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Computational and Experimental Evidence for the
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The evolution of the prototypical (βα)8-barrel protein imidazole glycerol
phosphate synthase (HisF) was studied by complementary computational
and experimental approaches. The 4-fold symmetry of HisF suggested that
its constituting (βα)2 quarter-barrels have a common evolutionary origin.
This conclusion was supported by the computational reconstruction of the
HisF sequence of the last common ancestor, which showed that its quarter-
barrelsweremore similar to each other than are those of extantHisF proteins.
A comprehensive sequence analysis identified HisF-N1 [corresponding to
(βα)1–2] as the slowest evolving quarter-barrel. This finding indicated that it
is the closest relative of the common (βα)2 predecessor, which must have
been a stable and presumably tetrameric protein. In accordance with this
prediction, a recombinantly produced HisF-N1 protein was properly folded
and formed a tetramer being stabilised by disulfide bonds. The introduction
of a disulfide bond in HisF-C1 [corresponding to (βα)5–6] also resulted in the
formation of a stable tetramer. The fusion of two identical HisF-N1 quarter-
barrels yielded the stable dimeric half-barrel HisF-N1N1. Our findings
suggest a two-step evolutionary pathway in which a HisF-N1-like
predecessor was duplicated and fused twice to yield HisF. Most likely, the
(βα)2 quarter-barrel and (βα)4 half-barrel intermediates on this pathway
were stabilised by disulfide bonds that became dispensable upon consoli-
dation of the (βα)8-barrel.
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Introduction

Protein folds are characterised by distinct topo-
logical orientations of secondary-structure elements.
The generation of the nearly 1200 different folds
identified to date [Structural Classification of Pro-
teins (SCOP), release 1.75, February 2009] seems to
have been completed hundreds of millions of years
lsevier Ltd. All rights reserve

is to be contacted at
Biochemistry,
ätsstrasse 31, D-93053
sses:
rg.de;
sburg.de.
sequence alignment.
ago, probably already in the last common ancestor
of living organisms.1 As a consequence, hypotheses
of how folds have evolved must necessarily be
based on circumstantial evidence. The de novo origin
of folds is highly improbable, because the large
majority of randomly generated proteins would
have had an extremely low probability of adopting a
well-defined structure. A more plausible assump-
tion is that folds evolved by the duplication, fusion,
and recombination of a small set of short super-
secondary-structure elements such as ββ hairpins,
αα hairpins, and βαβ elements.2 In support of this
hypothesis, a number of different folds are com-
posed of repeating structural modules that consist of
approximately 20–40 amino acids. Although most
repeat proteins adopt elongated nonglobular struc-
tures, in some cases the repeating units form long-
d.
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range interactions to create a central hydrophobic
core.3 A prominent example where a repeating array
of secondary-structure elements builds a well-
defined globular protein is the (βα)8- or TIM-barrel,
which belongs to the most frequent, versatile, and
ancient enzyme folds.4–6 The canonical (βα)8-barrel
is composed of eight (βα) modules, each of which
contains a minimum of about 25 residues. The β-
strand and the α-helix within a given module are
linked by a βα-loop, and the α-helix of module i is
linked to the β-strand of module i+1 by an αβ-loop
(Fig. 1a). The eight β-strands assemble to a central
β-sheet, the barrel, which is surrounded by the eight
α-helices (Fig. 1b).
Fig. 1. Schematic depiction of the (βα)8-barrel fold of
HisF. (a) Topology of the four quarter-barrels HisF-N1
[(βα)1–2], HisF-N2 [(βα)3–4], HisF-C1 [(βα)5–6], and HisF-
C2 [(βα)7–8]. The α-helices are marked in red, and the β-
strands are marked in blue. The βα-loops and αβ-loops
connect the secondary-structure elements within and
between individual (βα)-units; the long βα-loops 1 and 5
contain additional β-strands, which are marked in green.
The conserved GXD/GXG motif within the αβ loops 1, 3,
5, and 7 is indicative of a 4-fold symmetry of the (βα)8-
barrel fold. Residue Cys9 at the end of β-strand 1 and the
exchange of Ala128 for Cys at the end of β-strand 5 result
in the formation of disulfide bonds in HisF-N1 and HisF-
C1. The N- and C-termini are marked; the sequence
position of the last residue of each quarter-barrel is
indicated at the bottom. (b) Ribbon diagram of the three-
dimensional structure of HisF. The active-site residues are
located at the C-terminal end of the central β-barrel and
within the βα loops (catalytic face). The remainder of the
fold, including the αβ loops, are important for conforma-
tional stability (stability face).
In order to understand the evolution of the (βα)8-
barrel fold, we earlier paradigmatically character-
ised two related enzymes involved in the biosyn-
thesis of histidine, namely, N′-[(5'-phosphoribosyl)
formimino]-5-aminoimidazole-4-carboxamide ribo-
nucleotide isomerase (HisA) and imidazole glycerol
phosphate synthase (HisF) from Thermotoga mari-
tima. Both HisA and HisF display a twofold
sequence and structural symmetry,7,8 and the
recombinant N- and C-terminal half-barrels HisF-
N and HisF-C form stable and predominantly
dimeric proteins with defined secondary and tertia-
ry structures.9 Furthermore, the duplication and
tandem fusion of two copies of HisF-C, followed by
the optimisation of the intramolecular interface,
allowed us to generate a (βα)8-barrel protein from
identical (βα)4 half-barrels whose X-ray structure is
similar to that of wild-type HisF.10–12 Moreover, the
fusion of HisA-N with HisF-N yielded a stable
(βα)8-barrel protein on which catalytic activity
could be established by a combination of random
mutagenesis and selection in vivo.10,13 These results
suggest that the (βα)4 half-barrel can be fused,
mixed, and matched to yield new (βα)8-barrels.

