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Post-translational events, such as proteolysis, are believed to play
essential roles in amyloid formation in vivo. Ribonuclease A forms
oligomers by the three-dimensional domain-swappingmechanism.
Here, we demonstrate the ability of ribonuclease S, a proteolytically
cleaved form of ribonuclease A, to oligomerize efficiently. This
unexpected capacity has been investigated to study the effect of pro-
teolysis on oligomerization and amyloid formation. The yield of the
RNase S dimer was found to be significantly higher than that of
RNase A dimers, which suggests that proteolysis can activate oli-
gomerization via the three-dimensional domain-swapping mecha-
nism. Characterization by chromatography, enzymatic assays, and
NMR spectroscopy indicate that the structure of the RNase S dimer
is similar to that of the RNase A C-dimer. The RNase S dimer dis-
sociates much more readily than the RNase A C-dimer does. By
measuring the dissociation rate as a function of temperature, the
activation enthalpy and entropy for RNase S dimer dissociation
were found to resemble those for the release of the small fragment
(S-peptide) from monomeric RNase S. Excess S-peptide strongly
slows RNase S dimer dissociation. These results strongly suggest
that S-peptide release is the rate-limiting step of RNase S dimer
dissociation.

Three-dimensional domain swapping is a common mechanism for
oligomerization with important implications for protein evolution and
amyloid formation (1). In this mechanism, two monomers trade struc-
tural motifs, called “swap domains,” which adopt essentially identical
conformations in the monomeric and oligomeric forms; for recent
reviews see Refs. 2 and 3. The swap “domains” can range in size from a
single �-helix or �-strand to large protein domains. Domain-swapped
oligomers can be stable ormetastable relative to their monomers. In the
latter case, destabilizing conditions and high protein concentrations
typically favor oligomerization by this mechanism. Bovine pancreatic
ribonuclease A (RNase A) was the first protein whose oligomerization
was proposed to occur by three-dimensional domain swapping (4).

In recent years, investigation of RNase A oligomerization has shown
that this protein can form a variety of dimers, trimers, and higher oli-
gomers (5) via three-dimensional domain swapping of the N-terminal
�-helix (called N-dimer), the C-terminal �-strand (named C-dimer), or
both (6–9) (see supplemental Fig. 1 for ribbon drawings of their crystal
structures). The oligomerization of RNase A has been reviewed recently
(10). The observation of a new two-stranded �-sheet with an amyloid-
like conformation present in the C-dimer of RNase A led Eisenberg and
co-workers (7) to propose a model for amyloid formation based on
three-dimensional domain swapping. This hypothesis has been sup-
ported by the structural characterization of domain-swapped oligomers
of amyloid-forming proteins (11, 12) and is now essentially confirmed
by very recent work from Eisenberg’s laboratory showing that an RNase
A variant with a polyglutamine insertion into the C-terminal hinge loop
forms amyloid fibrils by three-dimensional domain swapping (13).
RNase A oligomerization can be induced by lyophilization from 40%

acetic acid (4) or incubation in heated alcohol/water solutions (14).
Moreover, Park and Raines (15) have shown that RNase A can dimerize
in heated water without cosolvents, which suggests the existence of
small amounts of dimeric RNase A in vivo. All RNase A oligomers
formed are metastable and slowly dissociate into monomers. The swap
domains, which consist of residues 1–15 in theN-dimer and 116–124 in
the C-dimer, have the same secondary and tertiary structures regardless
of whether they are bound to their own protein core in themonomer or
to the alternate core in the oligomer. In contrast, their respective hinge
loops, formed by residues 16–22 in the N-dimer and 112–115 in the
C-dimer adopt strikingly different conformations in the dimers versus
the monomer.
RNase A is cleaved at the peptide bond between residues 20 and 21 by

subtilisin (16). The small fragment (residues 1–20, named S-peptide)
and the large one (residues 21–124, S-protein) remain tightly associated
by non-covalent interactions. This complex, RNase S, conserves the
catalytic activity (16) and native conformation (17–19) of uncleaved
RNase A but shows a reduced conformational stability (20–22).
Although N-terminal domain swapping cannot occur, RNase S

monomers might still be able to oligomerize by swapping C termini,
which are not cut by subtilisin. However, given the reduced conforma-
tional stability of RNase S, many would not expect it to form oligomers.
Here, we describe the discovery of RNase S dimers; this is the first
reported case, to our knowledge, of a two-chain protein that oligomer-
izes via the three-dimensional domain-swappingmechanism. Themain
objectives of this present work are to (i) compare the ability of RNase S
to form domain-swapped oligomers relative to RNase A, (ii) character-
ize the structure of the RNase S dimer, and (iii) measure the kinetics and
thermodynamics of RNase S dimer dissociation and propose a mecha-
nism for this process.
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EXPERIMENTAL PROCEDURES

