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ABSTRACT: Ample evidence suggests that the ubiquitous
(�R)8-barrel enzyme fold has evolved by the duplication
and fusion of an ancestral (�R)4-half-barrel. To reconstruct
this process in the laboratory with a model protein, we
earlier fused two copies of the C-terminal half-barrel
HisF-C of imidazole glycerol phosphate synthase (HisF)
and stepwise stabilized the resulting HisF-CC construct.
We now further increased its stability and solubility by
introducing two additional amino acid exchanges, which
allowed us to crystallize the resulting artificial (�R)8-barrel
protein HisF-C***C. The analysis of its X-ray structure
at 2.1 Å resolution reveals a striking similarity to wild-
type HisF, helps us to understand its improved stability,
and provides further insights into the evolution of (�R)8-
barrel proteins.

The molecular evolution of new protein structures and
functions is largely based on the duplication and fusion of
existing genes and gene fragments (1, 2). This becomes
particularly obvious in the case of protein folds with internal
sequence and structural symmetries (3). A prominent ex-
ample is the (�R)8-barrel, which is the most frequent and
most versatile enzyme fold (4, 5). The canonical (�R)8-barrel
consists of a central eight-stranded �-sheet, the barrel, which
is surrounded by the eight R-helices. The active site is
generally located at the C-terminal end of the barrel and in
the �R-loops (“catalytic face”), whereas the N-terminal end
of the barrel and the �R-loops are important for the confor-
mational stability of the fold (“stability face”) (6). The
striking 2-fold sequence and structural symmetry of the
(�R)8-barrel enzymes N′-[(5′-phosphoribosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide (ProFAR)
isomerase (HisA) and imidazole glycerol phosphate synthase

(HisF) suggests that these enzymes have evolved from a
common (�R)4-half-barrel ancestor by a series of gene
duplication and fusion events (7). We have reconstructed this
process in the laboratory by fusing two identical copies of
HisF-C, which is the C-terminal half-barrel of HisF, and by
stabilizing the resulting construct HisF-CC stepwise to HisF-
C*C and HisF-C**C, using rational design and library se-
lection (8, 9). We have now further stabilized HisF-C**C
by the introduction of two additional residue exchanges, thus
generating HisF-C***C.

The N-terminal half of HisF-C*C contains the amino acid
exchanges A124NR and A220NK, which were introduced into
HisF-CC to reconstitute a salt bridge cluster at the stability
face of the central �-barrel of the wild-type HisF enzyme
(8). The N-terminal half of HisF-C**C additionally contains
a shortened loop connecting the two half-barrels and the two
stabilizing exchanges Y143NH and V234NM, which were
identified by random mutagenesis and selection in vivo (9).
The high internal 2-fold symmetry suggested to us that the
introduction of the corresponding exchanges Y143CH and
V234CM into the C-terminal half of HisF-C**C might further
improve the properties of the resulting HisF-C***C protein
(Figure 1a).

Heterologous expression in Escherichia coli showed that
the fraction of recombinant HisF-C***C that was produced
in soluble form (84%) was much larger than the soluble
fraction of HisF-C**C (51%) and almost as large as the
soluble fraction of the wild-type HisF enzyme (90%) (Figure
1b). The purified HisF-C***C protein unfolds in guanidinium
chloride with cooperativity comparable to that of but at
denaturant concentrations slightly higher than that of HisF-
C**C (Figure 1c). Moreover, HisF-C***C unfolds with
cooperativity similar to that of albeit at denaturant concentra-
tions significantly lower than that of wild-type HisF, which
must be extraordinarily stable to avoid denaturation in its
hyperthermophilic host, Thermotoga maritima.

The HisF-C***C protein was crystallized, and its X-ray
structure was determined at 2.1 Å resolution by molecular
replacement with the coordinates of the C-terminal half of
wild-type HisF [residues 123-253, Protein Data Bank (PDB)
entry 1thf] (Table S1) (7). HisF-C***C forms a (�R)8-barrel
structure with essentially the same topology and secondary
structure content as HisF (Figure 2 and Figure S1). The areas
around helices R8N and R8C are not well defined and could
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not be built satisfactorily into the density (Figures S1 and
S2). All other parts of the structure though have a high
resolution and can be compared to the parent HisF structure
and an earlier calculated structural model of HisF-C**C (9).

