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Permutation of modules or secondary structure units creates proteins
with basal enzymatic properties
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Abstract The RNase activity of barnase mutants obtained by
the permutation of modules or secondary structure units was
investigated. Four of the 45 mutants had weak but distinct RNase
activity, and they had unique optimum pHs and temperatures like
natural enzymes. One of the active mutants had an ordered
conformation, but the others did not. An active mutant having
disordered conformation formed an ordered conformation in the
presence of GMP, which is an inhibitor of this mutant. These
results indicate that the amino acid sequences derived from
barnase have sufficient plasticity to be rearranged into different
proteins with basal enzymatic properties.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Functional nucleic acids consisting of completely artificial
sequences have been obtained by directed in vitro evolution
from random sequence libraries [1,2]. However, the difficulty
of genotype (nucleic acid) assignment to phenotype (protein)
has limited the size of a protein library considerably, there-
fore, it is difficult to use random sequence libraries [3,4] for
directed evolution of proteins. The present directed evolution
of proteins can only improve or modify ready-made proteins
[5,6].

Recently we have succeeded in constructing a molecule as-
signing a genotype to a phenotype, ‘in vitro virus’, in which in
vitro synthesized polypeptides can be directly attached to its
encoded message through a puromycin derivative that is syn-
thetically coupled to the 3’ end of the mRNA [7]. The in vitro
virus can expand the protein library size to ~10'2 [7,8].
Therefore, it is timely to establish the strategy for the search-
ing of global sequence space. The library constructed with the
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Abbreviations: 2' (3')-GMP, guanosine 2’ (3’)-monophosphate; poly
A, polyadenylic acid; poly G, polyguanylic acid; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; CD, circular di-
chroism; eAp, 1-N®-ethenoadenosine 5’-monophosphate; Designation
of barnase mutants is based on the modules and secondary structure
units in them: for example M5324 represents a mutant containing a
permutation of the four internal modules in which the six modules of
barnase numbered from the N-terminal coding region are rearranged
in the order 1, 5, 3, 2, 4, 6. Similarly S4523 represents a mutant
containing a permutation of the four internal secondary structure
units in which the six structural fragments numbered from the N-
terminal coding region are rearranged in the order 1, 4, 5, 2, 3, 6.

combinatorial method using peptide fragments derived from
natural protein sequences should be useful for the searching of
semi-global sequence space.

For the initial attempt, barnase (a bacterial ribonuclease
consisting of 110 amino acids [9]) was chosen as a model
protein, because its functional [10,11] and folding mechanisms
[12] have been studied extensively, and it has been the subject
of protein anatomy studies [13,14]. Barnase can be divided
into six modules (M1-M6), which are contiguous peptide
chains forming compact structures [15], or six secondary
structure units (S1-S6), which are also contiguous peptide
chains, but forming tertiary extended regions [16].

To examine whether amino acid sequences corresponding to
these modules or secondary structure units have sufficient
plasticity to be rearranged into novel enzymes, the RNase
activity of 23 module mutants and 22 secondary structure
unit mutants was investigated. These mutants were obtained
by the permutation of the internal four of six modules or
secondary structure units (Fig. 1).

2. Materials and methods

2.1. Construction of barnase mutants

The procedures for the construction of mutant genes, protein ex-
pression and protein purification were described in our previous paper
[16].

2.2. Activity staining

Activity staining [13] was performed on SDS-PAGE with a separate
gel containing poly A or poly G. To remove SDS, after SDS-PAGE
the gel was washed for 2 h in 5 mM bis-Tris-HCI buffer (pH 6.0). The
gel was further left to allow cleavage of the substrate for 12 h in the
same buffer, and then stained with buffer containing 0.2% toluidine
blue O (Merck). The procedures described above were performed at
4°C and 25°C.

2.3. Hydrolysis of polymers of 1-N°-ethenoadenosine 5 -monophosphate
(poly edp)

The hydrolysis was started by adding enzyme solution (5-100 pl of
5 UM mutant or 5 ul of 0.18 uM wild-type barnase) to buffer solution
containing 0.2 mM poly eAp in a thermostatted cell holder. Each
solution was equilibrated at each temperature for 10 min before start-
ing the reaction. The increment of fluorescence was monitored as a
function of time with a spectrofluorophotometer (Shimadzu RF-502).
The initial velocity was calculated based on the initial linear portion
of the increment of fluorescence. When the optimum pH of enzymes
was examined, the increments of the fluorescence at different pHs
were calibrated based on the fluorescence intensity of monomers of
eAp (Sigma). Buffers were all at same ionic strength (/=0.05); sodium
acetate/acetic acid was used at pH 5.0, bis-Tris-HCI at pH 5.5-7.0,
and Tris-HCI at pH 7.5-9.0. Excitation was at 320 nm with emission
measured at 410 nm. Poly eAp was synthesized by the reaction of poly
A with chloroacetaldehyde in phosphate buffer at pH 6.8 and 37°C
for 48 h.

