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Evolution of proteins involves sequence changes that are frequently
localized at loop regions, revealing their important role in natural evolution.
However, the development of strategies to understand and imitate such
events constitutes a challenge to design novel enzymes in the laboratory. In
this study, we show how to adapt loop swapping as semiautonomous units
of functional groups in an enzyme with the (β/α)8-barrel and how this
functional adaptation can be measured in vivo. To mimic the natural
mechanism providing loop variability in antibodies, we developed an
overlap PCR strategy. This includes introduction of sequence diversity at
two hinge residues, which connect the new loops with the rest of the protein
scaffold, and we demonstrate that this is necessary for a successful
exploration of functional sequence space. This design allowed us to explore
the sequence requirements to functional adaptation of each loop replace-
ment that may not be sampled otherwise. Libraries generated following this
strategy were evaluated in terms of their folding competence and their
functional proficiency, an observation that was formalized as a Structure–
Function Loop Adaptability value. Molecular details about the function and
structure of some variants were obtained by enzyme kinetics and circular
dichroism. This strategy yields functional variants that retain the original
activity at higher frequencies, suggesting a new strategy for protein
engineering that incorporates a more divergent sequence exploration
beyond that limited to point mutations. We discuss how this approach
may provide insights into themechanism of enzyme evolution and function.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Molecular evolution of proteins involves mutation
and recombination events through sequence space to
create new functional properties.1 During the study of
these evolutionary processes in the laboratory, point
mutations haveplayed an important role, but these are
only able to search local regions of sequence space. For
d.
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Fig. 1. Models of loop diversity and adaptability in proteins. (a) Natural loop diversity and adaptability in antibodies.
The most important loop in antibodies (H3 loop) is encoded by different D genes. Additional variability is introduced by
the V(D)J recombination event, generating sequence diversity at both ends of the selected D gene.5 The diversity of the H3
loops and the introduction of variability in both junctions result in a large number of potential binding sites subsequently
selected against the antigens. The three-dimensional (3D) structure of the single domain antibody cAb-Lys2 [Protein Data
Bank (PDB) ID: 1rjc]5 is illustrated at the bottom. The H3 loop is shown in brown. (b) Artificial loop diversity and
adaptability in (β/α)8-barrels proposed in this article. Different β/α loops have embedded functional information
representing a diversity source that may represent functional protein modules that can be adapted to a different scaffold
through the introduction of variability at both ends. The 3D structure of ecTrpF (PDB ID: 1pii) forming a complex with the
product analogue reduced 1′-(2′-carboxyphenylamino)-1′-deoxiribulose 5′-phosphate (rCdRP) is illustrated at the
bottom. β/α loop 6 is shown in red. Variability was introduced using the degenerate codon NNS at both ends of the loops
(hinges). The 3D structures were rendered using the Chimera package.8
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exploration of more divergent variability, sequence
changes such as insertions, deletions or module
exchanges should be taken into account.2 In natural
sequences, these changes are frequently localized at
nonstructured specific regions, i.e., loops, revealing
their role in protein evolution and in thediversification
of numerous enzyme families and superfamilies.3

Usually, the sequence identity between loops from
unrelated enzymes is low or does not exist. Otherwise,
there is a high sequence conservation among loops
from homologous enzymes, revealing their structure–
function relationships.4 Incorporating such types of
sequence changes would be a very valuable asset to
the engineering of proteins, but methodologies to
successfully mimic such events in the laboratory
remain to be developed.
Antibodies are a versatile example of natural loop

engineering to design different binding specificities.
Recently, it was pointed out that the most important
loop (H3 loop) within the antigen binding site is
mainly encoded by a particular D gene, inserted
between the V and J genes.5 Picking this gene out of
a small pool provides most of the diversity.
Additional variability is introduced by the impreci-
sion in V(D)J recombination event, generating
sequence diversity at both ends of the selected D
gene and, therefore, on the structure of the H3
loop.5–7 This introduction of variability in both
junctions of the H3 loop, in addition with the
combination of different D genes, results in a large
number of potential binding sites subsequently
selected against the antigens. This example provides
information about the natural functional adaptation
of this loop in antibodies (Fig. 1).
Establishing the structure–function relationship of

loops, which in some cases lack electron density in
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crystallographic structural models, is a fundamental
question in protein science. Loops are known to play
critical roles of enzyme function, including
catalysis,9 substrate specificity10 and protein–pro-
tein interactions.11 Thus, the development of novel
methods for engineering of loops would promote
the construction of enzymes with novel substrate
specificities or functions.12 In order to face this
challenge, our group has recently developed a novel
systematic methodology, which was employed to
investigate the structural evolvability of a modified
(β/α)8-barrel enzyme by different loop exchanges.13

We have originally focused on this protein fold since
the (β/α)8-barrel is one of the most common folds
among protein catalysts and has great functional
and structural versatility.14 Conveniently, the resi-
dues of their active sites are located at the C-terminal
ends of β-strands as well as in loops that link
β-strands with α-helices (i.e., β/α loops), which are
considered not to contribute to protein stability.13,14

The present work focuses on the effectiveness that
loop swapping and hinge variability may have in
exploring the functional sequence space of a (β/α)8-
barrel enzyme, allowing a more divergent sequence
exploration,2 which thus far has largely been limited
to point mutations. Additionally, to mimic the
natural system of antibodies that produces diversity
on junctions of their H3 loop5 and on the basis of the
assumption that junctions might require different
conformations to accommodate each loop replace-
ment, we randomized the residues that connect the
new loops with the rest of the protein scaffold (Fig. 1).
To this end, the β/α loop 6 of monofunctional N-(5′-
phosphoribosyl)anthranilate (PRA) isomerase from
Escherichia coli (ecTrpF) was selected.15 This enzyme
catalyzes the Amadori rearrangement of PRA to 1′-
(2′-carboxyphenylamino)-1′-deoxiribulose 5′-phos-
phate (CdRP),16 which is the third step in the
synthesis of tryptophan from chorismic acid. The
loop 6 is located just above the catalytic residue
Asp126, and it forms a long and flexible lid over the
active-site pocket, which is critical for substrate
binding and PRA isomerase activity.17