14

As observed for other (βα)8-barrel proteins,
15 the

2-fold symmetry of HisF can be further broken down
into a 4-fold symmetry (Fig. 1a), suggesting that the
enzyme has evolved by two gene duplication and
fusion events from an ancestral (βα)2 quarter-barrel
via a (βα)4 half-barrel into the (βα)8-barrel. We
have tested this hypothesis by a combination of
complementary computational and experimental
approaches. The reconstruction of the HisF sequence
of the last common ancestor (HisF-LUCA) showed
that its quarter-barrels HisF-N1 [(βα)1–2], HisF-N2
[(βα)3–4], HisF-C1 [(βα)5–6], and HisF-C2 [(βα)7–8]
weremore similar than those of extant HisF proteins,
supporting the existence of a common ancient (βα)2
predecessor. Calculated evolutionary rates and
comprehensive sequence analysis identified HisF-
N1 as the closest relative of this predecessor. In
accordance with this finding, the purified recombi-
nant HisF-N1 protein from T. maritima was more
stable than the other quarter-barrels and formed a
tetramer. The fusion of two HisF-N1 elements
yielded the stable dimeric half-barrel HisF-N1N1.
Both HisF-N1 and HisF-N1N1 contain intermolecu-
lar disulfide bonds, which was probably an efficient
way to stabilise these intermediates during the
evolution of the (βα)8-barrel fold of HisF.
Results

Reconstruction of ancient HisF sequences

The architecture of the central β-barrel of HisF
shows a 4-fold symmetry (Fig. 1), suggesting that
the (βα)8-barrel has evolved from a common
ancestral (βα)2 element. However, sequence simi-
larities of only 15–26% between the HisF quarter-
barrels from T. maritima16 are in or below the
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twilight zone,17 and the analysis of extant HisF
sequences by highly sensitive methods18 did not
convincingly support a common origin from a (βα)2
predecessor. We reasoned that the reconstruction of
the HisF-LUCA sequence should provide new
insights into this problem, because in case of a
common origin, the quarter-barrels of ancient HisF
proteins should be more similar to each other than
those of extant ones. It is important to note,
however, that this result can only be expected if
mutations in the pre-LUCA and LUCA era were not
to hide the common origin.
For the reconstruction of HisF-LUCA we uti-

lized programs of the PhyloBayes19 and the
nh_PhyloBayes19 software suite, which implement
homogeneous and nonhomogeneous Bayesianmod-
els of evolution. A prerequisite for the reconstruc-
tion of ancient sequences is the calculation of a
highly reliable phylogenetic tree. Having in mind
that horizontal transfer of his genes between Bacteria
and Archaea is frequent,20 we carefully selected
sequences based on the HisF entry (1gpw chain A)
of the DSSP database21 according to the following
criteria. Sequences that were strikingly incongruent
with the “nearly universal consensus trees” of life
were discarded.22 For example, euryarcheal HisF
sequences did not form a monophyletic group with
crenarcheal sequences, which are closer to the root
of the consensus trees, and were therefore excluded
from tree reconstruction. Moreover, in order to
increase the strength of the phylogenetic signal,
HisF and HisH sequences originating from the same
genome were concatenated. Their coevolution with-
in the same species is highly plausible, because these
two proteins form an obligate dimer within
prokaryotes.23,24 The resulting multiple sequence
alignment MSAHisFH contained 87 sequences from
the clades Crenarchaeota, Actinobacteria, Chlorobi,
Cyanobacteria, Firmicutes, Proteobacteria, and
Thermotogae. Based on MSAHisFH, the CAT
model19 was used to compute eight independent
phylogenetic trees. Since their topologies were
identical, a highly reliable consensus tree could be
calculated (Fig. S1). Based on this consensus tree and
the HisF section of the alignment (MSAHisF; Fig. S2),
ancestral sequences were computed.19 Considering
tree nodes with a posterior probability N0.95 as
valid, we reconstructed the HisF sequence of an
ancestor for Bacteria and Crenarchaeota (HisF-
Table 1. Cross-comparison of sequences from HisF-N1, HisF

Data set HisF-N1/HisF-C1 HisF-N2/HisF-C2 HisF-N1/His

HisF-LUCA 21/22 19/15 16/17
HisF-AncCyano 19/22 19/21 18/21
HisF-AncFirm 19/20 15/16 13/7
HisF-AncProt 23/27 21/23 17/15

For each data set, two values are given. The first value is the mean perc
extant quarter-barrels from MSAHisF (line HisF-LUCA) or subsets (f
residues when cross-comparing two quarter-barrels of the respective a
all MSAHisF entries. HisF-Ancphylum is the reconstructed predecessor of
sequence conservation between quarter-barrels of the ancestor is lower
of numbers is printed in bold.
LUCA), and deepest ancestors for Cyanobacteria
(HisF-AncCyano), Firmicutes (HisF-AncFirm), and Pro-
teobacteria (HisF-AncProt) (Fig. S2).
Mean percentage sequence identities for the extant

quarter-barrel pairs HisF-N1/HisF-C1, HisF-N2/
HisF-C2, HisF-N1/HisF-N2, HisF-N1/HisF-C2,
HisF-C1/HisF-C2, and HisF-N2/HisF-C1, as well
as the sequence identities of the corresponding pairs
of HisF-LUCA quarter-barrels are given in Table 1.
In five out of six cases, the reconstructed quarter-
barrels turned out to be more similar to each other
than the extant ones with statistical significance
(pb0.001; one sample t test); the exception is the pair
HisF-N2/HisF-C2. An analogous analysis of HisF-
AncCyano, HisF-AncFirm, and HisF-AncProt confirmed
that quarter-barrels of ancient HisF proteins are
more similar to each other than those of extant ones
(Table 1). These findings support the notion that
quarter-barrels have a common evolutionary origin.

