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We have been interested in partially folded proteins with marginal stability and
activity, because they have a potential to be mature proteins by artificial evolution.
A module is defined as a contiguous peptide chain forming a compact region in a
globular protein. Modules may be used as building blocks to create partially folded
proteins. Barnase, a ribonuclease consisting of 110 amino acids, has been divided
into six modules (M1–M6), four peptide fragments, M12 (1–52), M123 (1–73), M1234
(1–88) and M12345 (1–98), have been constructed by progressive elongation of the
modules from the N-terminus. Only M12345 (1–98) had a partially folded conforma-
tion, but it lacked detectable RNase activity. A mixture of M12345 (1–98) with M56
(89–110) showed weak but distinct RNase activity. Unfolded M12345 (1–96) was
constructed by removal of two residues from the C-terminus of M12345 (1–98). The
mixture of M12345 (1–96) with M56 (89–110) also showed RNase activity. Further,
the interaction endowed M12345 (1–96) with conformational stability. We propose
that N- and C-terminal fragments obtained by successive elongation of modules
would interact to be a complex with marginal stability and activity, which would be
used for creating a mature complex by artificial evolution.

Key words: artificial evolution, exon shuffling, functional complementation, module,
protein folding.

Abbreviations: ANS, 8-anilino-1-naphthalensulfonic acid; CD, circular dichroism; UV, ultraviolet.

Several techniques capable of constructing combinatorial
protein library by mixing peptide fragments without
homologous sequences have been developed in the past
decade (1–8), and novel functional proteins were success-
fully obtained from such libraries (4, 5, 7, 8). We have
proposed that secondary structure units would be appro-
priate as building blocks, because functional and/or
partially folded proteins have been obtained by permu-
tation of the units of barnase (9). We are interested in
the biophysical properties of such proteins, because
partially folded proteins with weak biological activity
might be representative of evolutionary intermediates,
which would have the potential to evolve into the mature
functional proteins by artificial evolution (10). Recently,
we found that one of the barnase mutants with a par-
tially folded conformation was activated by functional
complementation with its interacting partners (11, 12).

The exon theory of genes was led from the discovery of
the exon/intron structure of genes (13, 14). The theory
hypothesized that pre-existing smaller units encoded by
ancient exons had been combined to create novel proteins

using introns as hotspots for the recombinations (15, 16).
If the exons encoded structured units with a function,
exon shuffling had created foldable and functional
proteins efficiently. Go found a protein structure unit
termed ‘module’, which consists of contiguous peptide
chain forming a compact region in a globular protein
(17). Further, the module boundaries were found to
correspond to exon/intron boundaries in several globular
proteins (18, 19). Therefore, module shuffling would
simulate one of the mechanisms of protein evolution.
Indeed, some modules in haemoglobin and b-xylanases
have been exchanged to create functional chimeric
proteins in vitro (20–23). It is plausible that, monomeric
or multimeric polypeptides consisting of modules with
marginal stability and activity would be present in
earlier stages of protein evolution. Molecules with these
properties constructed in a test tube would be used as
materials to create mature functional proteins by
artificial evolution.

Barnase, a ribonuclease produced by Bacillus amyloli-
quefaciens, is a monomer protein consisting of 110 amino
acid residues (24). It has three a-helices in the first 45
residues and five anti-parallel b-strands in the last 65
residues (25–27). The folding reaction of the protein has
been extensively studied (28), and is thought that the
N-terminal helical part and the C-terminal part contain-
ing transiently generated b-strands associate rapidly to
form a fully folded and functional structure (29–31).
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Barnase has three tryptophan residues (Trp-35, 71
and 94), and their contributions to the circular dichroism
(CD) and fluorescence spectra have been studied (32, 33).
The tertiary structure of barnase has been divided into
six modules (M1–M6) (34). In aqueous buffer containing
trifluoroethanol (TFE), local secondary structures of
dissected M2 and M3 were observed at similar positions
to those in intact barnase (35). Molecular dynamics
simulation showed that five of the dissected modules
(M1–M5) tended to retain native-like conformations in
water (36). Three modules (M2, M3 and M6) were found
to have RNase activity as isolated peptides (37). These
results imply that modules were structural and/or func-
tional units of ancient proteins (38), and existing modules
in modern proteins would be used as building blocks to
create molecules with marginal stability and activity.

