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Internal symmetry is a common feature of the tertiary
structures of proteins and protein domains. Probably,
because the genes of homo-oligomeric proteins dupli-
cated and fused, their evolutionary descendants are
proteins with internal symmetry. To identify any advan-
tages that cause monomeric proteins with internal sym-
metry to be selected evolutionarily, we characterized
some of the physical properties of a recombinant pro-
tein with a sequence consisting of two tandemly fused
copies of the Escherichia coli Lac repressor C-terminal
a-helix. This polypeptide exists in solution mainly as
dimer that likely maintains a four-helix bundle motif.
Thermal unfolding experiments demonstrate that the
protein is considerably more stable at elevated temper-
atures than is a homotetramer consisting of four
non-covalently associated copies of a 21-residue poly-
peptide similar in sequence to that of the Lac repressor
C-terminal o-helix. A tandem duplication of our
helix—loop—helix polypeptide yields an even more ther-
mally stable protein. Our results exemplify the concept
that fusion of non-covalently assembled polypeptide
chains leads to enhanced protein stability. Herein,
we discuss how our work relates to the evolutionary
selective-advantages realized when symmetrical homo-
oligomers evolve into monomers. Moreover, our ther-
mally stable single-chain four-helix bundle protein
may provide a robust scaffold for development of
new biomaterials.

Keywords: four-helix bundle/fusion/internal
symmetry/tandem duplication/thermal stability.

Abbreviation: CD, circular dichroism; PCR, poly-
merase chain reaction.

Internal symmetry is often an attribute of the tertiary
structures of natural proteins. Gene duplication and
subsequent fusion of the duplicated genes is presumed
to be a very common evolutionary mechanism for
the appearance of proteins and protein domains
with internal symmetry (/—3). The triosephosphate

isomerase (TIM) barrel is a highly symmetrical protein
motif, consisting of eight repeats of a B-strand/a-helix
module (4). The crystal structures of two
TIM-barrel-type enzymes that are members of the his-
tidine biosynthetic pathway show internal structural
2-fold symmetry (3). Experimental data has been
obtained that is consistent with the idea that both
enzymes evolved from an ancestral half-barrel (5—7).
The B-propeller is another protein motif with distinc-
tive symmetry. Recently, a stable B-propeller struc-
ture was generated by fusion of six identical
WD (tryptophan-aspartate) repeats (8). Functional
B-propeller lectins have also been reconstructed
through homo-oligomeric assembly of smaller frag-
ments (9). These studies have substantiated the concept
that internally symmetric protein structures emerge as
a consequence of gene duplication and fusion. Because
the risk associated with residue misincorporation
should be smaller and because the coding economy
should be better (/0), it may be thought that biosyn-
thesis of a polypeptide that subsequently associates to
form a homo-oligomer would be favoured over the
biosynthesis of a single-chain (monomeric) protein
that arose via gene duplication and fusion.
Nevertheless, because single-chain proteins with inter-
nal symmetry exist, certain putative ancestral
homo-oligomers seem to have evolved into single
polypeptide chains. Given that internal symmetry is a
common feature among protein structures, there must
be some selective advantages driving the appearance of
such proteins.

The four-helix bundle is another protein motif with
striking internal symmetry. Proteins with four-helix
bundles are abundant in nature, though diverse in
function (/7). The bundle consists of four amphiphilic
a-helices packed against each other so as to form a
hydrophobic core. In nature, this fold often occurs
as an isolated form. For instance, cytochrome bsg»,
which is involved in electron transfer, is a mono-
meric four-helix bundle protein (/2, 13); the RNA-
binding protein, Rop is a four-helix bundle protein
that is formed by the assembly of two identical
helix-turn-helix monomers, i.e. it is a homodimer
(14, 15). The helix-bundle motif is also prevalent at
protein subunit interfaces where it helps to stabilize
subunit—subunit interactions (/6, 17). The fact that
four-helix bundles exist naturally as monomers, homo-
dimers and homotetramers gives credence to the idea
that the monomers and homodimers arose via gene
duplication and subsequent fusion events.