2.4. CD measurements
CD measurements were made in a Jasco J-725 spectropolarimeter
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fitted with a thermostatted cell holder. Ellipticities are expressed in
units of deg cm? dmol™! using the mean residue concentration. The
baselines due to the buffer (5 mM bis-Tris-HCI, pH 6.0) or buffer
containing nucleotide were subtracted from the spectra. Thermal un-
folding experiments were performed at a heating rate of 50°C/h using
a response time of 4 s. The effect of 2" (3')-GMP (Yamasa) on the CD
spectra of the mutants was examined at a protein concentration of
3 uM and a 2’ (3")-GMP concentration of 15 uM, at 5°C.

3. Results and discussions

3.1. Activity staining

To examine whether module mutants and secondary struc-
ture unit mutants have RNase activity or not, and to exclude
the possibility of contamination with RNases, the activity was
confirmed by activity staining [13] using poly A and poly G
embedded in SDS-polyacrylamide gel, because wild-type barn-
ase is known to hydrolyze poly A or poly G efficiently [17].
Some of the results are shown in Fig. 2: poly A was used as a
substrate, and five mutants (100 pmol) were loaded on the gel.
A module mutant, M2354, and three secondary structure unit
mutants, S2435, S2543, and S4523, gave distinct bands at 4°C
(Fig. 2A). These bands are regions where poly A was cleaved
and eliminated from the stained gel. They coincided well with
the corresponding protein staining bands (Fig. 2C), indicating
that the RNase activity of the four mutants is not due to
contamination with other RNases, but the mutants possess
real hydrolytic activities toward poly A. M5342 (Fig. 2A,B)
and 40 other mutants gave no band on an activity staining gel
under the same conditions. Similar results were obtained when
poly G was used as a substrate.
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Only M2354 gave a clear band when the reaction was per-
formed at 25°C (Fig. 2B). This result indicates that S2435,
S2543, and S4523 are more active at lower temperatures.
This result is in contrast to the case of three peptides corre-
sponding to M2, M3, and M6 of wild-type barnase which
hydrolyzed RNA at higher temperatures (> 55°C) as simple
acid-base catalysts [14], suggesting that the activities of the
mutants depend on their conformational stability, as in the
case of natural enzymes. As little as 0.01 pmol of wild-type
barnase gave a clear band at 25°C.

3.2. Characterization of hydrolytic activity of module mutants
and secondary structure unit mutants

Because hydrolysis of poly eAp can be measured in terms of
the increment of fluorescence intensity, poly eAp is convenient
for the measurement of the weak hydrolytic activities of the
mutants. Furthermore, wild-type barnase can hydrolyze poly
eAp [18]. Therefore we used poly eAp as a substrate for fur-
ther characterization of the hydrolytic activities of the four
mutants.

The activities of the four mutants were measured in the pH
range of 5-9 at 5°C. All of them were found to hydrolyze poly
eAp, and each mutant showed a distinct bell-shaped curve and
optimum pH (Table 1). This suggests that these mutants have
different active residues or active residues placed in different
environments, although the active sites of the mutants have
not been determined. The optimum pH of wild-type barnase
was 7.5, which coincided with that reported by Nishimura et
al. [19] for RNA as a substrate.

Fig. 3 shows the effect of temperature on the hydrolytic
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Fig. 1. Modules and secondary structure units of wild-type barnase and their permutations. The general acid and base residues of the enzyme,
His-102 and Glu-73, are shown by yellow circles [8]. Amino acids organizing the active site of the enzymes, Lys-27, Arg-83, 87, Tyr-103, and
Phe-56 to Leu-63 in a loop, are shown by white circles [8,9,21]. Black and white boxes indicate o-helices and B-sheets, respectively [21].
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Fig. 2. SDS-PAGE of barnase mutants. Activity staining performed at 4°C (A) and 25°C (B), and Coomassie brilliant blue staining (C). Lane
M, molecular weight markers. Bands of the mutants were positioned between 10.7 and 14.4 kDa, which is consistent with the molecular weight

of wild-type barnase (12382 Da) [7].

