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Abstract

When concentrated in mildly acidic solutions, bovine pancreatic ribonuclease (RNase A) forms long-lived
oligomers including two types of dimer, two types of trimer, and higher oligomers. In previous crystallo-
graphic work, we found that the major dimeric component forms by a swapping of the C-terminal �-strands
between the monomers, and that the minor dimeric component forms by swapping the N-terminal �-helices
of the monomers. On the basis of these structures, we proposed that a linear RNase A trimer can form from
a central molecule that simultaneously swaps its N-terminal helix with a second RNase A molecule and its
C-terminal strand with a third molecule. Studies by dissociation are consistent with this model for the major
trimeric component: the major trimer dissociates into both the major and the minor dimers, as well as
monomers. In contrast, the minor trimer component dissociates into the monomer and the major dimer. This
suggests that the minor trimer is cyclic, formed from three monomers that swap their C-terminal �-strands
into identical molecules. These conclusions are supported by cross-linking of lysyl residues, showing that
the major trimer swaps its N-terminal helix, and the minor trimer does not. We verified by X-ray crystal-
lography the proposed cyclic structure for the minor trimer, with swapping of the C-terminal �-strands. This
study thus expands the variety of domain-swapped oligomers by revealing the first example of a protein that
can form both a linear and a cyclic domain-swapped oligomer. These structures permit interpretation of the
enzymatic activities of the RNase A oligomers on double-stranded RNA.
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3D domain swapping is a mechanism for protein oligomer-
ization, in which two or more molecules of the same protein
form an oligomer by exchanging identical domains. In a 3D
domain-swapped dimer, one subunit lends a domain to re-
place the identical domain of the other subunit, and vice

versa. The interface that exists between the swapped domain
and the rest of the protein in both the monomer and the
domain-swapped oligomer is termed the closed interface.
The interface that exists only in the domain-swapped oligo-
mer is termed the open interface. The loop presenting dif-
ferent conformations in the monomer and the domain-
swapped oligomer is termed the hinge loop. Since 3D do-
main swapping was found in the dimeric structure of
diphtheria toxin (Bennett et al. 1994), more than 30 proteins
have been reported to be domain swapped. 3D domain
swapping is a possible mechanism for the formation of pro-
tein aggregates including amyloids (Klafki et al. 1993; Ben-
nett et al. 1995; Schlunegger et al. 1997; Cohen and
Prusiner 1998; Liu et al. 1998, 2001). 3D domain swapping
also endows proteins with additional properties, for ex-
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ample, metal binding in the case of CksHs2 (Parge et al.
1993), and allostery and antitumor and immunosuppression
activity in the case of bovine seminal ribonuclease (Vescia
and Tramontano 1980; Piccoli et al. 1988; Cafaro et al.
1995). To explore the variety, mechanism, and physiologi-
cal significance of 3D domain swapping, we have investi-
gated structures of RNase A oligomers. We determined pre-
viously the structures of the two domain-swapped RNase A
dimers. Here, we report the structural characterization of the
two RNase A trimers.

RNase A forms oligomers after lyophilization in acetic
acid. Among these oligomers are the two types of trimers, as
well as the two types of dimers. The formation of these
oligomers was first observed by Crestfield et al. (1962).
Further biochemical studies on these oligomers were carried
out by Libonati et al. (1996) and Gotte et al. (1999). One
trimer (the major trimer) predominates over the other trimer
(the minor trimer), similar to the two dimers (Gotte et al.
1999). The two trimers show different biophysical proper-
ties on gel-filtration chromatography, ion-exchange chro-
matography, and native gel electrophoresis, suggesting that
they have different quaternary structures. Both trimers have
higher enzyme activity on double-stranded (ds) RNA than
do the two dimers and the monomer (Gotte et al. 1999).
RNase A has also been found as a domain-swapped dimer
under conditions similar to physiological conditions (Park
and Raines 2000).

The structures of the RNase A dimers offer hints about
the structures of the trimers. In our studies of the structures
of the RNase A dimers, we found the major dimer forms by
swapping its C-terminal �-strand (Liu et al. 2001), whereas
the minor dimer forms by swapping its N-terminal �-helix
(Liu et al. 1998). On the basis of these structures, we con-
structed a model of an RNase A trimer, with both types of
swapping taking place in the same molecule (Liu et al.
2001). By this mechanism, monomers can continuously be
added to either end of the domain-swapped complex to form
longer linear oligomers with no exposed closed interface
(no dangling domains). However, until the structures of the
two trimers are known, this model remains to be verified. In
addition, it is unknown whether the model, if correct, rep-
resents the structure of the major trimer or the minor trimer.
Furthermore, what is the structure of the other trimer? To
verify our model, to answer these questions, and to continue
to explore the repertoire of 3D domain swapping, we con-
ducted dissociation and cross-linking studies of the RNase
A trimers and determined the crystal structure of the minor
trimer.

