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It has been suggested that the common (βα)8-barrel enzyme fold has
evolved by the duplication and fusion of identical (βα)4-half barrels,
followed by the optimisation of their interface. In our attempts to recons-
truct these events in vitrowe have previously linked in tandem two copies of
the C-terminal half barrel HisF-C of imidazole glycerol phosphate synthase
from Thermotoga maritima and subsequently reconstituted in the fusion
construct HisF-CC a salt bridge cluster present in wild-type HisF. The
resulting recombinant protein HisF-C*C, which was produced in an
insoluble form and unfolded with low cooperativity at moderate urea
concentrations has now been stabilised and solubilised by a combination of
random mutagenesis and selection in vivo. For this purpose, Escherichia coli
cells were transformed with a plasmid-based gene library encoding HisF-
C*C variants fused to chloramphenicol acetyltransferase (CAT). Stable and
soluble variants were identified by the survival of host cells on solid
medium containing high concentrations of the antibiotic. The selected HisF-
C*C proteins, which were characterised in vitro in the absence of CAT,
contained eight different amino acid substitutions. One of the exchanges
(Y143C) stabilised HisF-C*C by the formation of an intermolecular disulfide
bond. Three of the substitutions (G245R, V248M, L250Q) were located in the
long loop connecting the two HisF-C copies, whose subsequent truncation
from 13 to 5 residues yielded the stabilised variant HisF-C*C Δ. From the
remaining substitutions, Y143H and V234M were most beneficial, and
molecular dynamics simulations suggest that they strengthen the interac-
tions between the half barrels by establishing a hydrogen-bonding network
and an extensive hydrophobic cluster, respectively. By combining the loop
deletion of HisF-C*C Δ with the Y143H and V234M substitutions, the
variant HisF-C**C was generated. Recombinant HisF-C**C is produced in
soluble form, forms a pure monomer with its tryptophan residues shielded
from solvent and unfolds with similar cooperativity as HisF. Our results
show that, starting from two identical and fused half barrels, few amino
acid exchanges are sufficient to generate a highly stable and compact (βα)8-
barrel protein with wild-type like structural properties.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

It has been suggested that complex contemporary
protein folds have evolved by the association and
fusion of small polypeptide fragments.1,2 The in-
ternal symmetry observed in a number of enzymes
suggests that identical polypeptide segments first
assembled to homo-oligomers, followed by the
covalent linkage of the fragments as a consequence
of gene duplication and fusion.3–5 The (βα)8 (or
d.
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115Stabilisation of a Designed (βα)8-Barrel
TIM) barrel is the most common enzyme fold, which
currently contains about 400 identified members
listed in the SCOP database†, and therefore is ideally
suited for the study of enzyme evolution.6–11 The
canonical (βα)8-barrel consists of eight (βα) units,
each of which comprises a β-strand and a subse-
quent α-helix which are connected by a βα-loop; the
individual units are linked by αβ-loops.12–14 The
eight β-strands form a central parallel β-sheet (the
barrel), which is surrounded by the eight α-helices.
Within the central β-barrel, the residues are forming
four layers, which are ordered perpendicular to the
barrel axis and are numbered from the C- to the
N-terminal barrel face. Each layer consists of
residues from the odd (1, 3, 5, 7) or the even (2, 4,
6, 8) numbered strands, which generates a 4-fold
symmetry. The active site of all known (βα)8-barrel
enzymes is harboured by the C-terminal ends of the
β-strands and by the βα-loops.
The apparent modularity of the (βα)8-barrel

suggests that it has evolved by the duplication,
fusion and recombination of fragments, which
comprised either a single primordial (βα) element,
or an even numbered multiple thereof. This hypoth-
esis has been supported by protein fragmentation
and folding studies.11 For example, the observation
that many (βα)8-barrels contain a conserved Gly-X-
Asp motif in the loops α1β2, α3β4, α5β6, and α7β8
but not in the loops α2β3, α4β5, and α6β7 implies
that (βα)2-units might constitute the smallest evol-
ving entity.10 Along these lines, the members of the
S-adenosyl-L-methionine (AdoMet) radical protein
family have three putative architectures, which
comprise four, six and eight (βα)-units.15 The four
or six N-terminal units contain the elements for
radical generation, whereas the remainder of the
protein is crucial for substrate binding. These
findings suggest that AdoMet proteins might have
evolved by the stepwise fusion of (βα)2 units,
starting from a (βα)4-half barrel to a (βα)6-three-
quarter to a (βα)8-full barrel structure. Along the
same lines, fragmentation studies with the α-subunit
of tryptophan synthase are compatible with a 6
(4+2) + 2 folding mechanism.16,17 Moreover, the
phosphoribosyl anthranilate isomerase (PRAI) from
yeast forms a stable fragment consisting of the
N-terminal (βα)1-6 units, which associates with the
unstructured (βα)7–8 unit to a functional complex in
vitro.18 However, out of three fragment combinations
of PRAI from Escherichia coli co-expressed in vivo,
only the non-covalent complex between (βα)1-4 and
(βα)5-8 yielded a functional enzyme.19 This finding is
in favour of a “4+4” folding and evolution mechan-
ism, which has also been supported by studies on
triosephosphate isomerase from chicken and rabbit
muscle.20,21
Although the mechanistic details appear to be

more complex than suggested by such a simple
model,22,23 the analysis of the enzymes N′-[(5′-
phosphoribosyl)formimino]-5-aminoimidazole-4-
† scop.mrc-lmb.cam.ac.uk/scop/
carboxamide ribonucleotide isomerase (HisA) and
imidazole glycerol phosphate synthase (HisF) has
provided ample evidence for the crucial role of (βα)4-
half barrels in the folding and evolution of (βα)8-
barrel enzymes.11 The amino acid sequences and
X-ray structures of HisA and HisF from Thermotoga
maritima, which catalyse two successive transforma-
tions of similar bisphosphorylated substrates within
histidine biosynthesis, show an internal 2-fold
symmetry (Figure 1(a)).24,25 The pairs of N-terminal
halves (HisA-N and HisF-N) that consist of the first
four units ((βα)1–4) and the pairs of the C-terminal
halves (HisA-C and HisF-C) that consist of the last
four units ((βα)5–8) show sequence identities
between 16 and 26% and root-mean-square (rms)
deviations of their main-chain non-hydrogen bonds
between only 1.4 Å and 2.1 Å, respectively. When
produced separately, HisF-N and HisF-C form
folded and mainly homo-dimeric proteins, which
upon co-expression in vivo or joint refolding in vitro
assemble to the non-covalent hetero-dimeric HisF–
NC complex that displays wild-type catalytic
activity.9 Remarkably, four of the five (βα) units of
several members of the flavodoxin-like fold family
show striking similarities to the four (βα) units of
HisF-N and HisF-C.26 Moreover, the catalytically
crucial N-terminal (βα)4-half barrels of eukaryotic
and prokaryotic phosphoinositide-specific phospho-
lipases C (PI-PLC) superimpose with rms deviations
of 1.85 Å for 104 equivalent Cα-atoms.27 Taken
together, these findings suggest that (βα)4-half
barrels and presumably also (βα)2-quarter barrels
are independently evolving units. This conclusion
would be further strengthened if stable and func-
tional (βα)8-barrels could be generated by the fusion
and recombination of existing half barrels.
Along these lines, we recently generated and