The Lac repressor is a DNA-binding protein that
negatively regulates transcription of bacterial lac
genes (I8). The Escherichia coli Lac repressor is a
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tetramer of four identical subunits. Historically, the
results of genetic analyses first indicated that the
C-terminal o-helices of the Lac repressor subunits
associate to form a four-helical bundle with an anti-
parallel arrangement (/9). Mutations and deletions in
the a-helix abolished the protein’s tetrameric structure
(20-22). Thus, the four C-terminal helices were
thought to form an antiparallel four-helix bundle,
which then significantly stabilized the Lac repressor’s
other subunit interactions. This model was confirmed
when the X-ray crystal structure of the Lac repressor
was solved (Fig. 1A) (23). Within the structure, the
four-helix bundle is clearly a separate domain, and it
should therefore be stable even if it was separated from
the rest of the protein. In fact, four copies of a syn-
thetic oligopeptide Lac2l—a 21-amino acid residue
peptide containing a sequence nearly identical to that
of the Lac repressor C-terminal a-helix—fold into a
stable, antiparallel four-helix bundle in solution (24).

For this report, we reconstructed the evolution of a
single-chain four-helix bundle from a single o-helical
peptide with the goal of identifying the advantages
acquired when a homo-oligomer evolves into a

LARTH LARFH LAREH

-
P-LARTH-Fw

monomer. To this end, using the C-terminal o-helix
sequence of the Lac repressor as the template, we
synthesized a helix—loop—helix protein, named
LARTH (Lac repressor two-helix protein) and its
duplicated version, named LARFH (Lac repressor
four-helix protein). We show that both LARTH and
LARFH have similar secondary and tertiary struc-
tures, with the tertiary structures likely to be four-helix
bundles. We also show that monomeric LARFH is
significantly more thermally stable than is dimeric
LARTH, which in turn is significantly more thermally
stable than tetrameric Lac21. The inverse relationship
between the number of discrete polypeptide chains in
the four-helix bundles and the thermal stabilities of the
bundles suggests that, in nature, duplication and
fusion of a gene that encodes a subunit of a
homo-oligomeric protein results in a more robust
protein.

Materials and Methods
Construction of the genes for LARTH and LARFH

The gene encoding LARTH was synthesized using a polymerase
chain reaction (PCR)-mediated method (Fig. 1B). The synthetic
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Fig. 1 (A) The tertiary and quaternary structures of an E. coli Lac repressor missing its N-terminal DNA binding domains (top); and LARTH
and LARFH models (bottom). The structures were drawn using PyMOL (http://www.pymol.org). For the Lac repressor, the subunits are each in
a different colour. The dotted lines in the LARTH and LARFH models represent the —S—G—Q—G—G— linkers. (B) The synthesis of the genes for
LARTH and LARFH. Experimental details are described in ‘MATERIALS AND METHODS’. (C) The amino acid sequences of Lac21 (24), LARTH
and LARFH. The sequences originating from the E. coli Lac repressor are underlined. The amino acids originating from the vectors’ sequences
are italicized. Cylinders represent segments that are likely to form a-helices.
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Table 1. Oligonucleotide primers used in this study.

Engineering thermally stable four-helix bundle proteins

Primer Sequence

P-LARTH-sense

GCGCCGGAATTCCCATATGTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACA

GGTTTCCCGACTGGAAAGCGGGCAGGGTGGTAGCCC

P-LARTH-antiz

GGGCCCAAGCTTTTATTATTGGCCAGACTCCAAGCGGCTCACTTGGCGAGCTAATTGCATCAG

GCTGTCAGCCAGGGCACGCGGGCTACCACCCTGCCC

P-LARTH-Fw GGGGGGGGGATCCCCCCGCGCGTTGGCC
P-LARTH-Rev GGGGGGAATTCTTATTATTGGCCAGACTCCAAG

P- dup-sense TCAGGGTGGTTCGCCCCGCGCGTTGGCC
P-dup-anti GGGGCGAACCACCCTGACCAGACTCCAAGCGGCT
P-LARFH-Fw TCTCCCCGCGCGTTGGCC

P-LARFH-Rev GGGGGGAAGCTTATTATTGGCCAGACTCCAAG

The BamHI (GGATCC), EcoRI (GAATTC) and HindIIl (AAGCTT) restriction sites are underlined.