In the present study, we constructed four peptide
fragments [M12 (1–52), M123 (1–73), M1234 (1–88) and
M12345 (1–98)] by progressive elongation of the barnase
modules from the N-terminus (Fig. 1). We found that
only M12345 (1–98) had a partially folded conformation,
but it did not show detectable RNase activity. Although a
mixture of M12345 (1–98) with M6 (99–110), which
contains the active residue (His-102) of barnase, did not
show any RNase activity [our previous study showed that
three of six barnase modules (M2, M3 and M6) had
RNase activity, as revealed by RNase assay using
activity staining Yanagawa et al. (37). In the present
study, hydrolytic assay was performed by measuring the
increment of fluorescence intensity of poly eAp. Activity
of M6 was not detected under these conditions], a mix-
ture of M12345 (1–98) with M56 (89–110) showed weak
but definite RNase activity under identical conditions.
To confirm the interaction, we constructed truncated
fragments, M12345 (1–97) and M12345 (1–96), and found
that M12345 (1–96) was conformationally unstable.
When M12345 (1–96) was mixed with M56 (89–110),
the mixture also showed RNase activity. Further, this
interaction was found to render M12345 (1–96) confor-
mationally stable, providing direct evidence for the
interaction between the two fragments. Here, we present
our findings on the foldability and interacting ability of
the peptide fragments, which were analysed by means
of several biophysical methods and hydrolytic assay.

MATERIALS AND METHODS

Construction of the Peptide Fragments of Barnase—
Expression plasmids containing structural genes of the
peptide fragments M12 (1–52), M123 (1–73), M1234
(1–88), M12345 (1–98), M12345 (1–96) and M12345
(1–97) were obtained by standard procedures. BL21
(DE3) pLysS cells were transformed with the plasmids,
and used for overexpression of the peptide fragments.
M12 (1–52), M123 (1–73) and M1234 (1–88) obtained
from soluble fractions were gel-filtered (Bio-Gel P-30,
Bio–Rad, Japan), dialysed against 10 mM ammonium
acetate buffer (pH 4.5 or 8.0), and purified by
ion-exchange column chromatography (CM53 or DE52,
Whatman, USA). M12345 (1–96), M12345 (1–97) and
M12345 (1–98) were obtained as inclusion bodies, and
then purified as described in our previous paper (9).

Peptide fragments M6 (99–110) and M56 (89–110) were
synthesized by a solid-phase method on a peptide synthe-
sizer and purified as described in our previous paper (38).
The molar concentration was determined from the UV
absorption at 280 nm. The absorption coefficients were
calculated by the method of Gill and Hippel (39).

CD Spectroscopy—Far- and near-UV CD spectra of the
peptide fragments in 5 mM bis–Tris–HCl buffer (pH 6.0)
were measured at 58C on a Jasco spectropolarimeter,
Japan, model J-820 fitted with a thermostatted cell
holder. Protein concentrations were 5mM (far-UV CD)
and 20mM (near-UV CD). Urea-induced unfolding was
monitored by measuring the change of CD intensity at
231 nm at 58C. Protein concentration used for unfolding
experiments was 10 mM. The free energy and midpoint of
urea concentration for unfolding were calculated based
on the two-state model as described previously (9). For
the complementation study, far-UV CD spectra of solu-
tions containing 5 mM of N- and C-terminal fragments
were recorded.

Fluorescence Spectroscopy—The fluorescence spectra
of the peptide fragments in 5 mM bis–Tris–HCl buffer
(pH 6.0) were measured on a Jasco FP-777W spectro-
fluorophotometer (excitation at 290 nm) fitted with a
thermostatted cell holder. Urea-induced unfolding was
monitored by measuring the change of the intrinsic
fluorescence of tryptophan residues (340 nm) at 58C.
Protein concentration was 1 mM. The free energy and
midpoint of urea concentration for unfolding were calcu-
lated based on the two-state model as described pre-
viously (9). Fluorescence spectra of 8-anilinonaphthalene
1-sulphonate (ANS, 85 mM) in the absence and presence
of 3.9mM M12345 (1–98) were measured at 58C (excita-
tion wavelength, 380 nm). The pH titration was per-
formed by adding peptide solution [50 ml of 4 mM peptide
fragments in 5 mM bis–Tris–HCl buffer (pH 6.0)] to
950ml of the buffer. Buffers were all at the same
ionic strength (I = 0.05); bis–Tris–HCl at pH 5.5–7.0,
and Tris–HCl at pH 7.0–9.0. For the complementation
study, fluorescence intensities and maximum wavelength
of solutions containing 1 mM of N- and C-terminal
fragments were recorded.

Gel Filtration by HPLC—Gel filtration experiments
were performed on a Superdex 75 column (Amersham
Biosciences, USA) placed in an ice bath. Elution was
done with 5 mM bis–Tris–HCl (pH 6.0) containing
150 mM NaCl. The column was calibrated using ribonu-
clease (13.7 kDa), chymotrypsinogen A (25.0 kDa), oval-
bumin (43.0 kDa) and albumin (67.0 kDa) as molecular
markers. Protein concentration was 10 mM.