Materials—Bovine pancreatic ribonuclease A (grade XII-A, lot
104H-7110) was obtained from Sigma and further purified by cation-
exchange chromatography as described (5) prior to use. Bovine pancre-
atic ribonuclease S (grade XII-S, lot 106F-8055), S-peptide (grade XII-
PE, lot 99F8205), and S-protein (grade XII-PR, lot 125C8045) also
obtained from Sigma, eluted as single peaks from a cation exchange
column and were used as supplied. Recombinant RNase A uniformly
labeled with 15N or 15N and 13C was prepared as described previously
(23) using labeled Martek9 medium from Spectra Stable Isotopes.
Na2HPO4 and NaH2PO4 were obtained from Merck and combined in
equal molar proportions to give a solution that is 0.20 M in total Pi and
has a pH of 6.7. Double-distilled water was deionized using a MilliQ
system. All other reagents were the highest purity grade available.

Oligomer Formation—The ability of RNase S and S-protein to form
oligomers was tested using two procedures that efficiently induce oli-
gomerization of RNase A; namely (i) incubation in 40% glacial acetic
acid, 60% water for 1 h, followed by lyophilization (4) (HAc/lyophiliza-
tion) and (ii) high temperature incubation in 40% ethanol, 60% water at
high protein concentrations (50–200 mg/ml) (EtOH/heat) (14). Incu-
bation temperatures ranging from 30 to 60 °C were tested. NaPi buffer
(0.2 M, pH 6.7) was added to the samples after lyophilization or heat
treatment. Pi binds to His12 and His119 at the active site (24); because
these residues are contributed by different monomers, Pi binding stabi-
lizes domain-swapped oligomers of RNase as does the binding of DNA
(25).

Chromatography—All chromatography experiments were per-
formed on an Amersham Biosciences �KTA FPLC system at ambient
temperature (18–20 °C) using Mono S 5/5 and Superdex HR 75 10/30
columns for cation exchange and gel filtration, respectively. Cation
exchange chromatography was carried out by applying a linear gradient
of 20–200mMNaPi (pH 6.70) as previously described (14). Gel filtration
was performed in 0.2 M NaPi buffer. Elution volume determination and
peak integration was performed using the Amersham Biosciences Uni-
corn software.

Thermal Denaturation—Thermal transitions (0–70 °C) of RNase S
and RNase A (�0.5 mg/ml) in 40% ethanol, 60% water were recorded in
a 0.1-cm cuvette using a JASCO J-810 circular dichroism spectrometer
equipped with a Peltier temperature control unit. These samples were
unbuffered, pH � 6.8, to be consistent with the EtOH/heat oligomer-
ization conditions. The scan speed was 60 °C/h. The reversibility of
unfolding was checked by recording the ellipticity during recooling to
0 °C and was found to be better than 95%. The data shown are repre-
sentative of four independent experiments.

Enzyme Kinetics—The enzymatic activities of ribonuclease mono-
mers and dimers were measured against single stranded yeast RNA
(ssRNA)4 using the Kunitz assay (26) and against synthetic double
stranded RNA, poly(A)�poly(U) as previously described (27). All assays
were repeated in duplicate, and the uncertainty of these activity values is
typically��7% and�15%, against ssRNA and poly(A)�poly(U), respec-
tively (5). Because gel filtration analysis found that the RNase S dimer
sample contained 56% dimer and 44% monomer, the activity of 100%
dimer was calculated by subtracting the activity due to monomer from
the observed activity and then dividing by the fraction of dimer. The
specific activity values were then normalized to the RNase Amonomer.

Nuclear Magnetic Resonance—All NMR spectra were recorded at
25.0 °C, in NaPi buffer (0.2 M, pH 6.7) containing 90% H2O, 10% D2O or

in 99.9%D2Ousing themost upfield resonance of sodium 4,4-dimethyl-
4-silapentane-1-sulfonate as the internal chemical shift reference on a
Bruker 800MHzAvanceUS2NMR spectrometer equippedwith a triple
resonance (1H,13C,15N) probe and X, Y, Z-gradients. Three-dimen-
sional 13C,15N,1H NHCOCA, NHCA, and NHCACB spectra were
recorded on amonomeric RNase A sample uniformly labeled in 13C and
15N. Peak assignments were made by following standard procedures in
combination with comparison of previous assignments (18, 21). Based
on these assignments, two-dimensional 1H NOESY (mixing time � 50
ms), COSY, and total correlation spectroscopy spectra of monomeric
and dimeric RNase S were recorded and assigned in the same solution
conditions and temperature. The assignments are deposited in the
BMRB data bank. RNase S dimer samples for NMR contained an excess
of S-peptide to slow dissociation (see below).

