other. As shown in the following pa&s)(
dimeric seminal RNase evolved from a monomeric protein. this orientation leads to higher catalytic activity against
Parsimony analysis of the sequences of various seminalduplex nucleic acids, already partially present in the common
RNase genes in various organisms diverging after the ancestor of seminal and pancreatic RNase, is increased when
formation of the seminal RNase gene by duplication permits residues introduced early in the evolutionary history of
us to identify the order in which residues considered seminal RNase are introduced into the pancreatic gé®e (
important for dimeric structure (Pro-19, a hydrophobic and increases substantially in the last episode of evolution
residue at position 28, Cys-31, and Cys-32) were introduced.of seminal RNase. This model is consistent with the
Cys-32 appeared in the seminal lineage immediately after it reconstructed evolutionary history of the seminal RNase gene
was created and was conserved subsequently. Pro-19 wagamily.
also introduced immediately and was also conserved. A While the reconstructed evolutionary history provides
hydrophobic residue was present at position 28 as early asstrong evidence that this was the actual sequence of events
detectable in the seminal lineage as well but was not leading to the seminal RNase dimer, and while the experi-
conserved. Cys-31 was introduced late, perhaps in the pastments reported here provide information about the derived
1 million years, after the divergence of ox from Cape buffalo. features of the tertiary and quaternary structure that follow

Guided by the evolutionary history of the seminal RNase from the change in primary structure (including the nature
family, the experiments reported here examine the mutationsof the disulfide connectivity and the extent of the swap),
likely to be relevant to dimer formation in the same order they do not answer the “Why?” questions that connect this
as they were introduced in the history of the seminal RNase history with the evolution of behavior and function. Several
gene family. They show that introduction ofiglecysteine of the paradoxes of this model must be discussed.
at position 32 is a direct route to a dimer without requiring  First, addition of a single Cys residue to engineer a new
multiple simultaneous substitutions. THRgA19P S32C) guaternary structure via an intersubunit disulfide bond is a
variant, containing two relevant substitutions that emerged strategy suited only for extracellular proteins. Introduction
early in the seminal RNase gene is also a dimer, but with of extra cysteines raises issues even for extracellular proteins,
substantial amounts of swap (Table 1), despite the fact thathowever. These relate to the rate of monomer folding, the
it is joined by a 32-32 intersubunit disulfide connectivity. rate of dimer formation, and the specificity of dimer
This confirms the role for Pro-19 in encouraging the swap, formation in an environment containing other proteins and
as suggested by D’Alessio and co-workes8)( here in an peptides that present free thiol groups.
evolutionary context. As the order in which Pro-19 and Cys-  For example, RNase A has eight cysteine residues forming
32 were introduced cannot be determined given available four intrasubunit disulfide bonds in the native structure. These
data, Cys-32 need not have formed the dimer first, to have permit 104 incorrect disulfide connectivities in the fully
the dimeric structure enhanced by the swap later. Pro-19oxidized protein and still more when the protein is incom-
might have been introduced first. However, all experiments pletely oxidized. Each of these is a possible kinetic trap
where Pro-19 has been introduced without a cysteine at eitherduring refolding. Addition of two cysteines increases the
position 31 or 32 have failed to detect swap yielding a number of possible intramolecular disulfide bonding patterns
noncovalent dimer. to 945 (in fully oxidized protein), 944 of which are incorrect.