The structure of HisF-C***C superimposes nicely with
that of HisF. The overall root-mean-square deviation (rmsd)
of the two proteins is 1.7 Å, and the rmsd values for the
superimposed N-terminal and C-terminal halves are 1.6 and
0.6 Å, respectively. HisF-C***C shows an extremely high
2-fold symmetry, with a rmsd of only 0.6 Å for its two
superimposed HisF-CN and HisF-CC halves, compared to a
rmsd of 1.6 Å for the superimposed HisF-N and HisF-C
halves of wild-type HisF (Figure 2). The two aspartate
residues of HisF-C***C, D130N and D130C, which are

located at the C-terminal ends of strands �5N and �5C,
respectively, correspond to catalytic aspartate residues D11
and D130 of HisF, which are located at the C-terminal ends
of strands �1 and �5, respectively (Figure 2 and Figure S1).

We therefore tested whether HisF-C***C has HisF activity
by incubating high concentrations of the protein (50 µM)
with the substrates ammonia and N′-[(5′-phosphoribulosyl)-
formimino]-5-aminoimidazole-4-carboxamide ribonucleotide
(PRFAR). However, no production of ImGP could be
detected in the spectroscopic HisF assay (10). This lack of
measurable activity could be due to the increased distance
of catalytic aspartates D130N and D130C in comparison to
D11 and D130 (Figure 3a). Moreover, although the addition
of orthophosphate stabilizes HisF-C***C, we did not find
any evidence for the binding of the bisphosphorylated
substrate analogue ProFAR (10). As the N-terminal phos-
phate binding site of HisF-C***C is slightly shifted with

FIGURE 1: Design of the (�R)8-barrel protein HisF-C***C from two
identical and fused HisF-C half-barrels. (a) Secondary structure
elements and stabilizing amino acid exchanges. The exchanges in
HisF-CN and the shortening of the loop connecting the two half-
barrels were introduced in earlier work to stabilize HisF-CC via
HisF-C*C to HisF-C**C (8, 9). The exchanges Y143CH and
V234CM were introduced in this work to further stabilize HisF-
C**C to HisF-C***C. (b) Solubility analysis of HisF-C**C, HisF-
C***C, and HisF. In the left panel, insoluble (if) and soluble (sf)
fractions of E. coli host cell extracts analyzed by SDS-PAGE
(12.5% acrylamide) and staining with Coomassie blue. In the right
panel, the percentage of the proteins produced in soluble form (as
deduced from the analysis of three different clones of each variant).
(c) Stability of HisF-C**C, HisF-C***C, and HisF in 50 mM
potassium phosphate (pH 7.5) at 25 °C. Chemical unfolding was
induced by incubation in guanidinium chloride (GdmCl) and
monitored by the decrease in fluorescence intensity at 320 nm
following excitation at 280 nm. The signals were normalized, and
the following D1/2 values (in molar GdmCl) were determined: HisF-
C**C, 1.90 ( 0.03 M; HisF-C***C, 2.10 ( 0.02 M; HisF, 3.32 (
0.07 M.

FIGURE 2: Ribbon diagrams of the crystal structures of HisF (PDB entry 1thf) and HisF-C***C. Top view onto the catalytic face (cp. Figure
3a). The functional aspartate residues D11N and D130C of HisF and the corresponding D130N and D130C residues of HisF-C***C are
shown as sticks. The indicated root-mean-square deviations were calculated for the following pairs: HisF-HisF-C***C, 1.7 Å (184
superimposed CR atoms); N-terminal halves of the two proteins, 1.6 Å (89 CR atoms); C-terminal halves of the two proteins, 0.6 Å (103
CR atoms); the halves within HisF, 1.6 Å (89 CR atoms); the halves within HisF-C***C, 0.6 Å (103 CR atoms).

FIGURE 3: Important structural features of HisF-C***C in com-
parison to those of HisF. (a) The �-barrel of HisF-C***C opens
up wider at the catalytic face than HisF, resulting in a distance
increase in the functional aspartate residues of ∼2 Å. (b) The
exchanges Y143NH and Y143CH, which contribute to the solubility
and stability of HisF-C***C, are solvent-exposed in the crystal
structure. (c) The stabilizing salt bridge cluster of HisF is formed
in a similar way in HisF-C***C through the exchanges A124NR
and A220NK. Hydrogen bonds between the involved side chain
residues, which are shown as sticks, are indicated by dashed lines
up to a distance cutoff of 3.0 Å. Colors as in Figure 2.
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respect to that of HisF (not shown), the proper anchoring of
the corresponding phosphate group of ProFAR and PRFAR
in the designed active site might be hampered, resulting in
a low binding affinity.