Hydrolysis of Polymers of 1,N6-ethenoadenosine
50-monophosphate (poly eAp)—The hydrolysis was started
by adding enzyme solution [50 ml of 4 mM peptide
fragments in 5 mM bis–Tris–HCl (pH 6.0)] to a buffer
solution (950 ml) containing 0.2 mM poly eAp in a
thermostatted cell holder. The increment of fluorescence
was monitored with a spectrofluorophotometer (JASCO
FP-777W). Buffers were all at the same ionic strength
(I = 0.05); bis–Tris–HCl at pH 5.5–7.0, and Tris–HCl at
pH 7.0–9.0. Excitation was done at 320 nm with emission
measured at 410 nm. Poly eAp was synthesized as
described in our previous paper (10).
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We estimated apparent dissociation constant of the
complex based on the RNase activity and some assump-
tions as follows.

Equilibrium state was assumed to be

½complex�  ! ½M12345� þ ½M56� ð1Þ

Dissociation constant can be obtained by

Kd ¼
½M12345� ½M56�

½complex�
ð2Þ

If specific activity of the functional complex is similar
to that of wild-type barnase, molar ratio of the complex
would be 1/100 of each fragment, because RNase activity
of the mixture was 1/100 of that of wild-type barnase.
As the concentration of the each peptide fragment used
for the RNase assay was 4 mM, then Kd was obtained to
be �400mM.

RESULTS

Construction of N- and C-terminal Fragments of
Barnase—Figure 1 shows all the constructs used in this
study. Five of the six barnase modules were elongated
progressively from the N-terminus for the construction
of M12 (1–52), M123 (1–73), M1234 (1–88) and M12345
(1–98). The C-terminal end of M12345 (1–98) was
truncated by one or two residues to construct M12345
(1–97) and M12345 (1–96). The peptide fragments
corresponding to M6 (99–110) and M56 (89–110) were
chemically synthesized.

Conformational Properties of M12345 (1–98)—Far-UV
CD spectra of M12 (1–52), M123 (1–73) and M1234

(1–88) showed that these fragments did not have definite
ordered conformations (data not shown). However, the
far-UV CD spectrum of M12345 (1–98) showed that this
fragment had ordered conformation (Fig. 2A, gray line).
The spectrum also showed a strong minimum at around
230 nm, suggesting the presence of a structured region
around Trp-94 (33). Figure 2B shows the near-UV CD
spectra of M12345 (1–98) in aqueous buffer (gray line)
and 7 M urea solution (dashed gray line). This fragment
showed no distinct band in urea solution, but showed
positive Cotton effects like those of wild-type barnase in
aqueous buffer, indicating the presence of asymmetric
environments around aromatic residues. Thus, M12345
(1–98) appears to have a folded region in aqueous solution.

The emission maxima in the fluorescence spectra of
M12 (1–52), M123 (1–73) and M1234 (1–88) were at
350 nm, indicating that tryptophan residues of these
fragments were exposed to the buffer. The emission
maximum of the tryptophan residues of M12345 (1–98)
in aqueous buffer was in the vicinity at 335 nm, but the
maximum of the fragment in 7 M urea solution was at
350 nm (Fig. 2C). Thus, M12345 (1–98) appears to have
ordered structure around at least one of the three
tryptophan residues in aqueous buffer.

In the case of wild-type barnase, the fluorescence
intensity increases cooperatively when the pH is
increased. This increase is thought to reflect deprotona-
tion of His-18, which is present in the vicinity of Trp-94,
and has a pKa value of 7.6–7.8 at 258C (32, 40). We
observed such a cooperative transition with the pKa

value of 8.0 in M12345 (1–98) when the fluorescence
intensity was measured at 58C, but not at above 108C
(Fig. 2D). Thus, the environment around His-18 and

1 25 53 74 89 99 110

K27 E73 R87 H102

Barnase

W35 W71 W94

M12 (1–52)

M123 (1–73)

M1234 (1–88)

M12345 (1–98)

M12345 (1–97)

M12345 (1–96)

M6 (99–110)

M56 (89–110)

M1 M2 M3 M4 M5 M6

Fig. 1. The dissection of barnase into six modules
and eight peptide fragments used in this study is
shown. White circles indicate active residues, K27, E73,

R87 and H102 (33). Black circles indicate W35, W71 and W94.
Black and white boxes indicate a-helices and b-strands,
respectively.
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Trp-94 in M12345 (1–98) appears to be similar to that of
wild-type barnase, but is not entirely native-like.

The fluorescence spectra of ANS in the presence and
absence of M12345 (1–98) were investigated (Fig. 2E).
The spectrum was also measured in the presence of
wild-type barnase. Although wild-type barnase did not
enhance ANS fluorescence as reported previously (41),
the M12345 (1–98) increased the fluorescence intensity of
ANS, indicating that hydrophobic clusters exposed to the
solvent are present in it (41). Thus, M12345 (1–98) can
be categorized as a partially folded protein.

The oligomeric state of M12345 (1–98) was investi-
gated by gel filtration chromatography, using compact
globular proteins as standards. The fragment was eluted
mainly as a single peak, whose elution volume corre-
sponded to the monomer (Fig. 2F).