characterised the stable chimeric (βα)8-barrels
HisAF and HisFA, in which the N-terminal half of
HisAwas linked to the C-terminal half of HisF, and
vice versa.28 Moreover, we duplicated and fused in
tandem the hisF-C gene, yielding the HisF-CC
protein (Figure 1(b)). Using rational protein design,
the interface between the two identical halves in
HisF-CC was stabilised by reconstituting a salt
bridge cluster, which is conserved in all known
HisF proteins. Although the resulting construct
HisF-C*C containing the mutations A124R and
A220K (Figure 1(b)) is a predominantly monomeric
and a more compact protein than HisF-CC, it was
produced in E. coli as inclusion bodies, had a slight
tendency to aggregate, and differed in its spectro-
scopic properties from wild-type HisF.28 To further
increase the stability and solubility of HisF-C*C, we
have now applied randommutagenesis followed by
selection in vivo using a chloramphenicol acetyl-
transferase (CAT) reporter system.29 The combina-
tion of several beneficial mutations identified by this
approach allowed us to generate the HisF-C**C
protein (Figure 1(c)), which can be produced in
soluble form in E. coli, forms a homogeneous and
compact monomer in gel filtration experiments,
shows an identical fluorescence spectrum as wild-
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Figure 1. Design of the (βα)8-barrel protein HisF-C**C from two identical and fused HisF-C half barrels. (a) Secondary structure elements and tertiary structure (PDB code
1thf) of wild-type HisF (ribbon diagram showing a view onto the C-terminal face of the central β-barrel). The N-terminal half barrel HisF-N[(βα)1–4] is shown in green, and the
C-terminal half barrel HisF-C[(βα)5–8] is shown in blue. The two phosphate ions bound to HisF-N and HisF-C are depicted as tetrahedrons. The N- and C-termini of the
polypeptide chain are marked. (b) The fusion of two HisF-C units (the N-terminal one depicted in cyan, the C-terminal depicted in blue) yielded HisF-CC. The two exchanges
A124R andA220K leading to the reconstitution of the native salt bridge cluster in HisF-C*C are shown in red,28 and the exchanges introduced by randommutagenesis and selected
in vivo in this work are shown in black. Amodel of the HisF-C*C scaffold (ribbon diagram showing a side view onto the central β-barrel) with the long loop linking the two HisF-C
units being highlighted is shown on the right. The two phosphate ions bound to the N and C-terminal half barrels are depicted as tetrahedrons. The N- and C-termini of the
polypeptide chain are marked. (c) The optimised variant HisF-C**C contains a shortened loop and four amino acid substitutions.

116
S
tabilisation

of
a
D
esigned

(βα
)8 -B

arrel



Figure 2. Scheme of the experimental protocol to isolate stabilized HisF-C*C-CAT fusion proteins by random mutagenesis and selection in vivo.29 See the text for details.
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118 Stabilisation of a Designed (βα)8-Barrel
type HisF, unfolds with high cooperativity, and
contains an intact phosphate binding site. Molecular
dynamics simulations provide a structural explana-
tion for the observed stability/solubility increase
(HisF-CCbHisF-C*CbHisF-C**CbHisF), which
seems to be due to the formation of beneficial
electrostatic interactions and the optimisation of
van der Waals interactions at the interface of the two
fused half barrels.
Results

Random mutagenesis and selection of improved
HisF-C*C variants

The method used to increase the stability of HisF-
C*C is based on the observation that cells expressing
fusions of an unstable and insoluble protein to CAT
exhibit decreased resistance to chloramphenicol
compared to fusions with stable proteins (Figure
2).29 To generate improved variants of HisF-C*C, the
N-terminal half of the hisF-C*C gene (hisF-C*) was
subjected to random mutagenesis using error-prone
PCR. The resulting hisF-C* mixture was ligated into
a modified pCFN vector, upstream of an unchanged
wild-type hisF-C fragment fused to the cat gene.
The resulting plasmid repertoire was first amplified
in the E. coli strain XL1-BlueMrf', and then used to
transform E. coli JM101 cells which were streaked
on medium plates containing chloramphenicol
at concentrations of 0 μg/ml (control), 300 μg/ml,
350 μg/ml and 400 μg/ml. The sequencing of ten
hisF-C*C gene variants isolated from the control
plate showed that the error-prone PCR had, on aver-
age, introduced two nucleotide exchanges. How-
ever, colony PCR showed that all 35 clones grown
on plates with the highest chloramphenicol con-
centration of 400 μg/ml were false-positives, which
had lost the major part of their hisF-C*C insert.
Moreover, from the approximately 300 colonies
grown in the presence of 300 and 350 μg/ml chlor-
Table 1. Results of urea induced unfolding of HisF-C*C varia

Variant
Amino acid exchanges

in N-terminal half (HisF-C*)

HisF-C*C
HisF-C*C 1 V234M+G245R
HisF-C*C 2 D135G+T142S+Y143H+L250
HisF-C*C 3 V234M
HisF-C*C 4 Y143C+V234M+V248M
HisF-C*C Δ Short α8β5-loop
HisF-C*C Δ+D135G Short α8β5-loop+ D135G
HisF-C*C Δ+T142S Short α8β5-loop+T142S
HisF-C*C Δ+Y143H Short α8β5-loop+Y143H
HisF-C*C Δ+V234M Short α8β5-loop+ V234M
HisF-C**C Short α8β5-loop+Y143H+V234

a D1/2: urea concentration at which 50% of the protein is non-nativ
b mapp (apparentm-value): operational measure for the cooperativity

with the two-state model.66
c The values of HisF-C*C 4 were determined in the presence of 1 m
d The values of HisF-C**C were determined in 50 mM potassium p
amphenicol, only 17 allowed to amplify a PCR pro-
duct of the expected length. The sequencing of
these clones yielded eleven different hisF-C*C gene
variants, whichwere sub-clonedwithout the cat gene
into the expression plasmid pET24a (+) such that a
C-terminal His6-tag was added to the recombinant
protein. The HisF-C*C variants were produced by
heterologous gene expression in E. coli BL21 (DE3)
and were found mainly in the insoluble fraction
of the cell extract. Nine variants were solubilised in
guanidinium chloride, refolded in phosphate buffer
and characterised. Two variants, HisF-C*C 2 and
HisF-C*C 4, could be purified from the soluble
fraction of the cell extract usingmetal chelate affinity
chromatography.

Stability and solubility of selected variants

From the 11 purified HisF-C*C variants, seven
turned out to be no more stable in the absence of
CAT than the parent HisF-C*C protein (data not
shown) and were therefore not further investigated.
The remaining four variants (HisF-C*C 1-4), which
contained between one and four amino acid ex-
changes, unfolded at higher concentrations of urea
and with a higher cooperativity than HisF-C*C
(Table 1; Figure 3(a)). The stability of HisF-C*C 4,
which carries, besides two other replacements, the
Y143C exchange, was decreased in the presence of
1 mM of the reducing agent dithiothreitol (DTT).
This finding suggested that HisF-C*C 4 can form a
stabilizing intermolecular disulfide bond under
oxidizing conditions. This hypothesis was con-
firmed by analytical gel filtration, which demon-
strated that HisF-C*C 4 is mainly dimeric in the
absence of DTT but forms a pure monomer in its
presence (Figure 3(b)). The variant HisF-C*C 2 is
exclusively monomeric and elutes from the gel
filtration column as a symmetrical peak (Figure
3(b)). In contrast, the elution peaks of HisF-C*C,
HisF-C*C 1 and HisF-C*C 3 are much less symme-
trical, suggesting that a considerable fraction of
these proteins forms ill-defined oligomers. In
nts

D1/2 (M)a mapp (kJ/mol*M)b

4.3 3.7
4.3 5.0

Q 4.7 6.3
4.4 4.1

4.8 (5.4)c 6.7 (6.5)c

4.6 5.8
4.5 4.9
4.5 5.6
4.9 8.4
4.8 7.5

M 5.2 (4.8)d 11.6 (10.6)d

e.
of unfolding, obtained by analyzing normalized unfolding traces

M DTT (and in its absence).
hosphate (pH 7.5) (and in 50 mM Tris–HCl (pH 7.5)).



