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Many proteins assemble with partner proteins in cells, forming
multimers in which intermolecular noncovalent interactions are
established between the protein interfaces. Analogous to the protein
assembly, a complement between a protein surface and a small
ligand is widely used to develop protein-binding compounds.
Although combinatorial chemistry is one of the successful strategies
for drug discovery, enormous efforts are still necessary for the
identification of lead compounds as well as for the design and
synthesis of the compound libraries. The three-dimensional (3D)
domain swapping is another type of intermolecular noncovalent
interaction among identical proteins.1 Although bovine pancreatic
ribonuclease A, RNase A (124 amino acids), is a monomeric
enzyme that hydrolyzes RNAs,2 it also forms dimers and oligomers
after lyophilization in 40-50% acetic acid.3 Liu et al. reported the
crystal structures of two types of 3D-domain-swapped RNase A
dimers: the minor dimer exchanges its N-terminalR-helix,4 and
the major (or predominant) dimer exchanges its C-terminalâ-sheet.5

It is also reported that the formation of the RNase A dimer was
inhibited by lyophilization in 50% acetic acid in the presence of
the S peptide (residues 1-20 in the N-terminalR-helical domain
of RNase A).4,6 Here, we show that oligopeptides containing the
sequence of the C-terminalâ-sheet and the following hinge loop
of RNase A bind to RNase A without lyophilization and are a potent
inhibitor for the domain-swapped RNase A dimers.

The crystal structure of the major dimer of RNase A, swapping
its C-terminal â-sheet, exhibits a dimeric form stabilized by
interactions between the hinge loops without substantial contact at
the interface.5 We thus designed four oligopeptides,7 âhâ, hâ, â,
andâh, that have the C-terminal sequence of RNase A as is shown
in Figure 1. Size-exclusion chromatography8 was carried out to
separate the domain-swapped RNase A dimers from the monomers.
As was previously reported,3 we confirmed an∼20% yield of
dimers after lyophilization of RNase A in 50% acetic acid without
oligomers larger than the dimers.9 Elution profiles of the RNase A
after lyophilization in 50% acetic acid in the presence of these
peptides revealed that the amount of the RNase A dimer was
significantly reduced withâhâ or hâ, but not withâ or âh (see
Supporting Information). It is noteworthy that the lyophilization
making the protein and peptide concentrations extremely high did
not affect the amount of dimers in the case ofâ andâh, indicating
the reduction of the dimers by the peptides in a sequence-dependent
fashion. Importantly, we also found that the peak at 7.9 mL
disappeared with the addition ofâhâ or hâ without lyophilization
and the elimination of the peak was dependent on the amount of
the peptide (Figure 2). This suggests that the oligopeptides that
have amino acids of the C-terminalâ-sheet and the hinge loop can
bind to RNase A and eliminate the domain-swapped RNase A

dimers. This is consistent with the crystal structure of the major
RNase A dimer that exchanges its C-terminalâ-sheet accompanied
with the hinge loop-hinge loop interactions.5 In addition, the minor
dimer that exchanges its N-terminal domain4 also appeared to be
eliminated by these peptides, perhaps due to a coupling motion
between the C-terminalâ-sheet and the N-terminalR-helix.10

On the basis of these results, we also synthesized four fluores-
cently labeled oligopeptides,Whâ, h(W)â, h(W)â(A), and Wâ
(Figure 1). Because RNase A contains no tryptophan (W), these
oligopeptides are useful for spectrophotometrically monitoring the
binding to RNase A. The emission at 380 nm from tryptophan was
measured, where the emission originating from RNase A which
includes six tyrosine residues was much smaller than that from the
fluorescent peptides. To eliminate any nonspecific electrostatic
binding, 300 mM NaCl/50 mM phosphate buffer was used. The
titration of RNase A monomer with the fluorescently labeled
oligopeptides without lyophilization revealed a significant decrease
in the emission intensity ofh(W)â and Whâ (a maximum
quenching of 22% and 14%, respectively), while those ofWâ and
h(W)â(A) were small (Figure 3A). The profiles forh(W)â and
Whâ were the same, indicating that the position of the tryptophan
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Figure 1. RNase A sequence at the carboxyl terminal domains (top), and
the oligopeptide sequences and their abbreviations used in this study (below).