Loop replacements were performed with an
overlap PCR strategy (Fig. 3a) that includes the
introduction of sequence variability at the amino
and the carboxy ends, i.e., the hinge residues of each
loop replacement, mimicking the natural system of
antibodies to generate diversity at both ends of the
H3 loop.5 The final libraries were evaluated in terms
of their folding competence and their functional
proficiency, an observation that was formalized as a
Structure–Function Loop Adaptability (SFLA)
value. Details about the function and stability of
some variants were obtained by enzyme kinetic
studies of PRA isomerase activity, circular dichro-
ism (CD) and size-exclusion chromatography. The
observation that varying the hinge residues of loops
allows preservation of function on a large number of
variants suggests a whole new strategy for protein
engineering, incorporating a more divergent se-
quence exploration, beyond that limited to point
mutations.

Results

Loop replacement and hinge variability design

It has been suggested that β/α loop 6, which
connects the β-strand 6 to helix 6, fulfills an
equivalent functional role, as a lid that closes
down upon substrate binding in three different
(β/α)8-barrel enzymes: TrpF (PRA isomerase, EC
5.3.1.24), TrpC (indole-3-glycerol-phosphate
synthase, EC 4.1.1.48) and TrpA (α-subunit of
tryptophan synthase, EC 4.2.1.20).18 These enzymes
catalyze consecutive reactions in tryptophan bio-
synthesis, which share conserved elements of
substrate specificity, including the phosphate bind-
ing site, supporting the idea that they share a
common evolutionary origin.18 In histidine biosyn-
thesis, the enzyme HisA (ProFAR isomerase, EC
5.3.1.16) uses a reaction mechanism similar to that of
TrpF to convert an identical aminoaldose moiety
into the corresponding aminoketose.19 Additionally,
PRA isomerase activity can be established in HisA,20

and after several rounds of mutagenesis, it was
observed that conformational changes in its β/α
loop 6 are important to increase this activity.21

Moreover, an enzyme homologue of HisA, dubbed
phosphoribosyl isomerase A (PriA), which takes
part in both histidine and tryptophan biosynthesis,
therefore harboring both ProFAR and PRA isomer-
ase activities, was discovered.22 PriA is structurally
similar to HisA, and conformational changes in β/α
loops 5 and 6 have been suggested as important for
its PRA isomerase activity.23,24

The loops to be used as replacements were selected
with the aim of covering a range of functional,
structural and evolutionary relationshipswith loop 6
of ecTrpF (Loop 6 Wt) (Table 1 and Fig. 2). Loop 6 of
tryptophan synthase α chain from E. coli (Loop 6
ecTrpA), loop 6 of PriA from Streptomyces coelicolor
(Loop 6 scPriA) and loop 6 of ProFAR isomerase
from Thermotoga maritima (Loop 6 tmHisA) have all
three types of relationships, as was described
above. Loop 6 of methyltetrahydrofolate–corrinoid-
dependent methyltransferase from Moorella thermo-
acetica (Loop 6 mtMetR) was chosen only for its
structural equivalent position. Additionally, loops 1
of scPriA (Loop 1 scPriA) and tmHisA (Loop 1
tmHisA), which do not have functional, structural or
evolutionary relationships to Loop 6 Wt, were
selected. Moreover, to explore the intrinsic function-
al role of the original loop 6, we designed a new loop,
predicted to be compatible with the same backbone
structure but with a different sequence, using the



Table 1. Sequence and structural characteristics of loop replacements

Loop
replacement Sequencea Length

Structural
similarity (RMSD)b

Sequence
identityc (%)

Type of relationships
with Loop 6 Wt

Loop 6 Wt NGQGGSGQRFDW 12 0 Å on 12 residues 100 —
Loop 6 scPriA DIAKDGTLQGPN 12 2.7 Å on 8 residues 17 Functional, structural

and evolutionary
Loop 6 tmHisA EKDGTLQEHDF 11 2.1 Å on 9 residues 27 Functional, structural

and evolutionary
Loop 6 ecTrpA SRAGVTGAENRAALPL 16 2.3 Å on 12 residues 25 Functional, structural

and evolutionary
Loop 6 mtMetR PLILPANVAQ 10 2.8 Å on 7 residues 0 Structural equivalent position
Loop 6 Rosetta NGNEGDGVEHDW 12 0.2 Å on 12 residues 40 Theoretically calculated with

the same backbone structure
Loop 1 scPriA DGQAVRLVHGESGTETSYGS 20 —d —d None
Loop 1 tmHisA RGKVARMIKGRKENTIFYEKD 21 —d —d None

a Sequence of each loop used for the replacement. The hinge residues mutated to saturation are shown in bold and underlined.
b Minimal RMSD calculated by a structural superimposition of the α-carbons of loop 6 of ecTrpF with each loop replacement.
c Calculated on the basis of the structural superimposition described in footnote b.
d Fewer than three residues aligned; loop 6 of ecTrpF does not match with loop replacement.
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Rosetta Design web server.25 The resulting lowest
free-energy sequence (Loop 6 Rosetta) differs by 60%
from the original loop 6.
The analysis of protein crystal structures has