The X-ray structure further allowed us to analyze the
stabilizing effects of the amino acid exchanges that were
introduced to generate HisF-C***C from HisF-CC. The
histidine residues introduced by library selection [Y143NH
(9)] and site-directed mutagenesis [Y143CH (this work)] point
into the solvent (Figure 3b), which allows them to engage
in favorable interactions with water, explaining why these
substitutions increase both solubility and stability. Crystal
contacts (not shown) appear to stabilize this conformation
compared to an alternative one suggested by molecular
dynamics simulation of HisF-C**C, in which the imidazole
group of H143N forms a hydrogen bond network with the
carboxylate group of D176C and the phosphate ion bound
to the C-terminal half-barrel (9). The methionine residues
introduced at position 234 are not resolved in the crystal
structure, neither in the N-terminal nor in the C-terminal half.
Their contribution to increased stability or solubility thus
cannot be evaluated on the basis of this structure. A structural
model of HisF-C**C, however, suggests that the long
methionine side chain protrudes into a hydrophobic pocket
of the adjacent half-barrel to form favorable van der Waals
interactions (9).

Inspection of the structure shows that exchanges A124NR
and A220NK at the N-terminal face of the central barrel result
in the formation of a salt bridge cluster involving E167N and
E167C, as expected (Figure 3c). This rationally designed salt
bridge cluster strengthens the interaction between the N- and
C-terminal half-barrel, explaining why the introduced ex-
changes are beneficial both for the compactness and for the
stability of the protein (8).

Following the fusion of two identical HisF-C half-barrels,
the shortening of the connecting loop and as little as six
amino acid exchanges were sufficient to generate the highly
stable protein HisF-C***C. The artificial (�R)8-barrel shows
a high degree of structural similarity to the wild-type HisF
enzyme. This finding is remarkable, given that the N-terminal
half-barrels HisF-CN and HisF-N share a degree of sequence
identity of only ∼25%, and demonstrates that (�R)8-barrels
can be readily evolved in the laboratory from a half-barrel.
Our results make it likely that similar gene duplication and
fusion events have led to the generation of an ancestral (�R)8-
barrel during natural evolution (6). Although the sequences
of HisF-C and HisF-C***C certainly differ from those of
the ancestral proteins due to genetic drift, they are good
models for these proteins and the putative evolutionary events
connecting them. It will now be interesting to test whether
and which catalytic activities can be established on the HisF-
C***C scaffold and how many mutations will be necessary
to do so. The structure presented here shows how the barrel
of HisF-C***C opens up wider than the barrel of HisF,
resulting in a larger binding pocket (Figure 3a). This
observation and the absence of detectable HisF activity

illustrate that a fine-tuning of the active site will be required,
which might be hard to achieve by rational approaches and
probably will require directed evolution techniques, i.e.,
random mutagenesis followed by selection or screening.

The regular order of the (�R)-units has prompted experi-
ments aimed at designing artificial (�R)8-barrel enzymes early
on. However, the first attempts yielded molten globules with
defined secondary structures at best (11–13). More recently,
a (�R)8-barrel that consists of an idealized artificial backbone
containing an eight-stranded �-sheet with 4-fold symmetry
surrounded by eight R-helices was designed. An optimal
amino acid sequence fitting the idealized backbone was then
chosen with an automated selection algorithm (14). Although
the designed protein is stable and appears to adopt a well-
defined tertiary structure in solution, no high-resolution X-ray
or NMR structure has been published until now. HisF-C***C
is therefore the first artificial (�R)8-barrel for which a high-
resolution structure is available, complementing structural
analysis of an artificial nine-stranded barrel that was con-
structed by fusing HisF-C to parts of a flavodoxin-like (�R)5-
protein (15).

SUPPORTING INFORMATION AVAILABLE

A description of the experimental procedures with sup-
porting references, data collection and refinement statistics
from the X-ray structure determination of HisF-C***C (Table
S1), structure-based sequence alignment of HisF and HisF-
C***C (Figure S1), and electron density maps around helices
R8N and R8C of HisF-C***C (Figure S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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