The CD and fluorescence intensities of M12345 (1–98)
were monitored during urea-induced unfolding experi-
ments (Fig. 3A). The intensities changed cooperatively in
a similar manner to those of natural globular proteins,
indicating that ordered regions in M12345 (1–98) are
stabilized by long-range interactions. The extrapolated
values of free energy of unfolding in water (�GH2O) based
on CD and fluorescence measurements were 2.6� 0.7
and 2.3� 0.8 kcal/mol, respectively. The urea concentra-
tions at the midpoint for the unfolding were 1.4 M (CD)
and 1.2 M (fluorescence), respectively.

Thermal unfolding of M12345 (1–98) was examined by
measuring fluorescence intensity and maximum wave-
length (Fig. 3B and C). Cooperative unfolding was
observed, as in natural globular proteins, and the melting
temperatures were 22.4� 0.87 (fluorescence intensity) and
24.1� 0.66 (wavelength maximum). As described above,
the environment around His-18 and Trp-94 was changed
at above 108C. Thus, the conformation around His-18
and Trp-94 in M12345 (1–98) is fragile compared with
the structures revealed by monitoring changes of fluores-
cence intensity and maximum wavelength at higher
temperatures.

Hydrolytic Activity of the Fragments—Hydrolytic activ-
ity of the fragments can be measured by following the
increment of fluorescence intensity of poly eAp (42).
No hydrolytic activity of M12345 (1–98) was detected
in the pH range of 5.8–8.8 (data not shown). This is
possibly because the fragment lacks the active residue
of wild-type barnase, i.e. His-102, present in M6 (43).
The hydrolytic activity of a mixture containing an
equal amount of M12345 (1–98) and M6 (99–110) was
measured, but no activity was detected under these
experimental conditions (Fig. 4A). These fragments
apparently cannot bind to form a complex that expresses
hydrolytic activity. Some peptide fragments with over-
lapping segments can associate and express activity
(44–46). For example, Hartley (47) showed that
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Fig. 2. Biophysical characterization of M12345 (1–98).
(A) Far-UV CD spectra of wild-type barnase and M12345 (1–98)
measured at 58C. (B) Near-UV CD spectra of wild-type barnase
and M12345 (1–98) measured at 58C. (C) Fluorescence spectra of
M12345 (1–98) in aqueous buffer or 7 M urea solution measured

at 58C. (D) The pH titration of M12345 (1–98) monitored in terms
of fluorescence intensity at 340 nm, at 58C. (E) Fluorescence
spectra of ANS in the presence and absence of M12345 (1–98)
measured at 58C. (F) Elution profile of gel filtration chromato-
graphy of M12345 (1–98).
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a fragment of barnase, 1–102, associated with 88–110,
95–110, or 99–108 to express RNase activity. Thus, we
investigated the hydrolytic activity of a mixture of equal
amounts of M12345 (1–98) and M56 (89–110), and found
that the mixture had distinct hydrolytic activity
(Fig. 4A). M56 (89–110) alone did not show any activity
(Fig. 4A) under these experimental conditions. Figure 4B
shows the effects of temperature on the hydrolytic
activity of the mixture. The optimum temperature was
at 108C, and the activity was lost rapidly above the
optimum temperature, as is the case with natural
enzymes. The activity of the mixture under optimum
conditions was 1% of that of wild-type barnase. Based on
the relative activity and some assumptions, we estimated
apparent dissociation constant of the functional complex
to be �400 mM (see MATERIALS AND METHODS
section). The optimum temperature of wild-type barnase
activity is 478C (10).

Interaction of M12345 (1–96) and M56 (89–110)—We
examined the interaction between M12345 (1–98) and M56
(89–110) by biophysical methods. The conformational

change of M12345 (1–98) induced by binding of M56
(89–110) was detected by CD spectroscopy, but the spectral
change was not very clear (data not shown), presumably
because M12345 (1–98) already had some ordered and
stable conformation. We removed one or two amino acid
residues from the C-terminus of M12345 (1–98) to afford
M12345 (1–97) and M12345 (1–96) (Fig. 1). The far-UV CD
spectrum of M12345 (1–97) was quite similar to that of
M12345 (1–98) (Fig. 5A). On the other hand, the spectral
shape of M12345 (1–96) was very different from those of
M12345 (1–97) and M12345 (1–98), and the strong positive
bands <200 nm and the minimum at 230 nm were
considerably weakened (Fig. 5A). Although secondary
structures remained in M12345 (1–96), some ordered
regions in M12345 (1–98) and M12345 (1–97) were
apparently destabilized in M12345 (1–96) by the removal
of the Tyr-97 residue. The fragment M12345 (1–96) still
showed hydrolytic activity in the presence of the M56
(89–110) (Fig. 4).