shown that loop movements can take two main
forms: (i) hinge motions that are not constrained by
tertiary packing interactions, which are character-
ized by the localization of motion to a few main-
chain torsion angle changes, and (ii) shear motions
that are manifested by small side-chain torsion angle
Fig. 2. Loop replacement design. (a) β/α loops from positio
(gray) and mtMetR (blue) enzymes are illustrated. Zoom re
follows: blue (tmHisA), purple (scPriA), orange (ecTrpA) an
using the degenerate codon NNS at both end hinge residues of
replace the β/α loop 6 (shown in red) of ecTrpF, which is anch
ecTrpF (PDB ID: 1pii) forming a complex with the product ana
from a TrpF structure in complex with rCdRP (PDB ID: 1lbm
structures were rendered using the Chimera package from UC
changes along an entire interface and closely packed
segments of polypeptides.26 Asn127 and Trp138 are
the end residues of the β/α loop 6 of ecTrpF (Fig. 2),
which, in comparison with the end residues identi-
fied after a superimposition of liganded and
unliganded TrpF structures from T. maritima, com-
prise two well-defined protein hinges (data not
shown). In addition, on the basis of previous studies
on loop 6 of triosephosphate isomerase,27 an
experimental model for the (β/α)8-barrels that has
ns 1 and 6 of the scPriA (yellow), tmHisA (cyan), ecTrpA
presentation of selected loops is shown; the colors are a
d yellow (mtMetR). Sequence variability was introduced
each loop replacement. (b) The selected loops were used to
ored by hinge residues Asn127 and Trp138. 3D structure of
logue rCdRP is illustrated. Docking of rCdRP was inferred
) and superimposed with the ecTrpF structure. The 3D
SF.8
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Fig. 3. Library construction and assessment of the SFLA value. (a) One pair of oligonucleotides of different sizes (from
36 bp to 69 bp), which are partially complementary (12 bp), was designed for each loop replacement. The first halves of the
trpF gene were constructed using the oligonucleotide HindAOL as 5′-primer and the corresponding noncoding loop
oligonucleotide as 3′-primer (left, PCR 1). The carboxy halves were constructed using the corresponding coding loop
oligonucleotide as 5′-primer and the oligonucleotide NheAOL as 3′-primer (right, PCR 1). Libraries were amplified by
overlapping-extension PCR (PCR 2) using the two PCR products from the previous reactions as templates and the
oligonucleotides HindAOL andNheAOL. (b) The fraction of functional and folded variants was calculated as described in
Materials andMethods. The results of the functional proficiency analysis were the first component of SFLA value, and the
results of the folding competence analysis were the second component.
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evolutionary relationships with TrpF,18 these resi-
dues would be expected to participate in the
movement of the original loop 6. Therefore, each
loop replacement could require different hinge
residues, such that conformational movements in
the new protein scaffold could be coordinated to
maintain catalysis. To this end, loop replacements
were performed with an overlap PCR strategy that
introduces sequence variability at both end residues,
allowing the exploration of all 20 amino acids
(Fig. 3a).
From the sequence analyses of all libraries, it was

concluded that 97% of the generated variants were
correctly constructed. The sequence of the hinge
residues reveals that there is a true biased represen-
tation of some amino acids, which is in agreement
with the theoretical distribution expected by an
NNS codon (Supplementary Fig. S1).

Scoring the folding competence and
functional proficiency

To estimate the folding competence, we fused the
libraries to a chloramphenicol acetyl transferase
gene using the system that we have previously
described as a reliable folding competence
reporter.13 Briefly, if the fusion is stably expressed
and soluble in bacteria, they confer resistance to
chloramphenicol, thus providing a simple test for
folding competence. This folding competence

image of Fig. 3


Fig. 4. Kinetics and sensitivity of the in vivo functional assay. The percentage values and error bars represent the
accumulative average and standard deviation, respectively, of the number of colonies that appeared throughout the
functional assay until 6 days. (Top) the catalytic efficiency values (kcat/Km) of selected variants from the library Loop 1
scPriA, which were isolated at different time points, are shown. The soluble protein level after overexpression and nickel-
affinity purification is also shown. ND, values not determined since only library Loop 6 Wt rendered functional variants
at this point in time.
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selection is independent of the amount of soluble
protein.13 The fraction of folded variants of each
library was estimated by comparing the number of
colony-forming units (CFU) growing on plates with
and without selection pressure for folding compe-
tence (Fig. 3b).
The functional proficiency of each library was

scored by the ability of their variants to enable growth
of the E. coli tryptophan auxotroph FBG-Wf (JM101
trpFΔ)23 on minimal media lacking tryptophan.
Hence, the fraction of functional variants was
estimated by comparing the number of CFU growing
on plates of minimal and rich media (Fig. 3b). The
number of CFU that appeared on the selection plates
was counted every 24 h for 6 days (Fig. 4). The ecTrpF
enzyme complements the trpF deficiency overnight.
Extraction and sequencing of plasmids that comple-
mented at different time points throughout this
period of evaluation, just before false positives started
to appear, were used to define the functional range of
variants in the library. The function conferred by
these constrictswas confirmed after transformation de
novo of fresh E. coli FBG-Wf cells and growth on
minimal media (data not shown). Interestingly, the
number of CFU that appeared after every 24 h varies
among the different libraries studied (Fig. 4). The lack
of stochastic variation in cell growth suggests that
gene amplification and point mutation of chromo-
somal genes28,29 were not contributing to the ob-
served phenotypes.
Enzyme kinetic analysis qualitatively confirmed

the in vivo complementing experiments. Variants
selected after 3–4 days of incubation in minimal
media have the best kcat/Km values, while the
variants selected after 5–6 days have the poorest
kcat/Km values of all variants analyzed (Fig. 4).
Furthermore, for at least one library, a correlation
between the observed phenotypes and the decreas-
ing levels of catalytic efficiency (kcat/Km) was
observed (Fig. 4 and Table 2). Long complementing
times show that our threshold for selection of true
functional variants with PRA isomerase activity is at
least higher than kcat/Km=64 M−1 s−1. Furthermore,
although the expression or solubility levels may be
influencing the functional proficiency reported by
our in vivo assay, the overexpression analysis of
selected variants does not show a correlation
between the solubility level and the complementing
time (Fig. 4 and Supplementary Fig. 2a). Indeed, the
expression of several randomly selected variants
scored as not active by our functional proficiency
assay but soluble by our folding competence assay
suggests that differential solubility levels are not
relatedwith the functional proficiency of the variants
(Supplementary Fig. 2b). We previously observed in
the E. coli FBG-Wf strain that loss of PRA isomerase
activity of different PriA enzyme variants is unre-
lated to insolubility problems.23