oligonucleotides used are listed in Table 1. The overlapping oligo-
nucleotides, P-LARTH-sense and P-LARTH-anti, have complemen-
tary sequences at their 3’-ends. Another pair of primers,
P-LARTH-Fw and P-LARTH-Rev, was included to ensure suffi-
cient DNA amplification. P-LARTH-Fw and P-LARTH-Rev con-
tain BamHI and EcoRI restriction sites at their 5’ ends, respectively.
For amplification, the PCR-reaction mixture contained 1x PCR
buffer for KOD-plus polymerization (Toyobo, Osaka, Japan),
I mM MgSO,, 0.2mM each of the dNTPs, 0.2 uM each of the syn-
thetic oligonucleotides and 1.0 unit KOD-plus DNA polymerase.
The time—temperature program was: step 1, 95°C, 3min; step 2,
95°C, 30s; step 3, 55°C, 30s; step 4, 68°C, 1 min; steps 2—4 were
repeated 16 times. After amplification, the PCR product was treated
with BamHI and EcoRI (New England Biolabs, Tokyo, Japan) and
then purified by agarose gel electrophoresis. To construct the protein
carrying a GST-tag at its N-terminus, the purified DNA was ligated
into pGEX-6p-1 (GE Healthcare, Piscataway, NJ, USA). The gene
encoding LARFH was constructed using the splicing by overlap
extension (SOE) PCR-method (25) (Fig. 1B). SOE-PCR consists of
two rounds of PCR using the outer primer pairs that are common to
all reactions and the inner primer pairs that define the splice site.
P-LARFH-Fw and P-dup-anti were used for amplification of the 5’
gene segment (PCR #1). P-dup-sense and P-LARFH-Rev were used
for amplification of the 3’ gene segment (PCR #2). Both amplifica-
tions used pGEX-6p-1 that carried the gene encoding LARTH as the
template. The two amplified fragments were mixed and PCR ampli-
fied again in the presence of P-LARFH-Fw and P-LARFH-Rev
(PCR #3). The conditions and program for PCR were same as
those used for amplification of the gene encoding LARTH. After
amplification, the PCR product was digested with HindIIl (New
England Biolabs, Tokyo, Japan) and then cloned into the Srul-
HindlIII site of pQE30Xa (Qiagen, Tokyo, Japan) so that LARFH
would be N-terminally His-tagged.

Protein preparation

LARTH was expressed and purified as an N-terminally GST-tagged
chain. For its production, E. coli BL21 (DE3) was transformed
with the expression plasmid and then cultivated in LB medium sup-
plemented with ampicillin (150 pg/ml). Expression was induced with
Overnight Express Autoinduction System 1 (Merck, Tokyo, Japan).
After overnight cultivation, cells were harvested by centrifugation
and disrupted by sonication. Precipitate was removed by centrifuga-
tion at 60,000g for 20 min and soluble proteins were purified using a
GSTrap HP affinity column (GE Healthcare, Piscataway, NJ, USA).
The N-terminal GST-tag (excepting residues G_4P_;L ,G_|) was then
removed by digestion with PreScission Protease (GE Healthcare,
Piscataway, NJ, USA) (Fig. 1C). The released GST-tag and
PreScission Protease were removed from the solution by passage
through a GSTrap HP affinity column. For preparation of
LARFH, E. coli M15 (pREP4) (Qiagen, Tokyo, Japan) harbouring
the expression plasmid was cultivated in LB medium supplemented
with ampicillin (150 pg/ml) and kanamycin (25 pg/ml). Expression
was induced by adding isopropyl-thio-p-D-galactopyranoside to a
final concentration of 0.5mM when the ODyggy of the culture
medium was between 0.6 and 0.8. After cultivation for an additional
6h at 37°C, cells were harvested by centrifugation and disrupted by
sonication. N-terminally Hiss-tagged LARFH was purified from the
supernatant of the crude extract by HisTrap FF nickel affinity