We used M12345 (1–96) to detect conformational
changes induced by the binding of M56 (89–110).
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The far-UV CD spectra of M12345 (1–96) in the absence
and presence of M56 (89–110) were compared, and we
found that the spectrum measured in the presence of
M56 (89–110) showed a distinct minimum at 230 nm,
indicating that conformational change, especially around
Trp-94, was induced by their interaction (Fig. 5B). The
fluorescence intensity and maximum wavelength of
M12345 (1–96) were also measured in the presence and
absence of M56 (89–110) at various temperatures
(Fig. 5C and D). The maximum wavelength of M12345
(1–96) in the presence of M56 (89–110) was slightly
shifted toward the blue region compared with that of
M12345 (1–96) alone at 58C, suggesting the formation of
hydrophobic environments around tryptophan residue(s)
(Fig. 5D). Furthermore, thermal transitions of M12345
(1–96) in the absence and presence of M56 (89–110)
were quite different. In short, cooperative transitions of
M12345 (1–96) were observed only in the presence of
M56 (89–110) (Fig. 5C and D). The mixture of M12345
(1–96) and M6 (99–110) did not show such cooperative
transitions (Fig. 5C and D). The melting temperature
of the cooperative transition was at 378C, which is
considerably higher than that of the thermal denatura-
tion monitored in terms of hydrolytic activity (Fig. 4B).

Therefore, the thermally induced conformational changes
monitored with fluorescence might not directly reflect the
conformational change around the active site of the
complex, but interaction between M12345 (1–96) and
M56 (89–110) was clearly observed.

Gel filtration of M12345 (1–96) was performed in the
absence and presence of M56 (89–110) (Fig. 5E). When
M12345 (1–96) alone was injected into the column, it was
eluted mainly as a monomer with a minor fraction of a
tetramer. The elution profile upon co-injection of M12345
(1–96) and M56 (89–110) showed an elution peak with
a small shoulder (indicated by an arrow). The difference
of molecular weight between the complex [M12345
(1–96) + M56 (89–110)] and M12345 (1–96) is 2702 Da,
which means that the complex is eluted 1.3 min earlier
than M12345 (1–96). Therefore, the shoulder of the
peak should be the complex of M12345 (1–96) and M56
(89–110). The reason why the tetramer seen in the
elution profile of M12345 (1–96) alone disappeared in the
mixture has not been explored yet.

The fluorescence intensity of the complex was investi-
gated at different pH values at 58C, but a cooperative
transition such as that shown in Fig. 2D was not
observed.
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Fig. 5. Interaction of M12345 (1–96) and M56 (89–110)
monitored by biophysical methods. (A) Far-UV CD spectra
of M12345 (1–97) and M12345 (1–96) measured at 58C. (B) Far-
UV CD spectra of M12345 (1–96) in the presence and absence
of M56 (89–110) measured at 58C. (C) Thermal unfolding of
M12345 (1–96) monitored by measuring fluorescence intensity

at 340 nm in the presence and absence of M56 (89–110) and M6
(99–110). (D) Thermal unfolding of M12345 (1–96) monitored by
measuring the wavelength of maximum fluorescence in the
presence and absence of M56 (89–110) and M6 (99–110). (E) Gel
filtration experiments of M12345 (1–96) in the presence and
absence of M56 (89–110).
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DISCUSSION

In the present study, we constructed four peptide frag-
ments by progressive elongation of the barnase mod-
ules from the N-terminus (Fig. 1). The conformational
characterization suggested that M12345 (1–98) had an
ordered backbone conformation and aromatic residues
buried in hydrophobic environments (Fig. 2A–C). The
fragment was present as monomer state as wild-type
barnase (Fig. 2F), but had hydrophobic clusters exposed
to the solution (Fig. 2E). Thus, M12345 (1–98) appeared
to have a partially folded conformation. These results are
consistent with the previous report by Neira et al. (48),
who showed that B105 (which comprises the 105 resi-
dues from N-terminal end of barnase) had secondary
and tertiary structures, but B95 had a disordered
conformation with residual secondary structures. Fur-
ther we constructed M12345 (1–97) and M12345 (1–96),
and characterized their backbone conformation. Far-UV
CD spectra suggested that the backbone conformation
of M12345 (1–97) is quite similar to that of M12345
(1–98), but M12345 (1–96) has only residual secondary
structures (Fig. 5A). Thus, Tyr-97 which is involved in
formation of hydrophobic core3 in the wild-type bar-
nase (49), appears to have a significant role to main-
tain an ordered conformation of M12345 (1–97) and
M12345 (1–98).

