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Protein engineering by directed evolution has proven effective in achieving
various functional modifications, but the well-established protocols for the
introduction of variability, typically limited to random point mutations,
seriously restrict the scope of the approach. In an attempt to overcome this
limitation, we sought to explore variant libraries with richer diversity at
regions recognized as functionally important through an exchange of
natural components, thus combining design with combinatorial diversity.
With this approach, we expected to maintain interactions important for
protein stability while directing the introduction of variability to areas
important for catalysis.
Our strategy consisted in loop exchange over a (β/α)8 fold. Phosphori-

bosylanthranilate isomerase was chosen as scaffold, and we investigated its
tolerance to loop exchange by fusing variant libraries to the chloramphe-
nicol acetyl transferase coding gene as an in vivo folding reporter. We
replaced loops 2, 4, and 6 of phosphoribosylanthranilate isomerase with
loops of varied types and sizes from enzymes sharing the same fold.
To allow for a better structural fit, saturation mutagenesis was adopted at

two amino acid positions preceding the exchanged loop. Our results showed
that 30% to 90% of the generated mutants in the different libraries were
folded. Some variants were selected for further characterization after remo-
val of chloramphenicol acetyl transferase gene, and their stability was
studied by circular dichroism and fluorescence spectroscopy. The sequences
of 545 clones show that the introduction of variability at “hinges” connecting
the loops with the scaffold exhibited a noticeable effect on the appearance of
folded proteins. Also, we observed that each position accepted foreign loops
of different sizes and sequences.
We believe our work provides the basis of a general method of

exchanging variably sized loops within the (β/α)8 fold, affording a novel
starting point for the screening of novel activities as well as modest
diversions from an original activity.
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Introduction

It is recognized that the evolution of proteins has
proceeded through processes where gene duplica-
tion and point mutations have played a major role.1

This is especially true for the relatively recent evo-
lutionary times, but this simple process is incapable
of explaining the first appearance of primordial
functional proteins and many of the more drastic
modifications apparent in extant protein families
and superfamilies. These additional modifications
suggest processes involving modular exchange
between segments of unrelated proteins.2–4

Understanding these natural processes is a very
valuable asset to the engineering of proteins, in
particular when directed evolution techniques are
employed.5 For the study of the most fundamental
questions, it is advantageous to rely on suitable
protein architectures, several of which have become
model systems due to their versatility and/or poten-
tially wider relevance. Proteins such as those posses-
sing the immunoglobulin fold6 or the (β/α)8 fold7

can be viewed as “scaffolds” for engineering due to
their apparently modular architecture and evolutio-
narily variable loops. Combining protein design and
directed evolution with scaffold-based protein
libraries provides an excellent route to engineering
new protein functions. The utility of such libraries
depends on how tolerant the scaffolds are to rando-
mization, because the selected variants must remain
folded and soluble. The (β/α)8 or TIM barrel scaf-
fold should be an ideal starting point for engineering
novel enzymatic activities by rational design and
directed evolution.
TIM barrel proteins are the most common fold

among protein catalysts, constituting approximately
10% of all known enzyme structures. They are
catalytically versatile: five of the six enzyme classes
containmemberswith this fold.3 The barrel structure
is composed of eight parallel β-strands in the interior
of the protein, surrounded by eight α-helices. The
pseudo symmetry of the fold is simultaneously an
attractive feature for engineering and a suggestion of
the modular construction and evolution of this pro-
tein architecture.8,9 The residues at the active sites of
all known TIM barrel enzymes are located on the
catalytic face of the barrel, which is composed of the
C-terminal end of the β-strands and residues coming
from the β/α loops (the loops that link β-strands
with α-helices). In contrast, the remainder of the fold,
including the opposite face of the barrel, is important
for conformational stability.10 It has long been hypo-
thesized that varying the residues of the active site,
including the loops, might alter enzymatic function
without affecting the stability of the fold.11–14

Indeed, it has been shown that engineering of protein
loops can afford functional changes, notably sub-
strate specificity. This has been demonstrated for
proteins with TIM barrel15 and other folds.16–18

Furthermore, recent work demonstrated that more
profound changes in the enzymatic function are
possible through loop swapping as a component of
the directed evolution strategy.19–21

On the other hand, the design of new enzymes by
generating variability through point mutation of an
existing gene has shown modest progress.22 As
stated above, for the natural evolution of proteins,
this is likely because more drastic changes are
needed. Following a related idea, it has been sug-
gested that new enzymes can be generated by re-
combining different segments of modern proteins,
and the concept has been shown to be successful.4,23