Identifying the closest relative of the ancient
quarter-barrel

In order to find out which of the four HisF quarter-
barrels is most similar to the common (βα)2 prede-
cessor, we computed normalized evolutionary rates
for each quarter barrel, given the posterior stochastic
mapping inferred from MSAHisFH.

19 The results
showed that HisF-N1 is the slowest-evolving quar-
ter-barrel (mean branch length, 0.06±0.01). The
fastest-evolving one is HisF-C1 (mean branch length,
0.11±0.03); HisF-N2 and HisF-C2 are in between
(mean branch length, 0.08±0.02 and 0.09±0.02,
respectively) (Table S1). To confirm these findings,
we compared the sequences of the quarter-barrels of
HisF-LUCA with those of MSAHisF. The resulting
data set HisF-LUCA/MSAHisF yielded mean identi-
ties between ancient and extant sequences of 71% for
HisF-N1, 66% forHisF-N2, 67% forHisF-C1, and 60%
for HisF-C2. A Mann-Whitney rank sum test25

proved that sequence conservation of HisF-N1 is
higher than that of all other quarter-barrels with
statistical significance (pb0.001). The comparison of
the extant quarter-barrels from MSAHisF yielded
mean identities of 63% for HisF-N1, 57% for HisF-
N2, 58% forHisF-C1, and 52% forHisF-C2 (Table S1).
In all four cases, the mean identities between ancient
and extant sequences are higher than those of extant
ones with statistical significance (pb0.001; Mann–
-N2, HisF-C1, and HisF-C2 quarter-barrels

F-N2 HisF-N1/HisF-C2 HisF-C1/HisF-C2 HisF-N2/HisF-C1

12/18 13/19 14/23
13/14 15/11 13/11
12/16 11/23 14/16
12/15 13/9 16/18

entage of identical residues originating from cross-comparisons of
ollowing lines). The second value is the percentage of identical
ncestral sequence. HisF-LUCA is the reconstructed predecessor of
one of the phyla Cyanobacteria, Firmicutes, and Proteobacteria. If
than themean value deduced from extant quarter-barrels, the pair



766 Evolution of a (βα)8-Barrel Protein
Whitney rank sum test). The different degree of
sequence conservation of the four quarter-barrelswas
further confirmed by analyzing a data set of 626
extantHisF sequences comprising sevenbacterial and
archeal phyla. In all cases, sequence conservationwas
highest for HisF-N1. For several data sets, sequence
conservation did not perfectly correlate with the
evolutionary rates ofHisF-N2,HisF-C1, andHisF-C2.
Most plausibly, this is due to the expected differences
in evolutionary rates of individual genes. In summa-
ry, our sequence analysis identifies HisF-N1 as the
closest relative of the ancestral quarter-barrel.

Production and purification of recombinant
quarter-barrels

The finding that HisF-N1 is the most slowly
evolving and most conserved quarter-barrel sug-
gests that it has properties of the ancient quarter-
barrel, which must have been a stable protein and
probably formed a tetramer. To test this prediction,
we attempted to produce and characterise the four T.
maritimaHisF quarter-barrels. HisF-N1 and HisF-C1
contain 74 residues and have molecular masses of
Fig. 2. Characterisation of HisF-N1 and HisF-N1N1. (a) El
column) of HisF-N1 and HisF-N1N1. (b) SDS-PAGE of HisF
tricine gel; 20% polyacrylamide). The predominant associatio
masses on the left. (c) SDS-PAGE of purified HisF-N1 (Tris–tri
of β-mercaptoethanol. M, marker proteins withmolecular mass
HisF-N1N1. (e) Fluorescence emission spectra following excita
maxima are indicated.
8.3 kDa each, whereas HisF-N2 and HisF-C2 contain
only 48 and 58 residues, corresponding to molecular
masses of 5.0 and 6.3 kDa, respectively. This
difference is caused by the long βα-loops 1 and 5 in
HisF-N1 and HisF-C1 (Fig. 1a), respectively, each of
which contains an additional antiparallel β-sheet.7

The genes encoding the four quarter-barrels of HisF
were expressed individually in Escherichia coli. The
analysis by SDS-PAGE showed that bothHis-N2 and
HisF-C2 were not present either in the soluble or in
the insoluble fraction of the cell extract, suggesting
that both recombinant proteins were unstable and
rapidly degraded in vivo. In contrast, large amounts
of HisF-N1 and HisF-C1 were found in the insoluble
cell fraction of the cell extract. Both recombinant
proteins were solubilised by incubation in 6 M
guanidinium chloride, refolded by dialysis against
phosphate buffer, and purified to homogeneity by
preparative gel-filtration chromatography.