Significance of the SFLA value

On the basis of theoretical and statistical analyses
supporting that structural changes in loops are
strongly coupled to the evolutionary distance of
their sequences and with their functional
dependence,4 we conducted experiments that pro-
vide data to estimate an SFLA value (Fig. 3b). This
valuewas scored as the ratio between the fractions of
functional variants to the total fractions of folded
variants and was used as a metric reporting on the
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Table 2. In vitro and in vivo functional analysis of selected
variants

Varianta
kcat

(min−1)
Km
(μM)

kcat/Km
(M−1 s−1)

Complementing
time (days)b

ecTrpF 2028 28.9 1.2×106 0.5
Loop 6_QY_ecTrpA 0.96 32.4 4.9×102 3
Loop 6_GW_scPriA 0.78 60.5 2.1×102 3
Loop 6_RL_tmHisA 1.14 82.4 2.3×102 3
Loop 1_VW_scPriA 0.84 24.8 5.6×102 3
Loop 1_LR_scPriA 1.10 63.8 2.9×102 4
Loop 1_GQ_scPriA 0.96 170.1 94 5
Loop 1_GG_scPriA 0.96 250.9 64 6
Loop 6_EN_scPriA ND ND ND ∼

The overall standard errors of enzyme kinetic parameters are less
than 20%.
Plasmidic DNA was extracted from selected variants and used to
retransform the E. coli strain MC1061thiEΔ and plated on LB
supplemented with ampicillin and chloramphenicol. Resistance
to this latter antibiotic (CmR) is shown in the last column.
∼, after 1 week of incubation, this variant does not complement.

a TheN- and C-terminal hinge residues are shown in italic type.
b Time elapsed before the appearance of visible colonies (1 mm)

on minimal medium plates. Growth was recorded every 24 h.
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number of functional enzyme variants of each
library. Hence, the final value determines the
fraction of random mutations at the hinge residues
for each loop replacement that are capable of folding
and retaining sufficient PRA isomerase activity to
support tryptophan synthesis and, therefore, growth
on minimal media. As a reference, we probed the
effect of only introducing variability at the hinge
residues Asn127 and Trp138 while maintaining the
wild-type loop 6 (Loop 6 Wt).
Fig. 5. Analysis of functional proficiency and folding com
folded and functional variants, which are the two components
the average and standard deviation, respectively. (b) SFLA va
We found that the fraction of folded and functional
variants depends on the loopused as replacement. The
values obtained from different libraries vary between
49% and 75% for folding competence and from as little
as 3% to as much as 60% for functional proficiency
(Fig. 5a). The differences between the higher numbers
of folded proteins compared to functional proteins
imply the non-retention of PRA isomerase activity in
several folded variants. The lack of activity was not a
consequence of a decrease in expression levels
(Supplementary Fig. 2b) and the subsequent enzyme
kinetic analysis, for at least one variant showed that it
is catalytically dead (Table 2). This suggests that the
SFLA value reflects on the ability of loop replacement
with hinge variability to retain the PRA isomerase
activity on the ecTrpF scaffold.
The values obtained for Loop 6Wt show that most

of the folded variants retain PRA isomerase activity
(70% folded versus 60% functional), resulting in an
SFLA value of 0.84 (Fig. 5b). The library with the
second highest value of functional variants and an
SFLA value of 0.70 was Loop 6 ecTrpA, which came
as a surprise since this enzyme lacks PRA isomerase
activity (Fig. 5a and b). As expected, despite the high
structural and sequence similarity between Loop 6
scPriA and Loop 6 tmHisA, the former, which has
been related to its PRA isomerase activity,23,24

showed a larger fraction of functional variants on
the ecTrpF scaffold (Fig. 5a). Indeed, the SFLA
values (0.39 and 0.28, respectively) of their cognate
libraries reflected higher structure–function loop
adaptability for Loop 6 scPriA than for Loop 6
tmHisA (Fig. 5b).
petence and SFLA values of the libraries. (a) Fraction of
of SFLA value. The fraction values and error bars represent
lue (see Materials and Methods).
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Fig. 6. Sequence analysis of the selected residues in the two hinges.. Sequence analysis of the selected residues in the
two hinges. The positive or negative overrepresentation of the normalized frequency for amino acids found on the
selected versus the nonselected conditions is shown in the amino (a) and carboxy (b) hinges. Amino acids are colored
according to their physicochemical properties as follows: green, nonpolar and hydrophobic; gray, polar and uncharged;
blue, polar basic; and red, polar acidic. The figure shows only the amino acids with a frequency either higher or lower (2
SD) than expected by the NNS design.
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The functional relevance of the results described
above is emphasized when it is noted that, despite
having a high fraction of folded variants, libraries
Loop 6 mtMetR, Loop 6 Rosetta, Loop 1 scPriA and
Loop 1 tmHisA have a lower fraction of functional
variants, with consequent lower SFLA values of 0.05,
0.13, 0.23 and 0.17, respectively (Fig. 5b). Loop 6
Rosetta, which shares 40% sequence identity with
Loop 6 Wt, was compatible with the target protein
backbone in folding competence terms, as shown by
60% folded variants; however, only 8%of the variants
were functional, yielding a poor SFLA value of 0.13
(Fig. 5a and b).