Figure 3. Stability and homogeneity of selected
variants HisF-C*C 1–4. (a) Traces of reversal chemical
unfolding. Proteins at a concentration of 5 μM were
incubated with the given concentrations of urea in 50 mM
potassium phosphate (pH 7.5) at 25 °C. Unfolding was
followed by the decrease of the fluorescence emission at
320 nm after excitation at 280 nm, and the signals obtained
after equilibration were normalized. The D1/2 (urea) and
apparent m-values of the variants are listed in Table 1. (b)
Elution profiles of analytical gel filtration. Each protein
(0.15–0.2 mg) was applied on a Superdex 75 (Amersham)
column equilibrated with 50 mM potassium phosphate
(pH 7.5), containing 300 mM potassium chloride, at 25 °C.
The elution times of the main peaks of HisF-C*C andHisF-
C*C 2 correspond to the monomers, and the shape of the
flanking region of HisF-C*C indicates the population of ill-
defined higher oligomers. The HisF-C*C 4 variant was
assayed both in the presence of 1 mM DTT (monomer
populated), and in its absence (disulfide-linked dimer
populated).

Figure 4. Solubility analysis of selected and designed
HisF-C*C variants. (a) Insoluble (if) and soluble (sf)
fractions of the different variants as found in cell extracts
of the E. coli expression strain BL 21(DE3) (SDS–PAGE
(12.5% acrylamide) stained with Commassie blue). (b)
Percentage of the proteins produced in soluble form (as
deduced from the analysis of three different clones of each
variant). The protein bands were scanned, and their
intensities were determined using Optiquant (version 2.5).
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accordance with these findings, more than 10% of
recombinant HisF-C*C 2 and HisF-C*C 4 but less
than 3% of recombinant HisF-C*C, HisF-C*C 1 and
HisF-C*C 3 are produced in soluble form in E. coli
(Figure 4). These data demonstrate that the HisF-
C*C 2 and HisF-C*C 4 variants are significantly
more stable and soluble than their parent HisF-C*C,
whereas the substitutions present in the HisF-C*C 1
and HisF-C*C 3 result in only minor improvements.
Three out of the eight residue substitutions found

in HisF-C*C 1-4 are located in the loop connecting
the two half barrels, which corresponds to the
C-terminal extension of HisF-C (Figure 1(b)). This
finding suggested that this long stretch of wild-type
sequence is destabilising. The loop was therefore
shortened from 13 to five residues (Figure 1(c)), and
the stability and solubility of the resulting variant
HisF-C*C Δ was investigated. Moreover, HisF-C*C
Δ was used as a scaffold to test the effect of the
substitutions D135G, T142S, Y143H and V234M
individually. As deduced from urea-induced unfol-
ding, the stabilizing effect of the exchanges is
as follows: Δ+D135G≈Δ+T142SbΔbΔ+V234Mb
Δ+Y143H (Table 1; Figure 5(a)). The effect of these
substitutions on the percentage of recombinant
protein found in the soluble fraction of the cell
extract is somewhat different: Δ+D135GbΔ≈Δ+
T142S≈Δ+V234MbΔ+Y143H (Figure 4). These
results show that the shortening of the loop between
the two HisF-C half barrels improves both the
stability and solubility of HisF-C*C. From the in-
dividual substitutions, D135G and T142S are neutral
at best and were isolated only accidentally in the
context of HisF-C*C 2. The exchanges Y143H and
V234M are increasing the stability, whereas Y143H is
by far the most crucial substitution for the improve-
ment of solubility.



Figure 5. Stability of designed HisF-C*C variants. (a)
The unfolding traces of the variants HisF-C*C Δ, HisF-
C*C Δ+Y143H and HisF-C*C Δ+V243M are plotted in
comparison to HisF-C*C. Proteins at a concentration of
5 μM were incubated with the given concentrations of
urea in 50 mM potassium phosphate (KP) (pH 7.5), at
25 °C. (b) To test the stabilising effect of bound phosphate
ions, HisF-C**C was unfolded in 50 mM KP (pH 7.5) and
in 50 mM Tris–HCl (pH 7.5). Reversible unfolding was
followed by the decrease of the fluorescence emission at
320 nm after excitation at 280 nm, and the signals obtained
after equilibration were normalized. The D1/2 (urea) and
apparent m-values of the variants are listed in Table 1.
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Generation and characterisation of HisF-C**C

In order to produce an even more beneficial HisF-
C*C variant, the Y143H and V234M substitutions
were combined on the HisF-C*C Δ scaffold. The
resulting variant HisF-C**C was produced to 50% as
a soluble protein (Figure 4) that unfolds at higher
concentrations of urea than any of the originally
isolated HisF-C*C variants (Table 1). Its stability is
elevated in phosphate compared to Tris buffer
(Figure 5(b)), indicating that it possesses two
phosphate binding sites as found in wild-type
HisF (Figure 1). In order to compare the stability of
HisF-C**C with that of HisF, which cannot be
completely denatured in urea, unfolding was
induced by the stronger denaturant guanidinium
chloride. The measurements showed that HisF-C**C
is less stable than wild-type HisF but unfolds with
higher cooperativity (Figure 6(a)), indicating that the
newly generated variant is as compact as the native
protein. In accordance with this finding, HisF-C**C
and HisF elute from the gel filtration column as
equally homogeneous monomers, whose peaks are
much sharper than that of HisF-C*C (Figure 6(b)).
To compare the tertiary structures of HisF-C*C

and HisF-C**C with that of wild-type HisF, fluores-
cence emission and near-UV circular dichroism
spectra were recorded. The fluorescence spectra
are dominated by the single tryptophan residue 156
in helix α5 of HisF, which exists as two copies in
HisF-C*C and HisF-C**C. The structural environ-
ment of its indole side-chain is hydrophobic in wild-
type HisF (Ala106, Val107, and Ile113 from helix α4
of the adjacent HisF-N half barrel) as well as in
HisF-C*C and HisF-C**C (Phe 227, His228, Val234/
Met234 from helix α8 of the adjacent HisF-C half
barrels), and should therefore be shielded from
solvent in an intact (βα)8-barrel structure. The
fluorescence emission maxima of wild-type HisF
and HisF-C**C lie at 322 and 323 nm, respectively,
whereas the emission maximum of HisF-C*C lies at
327 nm (Figure 6(c)). These results demonstrate that
the two tryptophan 156 residues in HisF-C**C are
equally well shielded from solvent as the single
tryptophan 156 in wild-type HisF. In contrast, the
red-shifted emission maximum of HisF-C*C shows
that at least one of its tryptophan residues must be
surrounded by a more polar environment. Remark-
ably, the gel filtration profiles and fluorescence
emission spectra of HisF-C*C Δ, HisF-C*C
Δ+Y143H and HisF-C*C Δ+V234M are identical
to those of HisF-C*C (data not shown), demonstrat-
ing that the combination of the beneficial substitu-
tions is required to completely shield the tryptophan
residues. The pronounced near-UV CD spectra of
HisF-C*C and HisF-C**C have a similar shape as the
spectrum of wild-type HisF (Figure 6(d)), showing
that the aromatic residues are immobilised in an
asymmetric environment in both halves. This result
proves that HisF-C*C and HisF-C**C do not form
“molten globules” but adopt a well-defined tertiary
structure.
The unfolding of a great number of proteins with