Characterisation of HisF-N1

When purified HisF-N1 was analysed by analyt-
ical gel-filtration chromatography, the apparent
ution profiles of analytical gel-filtration runs (Superdex 75
-N1 following cross-linking with glutardialdehyde (Tris–
n states are indicated. M, marker proteins with molecular
cine gel; 20% polyacrylamide) in the presence and absence
es on the left. (d) Far-UV CD spectra of HisF, HisF-N1, and
tion at 280 nm of HisF-N1 and HisF-N1N1. The emission
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molecular mass of the elution peak as deduced from
a calibration curve was 43 kDa, corresponding to the
pentamer (Fig. 2a). Since this stoichiometry
appeared to be improbable given the 4-fold sym-
metry of the (βα)8-barrel fold (Fig. 1a), the associ-
ation state of HisF-N1 was investigated by chemical
cross-linking with glutardialdehyde. The results
were analysed by SDS-PAGE, which showed that
HisF-N1 predominantly associated to tetramers and
a certain fraction of probably unspecific higher
oligomers. However, a certain amount of dimers
and monomers could also be detected, probably
because the cross-linking reaction was incomplete
(Fig. 2b). To obtain further information about the
oligomerisation state of HisF-N1, we performed
analytical ultracentrifugation. The apparent molec-
ular mass of 37 kDa detected in a sedimentation
equilibrium run is in good agreement with the
calculated molecular mass of 33.6 kDa for the
tetramer. Information about the stabilisation of the
quaternary structure was obtained by SDS-PAGE,
which showed that HisF-N1 migrated as a monomer
in the presence of β-mercaptoethanol, but as a dimer
in the absence of the reducing agent (Fig. 2c). This
result suggests that two HisF-N1 chains are cova-
lently linked by a disulfide bond via the single
cysteine residue 9 from β-strand 1 (Fig. 1a).
Remarkably, this cysteine residue is strictly con-
served among the known HisF sequences (Fig. S2)
but dispensable for the function of the enzyme.23
The two covalently linked subunits associate with a
second identical dimer to the tetramer.
The formation of native secondary structure by

HisF-N1 was investigated by far-UV CD spectros-
copy (Fig. 2d). The analysis of the spectrum with the
ContinLL program predicted α-helical and β-strand
contents of 19% and 24%, respectively, which are
somewhat lower and similar to the α-helical (31%)
and β-strand (22%) contents of the HisF-N1 frag-
ment within the X-ray structure of HisF [Protein
Data Bank (PDB) code 1thf]. When a CD spectrum of
HisF-N1 was monitored in the presence of 10%
trifluoroethanol, which promotes the formation of
ordered secondary structures,26 the predicted α-
helical content in solution was increased to the one
observed within the X-ray structure of HisF. The
HisF-N1 protein analysed in this work contained the
residue exchange Phe23Trp in βα-loop 1, which
allowed us to investigate the formation of tertiary
structure by fluorescence spectroscopy. The emis-
sion maximum of the native protein is 345 nm (Fig.
2e), which is blue-shifted compared to that of the
denatured protein (356 nm), indicating that HisF-N1
partly shields Trp23 from the solvent. This effect can
be caused by the formation of tertiary structure
within the individual HisF-N1 monomers or by
quaternary contacts within the tetramer. The stabil-
ity of HisF-N1 was analysed by chemical unfolding
in urea, which was followed by monitoring the loss
of tertiary and secondary structure by fluorescence
and far-UV spectroscopy. Under oxidizing condi-
tions, the protein unfolded with moderate coopera-
tivity and D1/2 values of 2.5 and 2.7 M urea,
respectively. In contrast, in the presence of a
reducing agent, unfolding was noncooperative,
and the D1/2 value was lowered to 2.0 M urea
(Fig. S3). These results demonstrate that the com-
pactness and the conformational stability of HisF-
N1 are increased by disulfide bond formation.

Characterisation and stabilisation of HisF-C1

In contrast to HisF-N1, purified HisF-C1 formed a
mixture of various ill-defined oligomers and had a
tendency to aggregate (Fig. 3a). We attempted to
stabilise HisF-C1 by introducing the amino acid
substitutions Ala128Cys and Tyr143His. The struc-
tural superposition of HisF-N1 with HisF-C1
showed that the residue corresponding to Cys9
from β-strand 1 is Ala128 from β-strand 5 (Fig. 1a).
We therefore reasoned that the Ala128Cys ex-
change might lead to the formation of a stabilising
disulfide bond. Moreover, it has been shown that
the Tyr143His exchange in αβ-loop 5 results in
increased solubility and stability of two fused
HisF-C half-barrels,12 and we speculated that this
substitution might also be beneficial in the back-
ground of the HisF-C1 quarter-barrel. The HisF-C1-
Ala128Cys+Tyr143His protein was generated by
site-directed mutagenesis and heterologous expres-
sion in E. coli, followed by refolding from the
insoluble cell extract and purification by prepara-
tive gel-filtration chromatography.
SDS-PAGE in the absence and presence of β-

mercaptoethanol showed that HisF-C1-Ala128Cys+
Tyr143His indeed formed a dimer via the newly
introduced cysteine 128 (Fig. 3c). Moreover, the
symmetric elution profile obtained by analytical
gel-filtration chromatography indicated that HisF-
C1-Ala128Cys+Tyr143His is a rather homogeneous
protein (Fig. 3a), although chemical cross-linking
experiments detected a mixture between the mono-
mer, the dimer, and the tetramer (Fig. 3b). To
identify the predominant association state of HisF-
C1-Ala128Cys+Tyr143His in solution, we per-
formed analytical ultracentrifugation. The sedi-
mentation equilibrium run yielded an apparent
molecular mass of 35 kDa, which is in good
agreement with the calculated mass of 33.6 kDa
for the tetramer. These data indicate that the HisF-
C1-Ala128Cys+Tyr143His protein forms a disul-
fide-bond-stabilised tetramer in solution, as does
HisF-N1.
The effect of the two introduced exchanges for the

secondary and tertiary structure of the quarter-
barrel was investigated by far-UV CD and fluores-
cence emission spectroscopy. The CD spectrum of
HisF-C1-A128Cys+Tyr143His is very similar to that
of HisF-C1 (Fig. 3d). ContinLL predicted α-helical
and β-strand contents of about 27% and 17% for the
quarter-barrels, which are similar and lower, re-
spectively, than the α-helical (24%) and β-strand
(37%) contents of HisF-C1 within the X-ray structure
of HisF (PDB code 1thf). The addition of 10–20%
trifluoroethanol resulted in calculated α-helical and
β-strand contents that were identical to those of