Hinge variability for each loop replacement

The different SFLA values imply that certain hinge
residues that maintain PRA isomerase activity may be

image of Fig. 6
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selected. To investigate if there is a pattern of
functionally compatible residues in our assay, we
performed a sequence analysis for each library
complementing the trpF deficiency in minimal
media. There is a true biased representation of some
amino acids without selective pressure as a result of
the variability introduced by the NNS codon (Supple-
mentary Fig. S1). Therefore, the frequencies observed
under selective pressure versus nonselective pressure
were normalized per amino acid and for each library.
Despite the small number of the samples sequenced
(about 20per library and for each condition),we found
a statistically significant overrepresentation, indicat-
ing that somehinge residues aremore compatible than
others with the new loop and/or vice versa (Fig. 6). In
the ecTrpF structure, the original hinge residues
Asn127 and Trp138 anchor β/α loop 6, and the
observed recurrence of residue selection at these
positions suggests that the reorganization of each
loop replacement with hinge residues is necessary.
This analysis also showed a general preference for
hydrophobic residues at both hinges, independently
of the loop replacement, suggesting the importance of
maintaining hydrophobic packing in these regions.
Additionally, as suggested by the number of
residues that was positively or negatively selected
under functional constraints, we found that there is a
more restricted acceptance of variability at the amino
hinge with respect to the carboxy hinge (Fig. 6).

Enzyme kinetic and structural analyses of a set
of variants

To obtain a broader understanding of the func-
tional and structural effects on the ecTrpF scaffold
Fig. 7. Structural analysis of selected variants. (a) Far-UV
replacements and with different residues at their hinge positi
caused by (i) different loop replacements and (ii)
different residues at hinge positions maintaining the
same loop replacement, we performed steady-state
enzyme kinetics of PRA activity (Table 2) and
structural studies by CD in a set of variants (Fig. 7).
One of the fastest-growing variants complementing
the tryptophan auxotrophy, which formed colonies
after 3 days on minimal media, was selected for
different libraries (Table 2). Also, four variants from
library Loop 1 scPriA, which covered the window of
our functional assay (3–6 days, Fig. 4), were selected.
This selection was complemented by a variant from
Loop 6 scPriA (Table 2) that was not able to
complement the tryptophan auxotrophy but was
shown to be soluble (Supplementary Fig. 2b).
The enzyme kinetic analysis revealed a minimum

decrease of 4 orders of magnitude in kcat/Km with
respect to the wild-type ecTrpF upon loop replace-
ment, largely due to a reduction on the kcat (Table 2).
The effect of different hinge residues maintaining
loop 1 from scPriA was also explored, and the
enzyme kinetic analysis of the variants with glycine
at both hinges (loop1_GG_scPriA) and with only
one glycine (loop1_GQ_scPriA) suggests that bind-
ing to the transition state was mainly affected
(Table 2). These results also show that there is a
relationship between the N-terminal and C-terminal
hinges, illustrating their important role in the loop
structure–function adaptability.
Since the catalytic activity of variant Loop

6_EN_scPriA could not be detected in vitro, which
is consistent with the lack of functional activity in
vivo (Table 2), it is safe to state that our functional
proficiency assay is able to select for soluble and
nonfunctional variants independently of their
CD spectra of ecTrpF and variants with different loop
ons and (b) thermal unfolding curves.

image of Fig. 7
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solubility levels (Supplementary Fig. 2b). These
results suggest that variants with a negative
functional phenotype could be explained by adop-
tion of incorrect conformations of the catalytic active
site. Indeed, Km values of variants complementing
the tryptophan auxotrophy after 5 or 6 days tended
to increase, which contrasted with the observation
that kcat parameters throughout all the variants
analyzed were similar (Table 2).
The far-UV CD spectra analyses suggest only slight

structural changes at the secondary structure level as
a consequence of loop replacements or modification
of hinge residues maintaining the same loop (Fig. 7a
and Supplementary Table S1). These slight differ-
ences in the CD spectra and in the estimated
secondary structure content among the variants
analyzed could reflect changes between interactions
of secondary structure elements surrounding the
original β/α loop 6.13 The thermal denaturation
process (Fig. 7b) showed that all variants form stable
structures, with apparent thermal melting tempera-
tures (Tm,app) that are very similar to those of ecTrpF,
around 49 °C, except for the variants with loop 6 from
scPriA (Loop 6_GW_scPriA) and loop 6 from tmHisA
(Loop 6_RL_tmHisA) that were more thermostable
by 4 °C (Supplementary Table S2). This may be
related to the fact that both variants exist predomi-
nantly as dimers (Supplementary Fig. 3 and Supple-
mentary Table 2), which is in agreement with the
previous observations in TrpF from T. maritima,
where the dimerization state increases the intrinsic
thermal stability of the protein.30
Discussion