column chromatography. The purified fusion protein was treated
with Factor Xa protease (Qiagen, Tokyo, Japan) to cleave the
N-terminal His-tag. The cleaved tag and Factor Xa were then
removed from the protein solution by passage through a HisTrap
FF nickel affinity column and a HiTrap Q anion exchange column
(GE Healthcare, Piscataway, NJ, USA). The purity of each protein
was >95% as judged by SDS—polyacrylamide gel electrophoresis.

Analytical methods

Since LARTH and LARFH have no aromatic residues, their protein
concentrations were determined using the reagents of a BCA protein
assay kit (Pierce, Rockford, IL, USA) and LARFH-W, a LARFH
variant containing a C-terminal tryptophan residue, as the standard.
The concentration of the LARFH-W solution was determined using
its absorbance at 280 nm as described by Pace et al. (26) who mod-
ified the procedure of Gill and von Hippel (27). For analytical
gel filtration, proteins were eluted at a flow rate of 0.5 ml/min over
Superdex 75 resin (1.0 x 30 cm column dimensions; GE Healthcare,
Piscataway, NJ, USA) that was equilibrated with 20 mM potassium
phosphate, pH 7.6, 150 mM KCI. Apparent molecular masses of the
experimental proteins were determined using their elution volumes
and a calibration curve produced using the molecular masses and
elution volumes of protein standards. Circular dichroism (CD) mea-
surements were done using a J-720 spectropolarimeter (Jasco,
Hachioji, Japan). Far-UV CD spectra were recorded from 190 to
250 nm at 25°C, using a 0.1 cm path-length cell. Protein concentra-
tions were adjusted to 0.1 mg/ml with 20 mM potassium phosphate,
pH 7.6, 7.5mM KCI. For thermal denaturation, the spectropolari-
meter was equipped with a programmable temperature controller
and a pressure-proof cell compartment that prevented the aqueous
solution from bubbling and evaporating at high temperatures. The
resistance of LARTH and LARFH to protease digestion was tested
by incubating 0.20 mg/ml of each protein with 30-pg/ml proteinase K
(Wako, Osaka, Japan) at 37°C in 20 mM potassium phosphate, pH
7.6. The reactions were stopped at various times by adding the same
volumes of 2x SDS—PAGE sample buffer to the digests and heating
them at 100°C for 90s. The proteolysis time-courses were analysed
after electrophoresis of the digests through 18% polyacrylamide gels
in Tris—tricine, pH 8.3.

Results and Discussion

Design and synthesis of LARTH and LARFH

In nature, four-helix bundles are found as monomers,
homodimers and homotetramers; therefore, the
appearance over time of the monomeric and dimeric
structures is likely the result of duplication and fusion
of genes that encoded for ancestral helical polypeptides
that associated non-covalently. For this study, we
experimentally mimicked the outcomes of these puta-
tive evolutionary events. The Lac repressor of E. coli
is a tetramer consisting of four identical subunits.
The C-terminal helices of the subunits assemble to
form an antiparallel four-helix bundle (Fig. 1A).
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Fig. 2 Superdex 75 analytical gel filtration chromatograms of
LARTH and LARFH. The elution rates were always 0.5 ml/min.
The initial protein concentrations are 10 uM (thin line) or 50 uM
(thick line).