Fig. 3. Characterisation of HisF-C1 and HisF-C1-A128C+Y143H. (a) Elution profiles of analytical gel-filtration
chromatography (Superdex 75 column) runs of HisF-C1 and HisF-C1-A128C+Y143H. (b) SDS-PAGE of HisF-C1-
A128C+Y143H following cross-linking with glutardialdehyde (Tris–tricine gel; 20% polyacrylamide). The predominant
association states are indicated. M, marker proteins with molecular masses on the left. (c) SDS-PAGE of purified HisF-C1-
A128C+Y143H (Tris–tricine gel; 20% polyacrylamide) in the presence and absence of β-mercaptoethanol. M, marker
proteins with molecular masses on the left. (d) Far-UV CD spectra and (e) fluorescence emission spectra following
excitation at 280 nm of HisF, HisF-C1, and HisF-C1-A128C+Y143H. The emission maxima are indicated.
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HisF-C1 in the HisF structure. The single tryptophan
residue 156 of HisF is located in α-helix 5 and
therefore also present in HisF-C1 and HisF-
C1-A128Cys+Tyr143His, which allowed us to
compare the fluorescence spectra of the three
proteins. The emission maximum of HisF-C1-
A128Cys+Tyr143His (334 nm) is located in between
the maxima of HisF (323 nm) and HisF-C1 (343 nm),
indicating that the Trp156 residue is shielded from
solvent more efficiently in the double mutant
compared to HisF-C1 (Fig. 3e). Chemical denatur-
ation of HisF-C1 and HisF-C1-A128Cys+Tyr143His
in urea, which was followed by fluorescence
spectroscopy, occurred with modest cooperativity
for both proteins. However, the conformational
stability of the double mutant is elevated compared
to that of HisF-C1, as documented by D1/2 values of
1.7 and 3.5 M, respectively (Fig. S4).

Production and characterisation of HisF-N1N1

Following our reconstruction of an ancestral
(βα)8-barrel from (βα)4 half-barrels,

10–12 we wished
to generate (βα)4 half-barrels from the ancestral-
type HisF-N1 quarter-barrel. To this end, the hisF-
N1 gene was duplicated and fused in tandem to
generate hisF-N1N1, and the recombinant protein
was generated by heterologous expression in E. coli.
In contrast to HisF-N1, a considerable fraction
(about 10–20%) of HisF-N1N1 was found in the
soluble cell extract. Nevertheless, the recombinant
protein was refolded from the insoluble cell extract
and purified by preparative gel-filtration chroma-
tography. SDS-PAGE showed that purified HisF-
N1N1 in the presence ofβ-mercaptoethanolmigrates
as a monomer (calculated molecular mass, 16.6 kDa)
and as a dimer in its absence, demonstrating
disulfide bond formation via Cys9, as observed for
HisF-N1. Analytical gel-filtration chromatography
under oxidizing conditions revealed a symmetrical
peak at an elution time corresponding to an apparent
molecular mass of 28 kDa, which is in reasonable
agreement with the calculated molecular mass of
33.2 kDa for the dimer (Fig. 2a). A sedimentation
equilibrium run in the analytical ultracentrifuge
confirmed that HisF-N1N1 mainly forms a dimer
in solution.
The shape of the far-UV CD-spectrum of HisF-

N1N1 lies in between the spectra of HisF-N1 and
HisF (Fig. 2d). ContinLL predicted α-helical and β-
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strand contents of 29% and 17%, which are in good
agreement with the α-helical (31%) and β-strand
(22%) contents of the HisF-N1 fragment within the
X-ray structure of HisF. The emission maximum of
the native protein is 341 nm, which is blue-shifted
compared to that of the denatured protein (353 nm;
not shown), indicating that the introduced Trp23
is shielded from solvent in HisF-N1N1 to a
comparable extent as in HisF-N1 (Fig. 2e). Chemical
unfolding in urea followed by fluorescence spec-
troscopy showed that the stability of HisF-N1N1 is
comparable to that of HisF-N1, as indicated by
identical D1/2 values of 3.5 M. However, unfolding
of HisF-N1N1 occurs with a higher cooperativity,
indicating a better defined structure (Fig. S3). In
conclusion, the duplication of the (βα)2 quarter-
barrel HisF-N1 to the (βα)4 half-barrel HisF-N1N1
leads to a more soluble and compact protein, while
the same quaternary structure is maintained.
Discussion

Quarter-barrel sequences were shaped in the
pre-LUCA eon

Using advanced models of phylogenetic analysis,
we reconstructed the HisF sequence of an ancestor
for Bacteria and Crenarchaeota and deepest ances-
tors for Cyanobacteria, Firmicutes, and Proteobac-
teria. The two most important phenomena that
preclude reliable sequence reconstruction are hori-
zontal gene transfer and a weak phylogenetic signal.
The composition of extant his operons indicates that
several recombination events and horizontal gene
transfer between Bacteria and Archaea have taken
place and suggests the absence of a complete operon
in the archeal ancestor and presumably in the
LUCA. Accordingly, phylogenetic trees deduced
from HisG sequences and from the concatenated
sequences of five histidine biosynthesis proteins
differ in topology.20 To avoid artefacts, these
findings asked for a critical control of sequence
selection, which let us ignore all sequences that were
incompatible with the canonical tree of life. How-
ever, even a data set free of horizontal gene transfer
does not guarantee a reliable tree if the embedded
phylogenetic signal is weak. To circumvent this
problem, HisH sequences were exploited in addition
to HisF, as these two proteins, which form an
obligate dimer, have most probably coevolved.
Based on this carefully selected information, we
reconstructed reliable ancestral HisF sequences. Our
findings suggest a substantial amount of mutations
in the pre-LUCA era, as sequence identity among
different quarter-barrels in HisF-LUCA was already
reduced to approximately 20%.We therefore have to
assume that after the postulated gene fusion events
in the genome of a pre-LUCA, numerous modifica-
tions have altered the composition and length of the
originally identical quarter-barrel sequences. Since
then, this value has decreased to approximately 15%
identical residues as seen in the cross-comparisons
of extant quarter-barrels (Table 1).