The present study shows that M12345 (1–98) does not
require M6 (99–110) to form partially folded conforma-
tion. Takahashi et al. (50, 51) reported a similar result;
they constructed mini-barnase (M13456) by deleting M2
from intact barnase, and showed that mini-barnase has
some conformational properties that are similar to those
of wild-type barnase. Mini-barnase has hydrophobic
cores, and unfolds cooperatively with a melting tempera-
ture of about 378C. Conformation of mini-barnase is
stable compared with that of M12345 (1–98). This may be
due to the fact that M2 forms a small number of
hydrogen bonds and hydrophobic contacts with the
remaining protein than does M6 (50, 51). Although
permutation of modules often breaks the folded confor-
mation of globular proteins (9), deleting a module from
globular proteins would be a good way to create smaller
folded or partially folded proteins as suggested by
Takahashi et al. (50, 51).

Several pairs of N- and C-terminal fragments of
barnase [(B1-22+B23-110), (B1-36+B37-110), (B1-
56+B57-110), (B1-68+B69-110), and (B1-79 + 80-110)]
can associate each other without overlapped segments
to form a native-like structure (29, 30, 51). In addition,
B1-102 can interact with peptide fragments with over-
lapped segment (B88-110, B95-110 and B99-108) to
express RNase activity (47). It is proposed that the
presence of native-like residual structure in the frag-
ments is required for the formation of functional complex
(52). Our results showed that M12345 (1–98) and M6
(99–110) could not form such a functional complex
(Fig. 4A). This would be due to the reason that a peptide
fragment corresponding to M6 does not have enough
amounts of residual structure to complement with
M12345 (1–98) that has a partially folded conformation.
Molecular dynamics simulation study would support this
explanation, because the simulation study showed that

an isolated fragment corresponding M6 was unstable in
comparison with other five peptides corresponding to
M1–M5 (36). Further, although experiments exploring
conformational properties of the six peptides correspond-
ing to barnase modules have been performed extensively
(35, 38), there are no reports that find a native-like
residual structure in M6 peptide.

We showed that M12345 (1–98) and M56 (89–110)
interact with each other to express weak but distinct
RNase activity (Fig. 4A). Several lines of evidence for the
complementation were obtained from functional and
structural analysis of M12345 (1–96). In the presence of
M56 (89–110), intrinsically inactive M12345 (1–96) was
activated (Fig. 4A). Furthermore, CD and fluorescence
measurements showed that conformation around Trp-94
was organized, and thermal stability was increased
(Fig. 5B–D). These results would be due to the reason
that enough amounts of residual structure which was not
detected by CD measurements would be present tran-
siently in longer C-terminal fragment, M56 (89–110).
Results obtained in the present study suggest that
N- and C-terminal fragments of globular proteins
obtained by successive elongation of modules would
interact to be a complex with marginal stability and
activity (Fig. 6). These molecules would be used as
materials to create functional complex by artificial
evolution.

ACKNOWLEDGEMENTS

The authors thank Dr Doi (of this laboratory) for helpful
discussions.

CONFLICT OF INTEREST

None declared.

12

43

12

3

43
4

3

12

3

43

12
3

Folded protein

N-terminal fragment C-terminal fragment

Native-like conformation

Fig. 6. Hypothetical model of the interaction between N-
and C-terminal fragments of globular proteins. Both
fragments interact to be a complex with marginal stability and
activity. A complex would form native like conformation
(indicated by dashed circles) by a mechanism similar to
functional complementation or 3D domain swapping-like
mechanism (53).

N- and C-terminal Fragments of a Globular Protein 519

Vol. 144, No. 4, 2008

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


REFERENCES

1. Shiba, K., Takahashi, Y., and Noda, T. (1997) Creation of
libraries with long ORFs by polymerization of a microgene.
Proc. Natl Acad. Sci. USA 94, 3805–3810

2. Tsuji, T., Onimaru, M., and Yanagawa, H. (2001) Random
multi-recombinant PCR for the construction of combinator-
ial protein libraries. Nucleic Acids Res. 29, e97

3. Tsuji, T., Onimaru, M., Kitagawa, M., Kojoh, K.,
Tabata, N., and Yanagawa, H. (2004) Random multi-
recombinant polymerase chain reaction. Methods Enzymol.
388, 61–75

4. Hiraga, K. and Arnold, F.H. (2003) General method for
sequence-independent site-directed chimeragenesis. J. Mol.
Biol. 330, 287–296

5. Bittker, J.A., Le, B.V., Liu, J.M., and Liu, D.R. (2004)
Directed evolution of protein enzymes using nonhomologous
random recombination. Proc. Natl Acad. Sci. USA 101,
7011–7016

6. Matsuura, T., Ernst, A., Zechel, D.L., and Plückthun, A.
(2004) Combinatorial approaches to novel proteins.
Chembiochem. 5, 177–182

7. Saito, H., Honma, T., Minamisawa, T., Yamazaki, K.,
Noda, T., Yamori, T., and Shiba, K. (2004) Synthesis of
functional proteins by mixing peptide motifs. Chem. Biol.
11, 765–773