known X-ray structure has shown that the amount
of protein surface exposed to solvent (ΔASA) cor-
relates with the denaturation m-value.30 Moreover,
ΔASA also correlates with the number of residues of
a globular protein. As a consequence, the measured
apparent m-values of the various HisF-C*C con-
structs allowed us to estimate the corresponding
ΔASA values. The HisF-C*C and HisF-C*C Δ scaf-
folds contain 274 and 266 residues, corresponding
to calculated ΔASA values of 24,575 and 23,831 Å2,
respectively. The apparent m-values measured for
most HisF-C*C variants indicate that their ΔASA
values are smaller by a factor of 2–4, suggesting
that the folded states of these proteins do not
completely shield their hydrophobic interior from
solvent. This result indicates, together with the gel
filtration and fluorescence data (Figure 6(b) and (c)),
that monomeric HisF-C*C is in equilibrium with
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Figure 6. Results of the stepwise optimisation of fused HisF-C half barrels in comparison to wild-type HisF. (a) Traces
of reversible chemical unfolding. Proteins at a concentration of 5 μM were incubated with the given concentrations of
GdmCl in 50 mM potassium phosphate (pH 7.5), at 25 °C. Unfolding was followed by the decrease of the fluorescence
emission at 320 nm after excitation at 280 nm, and the signals obtained after equilibration were normalised. The
transitions midpoints of both HisF-CC and HisF-C*C lie at 1.5 M GdmCl; the multi-phasic unfolding traces did not allow
to determine apparentm-values. The transition midpoints of HisF-C**C and wild-type HisF lie at 1.9 M and 3.4 MGdmCl,
respectively; the unfolding of these variants is highly cooperative with apparent m-values of 17.3 kJ mol−1 M−1 for HisF-
C**C and 14.2 kJ mol−1 M−1 for wild-type HisF. (b) Elution profiles of analytical gel filtration. Each protein (0.15–0.2 mg)
was applied on a Superdex 75 (Amersham) column equilibrated with 50 mM potassium phosphate (pH 7.5), containing
300 potassium chloride, at 25 °C. The elution times of the main peaks correspond to the monomers, and the shape of the
flanking region of HisF-C*C indicates the population of ill-defined higher oligomers. (c) Fluorescence emission spectra.
The spectra shown were monitored after excitation at 280 nm of 5 μM protein in 50 mM potassium phosphate (pH 7.5), at
25 °C. The measured emission intensity of HisF, which is mainly caused by its single Trp156, was multiplied by a factor of
2 in order to compensate for the presence of two Trp156 residues in HisF-C*C and HisF-C**C. The emission maxima are as
follows: HisF: 322(±2) nm; HisF-C**C: 323(±2) nm; HisF-C*C: 327(±1) nm. The values given are the mean and standard
deviation of three independent measurements. (d) Near-UVCD spectra. The spectra shown are the mean of ten individual
spectra, which were recorded at 25 °C in 50 mM potassium phosphate (pH 7.5).
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a small fraction of a partially unfolded and ag-
gregation-prone conformation. In contrast, the
deduced ΔASA value of HisF-C**C of 21,782 Å2

indicates that this variant is a compactly folded
protein with a buried hydrophobic core, again in
accordance with the results from analytical gel
filtration and fluorescence emission spectroscopy
(Figure 6(b) and (c)).

Molecular dynamics simulations

In order to gain insight into the mechanism of
stabilisation caused by the various amino acid
substitutions, the crystal structure of HisF (PDB
code 1thf)25 was used as the basis to constructmodels
of duplicated and fused half barrels. To start with,
two HisF-C units were covalently linked, and the
resultingHisF-CCvariantwas then relaxed by 2 ns of
molecular dynamics (MD) simulation at 300K using
the MAB-force field as implemented in MOLOC‡.31
Remarkably, the presence of two bound phosphate
ions in the simulations, one in each half barrel as
observed in the crystal structure of HisF (Figure 1),
stabilised HisF-CC as well as the other variants.
Simulations performed without bound phosphate

http://www.moloc.ch
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led to the collapse of the phosphate binding site and a
partially distorted protein backbone. Starting from
HisF-CC, structures of the variants HisF-C*C, HisF-
C*CΔ, and HisF-C**C were stepwise calculated and
relaxed by MD, which resulted in the model
displayed in Figure 7(a). The gain in stability caused
by the exchanges introduced at the half barrel
interface (“interaction energy”) was analysed using
a pseudo-thermodynamic cycle. To this end, the
energies of the two isolated, solvated (βα)4-half
barrels were subtracted from the energy of the intact
(βα)8-barrel structure.

32 The calculated interaction
energy of HisF-CC (440(±10) kJ/mol) is smaller than
Figure 7. Structural model of HisF-C**C based on MD si
central β-barrel is shown as a ribbon diagram. The introduc
spheres, and other important residues are shown as sticks. Th
barrels are depicted as tetrahedrons. The colour code is the sam
shown in cyan, and the wild-type C-terminal half barrel is sh
views shown in (c) and (d). (b) The reconstituted salt bridge clu
N- and C-terminal glutamate residues (E167N, E167C) as we
terminal half (A124R and A220K). H-bonds are represented b
into the N-terminal half barrel (Y143H) forms a H-bond networ
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corresponding alternative closed and open conformations of l
imidazole side-chain of His143 in the two conformations ar
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that of HisF-C*C (565(±10) kJ/mol), confirming the
stabilizing effect of the reconstituted wild-type salt
bridge cluster in layer 4 of the central β-barrel of
HisF-C*C28 (Figure 7(b)). Moreover, the deduced
interaction energy of 125 kJ/mol for this cluster is
reasonable for a network of four charged residues.33