HisF-N1 is a model for the ancient quarter-barrel

Our comprehensive computational analysis of
extant HisF sequences showed that within all
analysed data sets, the conservation of HisF-N1
is higher than for the other three quarter-barrels
(Table S1). These findings suggested that HisF-N1 is
the closest relative of the ancient quarter-barrel,
which must have been a stable and presumably
tetrameric protein. In accordance with this predic-
tion, recombinant HisF-N1 could be purified and
characterised, whereas HisF-C1 required mutational
stabilisation, and the two smaller proteins HisF-N2
and HisF-C2 obviously were degraded following
their expression in E. coli. Probably, HisF-N2 and
HisF-C2 in isolation do not have the minimum size
to form an interior hydrophobic core, which could
compensate for the entropically unfavourable
ordering of the peptide backbone and the side chains
upon folding.27 In accordance with our findings, the
characterisation of fragments of tachylectin 2 and the
tumor suppressor protein p16INK4, which belong to
the WD40 and the ankyrin repeat families, respec-
tively, has shown that a minimum of two repeats,
corresponding to 100 residues for tachylectin 2 and
66 residues for p16INK4, are required for the for-
mation of structured proteins.28,29
HisF-N1 and HisF-C1-Ala128Cys+Tyr143His are

stabilised by the formation of disulfide bonds. The
beneficial effect of disulfide bonds is based on the
decrease in the entropy of the unfolded state, which
results in an increased free-energy difference to the
folded state.30 Since the cytoplasm is generally
reducing, only a few intracellular prokaryotic
proteins with disulfide bonds have been identified
to date, which, moreover, seem to be only transient-
ly formed and appear to be more important for
function than for stability.31,32 However, the analy-
sis of a number of X-ray structures of proteins from
hyperthermophilic archaea suggests that disulfide
bonds contribute to their high thermal stability, an
assumption that is supported by computational
genome analysis.33,34 Further stabilisation of HisF-
N1 and HisF-C1-Ala128Cys+Tyr143His is achieved
by the noncovalent association of two dimers (each
composed of two disulfide-linked monomers) to the
tetramer. In accordance with this finding, protein
design studies have shown that oligomerisation is
an important mechanism to increase conformational
stability.35–37 Along the same lines, proteins from
hyperthermophiles often show a higher association
state than their homologues from mesophiles.38,39

Model for the evolution of HisF from a
HisF-N1-like quarter-barrel

Together, the computational reconstruction of
ancient sequences as well as the properties of
purified HisF quarter-barrels and the HisF-N1N1
half-barrel lead to the three-step model of (βα)8-



Fig. 4. Three-step model for the evolution of an ancestral (βα)8-barrel protein HisF from disulfide-linked (βα)2
quarter-barrels via (βα)4 half-barrels.
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barrel evolution outlined in Fig. 4. The lower level of
stability and higher level of heterogeneity of HisF-
N1 under reducing conditions compared to oxidiz-
ing conditions suggest that disulfide bonds played a
crucial role for the formation of a stable tertiary and
quaternary structure of the original (βα)2 quarter-
barrel. The highly conserved cysteine residue, which
is not important for the function of HisF,23 might be
a remnant of this ancestral situation. In a more
general sense, disulfide bonds might have played an
important role at the early stages of fold evolution
where small protein fragments had to be stabilised
to an extent that allowed them to be functional.
Following gene duplication and fusion, larger and
more stable proteins certainly were less dependent
on the stabilising effect of these specific cross-links,
most of which were consequently lost (Fig. 4). Most
likely, the ancient HisF-LUCA protein no longer
depended on this effect, as it contained no other
cysteine residues than Cys9 (Fig. S2). Interestingly,
the sequence of HisF-LUCA contains a histidine
residue at position 143, which is in agreement with
the stabilising effect of the Tyr143His mutation for
HisF-C1.12
Conclusion

The combination of results from independent
computational and experimental approaches has
led to the most parsimonious model of HisF evolu-
tion shown in Fig. 4. The model is reliable, because
the information obtained from the two approaches is
complementary and the drawn conclusions are
mutually supportive. Computational biology sug-
gested the existence of a common predecessor of the
HisF quarter-barrels and argued that HisF-N1 is its
closest extant relative. It is plausible to assume that
the original quarter-barrel was a folded protein, a
prediction that was confirmed by the experimental
characterisation of HisF-N1.Moreover, it was shown
that four HisF-N1 copies assemble to a tetramer
being stabilised by disulfide bonds, which would
have been impossible to predict by current compu-
tational methods. Since it is assumed that HisF is an
old (βα)8-barrel protein,

40 the drawn scenario might
be paradigmatic for the evolution of this ubiquitous
and versatile fold. We believe that similar combined
computational–experimental approaches such as the
one outlined here will provide new insights into the
evolution of other folds as well.
Materials and Methods