Structural Modeling of the RNase S Dimer—The chemical shift and
NOE data sets of RNase A, RNase S, and the RNase S dimer are almost
identical; significant differences are only observed near the subtilisin
cleavage site (see Fig. 2 in Neira et al. (21)) and in the C-terminal hinge
loop (see Fig. 2, above). Therefore, their tertiary structures are very
similar except at those sites. Starting from two RNase A solution struc-
tures, the RNase S dimer structure was modeled by cleaving the 20–21
peptide bonds and then changing the backbone torsion angles of the
C-terminal hinge loop to a C-dimer-like conformation using the pro-
gram Sybyl (Tripos, Inc.). This model was refined with extensive (500
ps) MD simulations with explicit solvent. For further details, see Ref. 28
and the supplemental information.

Dimer Dissociation—The kinetics of the separation of RNase S
dimers, inNaPi buffer (0.2 M, pH 6.7), intomonomers wasmonitored by
gel filtration analysis of aliquots incubated at 0, 19.0, 25.0, 31.2, and
37.0 °C. To determine the dissociation rate constant, k, a least-squares
algorithm was used to fit first order kinetic rate equations to the exper-
imentally observed increase in monomer (M) or the decrease in dimer
(D) with time (t),

D�t� � D�t � 0�exp�kt � D�t � 	� (Eq. 1)

and,

M�t� � �1 � M�t � 0��exp�kt � M�t � 	�

(Eq. 2)

The rate constants (k) as a function of the inverse of the absolute tem-
perature (T) were analyzed using the linear form of the Arrehenius
equation,

ln k � ��H‡/RT � �S‡/R (Eq. 3)

to determine the apparent activation enthalpy (�H‡) and entropy (�S‡)
for rate-limiting step of RNase S dimer dissociation.

RESULTS

RNase S Oligomerizes under Conditions That Induce RNase A
Oligomerization

HAc/Lyophilization-induced Oligomerization—To test whether or
not RNase S can form three-dimensional domain-swapped oligomers
under the conditions that induce oligomerization of RNase A, samples
of both proteins were subjected to HAc/lyophilization treatment, and
the subsequent products were separated by chromatography (Fig. 1).
Cation exchange chromatography was tried first, because it highly
resolves RNase A oligomers (5). Here, a very good separation of RNase
A oligomers was also obtained with a 0.02–0.20 M NaPi gradient, and

4 The abbreviations used are: ssRNA, single stranded RNA; NOE, nuclear Overhauser
effect; NOESY, NOE spectroscopy; MD, molecular dynamics; MOPS, 4-morpholinepro-
panesulfonic acid.

RNase S Forms a Domain-swapped Dimer

APRIL 7, 2006 • VOLUME 281 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9401



the elution positions and oligomer yields are consistent with previous
results (5, 10) (Fig. 1a). However, in the case of HAc/lyophilization
treated RNase S, a single peakwith a long trailing shoulder was observed
to elute soon after the main monomeric peak. Next, the separation of
the oligomerization products was attempted using a gel filtration col-
umn equilibrated in 200 mMNaPi. As previously observed (5), RNase A
tetramers elute earliest, followed by trimers, the C-dimer, the N-dimer,
and finally the monomer (Fig. 1b). The ability to partly resolve the two
dimers of RNase A by gel filtration is likely because of the more elon-
gated shape of the C-dimer (Fig. 1b, inset). The chromatogram of RNase
S, oligomerized by the HAc/lyophilization procedure, reveals the pres-
ence of two peaks, which elute beforemonomeric RNase S and thatwere
not observed in untreated RNase S (Fig. 1b). The smaller peak, whose
yield is �5 � 1% (1�, n � 11), has an elution volume that corresponds
approximately to a trimeric species. The major RNase S oligomer is
probably a dimer, as it elutes 2.08 � 0.02 ml (1�, n � 32) before mono-
meric RNase S, whereas the RNaseAN-dimer andC-dimer elute 1.90�
0.02 ml and 2.15 � 0.01 m� (1 s, n � 4), respectively, before the RNase
Amonomer. This putative dimer is referred to henceforth as the RNase