Results

Dissociation of the two trimers

We observed that the two trimers dissociate over weeks into
dimers and monomers when they are stored at a high con-

centration at 4°C. Thermal treatment accelerates the disso-
ciation. Because there are two types of dimers, studying the
components of the dissociation products may help under-
stand the structures of the trimers. On the basis of our pre-
vious trimer model (Fig. 1A), the dissociation product
should comprise the monomer (Fig. 1B), the major dimer
(Fig. 1C), and the minor dimer (Fig. 1D). These components
can be distinguished by cation exchange chromatography.
To test the trimer model, we carried out a thermal dissocia-
tion experiment. Figure 2 shows the elution patterns of the
dissociation products from the major and the minor trimers
on a cation exchange column. From the elution patterns, it
is clear that the major trimer dissociates into the major
dimer, the minor dimer, and the monomer, whereas the
minor trimer mainly dissociates into the major dimer and
the monomer. The dissociation products of the major trimer

Fig. 1. Speculative dissociation pathways of the model of RNase A linear
trimer. The proposed model of a trimer (A) can dissociate in two ways.
(Top pathway) The blue subunit dissociates from the trimer and refolds to
form the monomer (B). The remaining two subunits (red and green) refold
to form the major dimer (C). (Bottom pathway) The red subunit dissociates
from the trimer and refolds to form the monomer (B). The remaining two
subunits (green and blue) refold to form the minor dimer (D). The figure
was created using Raster 3D (Merritt and Bacon 1997).
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are consistent with what is predicted from the previous tri-
mer model, suggesting that the model represents the qua-
ternary structure of the major trimer.

Simultaneously with this dissociation experiment at
UCLA, Nenci et al. (2001) found in Verona that the major
trimer dissociates into both major and minor dimers. Their
work by the alternative method of gel electrophoresis
reaches the same conclusion as the present work by gel
filtration, and is described independently.

There is also a trace amount of the minor dimer in the
dissociation product of the minor trimer (Fig. 2). This could
be either a contamination from the minor dimer or an in-
terconversion between the minor and the major dimers. To
test the possibility of the interconversion, the RNase A ma-
jor and minor dimers were individually incubated at 55°C
for 5 min, and then subjected to cation exchange chroma-
tography. The elution patterns show there is no intercon-
version between the two dimers. The possibility of contami-
nation is tested by the cross-linking experiment below.

Cross-linking of the trimers

DFDNB cross-links Lys 7 and Lys 41 of RNase A (Lin et al.
1984). In the minor dimer, Lys 7 is located on the swapped
helix and Lys 41 is located on the main domain. The cross-
linking, therefore, occurs intermolecularly in the minor
dimer and results in a covalent dimer that can survive the
thermal treatment. However, the major dimer forms by
swapping the C-terminal �-strand, on which neither Lys 7

nor Lys 41 is located (Liu et al. 2001). The cross-linking of
Lys 7 and Lys 41, therefore, occurs intramolecularly in the
major dimer and does not prevent the major dimer from
dissociation during thermal treatment. Consequently, the
cross-linked major dimer dissociates into cross-linked
monomer upon thermal treatment. To test the possibility of
contamination and to further confirm the thermal dissocia-
tion results, the two trimers were further purified on a cation
exchange column. The purified trimers were individually
cross-linked with DFDNB, heated, and loaded onto a Vydac
S column. RNase A monomer and the two dimers were
cross-linked as standards.

The elution patterns of the cross-linked dimers and trim-
ers are shown in Figure 3. In the elution pattern of the
cross-linked minor dimer, there are peaks of the cross-
linked monomer, the cross-linked minor dimer, and the in-
tact monomer. In the elution pattern of the cross-linked
major dimer, there are peaks of the cross-linked monomer,
the intact monomer, and unidentified components. These
results are consistent with what is predicted, on the basis of
the structures of the two dimers of RNase A. After cross-
linking and thermal treatment, the major trimer yields the
cross-linked monomer, the cross-linked minor dimer, and
the intact monomer (Fig. 3A). The minor trimer, however,
yields the cross-linked monomer and the intact monomer,
but no cross-linked minor dimer (Fig. 3B). Therefore, do-
main swapping of the N-terminal helix occurs in the major
trimer, but not in the minor trimer. These results further
support the data from the thermal dissociation experiment,
and indicate that the trace amount of the minor dimer in the
dissociation products of the minor trimer in Figure 2 is from
contamination (i.e., incomplete separation by ion exchange
chromatography).