Using recombinant techniques, we synthesized
LARTH that contains two copies of the Lac repressor
C-terminal o-helix sequence tandemly linked via a
modified version of the C-terminal sequence of the
Lac repressor (—S—G—Q). The last three residues are
disordered in the crystal structure of the Lac repressor
(23), indicating that they have no preferred structural
orientation. Two glycines were added to the terminal
sequence (SGQGG; Fig. 1B and C). We expected that
because glycine lacks a side chain, the presence of the
—G—G— sequence, in conjunction with the —S—G—Q—
triad would ensure sufficient flexibility, so that the hel-
ices flanking the linker could orient properly. This
polypeptide was expressed in E. coli and then purified
from the supernatant of the crude cell extract. This
helix—loop—helix protein appears to be very soluble.

We next duplicated and fused the gene for LARTH
to generate the gene for the monomeric four-helix
bundle LARFH (Fig. 1B). The amino acid sequence
of LARFH thus contains four repeats of the
C-terminal o-helix sequence of the E. coli Lac repressor
(Fig. 1A and C). When expressed in E. coli, most of
it was found in the soluble fraction of the cell homo-
genate and could be purified from the supernatant of
the crude extract.

Structural characterization of LARTH and LARFH

The oligomeric structures of LARTH and LARFH
were investigated using analytical gel filtration chro-
matography (Fig. 2). For LARTH, initial protein con-
centrations of 10 and 50 uM yield very similar elution
profiles, suggesting that protein concentration does not
significantly affect the oligomeric state of LARTH.
The apparent molecular mass of LARTH (13.7 kDa)
is slightly greater than that calculated assuming it
exists as a dimer (10.9kDa). It is well-known that
rod-shaped molecules migrate faster than expected,
as does the Lac repressor tetramerization domain
(19). The peaks for LARTH are somewhat asymmet-
ric, suggesting that, at the experimental concentrations
of LARTH used, it rapidly equilibrated between a
monomer and a dimer on the chromatographic time
scale and existed predominantly as a dimer during
chromatography. The apparent molecular mass of
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Fig. 3 Far-UV CD spectra of LARTH (solid line) and LARFH
(dashed line). Each protein concentration was 0.10 mg/mlin 20 mM
potassium phosphate, pH 7.6, 7.5mM KCI. The cell path-length
was 0.1 cm.

LARFH, determined by analytical gel filtration is
12.1kDa, slightly greater than that calculated assum-
ing it is a monomer (10.3kDa), suggesting that
LARFH exists as a pure monomer.

The far-UV CD spectra of LARTH and LARFH
are presented in Fig. 3. Far-UV CD spectra reflect
the secondary structure contents of proteins. The CD
measurements of both proteins show typical spectra
for helical proteins, with characteristic minima at 208
and 222 nm. The shape and intensity of the far-UV CD
spectrum of LARFH is almost the same as that of
LARTH, indicating that the two proteins share similar
proportions and types of secondary structure. The
analytical gel filtration chromatograms and the CD
spectra, taken together, indicate that LARTH and
LARFH both form four-helix bundles containing
two and one polypeptide chains, respectively.

Stabilities of LARTH and LARFH

Denaturations of LARTH and LARFH were followed
by monitoring the changes in ellipticity at 222 nm that
occurred when the temperature was increased. The
temperature-induced unfolding of each protein is
almost reversible, as demonstrated by the recovery
of most of the original CD intensity upon cooling
(Fig. 4). The effects of three different protein concen-
trations (0.02, 0.06 and 0.20 mg/ml) and low, physio-
logic and high salt concentrations (15, 150 and 500 mM
KCIl) were examined. The melting curves show that
both proteins undergo cooperative secondary structure
unfolding transitions under all conditions tested
(Fig. 5). Similar melting curves were obtained when
the temperature was increased at rates of 0.5°C
min~' and 1.0°C min~', indicating that equilibrium
was reached at each data point (Fig. SA). The temper-
ature required for 50% denaturation (7,,) was used
to compare the thermal stabilities of the proteins.
For LARTH, smaller T,, values were obtained when
the protein concentration was decreased; whereas, for
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Fig. 4 Far-UV CD spectra of LARTH and LARFH in their native,
unfolded and refolded states. The protein concentrations were