activities of the four mutants. The results indicate that each
mutant has a definite optimum temperature, and the activity
of the mutants dropped sharply above the optimum temper-
ature. These cooperative denaturation profiles are similar to
those of general enzymes, so the profiles support the idea that
these mutants are real enzymes, not simple chemical catalysts.
The activity of wild-type barnase dropped sharply at 47°C and
above (data not shown). This temperature at which wild-type
barnase became unstable coincided well with previous findings
on the heat stability of activity [19] and conformation [12,20]
of the enzyme. Thus the low melting temperatures of the
mutants are not experimental errors, but appear to reflect
unique properties of the mutants. Furthermore, the denatura-
tion profiles can account for the results of activity staining
experiments in which only M2354 hydrolyzed poly A or
poly G at 25°C (Fig. 2). The conformation around the puta-
tive active site of M2354 seems to be more stable than that of
the other mutants.

The hydrolytic activity of the mutants toward poly eAp at
optimum temperature was compared to that of wild-type
barnase at 25°C (Table 1). Although S4523 has an amino
acid sequence with the lowest homology to that of wild-type
barnase, the activity of this mutant is the highest of all the
mutants, indicating that it is very difficult to predict the
relative activity of mutants constructed by drastic mutation
including some active residues. The activities of the mutants
were 1/500 to 1/3000 that of wild-type barnase under the
conditions used. These values are consistent with the value
required for the basal enzymatic activity estimated by Axe
et al. [21]. The relative activity of M2354 was lower than
that expected from the activity staining bands (Fig. 2). This
may be due to unknown factors affecting the refolding process
of the mutant in the gel.

The activities of S2543 and S4523 were inhibited by addi-
tion of 2’ (3")-GMP, like that of wild-type barnase (data not
shown [22]), but those of S2435 and M2354 were not inhibited

Table 1
Summary of hydrolytic activity of barnase mutants toward poly eAp

by addition of 2’ (3')-GMP under any of the conditions ex-
amined. Other nucleotides, 2’ (3’)-AMP, 2’ (3')-UMP, and 2’
(3')-CMP, did not inhibit the activities of the four mutants or
wild-type barnase (data not shown). This indicates that S2543
and S4523 can recognize such small substances, like wild-type
barnase. However, catalytic activities of the mutants were not
detectable with dinucleotides, and K, and k¢ values could
not be obtained. This is in line with our expectation, because
the activity of E73A, a mutant of barnase which has 0.2% of
the RNA hydrolytic activity of the wild-type enzyme, was not
detectable with dinucleotides [10].

3.3. Structural properties of active barnase mutants

Fig. 4A,B shows far- and near-UV CD spectra of S2543 at
different temperatures. Broad negative bands over 208-230
nm were observed in the far-UV CD spectrum measured at
5°C, but not 25°C. Similarly, distinct positive bands were
observed in the near-UV CD spectrum measured at 5°C,
but not at 25°C. These spectra indicate that secondary and
tertiary structures of S2543 formed at lower temperatures un-
folded at 25°C. The thermal unfolding profiles of secondary
and tertiary structures of S2543 monitored in terms of CD
intensity at 228 nm and 280 nm indicate that the structures
unfolded rapidly above 10°C and completely at 25°C (Fig.
4C,D). The tendency of these thermal unfolding profiles of
S2543 was similar to that of temperature dependence of its
hydrolytic activity (Figs. 2B and 3).

The previous study showed that S2435, S4523, and M2354
had no ordered backbone conformation or tertiary structures
even at 5°C [16]. However, the thermal denaturation profiles
shown in Fig. 3 suggest that these mutants have catalytic
activities which depend on the stability of the conformation
around the putative active sites. Therefore, these mutants may
have active sites with local structures which are not substan-
tial enough to be detected by macroscopic analysis, such as
CD measurement, or the proper conformations around active

Mutant Sequence homology (%) Optimum pH

Optimum temperature (°C) Relative activity?

2435 65 6.5
$3543 57 6.0
4523 35 7.5
M2354 77 7.0
Wild-type 100 7.5

7 4x1074
10 3% 1074
8 2%x1073
27 5%1074
47 1

#Activity of barnase mutants at their optimum temperature was compared to that of wild-type barnase at 25°C.
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Fig. 3. Effect of temperature on hydrolytic activity of barnase mu-
tants toward polymers of poly eAp. The activity of each mutant at
its optimum temperature is defined as 100% activity. @ S2435,
O S2543, A S4523, a M2354.

sites may be generated only when the substrate binds to them,
namely an induced folding mechanism [23-25].