Cloning of hisF-N1, hisF-N1N1, hisF-C1, and
hisF-C1-A128C+Y143H

The hisF-N1 gene (corresponding to base pairs 1–222 of
hisF) carrying the Phe23Trp exchange to facilitate purifica-
tion, concentration determination, and spectroscopic char-
acterisation was amplified by PCR, using pET11c-hisF-
F23W+W156F16 as template, and the oligonucleotides
5′-AGCCATATGCTCGCTAAAAGAATAATCGCG-3′
(newly introduced NdeI restriction site in bold) and
5′-ATAGGATCCTCAGTCGATCTGCTCGGCCAC-3′
(newly introduced BamHI restriction site in bold) as 5′ and
3′ primers, respectively.
Using the template pET21a-hisF-N1-R5A+F23W+

E46Q, which had been generated in an attempt to stabilise
HisF-N1,16 two copies of the hisF-N1 gene were amplified
in two different PCRs. In one PCR, the oligonucleotide T7
promotor (Stratagene) was used as 5′ primer, and the
oligonucleotide 5′-GGAATAGCTAGCCTCGGCCACC-
TTTTCGACCAG-3′ (newly introduced NheI restriction
site in bold) was used as 3′ primer. In the other PCR,
the oligonucleotide 5′-CTAGCTAGCGCTAAAGCGAT-
AATC-3′ (newly introduced NheI restriction site in bold)
was used as 5′ primer, and the oligonucleotide 5′-ATAG-
GATCCTCAGTCGATCTGCTCGGCCAC-3′ (newly in-
troduced BamHI restriction site in bold) as 3′ primer. Both
amplification products were first digested with NheI and
then ligated, yielding hisF-N1N1. Both halves of the
resulting HisF-N1N1 polypeptide chain carried the
exchanges R5A+F23W+E46Q. Since these substitutions
do not influence the properties of the protein, they are not
explicitly mentioned in the study.
The hisF-C1 gene (corresponding to base pairs 366–588

of hisF) was amplified by PCR, using the plasmid SK+/III
P-P8 as template, and the oligonucleotides 5′-ATACA-
TATGCAGGCCGTTGTCGTGGTGGCGATA-3′ (newly
introduced NdeI restriction site in bold) and 5′-ATAG-
GATCCTCATGTGGTTAGTGGCCTCAC-3′ (newly in-
troduced BamHI restriction site in bold) as 5′ and 3′
primers, respectively.
The amplified hisF-N1, hisF-N1N1, and hisF-C1 genes

were digested with NdeI and BamHI and ligated into the
plasmid pET21a (Stratagene).
For the incorporation of the A128C exchange into hisF-

C1 by conventional PCR, pET21a-hisF-C1 was used as
template, and the oligonucleotides 5′-ATTCATATGCA-
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GGCCGTTGTCGTGTGTATAGATGCA-3′ (new codon
underlined) and T7-terminator (Stratagene) were used as
5′ and 3′ primer, respectively. Overlap extension PCR41

was performed to introduce the Y143Hmutation into hisF-
C1-A128C. The two megaprimers were generated in two
separate PCRs, using the oligonucleotides 5′-TTCAT-
GGTCTTCACCCATTCCGGAAAGAAGAAC-3′ and T7
promotor as 5′ primers, and the oligonucleotides T7
terminator and 5′-GTTCTTCTTTCCGGAATGGGTGAA-
GACCATGAA-3′ as 3′ primers (new codons underlined),
respectively. The resulting amplification products were
used in a third PCR, together with the gene flanking
oligonucleotides T7 promoter and T7 terminator, to
amplify hisF-C1-A128C+Y143H. This gene was digested
with NdeI and BamHI and ligated into the plasmid
pET21a (Stratagene).

Heterologous gene expression and purification of
recombinant proteins

For expression of the cloned genes, competent E. coli
BL21(DE3) cells were transformed with the various
pET21a constructs. Single colonies were used to inoculate
50 ml of LB medium containing ampicillin (150 μg/ml)
and incubated at 37 °C overnight. This culture was used
to inoculate 1 l of LB medium containing ampicillin
(150 μg/ml), which was incubated at 37 °C until OD600=
0.8 was reached. Expression was then induced by addition
of 1 mM IPTG, and incubation was continued overnight.
Cells were harvested by centrifugation (Sorvall RC-5B,
GS3 rotor, 4000 rpm, 4 °C). The cells were suspended in
50 ml of 50 mM potassium phosphate (pH 7.5), lysed by
sonification (Branson Sonifier W-250D; 2×1 min, 50%
pulse, 0 °C), and centrifuged again (Sorvall RC-5C, SS34
rotor, 13,000 rpm, 15 min) to separate the soluble from the
insoluble fraction of the extract.
All recombinant proteins were purified from the

insoluble cell fraction. To this end, the proteins were
solubilised by the addition of 6 M guanidinium chloride,
which was then removed stepwise by dialysis against
50 mM potassium phosphate as described.12 The refolded
proteins were purified by preparative gel-filtration chro-
matography (HiLoad 26/60 Superdex 75 prep grade,
column volume 320 ml; GE Healthcare), which was
performed at 4 °C in 50 mM potassium phosphate and
300 mM KCl (pH 7.5) with an elution rate of 0.5 ml/min.
Fractions containing pure recombinant protein (as judged
by SDS-PAGE) were pooled and dialysed against 50 mM
potassium phosphate (pH 7.5) over night. If required, the
purified proteins were concentrated using an Amicon
Centrifugal Device (molecular mass cut-off, 5 kDa),
dropped into liquid nitrogen, and stored at −80 °C.
Protein concentrations were determined by measuring the
absorbance at 280 nm, using molar extinctions coefficients
that were calculated from the amino acid sequence.42

The yields were 77 mg of HisF-N1, 42.5 mg of HisF-
N1N1, 3.25 mg of HisF-C1, and 8.4 mg of HisF-C1-A128C+
Y143H from 1 l of culture medium.