S dimer. It is remarkable that the yield of the RNase S dimer (32 � 3%,
1�, n � 11) is significantly higher than that of the RNase A C-dimer
(18 � 1%) (29) and is even marginally superior to the typical yields
(26–30%) (10) of the sum of all the RNase A oligomers formed after
HAc/lyophilization treatment.
The stability of the interactionsmaintaining the quaternary structure

of the RNase S oligomers could be low. Phosphate binding to the active
site of RNase oligomers cross-links the subunits and thereby stabilizes
them. RNase S oligomersmight have been present but dissociated in the
early stages of cation exchange chromatography, where the concentra-
tion of Pi is minimal. To test this possibility, the products of RNase S
oligomerization were applied to gel filtration column equilibrated with
200, 90, or 10 mM NaPi buffer (Fig. 1c). The recovery of oligomers
decreases substantially as the Pi concentration is lowered.

S-protein might be able to oligomerize because it contains the C-ter-
minal swap domain of RNase A. HAc/lyophilization-treated S-protein
analyzed by gel filtration yielded a broad peak whose elution volume is
close to that of the RNase Smonomer (Fig. 1d). The shoulder preceding
the elution of the main peak is more prominent for the HAc/lyophiliza-
tion-treated S-protein than for untreated S-protein; this shouldermight
possibly be because of S-protein oligomers, which dissociate intomono-
mers during the chromatography run. A strikingly different result is
obtained, however, if a 1.3 molar excess of S-peptide is included in the
NaPi buffer used to redissolve the lyophilized S-protein powder; namely,
significant amounts of oligomers are detected (Fig. 1d). These results
strongly suggest that S-protein can oligomerize by three-dimensional
domain swapping of the C-terminal �-strand, as does RNase A, but that
S-protein oligomers are much less stable.

Formation of RNase S Oligomers in Heated 40% EtOH—Oligomer
formation by RNase S was also found to occur when the protein was
incubated at elevated temperatures in 40% ethanol. The average percent
oligomer yields as a function of the incubation temperature are shown
in Fig. 2a. The highest yields of oligomers are obtained near 40 °C for
RNase S but at a much higher temperature, �60 °C, for RNase A (14).
To gain further insight, the thermal denaturation in 40% ethanol of

RNase A and S, the concentration of the latter being 43 �M, was fol-
lowed by CD and thermal midpoint (TM) values of 30.7 � 0.2 °C for
RNase S and 42.0 � 0.2 °C for RNase A were obtained (Fig. 2b). The TM

value for RNase S is concentration-dependent; when corrected for its
concentration under oligomerization conditions (7.3 mM) using the
expression of Catanzano et al. (20) increases to �41 °C (see the supple-
mental text for additional data analysis details). Altogether, these data
suggest that RNaseA oligomerizesmost efficiently at high temperatures
where it is completely denatured, whereas RNase S oligomerization is
highest at physiological temperatures near themidpoint of its unfolding
transition.

Structural Characterization of the RNase S Dimer

Enzymatic Activities—Because the catalytic activities of RNase A
depend strictly on its tertiary and quaternary structure (10), enzymatic
assays can shed light on the nature of the RNase S dimer structure. First,
both the monomeric and dimeric species of RNase A and RNase S were
assayed against yeast ssRNA. The RNase S dimer shows significant
activity against ssRNA, which parallels that shown by the RNase A
C-dimer (data not shown) and constitutes good evidence that the sub-
units of the dimer have correctly folded tertiary structures.
The RNase A C-dimer shows a remarkably increased activity against

poly(A)�poly(U) relative to themonomer, whereas the enhanced activity
of the N-dimer against poly(A)�poly(U) is much smaller (9, 30). Against
poly(A)�poly(U), the RNase S dimer demonstrated a strongly enhanced