Here we describe Systematic Catalytic Loop
Exchange (SCLE), a new strategy for exchanging
loops on a TIM barrel fold. As a scaffold, we chose a
variant of phosphoribosylanthranilate isomerase
(PRAI-LoxP) from Escherichia coli, a monomeric
enzyme where we have previously done significant
work.24,25 This gene has an insertion coding for a cre-
lox recognition site in the loop linking α-helix 4 and
β-strand 5, as previously described.24 The purpose of
using this gene is to carry out in vivo recombination
of generated variants in future experiments. This
gene will be referred to as trpF-loxP and the
respective protein PRAI-LoxP throughout the rest
of the article. We set out to recombine loops com-
patible with this scaffold that have already been
explored and optimized (albeit in different contexts)
by natural evolution, hoping that the resulting
libraries preserve a high enough percentage of
folded proteins to be screened for function. In
order to design specific modification sites, we
investigated the tolerance of PRAI-LoxP to loop
exchange, as estimated by stable folding in vivo. We
decided to initially generate variability toward 3 of
the 8 (β/α) loops, where there is higher participation
of their residues in substrate binding and catalysis.3

In this communication, we describe the exchange of
14 different (β/α) loops within the PRAI-LoxP struc-
ture. The exchanged loops belong to eight different
proteins sharing the same fold but have diverse
functions. Functional diversity will be explored in
the future after in vivo recombination of the different
loop libraries combined with random mutagenesis
and additional designed mutations.

Results

Design of the loop exchange in PRAI

As an ultimate goal, the present work aims at
contributing to the generation of de novo protein
activities. The scaffold with the cre-lox insertion is
derived from a modified monofunctional version of
E. coli PRAI (WT ePRAI), in which part of the gene
coding for the bifunctional IGPS-PRAI protein has
been excised to express the PRAI gene separately.26

The three-dimensional structure of the E. coli enzyme
[Protein Data Bank (PDB) entry 1PII] was used to
identify the sites for loop exchange. Our exchange
strategy focused specifically on loops 2, 4, and 6,
where residues identified as binding and catalytic
sites are more abundant in a set of TIM barrel pro-
teins analyzed.3 The loop-donor proteins were
selected under the following criteria: they should
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be TIM barrels, they should comprise diverse func-
tionalities and substrate kinds, and they should
preferably have a monomeric state; if this last condi-
tion was not met, their oligomerization interface
should not involve the catalytic site (i.e., the top of
the barrel). Based on these criteria, the selected loop
donors were the proteins adenosine deaminase
(ADA; PDB code 2ada), fructose-bisphosphate aldo-
lase (FBPA; PDB code 1dos), porphobilinogen
synthase (PBGS; PDB code 1l6s), dihydrodipicoli-
nate synthase (DHDPS; PDB code 1dhp), tryptophan
synthase α chain (αTS; PDB code 1xc4), thiamine
phosphate synthase (TPS; PDB code 1xi3), urease
(Ure), and mandelate racemase (MR) from E. coli.
The structures fromUre andMRweremodeled from

the homologous proteins from Klebsiella aerogenes
(PDB code 2kau) and Pseudomonas putida (PDB code
1mdr), respectively. The amino acid sequences of
loops 2, 4, and 6 of these proteins are shown in Table
1. The loops were inserted at the zone delimited by
the last position of the previousβ-strand and the first
residue of the next α-helix, as shown in Fig. 1a. For
loop 2, the exchanged fragment is located between
residues Val31 and Asn39; for loop 4, between resi-
dues Gly82 and Glu85; and finally, for loop 6,
between Asn127 and Arg135 (numbering according
to gene reported by Kirschner et al.26). In order to
have a general strategy to exchange loops occupying
topological positions different from their original site
in the donor protein, we designed “general” double-