Continuing with variants suggested by the reconstructed While additional cysteines might help create a dimeric
evolutionary history, a hydrophobic amino acid (Phe), protein, at the same time they may create a protein that has
introduced at position 31 early in the seminal RNase lineage, difficulties folding.
was found not to increase swap. A hydrophobic residue In fact, introduction of two additional cysteines to RNase
(Leu) at position 28, however, increases the amount of A at positions 31 and 32 creates a lag in the refolding in
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vitro (Figure 5). This almost certainly arises from the ological conditions in seminal plasma, where other proteins
formation of incorrect disulfide linkages within the monomer, might also present free cysteines on their surface. A Western
as the lag disappears in the presence of total glutathione ablot analysis of crude seminal plasma, using an antibody
1.2 mM concentrations (GSSG:GSH 1:5). Introduction against seminal RNase, showed that the homodimer of
of residues presumed to be desirable for one property seminal RNase represents only part of the RNase in the
(dimeric structure) is problematic for another (rapid folding). seminal plasma. The remainder is covalently conjugated
Do these results imply that the features of the sequencewith many other proteins (Figure 6), presumably through
required to form dimers (additional cysteines) are incompat- intermolecular disulfide bonds, together with protein that runs
ible with rapid folding in vivo as well? Glutathione is as expected for a glutathione-blocked monomer. Reduction
present in the endoplasmic reticulum at low millimolar with dithiothreitol disrupts these conjugates to yield mono-
concentrationsg3), where the monomer presumably folds, meric seminal RNase. Identical results (to the limits of
as are enzymes that catalyze disulfide exchaB@g (Thus, detection) were obtained in fresh samples of seminal plasma
the lag in refolding observed in vitro in these experiments immediately treated with-ethylmaleimide to block artifacts
need not encumber seminal RNase in vivo. This observationthat may arise by disulfide exchange. This suggests that
does not solve the problem, however. It is well-known that seminal RNase as it actually exists under physiological
seminal RNase does not form a dimer in the presence ofconditions is not exclusively the “native” dimer identified
glutathione 69, 88). Rather, when seminal RNase is by crystallography25).2
incubated with glutathione, the predominant product is the The fact that heterodimers and heterotrimers between
monomer with Cys-31 and Cys-32 blocked as mixed disul- seminal RNase and other proteins in the seminal plasma exist
fides with glutathione. This result creates another paradox: under physiological conditions requires that such structures
Glutathione is necessary for the rapid folding of RNases that be discussed when addressing issues relating to the biological
can form dimers through the existence of extra cysteines, function of seminal RNase. Such discussion has been largely
but glutathione blocks the formation of the dimer. absent from the literature on seminal RNase to date. Perhaps
To resolve this paradox, the refolding of RNase variants relevant to this is the possibility that the adjacent cysteines
at concentrations of glutathione (0.12 mM) approximating at positions 31 and 32 might form an intramolecular disulfide
the lower concentration of glutathione in seminal plasma [0.1 bond. As this will severely distort the conformation of the
mM, in human 89) or 0.20-0.46 mM in various bovids34); helix, the resulting disulfide bond should be a strong
possibly 0.026 mM, see re&J0] was examined. With the  oxidizing agent (although not, of course, as strong as
A(A19P Q28L K31C S32C) variant, dimer and monomer dioxygen). Thus, one would expect RNase containing an
were both formed in a ratio of ca. 1:1 (data not shown). This intramolecular 3+32 disulfide bond to rapidly form mixed
suggests that at low concentrations of glutathione, seminaldisulfides when encountering a thiol or a dimer when
RNase monomer with its external cysteines blocked as mixedencountering a seminal RNase monomer with a free SH
disulfides with glutathione (generated in the cell, where group. Disulfides between adjacent Cys residues in a
concentrations of glutathione are higher) might be converted dipeptide are known both in model systerddg,(95) and in
to the native dimer in the seminal plasma itself, presumably natural enzymes, where they may play functional roBss. (
via a disulfide exchange mechanisms without reduction of = The evolutionary reconstructions used to guide the experi-
the intrasubunit disulfide bonds. ments in this paper are, of course, reconstructions at the level
The statement that seminal RNase fails to form dimer of the gene. The presence of a gene for a seminal RNase in
decisively in competition with glutathione at physiological the genome of an ancient organism does not, of course,
concentrations is, of course, equivalent to the statement thatrequire the presence of the protein in that organism, much
the specific affinity of a seminal RNase monomer for another less the presence of the protein in a particular tissue. The
seminal RNase monomer is not very high. Thus, the contactgene need not be expressed, or might be expressed in
regions between seminal RNase dimer has none of thedifferent tissues from those where it is expressed in the
complementarity leading to high specific affinity found in  modern world. Only if the gene is expressed are the
classical dimer contact regions. properties of the encoded protein significant; only an
This could be, of course, simply a manifestation that expressed gene for seminal RNase be under selective pressure
seminal RNase is an example of “evolution in progred§),( throughout this episode of evolutionary history.
with a more specific dimer contact site yet to emerge. Here, the evidence is uncertain. The seminal RNase gene
Alternatively, it could indicate that the homodimer known is an inexpressible, or nonfunctional, pseudogene in many
in the crystal structure is not the form of seminal RNase contemporary artiodactyl$8, 65). A parsimony analysis
that has physiological relevance. This thought prompted athat does not consider sequences in detail infers from this
closer examination of the quaternary structure under physi-fact that the ancestral genes were also pseudogenes. To
assume otherwise would require that several active genes
3 These results are reminiscent of classical work that reports that Present in ancestral organisms independently lost function
;em;]nag plasr:na cotntains rr1nor\t/avthan on%Rbl\tlag)ia(sDr;slolved ?y SEl-l_ in many derived lineages.
this terature to our attention. Subsequentl, Reddy and colleagles (  _ Paroimony analysis that considers sequence data draws
reported a new pyrimidine-specific ribonuciease from bovine seminal & different conclusion, however. Analysis of the sequences
plasma that is active on both single- and double-stranded polyribo- Of a variety of the pseudogenes for seminal RNase from
nucleotides and that can distinguish between”Mgpntaining and modern organisms fails to identify a single lesion that can

Mg?*"-depleted naturally occurring RNAs. This report was disputed by ; ; ;
D’Alessio and colleague®8), and subsequent literature contains no be placed by parsimony in all of the ancestral seminal RNase

further discussion of this matter. At least some of this controversy might 9€n€s. For example, the deletions that disrupt several of the
reflect the heterodimers reported here. seminal RNase gene$5) lie at different points in the
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protein; they cannot be placed by parsimony in any of the 17.

ancestral genes leading to seminal RNase fBoa taurus

Nor does parsimony suggest that the evolutionary intermedi-
ates were inactive through the loss of His-12, essential for 19

catalytic activity. His-12 is replaced by Leu and Ser in the

giraffe and sheep seminal RNase pseudogenes but is present0.
in others. Thus, parsimony analysis reconstructs His at

position 12 in all ancestral proteins.

through its evolutionary history, a function that was inde-

pendently lost in giraffe, sheep, and other species of 24

artiodactyls. As discussed elsewhere (Trabesingéeral.,

to silent substitutions during the divergent evolution of the

gene suggests that the seminal RNase gene was in fact26.
expressed and under purifying selection throughout much

of its evolutionary history. If this is so, then virtually all of

physiological relevance.

relationship between structure and behavior. This is the
subject of the accompanying pap&6).
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