Models for the two RNase A trimers

The dissociation of the major trimer into the major dimer,
the minor dimer, and the monomer is consistent with our
earlier trimer model (Liu et al. 2001; Fig. 1). These results
indicate that the quaternary structure of our previous trimer
model, with two types of domain swapping in the same
molecule, is correct and that the model corresponds to the
major trimer. The fact that the minor trimer dissociates into
the major dimer and the monomer indicates that only one
type of domain swapping (the swapping of the C-terminal
�-strand) takes place in the minor trimer. For a protein to
form an oligomer with one type of domain swapping and
without an exposed closed interface, the oligomer must be
in cyclic form, as proposed before (Bennett et al. 1995).
Therefore, we suggest that the minor trimer is a cyclic,
domain-swapped molecule. On the basis of these results, a
model was constructed for the minor trimer with a threefold
axis overlapping the twofold axis of the major dimer (Fig.
4). The hinge loop (residues 112–115) of the minor trimer

Fig. 2. Cation exchange chromatograms of the dissociation of the two
RNase A trimers. The two trimers were heated at 55°C for 5 min, loaded
onto a cation exchange Vydac S column, and eluted as described in Ma-
terials and Methods. The major trimer (broken line) dissociates into the
minor dimer, the major dimer, and the monomer, whereas the minor trimer
(solid line) dissociates into the major dimer and the monomer. There is also
a trace amount of the minor dimer in the dissociation product of the minor
trimer. The pattern of dissociation of the major trimer is consistent with the
linear trimer model of Fig. 1A.
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was modeled with the program CODA (Deane and Blundell
2000). The model was then subjected to energy minimiza-
tion by use of the program CNS (Brunger et al. 1998). On
the basis of this model, the minor trimer dissociates into the
major dimer and the monomer (Fig. 4), which is consistent
with the results of the thermal dissociation experiment.

Crystallization of the trimers

To verify the models of the two trimers proposed above, we
carried out crystallization of the two trimers. Crystals of the
minor trimer were first obtained from conditions 30 and 31

of Crystal Screen I (Hampton Research). Larger crystals
were obtained from 13% PEG 10,000 (Sigma), 0.2 M am-
monium sulfate. The addition of 4% 2-propanol yielded a
cubic crystal form, as well as the needle-shape crystals.
However, both types of crystals diffracted X-rays poorly,
only to 3.5 Å on Rigaku RU-200. Polyethylene glycol
(PEG) undergoes oxidation in solution, producing free radi-
cals, which could damage the crystals and contribute to their
poor diffraction (Jurnak 1986). Considering this possibility,
a fresh PEG 10,000 solution was made for more crystalli-
zation trials. However, the fresh PEG 10,000 solution failed
to yield any crystals. It appears that the aged and the freshly
prepared PEG 10,000 solutions have different pH values,
with pH 2.5 for the aged PEG 10,000 and pH 3.7 for the
fresh one. Further investigation showed that the pH of the
droplets yielding crystals, that is, the mixture of the protein
solution and the mother liquor prepared from the aged PEG
10,000, is ∼3.5, but the pH of the droplets from the fresh
PEG 10,000 is ∼4.7. At this low pH, the RNase A trimers
are unstable. To test whether the crystals were the minor
trimer, the crystals were filtered by centrifuge filtration,
washed with the mother liquor, and dissolved in 20 mM
phosphate buffer (pH 6.0), 0.1 M Na2SO4. The sample was
subjected to gel filtration chromatography. The retention
time of the redissolved crystals on the column corresponds
to that of the minor trimer, indicating that the crystals are
the minor trimer. It is unexpected that the minor trimer can
be stable at low pH for such a long period. However, mac-
romolecular crowding can affect the association of protein
molecules (Minton 2001). It was reported that PEG en-
hances self-association of spectrin (Cole and Ralston 1994)
and polymerization of actin (Lindner and Ralston 1997).
Therefore, PEG 10,000 in the crystallization conditions may
enhance the stability of the minor trimer under acidic con-
ditions through a macromolecular crowding effect.