Table 1. Characteristics of the exchanged loops in the PRAI-LoxP scaffold

Enzyme (EC number) Position of the exchanged loopa Sequence of the loop Lengths

MR (EC 5.1.2.2) β/α loop 2 GYPAL 5
FBPA (EC 4.1.2.13) β/α loop 2 SNGGASFIAGKGVKSDVPQ 19
Ure (EC 3.5.1.5) β/α loop 2 GGTGPAAGTHATTCTPG 17
PRAI WT (5.3.1.24) β/α loop 2 VATSPRCVNb 9
DHDPS (EC 4.2.1.52) β/α loop 4 PYYNRPS 7
TPS (EC 2.5.1.3) β/α loop 4 LGQEDLH 7
MR (EC 5.1.2.2) β/α loop 4 EPTLEHD 7
FBPA (EC 4.1.2.13) β/α loop 4 DLSEES 6
αTS (EC 4.2.1.20) β/α loop 4 DVPVQQS 7
Ure (EC 3.5.1.5) β/α loop 4 EDWGAT 6
ADA (EC 3.5.4.4) β/α loop 4 GDELGFPGSLF 11
PBGS (EC 4.2.1.24) β/α loop 4 AAMDG 5
PRAI WT (5.3.1.24) β/α loop 4 GNEEb 4
DHDPS (EC 4.2.1.52) β/α loop 6 TGNL 4
PBGS (EC 4.2.1.24) β/α loop 6 PAGAY 5
αTS (EC 4.2.1.20) β/α loop 6 SRAGVTGAENRAALP 15
PRAI WT (5.3.1.24) β/α loop 6 NGQGGSGQRFDb 11

a Structural position in which the WT loop was replaced for the new loop in the PRAI-LoxP scaffold.
b Sequence corresponding to the WT loops from PRAI-LoxP.

Fig. 1. Secondary-structure elements and tertiary structure (PDB code 1pii) of WT PRAI (ribbon diagram showing a
view from the top of the central β-barrel). (a) The loops 2, 4, and 6 are shown in yellow, red, and blue, respectively. The
circular insets show the loops to exchange in the PRAI-LoxP scaffold at the three structural positions (β/α 2, β/α 4, and
β/α 6). (b) The mutated positions are indicated and a side-view slice of the TIM barrel structure of the PRAI scaffold is
shown on the right.
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stranded DNA (dsDNA) connectors that would
direct the insertion to any of the particular locations
explored in PRAI-LoxP (i.e., loop 2, loop 4, or loop 6).
There were two sets of dsDNA connectors, the NH2
connector that coded for β2, β4, and β6 (on the side
5′ from the loop) and the CO connector that coded
for α2, α4, and α6 (on the side 3′ from the loop).
These connectors had different single base over-
hangs at both ends to allow directional ligation of the
incoming dsDNA coding for the loop with the
resulting replacement of the original loop present
in PRAI, as shown in Fig. 2a. A schematic represen-
tation of the strategy used to exchange the loops in
the gene of PRAI-LoxP is shown in Fig. 2a and b.
A change of function would likely require, in

addition to the loop transplant, the substitution of

the last residues in the β-strands, as these are also
typically part of the binding and catalytic sites.27

Therefore, another component in the design of the
NH2 connectors was the introduction of variability
in the final positions of the β-strand preceding the
loop to be exchanged and pointing inward into the
barrel (where catalysis takes place), as shown in Fig.
1b. In the case of the NH2 connector for loop 2, the
last residue in the β-strand points toward the exter-
nal shell; therefore, variability was introduced in the
previous position, Ile29. In the cases of loops 4 and 6,
the residues preceding the loops, His81 and Asp126,
respectively, point toward the interior of the barrel;
therefore, we decided to introduce variability in
these positions as well as in the previous residues
also pointing to the interior of the barrel, that is,

Fig. 2. Strategy for systematic loop exchange in the trpF-loxP gene. (a) dsDNA coding for each loop is ligated with the
amino and the carboxyl connector independently, yielding two primers. The amino connectors (that prime to either β2,
β4, or β6 coding sequences), the carboxyl connectors (prime to either α2, α4, or α6 coding sequences) and the “loops”
(dsDNA coding for the diverse loops) all had different single base overhang at both ends to allow directional ligation. The
mutated sites shown in the box are encoded in the oligonucleotides that constitute the amino connectors. (b) The resulting
primers from the ligation described in (a) are used in combination with the corresponding end primers (arrowed lines) to
amplify both the 5′ and the 3′part of the gene, respectively, by PCR using the trpF-loxP gene as template. The only
common sequence between the two obtained megaprimers is the coding sequence for the exchanged loop; these are used
in a second-round PCR to obtain the final gene with exchanged loop sequence by PCR primer extension.
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Gln79 and Val124, respectively. The degenerate
codon NNG/C was used when no other restrictions
were present, allowing exploration of all 20 amino
acids; however, the requirement of fixing the last
base to T in the last codon of the NH2 connector
restricts the variability of this position, preventing
the exploration of residues Met, Gln, Lys, Glu, and
Trp. Similarly, the CO connectors had a G base
overhanging in the noncoding strand, designed to
anneal with the overhanging C in the coding strand
of the guest loop. This made unavoidable the intro-
duction of a size conservative mutation from Gln to
His in one of the exchanged loops, specifically loop 2
from FBPA from E. coli.