8. Saito, H., Minamisawa, T., and Shiba, K. (2007) Motif
programming: a microgene-based method for creating
synthetic proteins containing multiple functional motifs.
Nucleic Acids Res. 35, e38

9. Tsuji, T., Yoshida, K., Satoh, A., Kohno, T., Kobayashi, K.,
and Yanagawa, H. (1999) Foldability of barnase mutants
obtained by permutation of modules or secondary structure
units. J. Mol. Biol. 286, 1581–1596

10. Tsuji, T., Kobayashi, K., and Yanagawa, H. (1999)
Permutation of modules or secondary structure units creates
proteins with basal enzymatic properties. FEBS Lett. 453,
145–150

11. Tsuji, T. and Yanagawa, H. (2004) Foldability, enzymatic
activity, and interacting ability of barnase mutants obtained
by permutation of secondary structure units. Biochemistry
43, 6968–6975

12. Tsuji, T., Onimaru, M., and Yanagawa, H. (2006) Towards
the creation of novel proteins by block shuffling. Comb.
Chem. High Throughput Screen. 9, 259–269

13. Gilbert, W. (1987) The exon theory of genes. Cold Spring
Harb. Symp. Quant. Biol. 52, 901–905

14. Long, M., de Souza, S.J., and Gilbert, W. (1995) Evolution of
the intron-exon structure of eukaryotic genes. Curr. Opin.
Genet. Dev. 5, 774–778

15. Holland, S.K. and Blake, C.C. (1987) Proteins, exons and
molecular evolution. Biosystems 20, 181–206

16. Doolittle, R.F. (1995) The multiplicity of domains in
proteins. Annu. Rev. Biochem. 64, 287–314

17. Go, M. (1981) Correlation of DNA exonic regions with
protein structural units in haemoglobin. Nature 291, 90–92

18. Go, M. (1983) Modular structural units, exons, and function
in chicken lysozyme. Proc. Natl Acad. Sci. USA 80,
1964–1968

19. Go, M. (1985) Protein structures and split genes. Adv.
Biophys. 19, 91–131

20. Wakasugi, K., Ishimori, K., Imai, K., Wada, Y., and
Morishima, I. (1994) ‘‘Module’’ substitution in hemoglobin
subunits. Preparation and characterization of a ‘‘chimera
beta alpha-subunit’’. J. Biol. Chem. 269, 18750–18756

21. Inaba, K., Wakasugi, K., Ishimori, K., Konno, T.,
Kataoka, M., and Morishima, I. (1997) Structural and
functional roles of modules in hemoglobin. Substitution of
module M4 in hemoglobin subunits. J. Biol. Chem. 272,
30054–30060

22. Kaneko, S., Iwamatsu, S., Kuno, A., Fujimoto, Z., Sato, Y.,
Yura, K., Go, M., Mizuno, H., Taira, K., Hasegawa, T.,
Kusakabe, I., and Hayashi, K. (2000) Module shuffling of
a family F/10 xylanase: replacement of modules M4 and M5
of the FXYN of Streptomyces olivaceoviridis E-86 with those
of the Cex of Cellulomonas fimi. Protein Eng. 13, 873–879

23. Kaneko, S. (2004) Module shuffling. Methods Enzymol. 388,
22–34

24. Hartley, R.W. (1988) Barnase and barstar. Expression of its
cloned inhibitor permits expression of a cloned ribonuclease.
J. Mol. Biol. 202, 913–915

25. Mauguen, Y., Hartley, R.W., Dodson, E.J., Dodson, G.G.,
Bricogne, G., Chothia, C., and Jack, A. (1982) Molecular
structure of a new family of ribonucleases. Nature 297,
162–164

26. Baudet, S. and Janin, J. (1991) Crystal structure of a
barnase-d(GpC) complex at 1.9 A resolution. J. Mol. Biol.
219, 123–132

27. Bycroft, M., Ludvigsen, S., Fersht, A.R., and Poulsen, F.M.
(1991) Determination of the three-dimensional solution
structure of barnase using nuclear magnetic resonance
spectroscopy. Biochemistry 30, 8697–8701

28. Fersht, A.R. (1999) Structure and Mechanism in Protein
Science, Freeman & Company, New York

29. Sancho, J. and Fersht, A.R. (1992) Dissection of an enzyme
by protein engineering. The N and C-terminal fragments of
barnase form a native-like complex with restored enzymic
activity. J. Mol. Biol. 224, 741–747

30. Kippen, A.D., Sancho, J., and Fersht, A.R. (1994) Folding of
barnase in parts. Biochemistry 33, 3778–3786

31. Zegers, I., Deswarte, J., and Wyns, L. (1999) Trimeric
domain-swapped barnase. Proc. Natl Acad. Sci. USA 96,
818–822

32. Loewenthal, R., Sancho, J., and Fersht, A.R. (1991)
Fluorescence spectrum of barnase: contributions of three
tryptophan residues and a histidine-related pH dependence.
Biochemistry 30, 6775–6779