0.20 mg/ml and the buffer solution was 20 mM potassium phosphate,
pH 7.6, 150 mM KCI. The CD spectra of the native states were
recorded at 50°C (LARTH) or 55°C (LARFH). The temperature
was increased at a rate of 0.5°C/min to 100°C (LARTH) or 120°C
(LARFH) and then the spectra of the unfolded states recorded.
The protein solutions were next cooled at a rate of 0.5°C/min and
the spectra recorded again at the initial temperatures. Assuming

a two-state transition for each protein, more than 90% of each
protein refolded upon cooling as judged by the values of the
ellipticities at 222 nm. Solid lines, native states; dashed lines,
unfolded states; dotted lines, refolded states.

LARFH, protein concentration did not significantly
affect the T,, value (Fig. 5B). These results are in
agreement with those of the analytical gel filtration
experiments and indicate that LARTH exists in a
monomer—dimer equilibrium and LARFH as a
monomer.

The T,, values for LARTH at a protein concentra-
tion of 0.2mg/ml are 86°C, 8§9°C and 90°C, respec-
tively, for 15, 150 and 500mM KCI concentrations
(Fig. 5C). Thus, LARTH shows unusually high ther-
mal stability that is similar to those of thermophilic
proteins, although its sequence is derived from that
of a mesophilic protein. The duplicated helix—loop—
helix protein LARFH is much more stable than is
LARTH—the T,, values of LARFH are larger than
those of LARTH by around 18°C under all salt con-
ditions. The superior resistance to denaturation by
LARFH in general suggests that, in nature, it is

Engineering thermally stable four-helix bundle proteins
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Fig. 5 Thermal melting profiles of LARTH (filled circles) and
LARFH (open circles). Ellipticities were monitored at 222 nm.

The melting plots were normalized assuming linear temperature
dependencies for the baselines of the native and denatured states.
(A) Protein solutions were 20 mM potassium phosphate, pH 7.6,
0.20 mg/ml protein, 150 mM KCI. The temperature was increased at
0.5°C/min (magenta) or 1.0°C/min (cyan). For both proteins,
increasing the rate did not affect the unfolding curves significantly.
Therefore, for each measurement, equilibrium must have been
reached. (B) Each protein sample was dissolved in 20 mM potassium
phosphate, pH 7.6, 150 mM KCI. The protein concentration was
0.02mg/ml (orange), 0.06 mg/ml (green) or 0.20 mg/ml (magenta).
The temperature was increased at a rate of 0.5°C/min. (C) Each
protein was dissolved in 20 mM potassium phosphate, pH 7.6,
containing 15mM (blue), 150 mM (magenta) or 500 mM KCl
(purple). The protein concentration was always 0.20 mg/ml.

The temperature was increased at a rate of 0.5°C/min.
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Fig. 6 Resistance of LARTH and LARFH to proteolytic digestion.
LARTH and LARFH (0.20 mg/ml each) were incubated for the
indicated time periods with proteinase K (30 pg/ml) in 20 mM
potassium phosphate, pH 7.6, at 37°C. The proteins were separated
through a Tris—tricine, pH 8.3, 18% PAGE gel and their amounts
determined by densitometry.

advantageous for a small gene segment to duplicate
and fuse in order to generate a larger monomeric
protein.

In four-helix bundles, the association of the four
helices is driven and stabilized by the hydrophobic
core made up of the apolar faces of the amphiphilic
helices (/7). In the E. coli Lac repressor four-helix
bundle, the interior hydrophobic core is composed
mostly of leucine side chains. Accordingly, as the
KCI concentration increases, the T, value of both
polypeptides increases owing to enhanced hydrophobic
interactions involving the interior core residues.