Figure 2. (A) Elution profiles of 4.6 nmol of RNase A with and without
46 nmol of peptide by 50 mM Na2HPO4 (pH 7.0)/300 mM NaCl. Each
peptide was added to a solution containing the RNase A dimers. No
lyophilization was performed after the peptide was added. The peak at 7.9
mL is assigned to the RNase A dimers, that at 8.8 mL to the RNase A
monomer and RNaseA-peptide complex, and that between 10 and 12 mL
to an oligopeptide. (B) The dose dependence ofhâ (0, 3, 6, 30, 46, and 60
nmol, from top to bottom) on the dimer peak.
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only slightly affected the peptide binding (Kd ) 110( 40 µM for
h(W)â and 84( 38 µM for Whâ). The smaller quenching ofWâ
is consistent with the reduced inhibition of the RNase A dimer
formation byâ in Figure 2. In addition,h(W)â(A), replacement of
the single amino acid in theâ-sheet region ofh(W)â,11 resulted in
a significant decrease in the quenching, indicating that RNase A
recognizes the amino acids in theâ-sheet region ofh(W)â. To
obtain the binding stoichiometry, a solution of RNase A mixed with
h(W)â was lyophilized in water before measurement to promote
association.12 The plot in Figure 3B reveals an equimolar binding
of h(W)â to RNase A with a maximum quenching of∼25%,
identical to that observed at the high RNase A concentrations in
Figure 3A. The CD (circular dichroism) spectra in Figure 3C
indicate that the global conformation of RNase A is retained by
the h(W)â binding.13 To further confirm the peptide binding to
RNase A, restoration of theh(W)â quenching was monitored in
the presence of the fluorescently unlabeled peptide (hâ, â, or âh).
As shown in Figure 3D, onlyhâ significantly inhibited the binding
of h(W)â to RNase A,14 confirming thathâ andh(W)â are bound
in the same region of RNase A.

In conclusion, the oligopeptides containing the C-terminal
sequence of RNase A have a potent RNase A binding property
and inhibit the formation of the domain-swapped RNase A dimers.
The binding and inhibition were observed only for the peptides
having the hinge loop amino acids and a correct sequence in the
â-sheet region. These observations are consistent with the interaction
found in the major domain-swapped RNase A dimer, so that the
peptide binding may be promoted through the swapping reaction
with the C-terminalâ-sheet of RNase A. In contrast to the RNase
A dimer formation that requires lyophilization in 50% acetic acid,
binding of the peptide to RNase A proceeded in a buffer without

lyophilization. This may be because lyophilization enhances the
chance of encountering two or more partially unfolded RNase A
molecules, while the formation of the peptide-RNase A complex
requires only a single partially unfolded RNase A. The design of
the protein-binding peptide shown here is much simpler than other
methods such as the combinatorial method. The 3D-domain
swapping in proteins has not been quantified extensively because
extreme conditions such as lyophilization in 50% acetic acid are
required for the formation of the domain-swapped molecules. The
present strategy using an oligopeptide may be of general application
to the investigations of the 3D-domain swapping in proteins as well
as for the development of an oligopeptide that specifically binds
to a target protein.
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Figure 3. (A) RNase A titration profiles of the emission at 380 nm (an
excitation at 280 nm) ofh(W)â (b), Whâ (O), h(W)â(A) ([), andWâ
(4). The peptide concentration was 220µM. The binding reaction was
performed in 50 mM Na2HPO4 (pH 7.0)/300 mM NaCl for>15 min at 22
°C. The fitting curve givesKd (dissociation constant) values of 110( 40
µM for h(W)â and 84( 38 µM for Whâ. (B) The plot ofh(W)â binding
to RNase A monitored at 380 nm after lyophilization in water. The peptide
concentration was constant at 220µM. (C) CD spectra of RNase A (gray
line), h(W)â (thick dots), and an equimolar mixture ofh(W)â and RNase
A after lyophilization in water (thick line). All spectra were measured using
20 µM samples in 50 mM Na2HPO4 (pH 7.0)/300 mM NaCl at 25°C. The
inset is the spectra attributed to the chromophores of aromatic side chains
obtained by the use of 250µM samples. (D) Restoration of theh(W)â
quenching by the addition of fluorescently unlabeled peptides (hâ, â, and
âh) was monitored at 380 nm. The fluorescently labeledh(W)â (220µM)
and RNase A (220µM) were lyophilized in water, and then mixed withhâ
(b), â (4), or âh (0) followed by incubation at 22°C for 1 h. The fitting
curve gives aKd value of 180( 80 µM for hâ.
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