The calculated interaction energy of HisF-C*C Δ
(557(±10) kJ/mol) is identical within error to that of
HisF-C*C, indicating that the shortening of the
connecting loop between the two half barrels does
not influence their interaction. In contrast, the
presence of the two exchanges Y143H and V234M
at the half barrel interface of HisF-C**C leads to an
mulations. (a) A top view onto the C-terminal face of the
ed stabilizing residues are highlighted as van der Waals-
e two phosphate ions bound to the N- and C-terminal half
e as for Figure 1(c); the mutated N-terminal half barrel is

own in blue. The arrows indicate the direction of the side
ster forming layer 4 of the central β-barrel is composed of
ll as arginine and lysine residues introduced into the N-
y dotted orange lines. (c) The histidine residue introduced
k with Asp176 and the phosphate ligand of the C-terminal
rms an H-bond with Gly177 and is solvent exposed. The
oop β5α5 (residues 141–149) and the carbon atoms of the
e shown in cyan and grey, respectively. (d) The buried
(V234M) is protruding into a hydrophobic pocket of the C-
with Trp156, Val160, Arg163, Gly164 and Ala165.
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increase by 42 kJ/mol in the calculated interaction
energy to 599(±10) kJ/mol. The histidine residue at
position 143 is located in loop β5α5 near the
phosphate-binding site of the C-terminal half barrel.
During themolecular dynamics relaxation a hydrogen
bond network betweenHis143, the bound phosphate,
the conserved crystal water molecules next to them
and Asp176 was established, which provides about
30 kJ/mol of interaction energy. However, the
simulations suggest that an alternative conforma-
tion exists in which the imidazole side-chain of
His143 is solvent-exposed and forms an H-bond
with the carbonyl oxygen of Gly177 (Figure 7(c)).
The introduced methionine at position 234 is in
hydrophobic contact with several residues of the
C-terminal half barrel (Val160, Arg163, Gly164,
Ala165; Figure 7(d)). The energy decomposition
suggests mainly hydrophobic interactions of about
12 kJ/mol contributed by the van der Waals energy
of the MAB force field.34 The calculated interaction
energy between HisF-N and HisF-C within wild-
type HisF is 638(±10) kJ/mol. Taken together, the
results of the MD simulations qualitatively reflect
the experimentally determined stability increase
from HisF-CC via HisF-C*C and HisF-C**C to
HisF, indicating that the beneficial amino acid
substitutions can be interpreted as an improved
interaction between the fused half barrels.
Discussion

Structurally defined and stable domains with a
given function constitute the basic building blocks of
proteins.35,36 It follows that the duplication, fusion
and recombination of domain-encoding genes are
the evolutionary mechanisms used by nature to
generate complex multi-domain proteins.37 When
analysing the evolution of the versatile and ubiqui-
tous (βα)8-barrel proteins, we noticed that some
representatives of this highly symmetrical fold
consist of sub-domains comprising (βα)4-half
barrels.9 In an attempt to reconstruct the evolution
of the (βα)8-barrel HisF from the (βα)4-half barrel
HisF-C, we earlier generated and characterised the
HisF-CC construct which consists of two identical
half barrels linked by a Gly-Ser-Gly linker. Using
rational design, HisF-CC was optimised to HisF-
C*C by reconstituting the native salt bridge cluster
which forms layer 4 at the N-terminal face of the
central β-barrel of HisF.28 Since model building did
not point to other beneficial amino acid exchanges to
be introduced by rational design, we used a
combination of random mutagenesis and selection
in vivo to further stabilise HisF-C*C.

Pitfalls of the selection system

Various directed evolution methods for increas-
ing protein solubility and stability have been de-
scribed.38–42 We chose an approach in which a
mixture of hisF-C*C genes with a randomised
N-terminal half was fused to the cat gene, and
selected for HisF-C*C-CAT fusion proteins which
allowed their host cells to grow in the presence of
high concentrations of chloramphenicol.29,43,44

Although the original vector pCFN129 was modified
such that without ligation of the randomised
N-terminal hisF-C* fragment a frameshift was gene-
rated, 100% of the variants selected in the presence
of 400 μg/ml and about 95% of the variants selected
in the presence of 350 μg/ml and 300 μg/ml
chloramphenicol were false-positives. These clones
carried plasmids with extensively truncated hisF-
C*C mutants in frame with the cat gene, generating
CAT proteins with short N-terminal extensions that
did not compromise its high solubility. We speculate
that these deletions have mainly occurred during the
cloning procedure of the hisF-C* library because
cells transformed with the empty pCFN-hisFC
vector (Figure 2) were highly sensitive to chloram-
phenicol. Probably the false-positives were gener-
ated by unspecific digestions of the used restriction
enzymes XhoI and BamHI, and were strongly
enriched as a result of the high selection pressure.
However, we cannot exclude that some of the
observed deletions were caused by recombination
events in E. coli. The sequencing of a number of false-
positive clones showed that the inserts were diverse,
which precluded the identification and subsequent
removal of unwanted restriction “hot spots” by site
directed mutagenesis. Moreover, from the 11
selected unique variants with a complete hisF-C*C
insert, in the absence of CAT seven proteins did not
show a higher stability or solubility than their parent
HisF-C*C. The reliability of screening methods
using fused reporter proteins frequently suffers
from unexpected interactions between reporter and
target, which can influence the outcome of the assay.
In the case of CAT, which is an obligate trimer, the
linkage to a target protein might lead in certain cases
to higher-order complexes with unpredictable
effects on the solubility of the fusion constructs.40,42

Structural basis of stabilisation

From the true-positive variants, HisF-C*C 1 and 3
were slightly and HisF-C*C 2 and 4 were consider-
ably more stable and soluble than HisF-C*C (Table 1;
Figures 3 and 4). These proteins altogether con-
tained eight different amino acid exchanges of
which three (G245R, V248M, L250Q) were located
in the long αβ loop connecting the two HisF-C units
(Figure 1(b)). The shortening of this loop from 13 to
five residues in HisF-C*C Δ increased the stability
and the solubility of the protein significantly (Table
1; Figures 4 and 5). This result is in line with the
observation that αβ loops of (βα)8-barrels are
generally short and contribute to the conformational
stability of the fold.11 Along the same lines, a
number of proteins from hyperthermophiles carry
shorter loops compared to their homologues from
mesophiles, which causes a decrease of the entropy
difference between the unfolded and the folded state
that results in an increase of the stabilisation free
energy.45,46 Remarkably, the deletion of another two
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residues resulting in a loop containing only the
introduced Gly-Ser-Gly linker decreased stability
and solubility (data not shown), possibly due to the
introduction of conformational strain.
The tyrosine residue at position 143 was replaced