Overall structure of the RNase A minor trimer

A more intense and focused X-ray beam significantly im-
proved the diffraction of the crystals. The needle-shape
crystals diffracted to 2.3 Å with a Rigaku FRD generator,
and to 2.1 Å on a synchrotron X-ray beam. The crystals
belong to the space group P21212, with three monomers per
asymmetric unit. The structure of the minor trimer of RNase
A was determined by molecular replacement by use of the
RNase A monomer as a probe, and was refined to 2.2 Å
resolution (Table 1).

The X-ray structure reveals that the minor trimer is cyclic
and 3D domain-swapped at the C-terminal �-strand (resi-
dues 116–124, Fig. 5), as proposed from the dissociation
results. However, the orientation of the subunits in the struc-
ture of the minor trimer is different from that in our model,
which was constructed on the basis of the structure of the
major dimer. This different orientation makes the structure

Fig. 3. Cation exchange chromatograms of the cross-linked RNase A ma-
jor trimer (A) and the cross-linked minor trimer (B). The major dimer
(broken line) and the minor dimer (dotted line) were also cross-linked and
used as standards. All the major and minor trimers dissociate during the
cross-linking reaction. Cross-linking of the major trimer (A) yields the
cross-linked monomer, the intact monomer, and the cross-linked minor
dimer, whereas cross-linking of the minor trimer (B) yields the cross-linked
monomer and the intact monomer.
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(Fig. 5) more compact than the model (Fig. 4). The shape of
the minor trimer is like a propeller, with the blades (sub-
units) related by a threefold axis. The active site of RNase
A contains catalytic residues His 12, Lys 41, and His 119.
In the minor trimer, the active sites are composite, consist-
ing of His 12 and Lys 41 from one subunit and His 119 from
another subunit. Domain swapping does not disrupt the ac-
tive sites of the minor trimer, which is consistent with the
observation that the minor trimer retains enzyme activity
(Gotte et al. 1999).

Open interface of the minor trimer

The closed interface of the minor trimer is similar to that of
the major dimer, which also swaps its C-terminal strands,
whereas the open interface of the minor trimer is different
from the major dimer. The area of the closed interface of the
minor trimer is 1780 Å2 per subunit, similar to that of the
major dimer (1720 Å2 per subunit). The open interface area
of the minor trimer is 355 Å2 per subunit, larger than that of
the major dimer (200 Å2 per subunit, Liu et al. 2001). In the

Table 1. X-ray diffraction data collection and atomic refinement of the RNase A
minor trimer

Data collection

Crystal RNase A minor trimer RNase A minor trimer
X-ray source Rigaku FRD, UCLA NSLS Beam Line X8C
Temperature (°C) −170 −170
Cryo protectant 25% glycerol 25% glycerol
Wavelength (Å) 1.5418 1.072
Resolution range (Å) 40–2.3 40–2.1
Total reflections 152,811 327,545
Unique reflections 17,206 22,989
Completeness (%) 96.9 99.7
Rmerge

a(%) 7.6 9.6
Space group P2l2l2 P2l2l2
Unit cell dimensions a � 114.48 Å, b � 122.05 Å,

c � 26.82 Å
a � 114.59 Å, b � 122.17 Å,

c � 26.84 Å

Refinement

Resolution range (Å) 10–2.2 No. of reflections 19,343
Rb (%) 18.4 No. of protein atoms 2,853
Free Rb (%) 25.7 No. of water molecules 270
rmsd bond length (Å) 0.014 No. of sulfate ions 4
rmsd bond angle 1.906° Average B factor (Å2) 21.91

a Rmerge � ∑hkl ∑i | I(hkl)i − <I(hkl)> | /∑hkl ∑i <I(hkl)i>.
b R � ∑hkl | F(hkl)o − <F(hkl)c> | /∑hkl F(hkl)o. (rmsd) Root-mean-square deviation.