33. Vuilleumier, S., Sancho, J., Loewenthal, R., and Fersht, A.R.
(1993) Circular dichroism studies of barnase and its
mutants: characterization of the contribution of aromatic
side chains. Biochemistry 32, 10303–10313

34. Noguti, T., Sakakibara, H., and Go, M. (1993) Localization
of hydrogen-bonds within modules in barnase. Proteins 16,
357–363

35. Ikura, T., Go, N., Kohda, D., Inagaki, F., Yanagawa, H.,
Kawabata, M., Kawabata, S., Iwanaga, S., Noguti, T., and
Go, M. (1993) Secondary structural features of modules M2
and M3 of barnase in solution by NMR experiment and
distance geometry calculation. Proteins 16, 341–356

36. Takahashi, K., Oohashi, M., Noguti, T., and Go, M. (1997)
Mechanical stability of compact modules of barnase. FEBS
Lett. 405, 47–54

37. Yanagawa, H., Yoshida, K., Torigoe, C., Park, J.S., Sato, K.,
Shirai, T., and Go, M. (1993) Protein anatomy: functional
roles of barnase module. J. Biol. Chem. 268, 5861–5865

38. Yoshida, K., Shibata, T., Masai, J., Sato, K., Noguti, T.,
Go, M., and Yanagawa, H. (1993) Protein anatomy:
spontaneous formation of filamentous helical structures
from the N-terminal module of barnase. Biochemistry 32,
2162–2166

39. Gill, S.C. and von Hippel, P.H. (1989) Calculation of protein
extinction coefficients from amino acid sequence data. Anal.
Biochem. 182, 319–326

40. Sancho, J., Serrano, L., and Fersht, A.R. (1992) Histidine
residues at the N- and C-termini of a-helices: perturbed
pKas and protein stability. Biochemistry 31, 2253–2258

41. Sanz, J.M., Johnson, C.M., and Fersht, A.R. (1994) The
A-state of barnase. Biochemistry 33, 11189–11199

42. Fitzgerald, P.C. and Hartley, R.W. (1993) Polyethenoaden-
osine phosphate as a fluorogenic substrate for barnase.
Anal. Biochem. 214, 544–547

520 T. Tsuji et al.

J. Biochem.

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


43. Meiering, E.M., Serrano, L., and Fersht, A.R. (1992) Effect
of active site residues in barnase on activity and stability.
J. Mol. Biol. 225, 585–589

44. Taniuchi, H. and Anfinsen, C.B. (1971) Simultaneous
formation of two alternative enzymology active structures
by complementation of two overlapping fragments of
staphylococcal nuclease. J. Biol. Chem. 246, 2291–2301

45. Matsuyama, S., Kimura, E., and Mizushima, S. (1990)
Complementation of two overlapping fragments of SecA, a
protein translocation ATPase of Escherichia coli, allows ATP
binding to its amino-terminal region. J. Biol. Chem. 265,
8760–8765

46. Zarnt, T., Tradler, T., Stoller, G., Scholz, C., Schmid, F.X.,
and Fischer, G. (1997) Modular structure of the trigger
factor required for high activity in protein folding. J. Mol.
Biol. 271, 827–837

47. Hartley, R.W. (1977) Complementation of peptides of
barnase, extracellular ribonuclease of Bacillus amylolique-
faciens. J. Biol. Chem. 252, 3252–3254

48. Neira, J.L. and Fersht, A.R. (1999) Exploring the folding
funnel of a polypeptide chain by biophysical studies on
protein fragments. J. Mol. Biol. 285, 1309–1333

49. Serrano, L., Matouschek, A., and Fersht, A.R. (1992) The
folding of an enzyme. VI. The folding pathway of barnase:
comparison with theoretical models. J. Mol. Biol. 224, 847–859

50. Takahashi, K., Noguti, T., Hojo, H., Yamauchi, K.,
Kinoshita, M., Aimoto, S., Ohkubo, T., and Go, M. (1999)
A mini-protein designed by removing a module from
barnase: molecular modeling and NMR measurements of
the conformation. Protein Eng. 12, 673–680

51. Takahashi, K., Noguti, T., Hojo, H., Ohkubo, T., and Go, M.
(2001) Conformational characterization of designed mini-
barnase. Biopolymers 58, 260–267

52. Neira, J.L., Vazquez, E., and Fersht, A.R. (2000) Stability
and folding of the protein complexes of barnase. Eur. J.
Biochem. 267, 2859–2870

53. Liu, Y. and Eisenberg, D. (2002) 3D domain swapping: as
domains continue to swap. Protein Sci. 11, 1285–1299

N- and C-terminal Fragments of a Globular Protein 521

Vol. 144, No. 4, 2008

 at U
niversity of Science and T

echnology of C
hina on Septem

ber 28, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/