FIGURE 1. Chromatographic characterization of RNase oligomers. a, cation exchange
chromatograms of RNase A (left y axis, dashed line) and RNase S (left y axis, thick solid line)
after oligomerization by HAc/lyophilization. The conductivity (thin solid line, right y axis)
is proportional to the concentration of NaPi used in the gradient (20 –200 mM). The large
off scale peaks eluting �13–14 ml are the monomeric forms of RNase A and S and have
normalized absorbance values �0.45. To facilitate the comparison of the chromato-
grams in b– d, their absorbance was normalized by dividing by the total integral of the
raw absorbance. b, separation of RNase A (dashed line) and RNase S (solid line) previously
oligomerized by HAc/lyophilization treatment by gel filtration chromatography. For
comparison, a sample of untreated RNase S (dotted line and open triangles) is also shown.
Inset, the chromatogram of RNase A, expanding the region where tetramers, trimers, and
dimers elute. An inflection point (arrow) indicates the partial resolution of the C-dimer
(main peak) from the N-dimer (shoulder on the right-hand side) by gel filtration. This
inflection point and the N-dimer shoulder are not seen in chromatograms of oligomer-
ized RNase S. The peak eluting near 12.0 ml appears to be because of one or more
intermediate species that form during the conversion of dimer into monomer, which
seem to behave like monomer after isolation. c, RNase S oligomer recovery depends on
the concentration of NaPi. Gel filtration chromatograms of RNase S after oligomerization
via HAc/lyophilization in a column equilibrated in 200 mM NaPi (solid line), 90 mM NaPi

(dashed line) and 10 mM NaPi (dotted line and squares). The variation in the elution volume
with NaPi and the trailing shoulder of the chromatogram in 10 mM NaPi could be because
of variations in the interactions between the protein and the column matrix because of
differences in the ionic strength. In b– d, no significant absorbance was detected
between 0 and 8 ml; the column exclusion volume is �7.5 ml. d, oligomer formation by
S-protein. Solid line, untreated S-protein; dashed line, HAc/lyophilization treated S-pro-
tein, dissolved in NaPi buffer; dotted line with open circles, HAc/lyophilization treated
S-protein dissolved in NaPi buffer containing S-peptide.
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activity like that of the RNase A C-dimer when assayed side-by-side
(Fig. 3a).

Structural Characterization by NMR—The aromatic region of the
two-dimensional NOESY 1H spectra of the RNase S monomer and
dimer are shown in Fig. 3b. Although the chemical shifts of most peaks
are essentially identical, those of the RNase S dimer are broader, which
reflects its slower tumbling in solution. The ring protons of Tyr115, a
residue located in the C-terminal hinge loop, alter their chemical shifts
in the RNase S dimer relative to themonomer (Fig. 3b). The Tyr115 1H�s
and Cys58 1H�s have strong NOE signals in the monomeric forms of
RNase S and A, which are absent in the spectra of the RNase S dimer
(Fig. 3b) as well as the C-dimer of RNase A (data not shown).
The differences in the backbone chemical shifts of monomeric versus

dimeric RNase S are small, except in the hinge loop region where sig-
nificant differences are observed (Fig. 3c). As NMR chemical shifts are
exquisitely sensitive to conformation, these data indicate that the back-
bone structure of the monomer and dimer are similar, except in the
hinge loop region. A key conformational difference in the hinge loop is
revealed by theNOESY spectroscopy. StrongAsn113 1H�-Pro114 1H,H
�
NOE signals, which are diagnostic of a trans peptide bond, are observed
in the RNase S dimer spectrum but are absent in the monomer spec-
trum (Fig. 3d). Similar NOEs are observed for the RNase A C-dimer but
are absent in RNase Amonomer andN-dimerNOESY spectra (data not
shown).
TheNMRsignals that are characteristic forC-terminal domain swap-

ping, namely those of theTyr115 side chain andNOE signals between the
Asn113 1H�-Pro114 1H,H
�, are lost when the RNase S dimer dissociates
(see the supplemental text describing additional NMR experiments).

Hydrogen Exchange—Some 30 amide protons in the RNase S dimer
resist exchange for more than 2.5 h at pH 6.7, 25 °C when the protein is

dissolved in D2O but are fully exchanged after 14 h. Based on these
observations, protection factors on the order of 105-106 can be esti-
mated for these protons. These values are comparable to those previ-
ously reported for the RNase S monomer (21, 22), and this resemblance
suggests that the conformational stabilities of the RNase S monomer
and dimer are also similar. The identities of the highly protected protons
match closely in the RNase S monomer and dimer; this is an additional
indication that they share similar tertiary structures (see supplemental
Table 1 for a list of the protected amide protons in the monomer and
dimer).