Fig. 4. Speculative dissociation mechanism of the pro-
posed RNase A minor trimer. A model for the RNase A
minor trimer was constructed, with its threefold axis
replacing the twofold axis in the major dimer. During
dissociation, one subunit (blue) departs the trimer mol-
ecule and refolds into the monomer, whereas the other
two subunits (red and green) form the major dimer.
Because the proposed model of the minor trimer is sym-
metric, the dissociation of the green or red subunit will
result in the same products. The figure was created using
Raster 3D (Merritt and Bacon 1997).
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major dimer of RNase A, the interactions at the open inter-
face involve only the hinge loop. There is no interaction
between the two functional units (FU). The functional unit
is composed of the swapped domain of one subunit and the
main domain of another subunit (Liu et al. 1998). It is
similar to the monomer except that the monomer consists of
one polypeptide chain, whereas an FU is composed of por-
tions of two polypeptide chains. In the minor trimer of
RNase A, the interactions at the open interface not only
involve the hinge loop, but also the functional units. These
interactions are mainly hydrogen bonds: Gln 69 OE1
(FU1)–Tyr 73 OH (FU2), Thr 70 OG1 (FU1)–Thr 70 N
(FU2), Pro 114 O (FU1)–Asn 113 N (FU2), and Thr 70
OG1 (FU1)–Thr 70 OG1 (FU2). These hydrogen bonds are

also present between FU2 and FU3, as well as FU3 and
FU1. The open interface interactions of the minor trimer are
also mediated by a sulfate ion and a few waters through an
intricate hydrogen bond network, which is described below.

Sulfate ion-binding site at the open interface

During refinement, we observed strong electron density
peaks, not modeled by the protein. The shape of these peaks
suggests they are either sulfate ions or phosphate ions. The
crystallization conditions contain 0.18 M phosphate buffer
and 0.2 M ammonium sulfate. Because the concentrations
of the sulfate and phosphate ions are similar to each other,
it is difficult to distinguish which ion is bound to the minor
trimer. Because the concentration of the sulfate ion is
slightly higher than that of the phosphate ion, we assigned
sulfate ions to the unoccupied electron densities. There are
four sulfate ions bound to the minor trimer, three of which
are bound to the active site from each subunit, similar to
what was reported in other RNase A monomer and dimer
structures (Fedorov et al. 1996; Liu et al. 1998, 2001).

The fourth sulfate ion is bound at the open interface,
located on the threefold axis of the minor trimer. Closer
examination of this binding site reveals that the open inter-
face of the minor trimer forms a trap for the sulfate ion (Fig.
6). There is an intricate hydrogen bond network in the trap.
Thr 70 residues from the three subunits form the base of the
trap. The water molecules in the trap show a layer structure.
OG1 of Thr 70 from each subunit hydrogen bonds individu-
ally with one water molecule in the first layer. These three
waters, in turn, form hydrogen bonds with another three
waters in the second layer, which then form hydrogen bonds
with three waters in the third layer. The waters in the third
layer form hydrogen bonds with the three oxygen atoms of
the sulfate ion. These three oxygen atoms are related by the
threefold axis of the minor trimer molecule. Three tyrosyl
residues (Tyr 115 from each subunit) surround the sulfate
ion with their aromatic rings aligned parallel to the threefold
axis of the trimer, creating a relatively hydrophobic envi-
ronment in the trap, which apparently orientates the sulfate
ion. The fourth oxygen atom of the sulfate ion is liganded by
the backbone nitrogen of Gly 112 from each subunit. As one
oxygen atom can accept at most two hydrogen bonds, this
oxygen may form hydrogen bonds alternatively with these
three backbone nitrogens. C� atoms of the three Gly 112
residues form the bottleneck of the trap. Above the neck is
one water forming hydrogen bonds with the carboxyl oxy-
gen of Pro 114 from subunits 1 and 3 (cyan and yellow in
Fig. 6). The trap is sealed by the carboxyl oxygen of Asn
113 from each subunit, forming hydrogen bonds with one
water in the center. Again, these hydrogen bonds may form
alternatively because one water molecule can be the donor
for two hydrogen bonds and there are three carboxyl oxygen
atoms surrounding this water molecule.

Fig. 5. Ribbon diagrams of the structures of the RNase A monomer (A),
the minor dimer (B), the major dimer (C), the major trimer model (D), and
the minor trimer (E). The N- and C-termini are labeled. The N-terminal
helix and the C-terminal strand that are swapped in the oligomers are
colored in blue and red, respectively, in the monomer (A). The minor dimer
(B) swaps the N-terminal helix, whereas the major dimer (C) swaps the
C-terminal strand. Both types of swapping take place in the major trimer
model (D): The green subunit swaps the C-terminal strand with the red
subunit and swaps the N-terminal helix with the blue subunit. The minor
trimer (E) is 3D domain-swapped at the C-terminal strands. The three
subunits of the molecule are related by a threefold axis, giving the molecule
the shape of a propeller. The figure was created using Raster 3D (Merritt
and Bacon 1997).
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