Artificial proteins containing ao-helices have some-
times been found to be unusually stable (28). Regan
and DeGrado performed an experiment similar to ours
using monomeric and oligomeric four-helix bundles
constructed from a de novo-designed helical peptide
(29). An inverse correlation was found for the
number of discrete polypeptide chains in the four-helix
bundles and the stabilities of the bundles. A subse-
quent NMR study revealed a relatively well-folded
helical conformation for the monomeric four-helix
bundle but also indicated that its hydrophobic core
had molten globule characteristics (30). We tested the
resistance of LARTH and LARFH to proteinase K
digestion, which mainly cleaves at the C-termini of
hydrophobic residues. The proteins were incubated
with proteinase K for various time periods, after
which they were subjected to SDS—-polyacrylamide
gel electrophoresis. LARTH was completely digested
after 15min, whereas LARFH remained intact after
30min (Fig. 6). Thus, LARFH is significantly more
stable towards proteolysis than is LARTH. Unlike
the monomeric four-helix bundle protein designed by
Regan and DeGrado, LARFH mimics a naturally
occurring four-helix bundle whose hydrophobic core
has been optimized during the course of evolution.
Accordingly, our monomeric four-helix bundle protein
may have a well-structured hydrophobic core that con-
fers unusually thermal stability upon LARFH, so that
it is able to resist proteolysis.

Implications for the origins of monomeric proteins
with internal symmetry

It has been argued that, in general, large protein struc-
tures are prerequisites for certain protein properties
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and functions (/0). As the means to increase protein
size, homo-oligomerization has several advantages in
comparison with the construction of long, single-chain
proteins (reviewed by Ref. (/0) and references therein).
For example, oligomerization increases the size of a
protein without increasing its gene size. Therefore it
protects against the occurrence of deleterious errors
in replication and protein synthesis by allowing a
large protein to be built without using additional
genetic space. Nevertheless, some oligomers with sub-
units arrayed symmetrically seemed to have evolved
into single polypeptide chains. Therefore, the question
arises as to what is the ‘evolutionary driving force’ that
prompts the conversion of an oligomeric protein into a
monomer. Oligomeric proteins are usually unstable
at very low concentrations, and therefore, secreted
proteins are often monomeric (/0). Similarly, the ther-
mal stability of LARTH is dependent on its concen-
tration; whereas, protein concentration does not affect
the thermal stability of the monomeric LARFH
(Fig. 5B). It has been postulated that subunit fusion
of homo-oligomeric proteins generally improves
conformational stability because the entropy of the
denatured state is reduced (31, 32). Liang et al. (33)
engineered single chain variants of the homodimeric
protein, gene V protein of bacteriophage f1, by
fusing two copies of its subunit. The monomers are
significantly more stable against guanidine hydrochlor-
ide denaturation than is the parent dimer. They also
showed that the increased stabilities correlate with the
calculated value for the reduction in entropy expected
when the termini of two ‘denatured’ subunit chains are
connected. The connection of two LARTH chains may
also reduce the translational and rotational entropies
of its denatured state, thus producing a single-chain
protein with enhanced thermal stability.

Hocker et al. (5) reported that, in isolation, the last
four Po units of the (B/o)g-barrel protein, imidazolegly-
cerolphosphate synthase from Thermotoga maritima,
form primarily a homodimeric protein having signifi-
cant amounts of native-like secondary and tertiary
structures. Tandem duplication and fusion of the
(B/a)4 half-barrel segment yields a monomeric protein
that is more resistant to urea denaturation than is its
parent dimeric protein (6). Similarly, we demonstrated
that an isolated (B/a)4 half-barrel segment of the
(B/o)g-barrel protein, phosphoribosylanthranilate iso-
merase from E. coli, folds into a well-ordered structure
that equilibrates between single chain and dimeric
states. Further, when two half-barrel segments are
covalently connected in tandem, the resulting mono-
mer has increased stability (34). Fairman et al. (24)
reported that four copies of the 21-residue polypeptide,
Lac21, containing a sequence nearly identical to that of
the C-terminal a-helix of the Lac repressor, form a
homotetramer with a (likely) four-helix bundle motif.
They reported that its 7, value is 54°C when its pro-
tein concentration is 500 uM. Our helix—loop—helix
protein LARTH is considerably more thermally
stable than is Lac21 even when the solution concentra-
tion of LARTH is 0.02mg/ml (3.6 uM). Furthermore,
the tandem duplication of LARTH yields the even
more stable monomeric protein LARFH at the given
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protein concentrations. Thus, our results and those
of others mentioned above illustrate how fusion of
the subunits of homodimeric proteins improves
protein stability.