In the latter case, because S4523 can interact with 2" (3')-
GMP as mentioned above, it is possible that binding of 2’
(3')-GMP to the mutant induces conformational changes of
the mutant. Fig. 5A shows the far-UV CD spectra of S4523 in
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the absence (dashed line) and presence (solid line) of 2’ (3')-
GMP at 5°C. The spectrum in the absence of 2’ (3')-GMP
shows a minimum in the vicinity of 200 nm, indicating that
S4523 is unfolded even at low temperature. However, in the
presence of 2" (3’)-GMP, the CD intensity at 200 nm drasti-
cally decreased, and the minimum in the vicinity of 230 nm
became clearer, indicating that conformational change was
induced by 2’ (3')-GMP. The minimum at 230 nm is seen in
the far-UV CD spectra of wild-type barnase and S2543 [16],
and it is known that Trp-94 contributes to it in the case of
wild-type barnase [26]. Therefore, it is plausible that the con-
formation around Trp-94 of S4523 is structured by the bind-
ing of 2" (3')-GMP to the mutant. The presence of a minimum
at 230 nm in the far-UV CD spectrum does not necessarily
mean the formation of an active site, because M3245 having
such a minimum does not have RNase activity [16]. A similar
effect of addition of 2’ (3’)-GMP was also observed in the
near-UV CD spectrum of S4523 (Fig. 5B). Thus, 2’ (3')-
GMP probably induced ordered backbone and tertiary struc-
tures of S4523. The presence of 2" (3’)-GMP did not change
the far- and near-UV CD spectra of other mutants such as
M5342, confirming that the results described above are not
experimental errors (Fig. 5C,D).

Although the binding of 3’-GMP to wild-type barnase in-
duces a change of local conformation around the active site,
the overall conformation is not affected by the binding [27].
This is probably due to the stable and rigid structure of the
enzyme. On the other hand, because S4523 does not have such
a stable conformation, the overall structure of the mutant
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Fig. 4. Thermal unfolding of secondary and tertiary structures of S2543 monitored by far- and near-UV CD spectroscopy. Far-UV CD spectra
(A) and near-UV CD spectra (B) of S2543 at different temperatures. The thermal unfolding profiles of secondary (C) and tertiary (D) structures
of S2543 were monitored by measuring the CD intensity at 230 nm and 280 nm.
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Fig. 5. Effect of 2’ (3')-GMP on the CD spectra of S4523 and M5342. Far-UV CD (A) and near-UV CD (B) spectra of S4523 (3 uM) in the
presence (solid line) and absence (dashed line) of 2’ (3')-GMP (15 uM). Far-UV CD (C) and near-UV CD (D) spectra of M5342 (3 uM) in
the presence (solid line) and absence (dashed line) of 2" (3')-GMP (15 uM). All CD spectra were obtained at 5°C.

would be easily affected by the conformational change of the
active site. The near-UV CD spectrum of S2543, whose activ-
ity is inhibited by 2" (3')-GMP, changed in the presence of 2’
(3")-GMP, but the far-UV CD spectrum did not (data not
shown), suggesting that the backbone conformation is more
stable than the tertiary structure in the mutant.

As chemical reactions proceed efficiently at higher temper-
atures, enzymes having low melting temperatures must have
immature catalytic activities. Probably amino acids not in-
volved directly in catalysis have been selected as scaffolds to
generate active sites having appropriate conformation and
thermal stability in the course of globular protein evolution
[28]. The barnase mutants which have active sites but not such
scaffolds can be considered globular proteins in ‘evolutionar-
ily intermediate states’.

Although S2543 has the most ordered conformation of all
the mutants obtained [16], its activity is the lowest among the
active mutants. Active mutants which have disordered confor-
mations have the possibility to evolve, if they acquire appro-
priate scaffolds in a further evolutionary process, namely di-
rected evolution. On the other hand, S2543 may not readily
evolve, because this mutant already has a rigid scaffold to
some extent. The three active mutants having a disordered
conformation may therefore be located at the foot of a high
mountain, while the weak active mutant having an ordered
conformation may be located near the top of a low mountain
in the fitness landscape. This is similar to the situation sug-
gested by theoretical studies, in which kinetic intermediates
trapped at local minima have to break non-corrective bonds

to attain a global minimum on the energy landscape in protein
folding reactions [29].

This study indicates that the amino acid sequence of wild-
type barnase has sufficient plasticity to generate new RNases
upon permutation of its modules or secondary structure units.
Therefore, it is possible that many kinds of immature proteins
with different functions can be created by the combination of
peptide fragments derived from different natural proteins,
namely from a semi-global sequence space. These proteins
might evolve to mature proteins by further directed evolution.
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