Folding selection method

The selection of folded proteins through the use of
folding reporter genes has been previously docu-
mented.28,29 Briefly, in the systemwe chose, the gene
or family of genes to be screened for folding is fused
to a reporter gene, in this case the gene that codes for
chloramphenicol acetyl transferase (CAT) and pro-
vides resistance to the antibiotic chloramphenicol
(Cm). A protein capable of folding will allow the
correct folding of CAT and, therefore, the resultant
clones will be resistant to Cm, while no growth will
be observed for those clones bearing a folding-
deficient fusion gene product.
To validate the selection method, we made a cons-

truction of the wild-type (WT) PRAI gene fused to
CAT gene as a positive control and, as negative
controls, two proteins proven to have poor folding: a
circular permutation of PRAI previously described30

and an engineered antibody provided byDr. J. Osuna
(unpublished result). Additionally, a construction of
WT PRAI with two stop codons between PRAI and
CAT was also engineered. The resultant plasmids
were transformed in four E. coli strains, XL1-Blue,
JM101ΔtrpF, JMB9, and MC1061ΔthiE and plated on
Luria broth (LB) medium plates containing ampicillin
(200 μg/ml) and Cm at concentrations ranging from 0
to 100 μg/ml. We found that JM101, XL1-Blue, and
JMB9 strains show lower resistance to Cm. Addi-
tionally, as also noticed by others,31 the JM101 and
XL1-Blue gave many false-positive results. In con-
trast, selection with the strain MC1061ΔthiE gave

consistent results. None of the negative controls,
including the fusion of WT PRAI with two stop
codons, showed growth at Cm concentrations above
15 μg/ml (Table 2). The positive control, on the other
hand, showed a higher proportion of colonies under
selective conditions. In this case,we observed thatCm
concentration as low as 20 μg/ml is enough to dis-
criminate unfolded variants while maintaining high
viability of cells bearing viable genes.

Assessment of folding in selected clones

To further confirm the accuracy of positive clone
scorings, Western blot analysis of the cell extract of 8
clones selected in Cm plates from each of nine
libraries was carried out. As observed in Fig. 3, of 72
clones selected, all but one expressed variable but
clearly detectable amounts of fusion protein in the
soluble fraction. This demonstrates that the method
is reliable for the identification of true positive
folded proteins.

Ratio of folded proteins in the generated
libraries

Using the conditions described in the folding
selection method section, we evaluated the fraction
of folded proteins in each loop-exchanged library.
Figure 4 shows the percentage of fusion proteins
conferring Cm resistance in libraries generated on
loop 2, loop 4, and loop 6, respectively. We then took
the survival ratio of a population of cells transformed
with the PRAI-LoxP-CAT fusion as our higher limit
and normalized the survival rate observed for the
different libraries with this value. The percentage of
folded proteins for the three different libraries
generated in loop 2 had a very similar value, around
30–40%, and in fact they were the lowest values
found in the whole set of constructions. Exchanges at
loop 4,wheremore librarieswere generated, afforded
a higher viability, from 40% to approximately 70% of
folded peptides, depending on the incoming guest
loop. Finally, in the case of loop 6, for which only
three libraries were constructed, we observed the
highest viability, ranging from 50% to 90%.
In order to further investigate the properties of

these clones, 10 colonies were isolated from the plate

Table 2. Resistance toward Cm conferred by different CAT fusions when expressed in MC1061ΔthiE

Variant Descriptiona
Concentration of Cm (μg/ml)b

0 5 10 15 20

pDan5 No insert +++ — — — —

Vh-CAT Antibody fused to CAT +++ +++ + — —

Per3-β4/α3-CAT Permutation of PRAI fused to CAT +++ +++ + — —

PRAI-Stop-CAT PRAI WT with the insertion of two stop
codons between their and CAT fusion.

+++ — — — —

PRAI-CAT PRAI WT fused to CAT +++ +++ +++ +++ +++

Resistance was estimated by the growth rate.
a Description of the genes from the different variants.
b Cells were grown in LB medium plates supplemented with ampicillin and with different concentrations of Cm. The number of

colonies appearing in the presence of Cm was counted after 18 h and compared with that without Cm. The percentages of colonies that
survived to different concentrations of Cm relative to the control without it are as follows: +++, 100%; ++, 60%; +, ≤10%.
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without selection of representative libraries of each
loop comprising the broad range of survival rates
observed, that is, loop 2 from MR, loop 4 from Ure,
and loop 6 from PBGS. Figure 5a–c shows the
Western blot of the cell extract soluble fraction of the
selected clones with an antibody rose against CAT. It
is important to note that the results of percentage of
clones showing the presence of fusion protein pro-
duct in the gel summarized in Table 3 are in good

agreementwith those found byCm resistance in vivo.
PlasmidDNAwas retransformed inMC1061ΔthiE E.
coli competent cells. There is an invariable corres-
pondence between growth in Cmand the presence of
fusion protein in the Western experiment, indicating
that Cm resistance is an adequate criterion to
evaluate the ratio of folded protein variants (Fig.
5a–c). All these plasmids were sequenced and, as
expected, none of the sequences found in clones
reported as nonfolded by Western blot analysis are
present in the clones reported as folded by the
genetic selection method.