Structural Model—A structure of the RNase S dimer modeled on the
basis of the NMR data is shown in Fig. 3e. Overall, the structure is very
similar to the C-dimer of RNase A (7), cleaved between Ala20 and Ser21

in the two subunits. The evolution of the structure during the course of

FIGURE 2. Formation of oligomers via EtOH treatment and thermal stability in 40%
ethanol of RNase A and RNase S. a, yield of oligomers obtained from EtOH/heat treat-
ment. RNase A, filled bars (data adapted from Ref. 14); RNase S, dashed line bars. b, thermal
denaturation in 40% ethanol. RNase A, filled circles; RNase S, open circles. The y axis label
FD stands for “fraction denatured”. The protein concentration was �0.5 mg/ml.

FIGURE 3. Structural characterization of the RNase S dimer. a, enzymatic activity
against poly(A)�poly(U) normalized to monomeric RNase A, whose specific activity was
found to be 3.4. b, regions of NOESY spectra of the RNase S monomer (red) and dimer
(green). The Tyr115 1H�-1H	 cross-peak is labeled with an M (monomer) and a D (dimer). A
solid line (monomer) shows the cross-peaks to the Cys58 1H�s (2.82 and 2.94 ppm), which
are absent for the dimer (dashed line). c, backbone chemical shift differences between
the dimeric and monomeric forms of RNase S: N1H (red), 1H� (blue). d, region of NOESY
spectra of the RNase S monomer (red) and dimer (green). Cross-peaks due to Asn113 1H�
(5.23 ppm, x axis) to Pro114 1H�s (3.74, 3.83 ppm, y axis) in dimeric RNase S are labeled. e,
structural model of the RNase S dimer. S-protein subunits are shown in green and blue,
and the S-peptides are shown in magenta and red. Five structures, snapshots of the MD
calculation at 100-ps intervals, are shown.
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theMDsimulation (shown in supplemental Fig. 2) suggests that it is well
folded and contains no strained regions.

RNase S Dimer Dissociation

Dissociation Kinetics—The stability of the RNase S dimers against
dissociation upon incubation at various temperatures wasmonitored by
gel filtration chromatography, and the results are shown in Fig. 4a.
Essentially equivalent rate constants were found by fitting the increase
in monomer or the decrease in dimer with time (data not shown). The
dissociation kinetics depend strongly on temperature, with the kinetic
lifetimes at 0 and 37 °C being: 
0° � 78,000� 1500min (54� 1 days) and

37° � 5 � 1.5 min, respectively. In comparison, the monomerization of
theRNaseAC-dimer is very slowunder these conditions. After 1month
at 37 °C in 0.20 M NaPi, pH 6.7, less than 10% had dissociated into
monomers (data not shown). The ability of additional S-peptide to sta-
bilize the RNase S dimers was also tested.When a 3-foldmolar excess of
S-peptide was added to RNase S dimers, their dissociation kinetics
slowed dramatically. At 31.2 °C with a 3-fold excess of S-peptide, less
than 25% of the RNase S dimer dissociates after 3 h, whereas without
additional S-peptide, the dimer has essentially completely disassociated
after 2 h (Fig. 4a). At 37 °C, a 3-fold molar excess of S-peptide reduces
the RNase S dissociation rate 20-fold, with 
37°, 3� S-pep � 106� 18min.

Thermodynamics of RNase S Dimer Dissociation—Arrhenius plots of
the rate of RNase S dimer dissociation and the release of S-peptide from
monomeric RNase S determined by Goldberg and Baldwin (31) are
shown in Fig. 4b. Whereas the slope and intercept of these two data sets

are similar, the dissociation of the RNase S dimers is 30–40 times
slower than the release of S-peptide from S-protein over the tempera-
ture range studied. This difference could be because of the stabilizing
action of the 200mMNaPi in the buffer used here and replaced by 10mM

MOPS in the work of Goldberg and Baldwin (31). The apparent activa-
tion enthalpy and entropy for the dissociation of the RNase S dimers are
43.9 kcal/mol and 130 cal/mol K, respectively, and remarkably similar
values of 41.5 kcal/mol (�H‡) and 129 cal/mol K (�S‡) were reported for
the release of S-peptide from RNase S (31).

DISCUSSION

RNase S Forms a Domain-swapped Dimer—Adimeric and a trimeric
species of RNase S are observed after HAc/lyophilization or EtOH/heat
treatment. These oligomers could be similar to the C-dimer and cyclic
trimer of RNase A, which are formed by swapping of the C-terminal
�-strand. The ability of S-protein to oligomerize lends further support
to the idea that the presence or covalent attachment of the S-peptide
moiety is not necessary for C-terminal swapping.