In a manner reminiscent to that of the H3 loop of
the antibodies, the β/α loops of (β/α)8-barrels vary
immensely in length, sequence and conformation
(Fig. 1), and it has been suggested that their
modularity is a convenient device in the evolution
of (β/α)8-barrels, as semiautonomous units of
critical functional groups.31,32 Although we are not
aware of systematic evidence for a similar mecha-
nism operating in the natural history of (β/α)8-
barrels, it is tempting to speculate that events
resulting in loop swapping have been captured by
selective pressure, as previously suggested after
phylogenetic analysis.4 In the case of ecTrpF, it is
apparent that β/α loop 6 satisfies the requirements
for its functional evolvability, suggesting that, in
(β/α)8-barrels, the separation of their tightly
packed scaffolds (stability face) from their floppy
active sites (catalytic face)33 could be simultaneously
promoting structural plasticity13 as well as functional
versatility via active-site loop swapping. Indeed,
loops may include structural and dynamic informa-
tion that is not readily interpreted from their
sequences, and these could be translated among
different scaffolds. This is implied by the high SFLA
values of Loop 6 ecTrpA, which has been postulated
to fulfill a function similar to that of Loop 6 ecTrpF,18

and Loop 6 scPriA, which is an enzyme with PRA
isomerase activity.23 In support of this hypothesis, it
was recently observed that different loop sequences
may reflect the natural selection of not only chemical
properties but also dynamic modes that augment
substrate specificity.34 Our results show that the
sequence of any given loop replacement is more
important in obtaining functional variants and with
less influence in obtaining folded variants (Fig. 5a).
Thus, a relationship between loop sequences and
function was more prominently found than with
proper folding (Fig. 5a).
It is clear that the introduction of variability at

hinge residues connecting the loops with the ecTrpF
scaffold has a noticeable effect for obtaining variants
that retain the PRA isomerase activity. Importantly,
an arbitrary pair of connecting residues would have
failed to produce a functional protein 40–97% of the
time, depending on the particular loop used as
replacement. Perhaps not surprisingly, in some
cases, for example, the library Loop 6 Wt, the
obtained SFLA value is indicative of their high
structure–function adaptation (Fig. 5b). Further-
more, the higher number of fastest-growing colonies
observed for this library, which only includes
variability at hinge residues, supports this notion
(Fig. 4). This is in accordance with the fact that loop 6
was highly replaceable by other loops without
affecting the folding competence. In contrast, the
concomitant loss of functional proficiency of ecTrpF
suggests that the high sequence conservation of loop
6 TrpF homologues was evolved mainly under
functional constraints. These constraints were prob-
ably also related in maintaining an active confor-
mational dynamics of the active site, as was recently
observed in another fold.34

The SFLA value obtained for Loop 6 Rosetta
(0.13), in which the functional constraints were not
considered, confirms the lack of functional informa-
tion embedded on this loop in spite of its 40%
sequence identity with Loop 6 Wt (Fig. 5b and Table
1). A comparison of this value with that obtained for
Loop 6 Wt (0.84) also highlights the importance of
the functional information embedded in the original
sequence to retain the PRA isomerase activity of
ecTrpF. Low SFLA values were also observed for
Loop 6 mtMetR, which only maintains a structurally
equivalent position, and Loop 1 scPriA and Loop 1
tmHisA, which lack functional and structural re-
lationships with Loop 6 Wt (Fig. 5b). These results
emphasize a recognized challenge in computational
enzyme design, recently identified as the main
reason for failure to conceive, a priori, an active-
site architecture.35 Within this context, our loop
replacement strategy could offer a complementary
approach for exploring active-site architectures,
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which could then feed back on the enzyme design
approaches.
Among heterologous loops, the SFLA value of

Loop 6 ecTrpA indicates that it is the most adapted,
structurally and functionally, to retain the PRA
isomerase activity (Fig. 5b). This result is in agree-
ment with the early suggestion that loop 6 is fulfilling
an equivalent function during the catalysis in both
TrpF and TrpA, closing down the binding site.18

Despite the high structural and sequence similarity
between Loop 6 scPriA and Loop 6 tmHisA (Fig. 2
and Table 1), we found that Loop 6 scPriA shows a
better structure–function adaptability than Loop 6
tmHisA, which could be rationalized assuming that
this loop participates in the substrate specificity of the
PRA isomerase activity of scPriA,24 while this activity
is absent in tmHisA.20 Interestingly, in a recent study,
wild-type levels of PRA isomerase activity were
established in tmHisA after mutations that induce a
conformational change in its β/α loop 6.21

The selective pressure of our in vivo assays (Fig. 3b)
reveals a functional and structural association
between the hinge residues and each loop replace-
ment (Fig. 6). Consistent with this, the motions of
loop 6 in triosephosphate isomerase are controlled
by their N- and C-terminal residues, and their
mutation increases the appearance of nonfunctional
conformations of the original loop, whichmay not be
competent for ligand binding or catalysis36 or induce
nonproductive loop–loop interactions, drastically
affecting the kinetic parameters.37 Therefore, our
results highlight the importance of variability at
hinge residues to functional adaptation of loops and
their probable role on the evolution of the structure–
function relationship in (β/α)8-barrel enzymes.
Interestingly, in another fold, the variability at the
end residues of secondary structure elements,
including the loops, correlates with their movement
across the catalytic cycle and is being subjected to
natural selective pressure.38

It has previously been shown that only modest
levels of PRA isomerase enzymatic activity are
sufficient to suppress tryptophan auxotrophy.20,39

The catalytic efficiency (kcat/Km) of the wild-type
ecTrpF is around 1.2×106 M−1 s−1, and the catalytic
efficiency of our most deficient variant, isolated after
6 days of growth, is in the range of 64M−1 s−1, that is,
5 orders of magnitude less. Assuming that comple-
menting time in vivo could be related to the activity in
vitro (Fig. 4), we decided to establish 6 days as the
threshold of a true functional proficiency analysis.
This window of observation avoids false positives,
and it implies that the selected variants with PRA
isomerase activity have a catalytic efficiency better
than 64 M−1 s−1. In addition, the sensitive assay for
PRA isomerase activity is limited to substrate
concentrations ≤0.8 mM40 because of the extremely
high fluorescence quantum yields of anthranilate
and PRA. Recently, it has been estimated that the
minimum PRA isomerase catalytic efficiency that
can reliably be identified in vivo and confirmed
in vitro is around 0.3 M−1 s−1, suggesting that the
lower limit for biologically relevant PRA isomerase
activity inE. coli could be in the range of 25- to 30-fold
less.39 This figure is 7 orders ofmagnitude below that
found for ecTrpF and 2 orders of magnitude below
our most deficient variant, demonstrating that the
results reported herein are biologically meaningful.
The in vitro analysis of a set of variants contributes