in the two best variants, with cysteine in HisF-C*C 4
and with histidine in HisF-C*C 2 (Table 1). The
substitution Y143C in HisF-C*C 2 leads to the for-
mation of an intermolecular disulfide bridge (Figure
3(b)). However, the cytoplasm of E. coli is reducing
and HisF-C*C 2 is more stable than HisF-C*C also in
the presence of DTT (Figure 3(a)). It is therefore
unclear whether the cystine was formed already in
the host cell during the in vivo selection or only upon
contact of the protein with air oxygen during its
purification. However, the X-ray structures of a
number of cytoplasmic enzymes from hyperther-
mophilic Archaea suggest that cystine residues can
contribute to extreme protein thermostability of
intracellular proteins,47–50 an hypothesis which is
supported by the computational analysis of micro-
bial genomes.51,52 The introduction of new S–S
bonds53 is a widely used protein stabilisation
strategy, and the beneficial effect of S–S bonds is
ascribed to the decrease of the entropy of the
unfolded state.54–58 In addition, the detected dis-
ulfide bond in HisF-C*C 2 could also stabilise the
protein by increasing its association state from the
monomer to the dimer. Along these lines, a number
of (βα)8-barrels and other proteins from hyperther-
mophiles are higher-order oligomers than their
counterparts from mesophiles.59–61 The structural
basis of the stabilising effect of the Y143H exchange
is less clear. Although the MD simulations suggest
that the introduced imidazole ring leads to the
formation of a hydrogen bonding network (Figure
7(c)), alternative mechanisms are feasible. Since the
imidazole side-chain of histidine is more polar than
the aromatic ring of tyrosine, its higher solvatation
energy could stabilise the native state. Along these
lines, position 143 is located in the long loop
connecting strand β5 with helix α5, which was
highly flexible in the simulations and might easily
become solvent-exposed. Accordingly, we have
frequently observed in the simulations geometries
in which the imidazole ring is not in contact to
Asp176 and the bound phosphate ion but forms an
H-bond with the carbonyl group of Gly177 at the
surface of the protein (Figure 7(c)). In accordance
with this finding, the Y143H exchange leads to a
strong improvement of the solubility of HisF-C*C
(Figure 4). The substitution V234M was found in
three of the four improved HisF-C*C variants and is
the single exchange present in HisF-C*C 3 (Table 1).
The MD simulations suggest that the long and linear
hydrophobic methionine side-chain protrudes into a
patch of hydrophobic residues of the adjacent half
barrel (Figure 7(d)). This newly formed hydrophobic
cluster is well shielded from solvent, which explains
why HisF-C*C 3 and HisF-C*C Δ+V234M are no
more soluble than HisF-C*C and HisF-C*C Δ,
respectively (Figure 4). However, HisF-C**C is
more soluble than HisF-C*C Δ+Y143 H, suggesting
that the effect of the V234M exchange can be
influenced by the protein scaffold in which it is
introduced. Along the same lines, the increase of the
apparent m-value caused by the V234M substitution
is somewhat more pronounced in the background of
HisF-C*C Δ+Y143H than in the background of
HisF-C*C Δ and much stronger than in the back-
ground of HisF-C*C (Table 1). The basis of this
context dependence is difficult to elucidate in the
absence of highly resolved X-ray structures of the
different variants. One can speculate that the
presence of the Y143H exchange and the shortening
of the loop induce a better defined local structure in
which methionine 234 can unfurl its stabilizing
effect more efficiently.

Implications for the evolution of (βα)8-barrels

The structural superposition of the wild-type HisF
half barrels HisF-N and HisF-C reveals that about
100 of the approximately 120 aligned residues are
different.25 It is therefore remarkable that four
amino acid substitutions in the N-terminal half of
HisF-CC were sufficient to generate the HisF-C**C
protein, whose tertiary structure must be highly
similar to that of HisF. Moreover, neither the Y143H
nor the V243M substitution in the N-terminal half of
HisF-C**C reconstituted residues found at the
equivalent positions in HisF-N. These findings
strengthen the hypothesis that half barrels are
flexible and independently evolving structural
entities, which can be mixed and matched by nature
to generate the highly symmetrical and catalytically
versatile and ubiquitous TIM-barrel fold.10,11
Earlier attempts to design (βα)8-barrels from

individual (βα) units mainly generated molten
globules that contained a considerable amount of
secondary structure but did not fold into well-
defined tertiary structures.11 However, recently an
idealised (βα)8-barrel with native-like properties was
generated on the basis of a two-step computational
approach.62 Since the central eight-stranded β-sheet
was constructed on the basis of a 4-fold symmetry, the
successful design supports the hypothesis that (βα)2
units constitute the smallest independently evolving
units within (βα)8-barrels.10,15 However, it has not
been reported whether this protein is a monomer
with a tertiary structure that is equally well defined
and compact as that of HisF-C**C.
In HisF, the catalytically essential residues aspar-

tate 11 in β-strand 1 and aspartate 130 in β-strand 5
are related by a 2-fold symmetry axis along the
central barrel axis and perfectly superimpose when
HisF-N and HisF-C are structurally aligned.9,25,63

HisF-C**C carries two structurally equivalent
aspartate residues in its two β-strands 5, and both
chemical unfolding and MD simulations suggest
that HisF-C**C possesses intact sites to bind the
two terminal phosphate moieties of the HisF
substrate N'-[(5′-phosphoribulosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide
(PRFAR) (Figures 5(b) and 7(a)). Nevertheless,
HisF-C**C did not show measurable catalytic
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activity, even at a protein concentration of 50 μM
(data not shown). Probably, minor perturbations of
the active site geometry of HisF-C**C prevent the
productive binding and turnover of PRFAR, which
shall now be established by further rounds of
random mutagenesis and selection in vivo sup-
ported by molecular dynamics studies in silico.
Materials and Methods

Construction of a hisF-C*C gene library with
randomised N-terminal half

The chloramphenicol-acetyltransferase (CAT) fusion
vector pCFN-hisFC (Figure 2) was derived from pCFN1.29
This vector includes phage f1 and pBR322 origins of
replication, the ampicillin resistance gene (bla) and a
strong isopropyl-β-thiogalactoside (IPTG)-inducable pro-
motor (Ptrc). Sequences inserted into the multiple cloning
site (MCS) of pCFN1 between the restriction sites BglII
and XbaI lead to the expression of proteins fused at their
N-terminus with a His6-tag and the FLAG epitope, and at
their C-terminus with CAT. An amber stop-codon is
inserted between the XbaI site and the cat gene such that
an amber suppressor E. coli strain is needed for expression
of the full-length fusion gene. pCFN-hisFC was con-
structed in two steps. First the 5′ BglII restriction site of the
MCS was changed into a XhoI site by using the
QuikChange™ Site-Directed Mutagenesis Kit (Stratagene)
with the complementary oligonucleotides 5′-CTACAAG-
GACGATGACGACTCGAGCTCACGTCTAGA-3′ and 5′-
GCGAGCCTACTCTAGACGTGAGCTCGAGTCGT-
CATC-3′ as overlapping primers,64 yielding pCFN1(XhoI)
(new restriction site underlined). Next hisF-C was ampli-
fied by PCR using a hisF-C containing pCFN1 vector
(pCFN1-hisFC) as template and the oligonucleocleotides
5′-ATACTCGAGTTGGGATCCGGTCAGGCCGTTGTC-
3′ with XhoI and BamHI sites (underlined) as 5′-primer,
and 5′-CTCGCGAGCCTACTCTAGAAA-3′ with a XbaI
site (underlined) as 3′-primer. The amplified hisF-C
fragment was cloned into pCFN1(XhoI) using XhoI and
XbaI restriction sites, introducing a new BamHI site
between XhoI and hisF-C and yielding pCFN-hisFC. In
order to avoid expression of HisF-C - CAT fusion
proteins through religated vectors in the upcoming
selection, a frame shift between the coding region of
FLAG and the BamHI site was introduced.
The hisF-C* gene, which is identical to hisF-C except for

the substitutions A124R and A220K,28 was subjected to
error-prone PCR using the GeneMorph® II Random
Mutagenesis Kit (Stratagene) under conditions which
should introduce about two nucleotide exchanges per
gene. To this end, the oligonucleotides 5′-AAGAAGGA-
GATATACTCGAGCCAGCGC-3′ and 5′-TTGTCGACG-
GAGCTCGAATTCGGATCC-3′ were used as 5′ and 3′
primers, respectively. These contained XhoI and BamHI
restriction sites (underlined) and reconstituted the correct
reading frame for the translation of the hisF-C*C-cat fusion
construct after cloning of the randomised hisF-C* frag-
ments into pCFN-hisFC.
The plasmids obtained were used to transform E. coli

XL1-BlueMrf'cells (Stratagene) by electroporation, which
were plated on medium containing ampicillin to select for
plasmid uptake. As estimated from the number of grown
colonies and the ligation efficiency tested by colony PCR,
the hisF-C*C-cat gene repertoire contained approximately
7.4×104 different variants. The grown colonies were
scratched off the plates and resuspended, followed by
the isolation of the pCFN-hisF C*C plasmid library. Se-
quencing of several clones grown under such non-selective
conditions showed that Mutazyme® II DNA Polymerase
had inserted two mutations per gene on average, as
intended, with a range from zero to seven exchanges. The
distribution of mutations showed a bias towards GC over
AT base-pair exchanges (70% versus 30%), and of transi-
tions over transversions (75% versus 25%).