Protease-activated Oligomerization via Three-dimensional Domain
Swapping—Proteolytic cleavage enhances the ability of RNase A to oli-
gomerize via three-dimensional domain swapping. Substantially higher
dimer yields are obtained for RNase S compared with RNase A from
HAc/lyophilization treatment. Moreover, the EtOH/heat treatment
appears to produce the highest yields of RNase S oligomers near phys-
iological body temperature, although the recovery of RNase S oligomers
could be reduced at high temperature because of an increased tendency
to dissociate. In contrast, the optimal oligomerization of RNase A
requires much more vigorous heating.
Proteolysis activates oligomerization by destabilizing the native state.

In solution, RNase S displays an apparently higher conformational flex-
ibility compared with RNase A, which is in fact because of the presence
of minute quantities of dissociated and partly unfolded S-protein and
S-peptide (22, 32). As acid or heat promote the dissociation of S-protein
and S-peptide, and the loss of S-peptide decreases the stability and con-
formational integrity of S-protein (33), it is likely that higher popula-
tions of partly unfolded S-protein species relative to RNase A species
will be present in 40% acetic acid or physiological temperatures and thus
account for the higher yields of RNase S dimer. The destabilization of
the native state induced by proteolysis is generally because of the greater
entropic cost of binding and folding two independent polypeptide
chains (34). Partial protein unfolding in vitro frequently stimulates the
partial or complete conversion into amyloid as described by the “zipper-
spine” (7, 35) and “entire-refolding” (36) models. The lack of complete
conversion of RNase S into amyloid fibrils is probably because of the
rigidity imposed by its four disulfide bonds, as predicted by the zipper-
spine model, or the high positive charge of the protein in acetic acid, or
both. High net charge impedes the oligomerization of Alzheimer’s amy-
loid peptides (37). The proteolytic cleavage of the amyloid precursor
protein produces the A� peptide that aggregates into neurotoxic oli-
gomers that play key roles in triggeringAlzheimer disease (38). The very
recent results of Eisenberg and co-workers (13), which confirm amyloid
fibril formation via the domain-swapping mechanism, together with
our discovery that domain-swapped oligomerization can be activated by
proteolysis, could have far reaching consequences for protein aggrega-
tion in vivo where essentially all proteins are subject to proteolysis
(Fig. 5a).

Stabilization by Phosphate—The poor recovery of RNase S dimers by
cation exchange chromatography is probably because of the low stabil-
ity of these dimers at the low [Pi] present early in the separation. A
binding constant of 120–150M�1 for Pi to the RNaseA active site can be

FIGURE 4. The kinetics and thermodynamics of RNase S dissociation. a, dissociation
kinetics of RNase S dimer at 37.0 °C, solid circle, dashed line; 31.2 °C, solid square, solid line;
25.0 °C, solid diamond, dotted line; 19.0 °C, solid triangle, solid line. RNase S � 3-fold excess
of S-peptide: 37.0 °C open circle, dashed line; 31.2 °C open square, solid line. Bottom x axis
37.0, 31.2, and 25.0 °C; Top x axis 19.0 °C. The inset shows dissociation of RNase S dimers
at 0 °C. The symbols correspond to the experimental data, and the curve shown is the fit
of the rate equation. The reproducibility of the percentage of dimer measured is �1%
and is smaller than the symbols shown. b, linear Arrhenius plot of the dissociation rate of
the RNase S dimer (solid circles, solid line) and the dissociation of S-peptide from mono-
meric RNase S (solid triangles, dashed line; adapted from (31)). The experimental uncer-
tainties in the rate and temperature are smaller than the symbols shown.
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derived from the pKa shifts of His12 andHis119 upon adding Pimeasured
by NMR at 22 °C (24). These values are similar to that of 150 M�1

determined by calorimetry at 25 °C (20). Using these values and the
thermodynamic expression linking selective binding to stabilization (39,
40), the binding of 0.20 M Pi to the RNase S active site is calculated to
stabilize the folded conformation by 1.9–2.1 kcal/mol. Pi binding slows
RNase S dimer dissociation by linkingHis12 in S-peptide to His119 in the
swapped C-terminal �-strand. With a binding constant of 150 M�1, at
typical concentrations of RNase S present at elution (60 �M) and 0.2 M

Pi, it can be estimated that only 3% of the RNase S active sites lack bound
Pi, but 25% of the active sites lack Pi at 0.02 M Pi.