Analytical methods

Analytical gel-filtration chromatography was per-
formed with a calibrated Superdex 75 column (volume,
100 ml; Amersham). Protein (0.03–0.17 mg) was applied
on the column and eluted with a flow rate of 0.5 ml/min in
50 mM potassium phosphate and 300 mM potassium
chloride (pH 7.5) at 25 °C. Apparent molecular masses
were calculated from the corresponding elution volumes
using a calibration curve that was obtained with standard
proteins.
Sedimentation equilibrium runs were performed in a

Beckman analytical ultracentrifuge (model E) at 24 °C and
16,000 rpm, and followed by measuring the absorbance at
277 nm. The concentration of HisF-N1, HisF-N1N1 and
HisF-C1-A128C-Y143H was 0.20 mg/ml in 50 mM potas-
sium phosphate buffer (pH 7.5). The runs were analysed
with the meniscus-depletion method.43 Molecular masses
were calculated applying specific volumes of 0.75 ml/g.44

Far-UV CD spectra were recorded with a JASCO 815
CD spectrometer (d=1 mm) at 25 °C in 50 mM potassium
phosphate (pH 7.5), using protein concentrations of
0.2 mg/ml for HisF-N1, HisF-C1, and HisF-C1-A128C-
Y143H, and 0.14 mg/ml for HisF-N1N1. The secondary-
structure content was calculated from the spectra with the
program ContinLL.45–47

Fluorescence emission spectra (excitation wavelength,
280 nm) were measured at 25 °C with a Cary Eclipse
spectrophotometer (Varian) using 5 μM of protein
dissolved in 50 mM potassium phosphate (pH 7.5). The
generated emission of HisF-N1 and HisF-N1N1 is caused
by the single Trp23, which was introduced by site-directed
mutagenesis. The emission of HisF-C1 and HisF-C1-
A128C+Y143H is caused by the single native Trp156 of
HisF.
Unfolding of protein (0.20 mg/ml) induced by urea was

followed in 50 mM potassium phosphate (pH 7.5) at 25 °C
by the decrease of the fluorescence intensity at 320 nm
after excitation at 280 nm, or by monitoring the decrease of
the far-UV CD signal at 220 nm. The signals were
measured after different time intervals until no further
change was observed to ensure that equilibrium was
reached. The obtained intensities were normalized and
plotted as fractional change of the native signal. The
midpoint of unfolding D1/2 (molar), which represents the
concentration of urea at which 50% of the protein has
nonnative structure, served as an operational measure for
conformational stability.
Chemical cross-linking of 0.2 mg HisF-N1 or HisF-C1-

A128C+Y143H dissolved in 200 μl of 50 mM potassium
phosphate (pH 7.5) was performed by incubation with
0.2% glutardialdehyde for 2 min. The reactionwas stopped
by the addition of 10 mM NaBH4 and analysed by SDS-
PAGE using a Tris–tricine gel (20% polyacrylamide).

Sequence comparison

Sequences were compared by means of a Smith–
Waterman algorithm48 (scores: BLOSUM 62, gap opening
−10, gap extension −0.5). For each pairwise alignment of
sequences Si and Sk, the number of identical residues ident
(Si,Sk) was determined. A Mann–Whitney rank sum test25

was used to compare the distributions of ident(Si,Sk)
values determined for sets of quarter-barrel sequences. To
compare the similarity of ancient quarter-barrels and
extant ones, a one-sample t test49 was applied. In this case,
the distributions were tested against a single ident(Si,Sk)
value resulting from the respective ancient barrels, which
served as the expected mean value.

Selecting sequences for reconstruction

The starting point for the compilation of a multiple
sequence alignment (MSA) of concatenated HisF and
HisH sequences was the DSSP database (content as in
autumn 2009)21 entity related to the PDB entry 1GPW.
Sequence stretches missing in HisF from T. maritima were
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removed. Underrepresented taxa such as the genus
Thermotoga were supplemented with sequences of closely
related species by harvesting sequences with BLAST50 and
the National Center for Biotechnology Information (NCBI)
database.51 MAFFT52 was used to create MSAs. Sequences
branching at nodes incongruent with the “nearly universal
trees” of life22 were removed because it is difficult to
distinguish between effects of stochastic noise, paralogous
duplications, and true gene transfer events. The final
MSA, which was termed MSAHisFH, consisted of 87 con-
catenated sequences. For sequence reconstruction, the
HisF part of MSAHisFH was used. The resulting MSA
MSAHisF is given in Fig. S2, which also contains the four
reconstructed sequences.

Reconstruction of ancient sequences

For sequence reconstruction and computation of phy-
logenetic trees, programs of the PhyloBayes 3.0 software
suite19 were utilized. MSAHisFH was analysed under the
time-homogeneous CAT model19 launching eight inde-
pendent MCMC samplings of length 50,000 to ensure
convergence. A consensus tree was deduced from the
concatenation of these eight chains. The maximum
difference of posterior probabilities of tree bipartitions
between any two chains was 0.12, indicating that all eight
consensus topologies of the resulting trees were identical.
The posterior number of biochemical profile categories
was estimated to CATHisF=74.
The nonhomogeneous model CAT+BP19 was utilized

with a fixed number of CATHisF=74 categories of
biochemical profiles. Four independent chains were run
for 12,000 cycles. Ancestral sequences were deduced from
the posterior distribution by means of the programs
ancestralseq and mapping of the nh_PhyloBayes package.19

We only utilized ancestral sequences related to tree nodes
possessing a posterior probability N0.95.
Branch lengths corresponding to the respective sub-

sequences of MSAHisF were estimated under the CAT+BP
model. Normalized branch lengths were obtained from
the inferred stochastic mappings19 and for subsets of sites
corresponding to each quarter-barrel.
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