In vivo selection for soluble HisF-C*C variants

The amber-suppressor E. coli strain JM10165 was
transformed by electroporation with the pCFN-hisF C*C
gene library, as well as with the controls pCFN-hisFC
containing “wild-type“ hisF-C* and pCFN-hisFC contain-
ing no insert. In each case, expression was induced
immediately after transformation by adding 200 μg/ml
of IPTG. Following shaking of the transformants for 2 h at
37 °C, the cells were streaked on plates containing 200 μg/
ml IPTG and different concentrations of chloramphenicol
(0–400 μg/ml), and incubated at 37 °C for 16 h. Cells
transformed with “wild-type” pCFN-hisF C*C were able
to grow on plates with up to 250 μg/ml chloramphenicol,
whereas cells transformed with empty pCFN-hisFC vector
grew only in the absence of the antibiotic, due to the
introduced frame shift between the coding region of FLAG
and the BamHI site mentioned above. From the pCFN-hisF
C*C gene library several colonies grown in the absence of
chloramphenicol, and the N330 colonies grown on plates
containing 300, 350 and 400 μg/ml chloramphenicol were
picked and subjected to plasmid isolation. Colony PCR
showed that 97% of these colonies were false-positives,
which carried plasmids with truncated inserts that had
lost the major part of the hisF-C*C sequence and thus
contained essentially only the cat gene.
Cloning of selected and designed hisF-C*C variants
into pET24a(+)

In order to produce the selected HisF-C*C variants in
the absence of CAT as well as the N-terminal His6- and
FLAG-tags, the hisF-C* inserts from the 11 true positive
colonies grown in the presence of high chloramphenicol
concentrations were sub-cloned from pCFN-hisF C*C into
pET24a(+) vectors containing the wild-type hisF-C gene
(pET24a(+)-hisFC2).

28 To this end, the hisF-C* inserts were
cut out from pCFN-hisF C*C with the help of the
restriction enzymes XhoI and BamHI. The resulting
fragment was amplified by PCR using the oligonucleo-
tides 5′-ATACATATGCAGCGCGTTGTCGTGGCGATA-3′
with a NdeI site (underlined) as 5′-primer and 5′-
TCGACGGAGTCTAGATTCGGATCCCAACCC-3′ with
a BamHI site (underlined) as 3′-primer. The amplification
product was ligated with pET24-hisFC2, yielding the
various pET24a(+)-hisF C*C variants. In these constructs,
the genes of hisF-C* and hisF-C are connected by the
BamHI site in such a way that in the HisF-C*C proteins
both halves are linked by a Gly-Ser-Gly stretch.
For construction of the variant HisF-C*C Δ in which

the αβ loop connecting the N- and C-terminal halves
was shortened from 13 to 5 residues, hisF-C* was ampli-
fied by PCR using an isolated hisF-C* fragment as
template. The oligonucleotide 5′-ATACATATGCAGC-
GCGTTGTCGTGGCGATA-3′ with a NdeI site (under-
lined) was used as 5′-primer and the oligonucleotide 5′-
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ATAGACGGATCCGCCGTGTTTTTTGAGGTACTCTTT-
CAGTTC-3′ with a BamHI site (underlined) was used as
3′-primer. The amplified fragment hisF-C* Δ was cloned
into pET24a(+)-hisFC2, yielding pET24a(+)-hisFC*CΔ. As
a consequence, the halves connecting αβ-loop in HisF-
C*C Δ ends with Gly245 (Figure 1(c)), and the Gly-Ser-
Gly stretch connecting the two halves was preserved.
To introduce the single amino acid exchanges

D135G, T142S, Y143H and V234M into the N-terminal
half of HisF-C*C Δ the hisF-C* sequence was amplified
by PCR using an isolated hisF-C* fragment as template.
The oligonucleotides 5′-GATATACATATGCAGCG-
CGTTGTCGTGGCGATAGATGCAAAAAGAGTG-
GGTGGAGAGTTC-3′ (for generation of hisF-C*-D135G),
5′-GATATACATATGCAGCGCGTTGTCGTGGCGATA-
GATGCAAAAAGAGTGGATGGAGAGTTCATGGTCTT-
CAGCTACTCCGGAAAGAAG-3′ (for generation of
h i sF -C* -T142S ) , 5 ′ -GATATACATATGCAGCG-
CGTTGTCGTGGCGATAGATGCAAAAAGAGT-
GGATGGAGAGTTCATGGTCTTCACCCACTCCG-
GAAAGAAG-3′ (for generation of hisF-C*-Y143H) and
5′-ATACATATGCAGCGCGTTGTCGTGGCGATA-3′ (for
generation of hisF-C*-V234M) were used as 5′-primers.
The oligonucleotides 5′-ATAGACGGATCCGCCGTGT-
TTTTTGAGGTACTCTTTCAGTTC-3′ (for generation of
hisF-C*-D135G, hisF-C*-T142S and hisF-C*-Y143H) and 5′-
ATAGACGGATCCGCCGTGTTTTTTGAGGTACTCTTT-
CAGTTCTCTCATGTC-3′ (for generation of hisF-C*-
V234M) were used as 3′-primer. As a consequence, at the
5′ terminus aNdeI-site (underlined) and at the 3′ terminus a
BamHI site (underlined) were introduced together with the
specific codon exchange (bold). The 3′-primers are designed
in such a way that the amplified hisF-C* fragment is
shortened like in hisF-C*Δ. Thus, theN-terminal half of each
single variant ends at Gly245, and the two halves are linked
by a Gly-Ser-Gly stretch. The cloning of the amplification
products into pET24-hisFC2 yielded pET24a(+)-hisF C*C
Δ+D135G, pET24a(+)-hisF C*C Δ+T142S, pET24a(+)-hisF
C*C Δ+Y143H and pET24a(+)-hisF C*C Δ+V234M.
For construction of hisF-C**C in pET24a(+), hisF-C* was

amplified by PCR using an isolated hisF-C* fragment as
template and the oligonucleotides mentioned above
which introduce the Y143H and the V234M exchanges as
well as the loop shortening. The cloning of the amplifica-
tion fragment into pET24a(+)-hisFC2 yielded pET24a(+)-
hisF C**C. All constructs were sequenced entirely to
exclude inadvertent mutations.
Heterologous expression of hisF-C*C variants and
protein purification