to a general understanding of the molecular effects
of loop swapping and hinge variability in the
enzyme used as scaffold. Despite structural and
sequence differences between loop replacements
and hinge residues, the decrease in the kcat for all
analyzed variants shows a similar trend (Table 2),
most likely due to disruption of the array of catalytic
residues and/or the phosphate binding sites that are
located nearby (Fig. 2). Additionally, we found that
the range of Km values among the analyzed variants
depends on the restrictions imposed by different
loop replacements and also by different hinge
residues. Given the structural position and the
high importance of the original loop 6 in the
substrate binding and catalysis of ecTrpF, loop
replacements presented in this work modified
drastically the framework of the active site of
ecTrpF, which, consequently, affected their kinetic
parameters (Table 2). All these new variants could
be selected for altered specificities without neces-
sarily abolishing the original activity of the protein,
as it was suggested early for insertions in the β/α
loops of TrpF.41

Recently, two attempts of loop swapping in the
(β/α)8-barrel have been reported. The first attempt
involved the transplantation of the eight β/α loops
from a phosphotriesterase (PTE) by the eight corre-
sponding loops of the Dr0390 protein, a member of
the amidohydrolase superfamily. However, the chi-
meric protein was largely insoluble, and the PTE
activity to paraoxon could not be detected on the
soluble chimeric protein only obtained after
refolding.42 In the second attempt, two β/α loops
were grafted from lactonase from Rhodococcus
erythropolis and lactonase from Mycobacterium tuber-
culosis to lactonase from Mycobacterium avium subsp.
paratuberculosis K-10 enzyme, which are PTE-like
lactonases. However, loop grafting from AhlA to
MCP did not result in a change in the substrate
preference, and loop grafting from PPH to MCP had
no detectable activity toward the substrate of
interest.43 The authors concluded that the effect of
loop grafting is still both unpredictable and uncer-
tain and that there are some rather subtle issues that
govern the folding of the chimeric protein that are
not well understood.42,43 It could be that hinge
variability to adapt the functional information
embedded within the β/α loops of these (β/α)8-
barrels is necessary, as shown by our results.
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The observation that varying the hinges of loops
allows preservation of function on a large number of
variants suggests a whole new strategy for protein
engineering, incorporating amoredivergent sequence
exploration, beyond that limited to point mutations.
The SFLA concept can also be used to study other
types of structure–function relationships, including
the replacement of other secondary structure ele-
ments, such as β-sheet or α-helix, where the intro-
duction of sequence variability at their hinge residues
may also prove to be important for obtaining folded
and functional proteins.
Materials and Methods

Construction of libraries

All oligonucleotides used in this study are described in
Supplementary Table S3. Two oligonucleotides, which are
partially complementary (12 bp), were designed for each
loop replacement: one that corresponds to the noncoding
DNA strand and the other, to the coding DNA strand. In
both of them, an NNS codon that replaced the hinge
residues was introduced. Libraries were independently
constructed by PCR using the corresponding pair of
oligonucleotides for each loop replacement, as depicted in
Fig. 3a. For each library, the first half of the trpF gene was
constructed using a trpF-containing pDAN5 plasmid as
template and the oligonucleotide Hind3AOL as 5′-primer
with a HindIII restriction site and the noncoding loop
oligonucleotide as 3′-primer (Fig. 3a, PCR 1). The second
half was constructed using the same plasmid as template
and their corresponding coding loop oligonucleotide as 5′-
primer and the oligonucleotide Nhe1AOL with an NheI
restriction site as 3′-primer (Fig. 3a, PCR 1). The
amplification products were purified from a 1% agarose
gel. Libraries were finally constructed by overlapping-
extension PCR using the corresponding two PCR products
from the previous reactions as templates and the
oligonucleotides Hind3AOL as 5′-primer and NheAOL
as 3′-primer (Fig. 3a, PCR 2). Amplified products were
purified from a 1% agarose gel and then digested with
HindIII and NheI, and the purified reaction products were
ligated into the pDAN5 plasmid. The resulting libraries
contained 105 to 106 different variants. Approximately 20
plasmids, for each library, were sequenced to confirm loop
replacement and to analyze the statistical distribution of
the variability introduced at both hinges.

Analysis of functional proficiency

The fraction of variants that retain PRA isomerase
activity was selected by complementing the tryptophan
auxotroph E. coli JM101ΔtrpF23 in M9 minimal media. To
this end, each librarywas used to independently transform
electrocompetent cells in triplicate. Dilutions of approxi-
mately 1000–1500 viable transformed cells were spread on
two differentmediawith ampicillin (200 μg/ml): LBmedia
agar andM9minimal media agar. Plates were incubated at
30 °C for 6 days, and the CFUwere counted every 24 h. The
fraction of functional variants was calculated as the ratio of
the CFU grown under selective pressure for PRA
isomerase activity (M9 media) to the CFU grown without
this selective pressure (LB media), and this value was the
first component of the SFLA value (Fig. 3b). For each
library, approximately 20 colonies were selected from the
M9 plates, and their plasmids were sequenced.