The Structure of the RNase S Dimer Is Similar to That of the RNase A
C-dimer—The enzymatic activities of the RNase S dimer, both against
ssRNA and poly(A)�poly(U) closely match those of the RNase A
C-dimer. These results strongly suggest that the tertiary and quaternary
structures of the RNase S dimer and the RNase A C-dimer are similar.
This conclusion is further supported by the similar elution volumes of
these dimers and especially by the evidence provided byNMR spectros-
copy, which is the basis for the structural model of the RNase S dimer
(Fig. 4e). In particular, the backbone conformation of the RNase S dimer
and the RNase A C-dimer hinge loops match closely, and the Asn113-
Pro114 peptide bond is trans in both, whereas it is cis in the monomers.

Mechanism for Dissociation of the RNase S Dimers—Two possible
pathways for RNase S dimer dissociation are depicted in Fig. 5b. In

pathway 1, the separation of S-peptide from one subunit is the rate-
limiting step for dimer dissociation. This separation will weaken the
union between the swapped �-strand and the S-protein moiety, leading
to its rapid separation and dissociation of the dimers. In contrast, path-
way 2 envisages the separation of a swapped �-strand and hinge loop
and the accompanying loss of stabilizing interactions as the rate-limit-
ing step in dissociation.
The ability of free S-peptide (6) and of a peptide corresponding to

residues 111–124 of the C terminus (41) to influence the yield of N- and
C-dimers, respectively, underscores the importance of local unfolding
in both domain-swapping reactions. However, previous studies have
shown that the interactions between the protein core and the C-termi-
nal �-strand are stronger than those between the protein core and the
N-terminal �-helix or S-peptide moiety. Nine main chain H-bonds link
the C-terminal�-strand to the RNaseA core comparedwith two for the
S-peptidemoiety in the solution (42) and in the crystal (19) structures of
RNase A and S. Moreover, the dynamic behaviors of RNase A and
RNase S are quite similar, as probed by MD simulation (32), and strong
protection against hydrogen exchange is found for amide protons in
H-bonds linking the C-terminal swap domain but not the N-terminal
swap domain to the protein core (21, 22). Significant protection factors
for the former protons are even observed in S-protein (22). The
H-bonds formed by the C-terminal�-strand are among the first to form
during RNase A folding (43). The reactivation of des-(119–124)-RNase

FIGURE 5. Possible routes for protein aggregation induced by proteolysis and RNase S dimer dissociation. a, plausible, hypothetical mechanism for protease activated
three-dimensional domain-swapping-mediated amyloidogenesis. The conformational stability of a protein is decreased when it is cleaved proteolytically, leading to an increase in
partially unfolded species that are able to undergo domain swapping. Multiple domain-swapping events could lead to the formation of amyloid fibrils. b, plausible mechanisms for
RNase S dimer dissociation. Two possible pathways for RNase S dimer dissociation are shown. RNase S dimer dissociation could be rate-limited by the release of a molecule of
S-peptide (pathway 1) or by the separation of a C-terminal �-strand (pathway 2).
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A by synthetic C-terminal peptides identified residues contributing
important hydrophobic interactions (44). The hydrophobic side chains
of C-terminal �-strand have been proposed to contribute to the early
folding of RNase A (45). Using the protein engineering approach, these
side chains have been shown to be key for RNase A stability (46, 47). In
contrast, side chain packing occurs late in the binding of S-peptide to
S-protein (31). Finally, the observation that the N-dimer of RNase A
forms preferentially under moderately destabilizing conditions,
whereas the C-dimer formation is favored under strongly destabilizing
conditions, was rationalized on the basis that stronger denaturing con-
ditions are needed to detach the C-terminal �-strand (14). All these
lines of evidence converge toward the conclusion that the RNase S
dimer chiefly dissociates via pathway 1.
Experimental support for dissociation of RNase S dimers following

pathway 1 is provided by the finding here that the thermodynamics of
RNase S dimer dissociation are similar to those reported for the disso-
ciation of S-peptide from RNase S. Proline isomerization, which might
govern the conformational change of the C-terminal hinge loop neces-
sary for dissociation via pathway 2, has a quite different activation
enthalpy, �20 kcal/mol (48). Finally, the ability of additional S-peptide
to slow the dissociation of RNase S dimer and the rapid breakdown of
the S-protein dimer in the absence of S-peptide is more consistent with
pathway 1 dissociation, because according to transition state theory, the
dimer and transition state are in equilibrium; hence it follows from the
Le Châtelier Principle that the addition of S-peptide will drive this equi-
librium toward the dimer. The relatively slow dissociation rate of the
RNase A C-dimer can be understood considering the extremely high
local concentration of the segment corresponding to S-peptide.
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