Heterologous expression of the hisF-C*C variants was
performed in E. coli BL21(DE3) (Stratagene) transformed
with the various pET24a(+) plasmids containing the en-
coding sequences. To this end, four liters of Luria Broth
(LB) media supplemented with 75 μg/ml of kanamycin
(for maintenance of pET24a(+)) were inoculated with a
pre-culture and incubated at 37 °C. After an OD600 of 0.6
was reached, expression was induced by adding 1 mM
IPTG, and growth continued for another 4 h. Cells were
harvested by centrifugation (Sorvall/RC5B, GS3 rotor,
15 min, 4000 rpm at 4 °C), washed with 10 mM potassium
phosphate (pH 7.5), and centrifuged again. The cells were
resuspended in 140 ml of the same buffer, lysed by
sonification (Branson Sonifier W-250D; 2×2 min in 15 s
intervals, 50% pulse, 0 °C), and centrifuged again (Sorvall/
RC5B, SS34 rotor, 30 min, 13,000 rpm at 4 °C) to separate
the soluble from the insoluble fraction of the cell extract.
The variants HisF-C*C 2 and 4, as well as HisF-C*C Δ,
Δ+D135G, Δ+T142S, Δ+Y143H, Δ+V234M were pur-
ified from the soluble cell fraction. To this end, the extract
was loaded onto a nickel Sepharose column (HisTrap FF
crude 5 ml; GE Healthcare) which had been equilibrated
with 50 mM potassium phosphate, 300 mM NaCl, 1 mM
imidazole (pH 7.5). The column was washed with the
equilibration buffer, and the bound His6-tagged protein
was eluted by applying a linear gradient of 1 mM–300 mM
imidazole. Fractions with pure protein were pooled and
dialysed extensively against 50 mM potassium phosphate
(pH 7.5). In the case of the HisF-C*C 4, the dialysis buffer
contained either 1 mM dithiothreitol (DTT) to avoid
disulfide-linkage via Y143C or no DTT to allow for cystine
formation. According to SDS–PAGE (12.5% (w/v) acryla-
mide), all proteins were pure N95%.
The variants HisF-C*C, HisF-C*C 1 and 3 were purified

from the insoluble cell fraction, which was washed with
10mMpotassiumphosphate (pH7.5), resuspended in 80ml
of the same buffer containing 6 M guanidinium chloride
(GdmCl) and incubated for 30 min at room temperature.
Following the addition of 80 ml of 1 M GdmCl and further
incubation for 30 min the suspension was centrifuged
(Sorvall/RC5B, SS34 rotor, 30 min, 13,000 rpm at 4 °C). The
supernatantwasmixedwith 280ml of 2MGdmCl and then
dialysed extensively against 50 mM potassium phosphate
(pH 7.5), to induce protein refolding. The solution was
centrifuged (Sorvall/RC5B, SS34 rotor, 30 min, 13,000 rpm
at 4 °C) to separate protein aggregates. Most refolded HisF-
C*C variants were pure to N95%. Otherwise, minor
impurities were removed by applying nickel Sepharose
chromatography as described above.
Wild-type HisF, HisF-C and HisF-CC were produced in

E. coli BL21(DE3) as mentioned above and purified as
described.28

Analysis of protein solubility

HisF and the HisF-C*C variants were produced in 50 ml
cultures of E. coli BL21(DE3) cells as described above.
From each culture a 2 ml aliquot was centrifuged
(Eppendorf 5415R, 1 min, 13,000 rpm at 4 °C). The cells
were resuspended in 1 ml of 100 mM potassium
phosphate, 2 mM EDTA (pH 7.5), and lysed by sonifica-
tion (Branson Sonifier W-250D, 45 sec, 15% pulse, 0 °C).
The soluble and insoluble fractions of 100 μl of the cell
extract were separated. The two preparations were
supplemented with polyacrylamide gel loading buffer
and applied at different dilutions on 12.5% SDS- poly-
acrylamide gels. The protein bands were subsequently
stained with Coomassie blue and their intensities were
quantified using OptiQuant (version 02.50). The protein
bands shown in Figure 4(a) represent undiluted samples
of soluble and insoluble cell fractions. To avoid quantifica-
tion errors caused by a non-linear relationship between
the staining signal and the amount of protein, protein
bands of the soluble and insoluble fractions with similar
staining intensity but different degrees of dilution were
compared, followed by back calculation to the undiluted
solutions. The data shown in Figure 4(b) are the result of
three independent experiments, which allowed us to
determine mean values and standard deviations.

Analytical methods

Analytical gel filtration was performed by using a
calibrated Superdex 75 column (Amersham). In each case
0.15–0.2 mg of the protein was applied on the column and
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eluted with a flow rate of 0.5 ml/min in 50 mM potassium
phosphate, 300 mM potassium chloride (pH 7.5), at 25 °C.
HisF-C*C 4 was analysed either in the presence or absence
of 1 mMDTT. Fluorescence emission spectra of HisF, HisF-
C*C and HisF-C**C were measured at 25 °C with a Cary
Eclipse spectrophotometer (Varian) using 5 μM protein
dissolved in 50 mM potassium phosphate (pH 7.5), and an
excitation wavelength of 280 nm. The generated emission
is mainly caused by the single tryptophan 156 of HisF
which exists as two copies in HisF-C*C and HisF-C**C,
due to its location in the C-terminal half of HisF. Near-UV
CD spectra were recorded at 25 °C with an Aviv CD
spectrometer 62-DS (d=1 cm) using 68 μM HisF, 42 μM
HisF-C*C and 54 μM HisF-C**C dissolved in 50 mM
potassium phosphate (pH 7.5). The measured intensities
were normalized to molar ellipticities.
Protein unfolding induced by urea or GdmCl was

followed in 50 mM potassium phosphate (pH 7.5), by the
decrease of the fluorescence intensity at 320 nm after
excitation at 280 nm. The signal was measured after
different time intervals until no further change was
observed to ensure that the equilibrium was reached.
The obtained intensities were normalised and plotted as
fractional change of the native signal. This allowed us to
determine the midpoint of unfolding D1/2 [M], which
represents the concentration of urea where 50% of the
protein had non-native structure and served as an
operational measure for conformational stability. More-
over, the unfolding traces were analysed according to the
two-state model66 to determine an apparent m-value,
which served as an operational measure for the coopera-
tivity of the unfolding process. All proteins could be
refolded after complete unfolding in 8 M urea or 6 M
GdmCl by removing the denaturant via dilution or
dialysis against 50 mM potassium phosphate (pH 7.5).
To investigate the stabilizing effect of phosphate on HisF-
C**C the unfolding of this protein was also measured in
50 mM Tris–HCl (pH 7.5). To completely remove
phosphate ions, purified HisF-C**C was unfolded by
8M urea and refolded by extensive dialysis against 50 mM
Tris–HCl (pH 7.5).
The ammonia dependent HisF activity was measured as

described.9 ΔASA (Å2) values, which denote the differ-
ence of solvent exposed surface between the folded and
unfolded states were calculated as described.30

Molecular dynamics simulations

The structural and energetic properties of the various
proteins were analysed by molecular dynamics calcula-
tions using the molecular modelling program MOLOC‡31

and the force field MAB34 with implicit solvation. The
constructs were built on the basis of the published X-ray
structure of HisF (PDB code 1thf)25 by a 180° rotation
around the barrel axis of the C-terminal half barrel and its
subsequent fitting onto the N-terminal half barrel using
DeepView 3.7§. Subsequently, first the loops were relaxed
and later the whole structure by minimization and 2 ns of
molecular dynamics at 300 K. Starting from HisF-CC,
models for HisF-C*C, HisF-C*C Δ, and HisF-C**C were
constructed and relaxed by MD. For lack of a reliable
method to calculate the free energy of the unfolded state,
“interaction energies” between the linked half barrels
were calculated using a pseudo-thermodynamic circle.32
§http://www.expasy.org/spdbv/
The energetic properties were analysed after an equilibra-
tion phase of 500 ps.
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