Analysis of folding competence

The fraction of variants with folding competence was
estimated by fusing all libraries to the chloramphenicol
acetyl transferase gene as an in vivo folding reporter, using
the method previously described.13 These libraries, as well
as the positive and negative controls for selection of folded
proteins, were independently used to transform E. coli
MC1061ΔthiE electrocompetent cells in triplicate. Dilu-
tions of approximately 1000–1500 viable transformed cells
were spread on two different conditions with ampicillin
(200 μg/ml): LB media agar with and without 20 μg/ml of
chloramphenicol. Plates were incubated at 30 °C for 18 h.
The fraction of variants with folding competence was
calculated as the ratio of the number of CFU grown under
selective pressure for folding (LB amp plus chloramphen-
icol) to the number of CFU grown without this selective
pressure (LB amp), and this figure was the second
component of the SFLA value (Fig. 3b).

Statistical analysis of sequences

The amino acid frequencies observed at mutagenized
hinge positions were scored. The plasmid sequences from
the colonies grown without selective pressure for PRA
isomerase activity were compared with the sequences
found under this pressure for each library. The discrep-
ancy in the abundance of each residue between these two
conditions was calculated. The average and the standard
deviation of the frequencies were used to determine, with
95% confidence, the negative or positive selection for
specific amino acids.

Protein production

Genes encoding the selected variants were subcloned
from pDAN5 into pET28b(+) plasmid and sequenced.
To this end, genes were amplified by PCR using
oligonucleotides 5′-GCCATACCATGGGGGAGAA-
TAAGGTATGTGGC-3′ with an NcoI site (underlined)
as 5′-primer and 5′-GTCCGAAAGCTTTCATTA-
GTGGTGGTGGTGGTGGTGGGATCCATATG-
CGCGCA-3′with a HindIII site (underlined) as 3′-primer.
The amplified product was ligated into pET28b(+). All
constructs were sequenced entirely to exclude inadver-
tent mutations. Overexpression was performed in E. coli
Rosetta2 cells (Novagen) after transforming the different
pET28b(+) plasmids housing the encoding sequences.
For each variant, 1 l of LB media supplemented with
kanamycin (50 μg/ml) and chloramphenicol (25 μg/ml)
was inoculated with a 5-ml preculture and incubated
at 37 °C. After an OD600 of 0.7 was reached, expression
was induced by adding 0.5 mM IPTG, and growth
continued for another 14 h at 20 °C. The cells were
harvested by centrifugation, for 5 min, at 4000 rpm
and 4 °C.
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Protein purification and steady-state enzyme kinetics

Cell pellets were resuspended in 25 ml of 10 mM
potassium phosphate buffer at pH 7.6, 50 mM NaCl, 5%
glycerol, 0.1 mM DTT, 0.1 mM PMSF and 2.5 mg of
lysozyme, lysed by sonication (Branson Sonifier 450; 20 s,
six times in 30-s intervals, 50% pulse, 4 °C) and
centrifuged again (20 min, 11,000 rpm at 4 °C) to separate
the soluble from the insoluble fraction of the cell extract.
Variants were purified from the soluble cell fraction by
loading the cell extract into a nickel Sepharose column
(HisTrap FF crude, 5 ml; GE Healthcare) previously
equilibrated with 50 mM potassium phosphate buffer,
pH 7.6, and 300 mM NaCl. The bound His6-tagged
protein was eluted by applying a linear gradient from
1 mM to 300 mM imidazole. Fractions with pure protein
were pooled, and these were concentrated in the Amicon
Ultra-15 system (MILLIPORE) to a final volume of 3 ml.
Next, the samples were loaded on a Superdex 200 column
(GE Healthcare) that was previously equilibrated with
50 mMHepes buffer (pH 7.6) and 100 mMNaCl. Fractions
with pure protein were pooled and concentrated in the
Amicon Ultra-15 system to a final volume of 3 ml and
dialyzed against 3× 1 l degassed 10 mM sodium
phosphate buffer (pH 7.6), 1 mM ethylenediaminetetraa-
cetic acid and 1 mM 2-mercaptoethenol at 4 °C. Protein
concentrations were quantified using the Bradford meth-
od using the BIO-RAD protein assay. Michaelis–Menten
enzyme kinetics of PRA isomerase activity were deter-
mined using reported protocols16 with minor
modifications.24 Each data point represents the average
of at least three independent experiments using freshly
purified enzyme.

Structural studies by CD

Measurements were carried out using a J-715 spectro-
polarimeter (JASCO) equipped with a Peltier temperature
control supplied by JASCO. Eight replicate spectra were
collected on each sample to improve the signal-to-noise
ratio. The far-UV CD spectra were collected from 190 to
260 nm at 25 °C. Proteins were measured at 0.3 mg/ml
and dissolved in 10 mM potassium phosphate buffer at
pH 7.6, 1 mM ethylenediaminetetraacetic acid and 1 mM
2-mercaptoethenol. Eight replicate spectrawere collected on
each sample to improve the signal-to-noise ratio. The
spectra were collected in a 0. 01-cm-path-length cell. The
thermal denaturation process was analyzed by measuring
the change in ellipticity at 220 nm as a function of
temperature. The temperature was increased at a rate of
0.3 °C min−1. Thermal denaturation curves were normal-
ized assuming a linear temperature dependence of the
baselines for native and denaturated states. The apparent
thermal melting temperature (Tm,app) was determined by
finding a midpoint temperature between the native form
(linear interpolation of the native region) and the denatured
form (either the lowest point or linear interpolation of the
unfolded region) on thermal unfolding curves.
Analytical gel filtration

The intermolecular associations were analyzed by size-
exclusion chromatography in an Akta FPLC and a
Superdex 200 column (GE Healthcare). Purified protein
in an initial volume of 0.15 ml was eluted at a flow rate of
0.4 ml min−1 over a Superdex 200 column that was
equilibrated with 50 mM Hepes buffer (pH 7.6) and
100 mM NaCl. The apparent molecular masses were
determined by comparing the protein elution volumes to a
calibration curve, which was obtained using proteins from
Gel Filtration Standard of BIO-RAD (151-1901).
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.05.027
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