The relative stability of a protein can be an impor-
tant positive influence during the evolution of a pro-
tein’s function, because an initially large stability can
alleviate the potential damage caused by the decrease
in stability that often accompanies the appearance of a
new function. Such stability-function tradeoffs have
been found for a number of functionally beneficial
mutations that also are destabilizing (35—38). Arnold
and her co-workers have theoretically and experimen-
tally demonstrated that more stable proteins can more
readily develop new functions (39, 40). Similarly,
Tawfik and his co-workers recently pointed out that
acquisition of a new protein function depends on com-
pensatory, stabilizing mutations in regions that are not
involved in the protein’s function (4/). Therefore, the
evolutionary process likely involves enhanced protein
stability as a prerequisite for the appearance of a new
function, and the appearance of monomeric proteins
from oligomeric ancestors would be one means of
enhancing protein stability especially when the protein
concentration is low.

Another property driving the fusion of peptide
chains may be their increased resistance to the dama-
ging effects of mutations. Once a mutation occurs in a
subunit of a homo-dimeric protein, its effect is com-
pounded. The structures of protein active sites have
been optimized for function (42, 43). A single genetic
mutation would result in the replacement of two resi-
dues in the active site of a homo-dimeric protein—per-
haps causing more damage than would replacement
of a single residue in the corresponding single-chain
protein. This outcome must be a selective ‘disadvan-
tage’ for dimeric proteins over monomers. Conversely,
the potentially smaller mutational effect in a single-
chain protein may cause only a subtle structural
change, which might be important for fine-tuning of
the protein structure during the course of evolution,
and therefore could provide an evolutionary selective
advantage.

Versatility of thermally stable four-helix bundles

The single-chain four-helix bundle protein engineered
in this study may offer a robust molecular building
block to fabricate novel biomaterials, such as artificial
biocatalysts, biosensors and bioelectronics devices.
Designed four-helix bundle polypeptides have pro-
vided scaffolds to engineer a variety of functions.
A de novo designed synthetic helix—loop—helix poly-
peptide that forms a four-helix bundle upon dimeriza-
tion has been utilized to control the assembly of gold
nanoparticles, which can serve as scaffolds for biosen-
sing materials (44). Efforts have been made to intro-
duce specific Zn-binding, haeme-binding and even
non-biological cofactor-binding sites into the interior
cores of designed bundles (45—52). Other de novo
design experiments showed the potential to engineer
artificial biocatalysts (53—56). The successful design
of these functional helical proteins has shown that
designed four-helix bundles can be used as structural

Engineering thermally stable four-helix bundle proteins

and functional elements in the fabrication of novel
biomaterials.

Proteins with a high thermal stability have certain
advantages over less stable proteins. Thermally stable
proteins are necessary when high process-temperatures
are required (57). In addition, thermally stable proteins
are often resistant to other protein-inactivating factors,
such as organic solvents, acidic and alkaline solutions
and detergents (58). By combining the versatility of the
four-helix bundle motif with the unusually high ther-
mal stability of LARFH, it may be an appropriate
scaffold that can be used during the design of new
biomaterials. However, before such biomaterials can
be designed, the structure of LARFH must be deter-
mined at the atomic level, and efforts to do so are
underway.
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