Sequence analysis

Sequence analysis of a few clones (about 20 from
each selective and nonselective condition) was car-
ried out from each library to verify if the insertions
were introduced as planned, as well as to find out if

Fig. 4. Percentage of folded pro-
teins fused to CAT was calculated as
described in Materials and Methods.
Values and error bars represent the
average and standard deviation for
each library analyzed. Controls are
designated as follows: Vh, antibody;
Per, circular permutation of PRAI;
Wc/s, PRAI-LoxP with stop codons
before the fusion to CAT; WT, PRAI-
LoxP.Thedifferences in lengthof loops
of the libraries, relative to thePRAIWT
protein, are shown in the x-axis.

Fig. 3. Western blot analysis from soluble extract with
an antibody rose against CAT protein. The expected
molecular mass of the proteins fused to CAT is approxi-
mately 50 kDa. Lane 1 shows a molecular mass marker,
lane 2 or lane 10 shows either a positive or negative control
indicated by a + or − symbol under the lane, according to
the case. Lanes 2–10 show the soluble fraction of eight
independent colonies chosen from LB/ampicillin/Cm
plates from (a) loop 2 FBPA, (b) loop 6 αTS, (c) loop 4
Ure, (d) loop 4 MR, (e) loop 6 DHDPS, (f) loop 2 MR, (g)
loop 4αTS, (h) loop 4DHDPS, and (i) loop 4 FBPA libraries.

Fig. 5. Western blot analysis from soluble extract from
colonies isolated without selective pressure using an anti-
body rose against CAT protein. The expected molecular
mass of the proteins fused to CAT is approximately
50 kDa. 1–10, Western blots of the soluble fractions of 10
clones randomly chosen from the LB/ampicillin plates
from each loop library. 11, WT PRAI; 12, clone selected in
presence of Cm (20 μg/ml); 13, plasmid pDAN5. The
isolated plasmid DNAs from analyzed clones were re-
transformed in the strain MC1061ΔthiE and plated on LB
supplemented with ampicillin and Cm. Those that con-
ferred Cm resistance are shown as (+) and the ones that
did not are shown as (−). (a) Loop 2 library from MR. (b)
Loop 4 library from Ure. (c) Loop 6 library from PBGS.
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therewere amino acid preferences at the end of theβ-
strand preceding the inserted loops in the folded
proteins. From the sequence analysis of 545 clones
selected and nonselected (354,250 pb), we conclude
that between 70% and 100% of the generated
mutants were well constructed, demonstrating the
correct loop replacement and the presence of varia-
bility in mutagenized positions in the different
libraries.

Sequence analysis of clones under selective
pressure

There is a true biased representation of some
amino acids as a result of design. After correction by
normalizing the observed frequencies of each amino
acid in selected versus nonselected clones for each
library, we still observe overrepresentation of some
amino acids in selected clones. However, the size of
the sample is very small to draw conclusions.

Libraries of loop 2

Some amino acids at the variable positions had
either a significantly higher or lower frequency than
expected from chance. Some loops show a strong
bias for a specific amino acid, as is the case for the
insertion of loop 2 from Ure, which shows a positive
selection for both serine and alanine at position 29, as
well as a negative selection for threonine. Loop 2
from FBPA, on the other hand, showed a strong
positive selection for threonine and an equally strong
negative selection for leucine at that position. Finally,
the exchange of loop 2 with the library representing
the loop 2 from MR had its highest preference for
arginine and a negative selection against tryptophan.

Libraries of loop 4

The same analysis was performed for the two
randomized residues upon replacement of loop 4 in
PRAI-LoxP. The insertion of loop 4 fromTPS shows a
strong preference for arginine at position 79, while
position 81 shows negative selection against proline.
The replacements of the rest of loops 4 do not display
significant preference for any particular residue at
position 79, with the exception of loops fromMR and
DHDPS, which show negative selection against
isoleucine and glycine, respectively. Position 81 on

the other hand, shows a small but significant prefe-
rence for serine and threonine when the loop from
PBGS is introduced and for serine when the guest
loop is from MR. Interestingly, serine is counter-
selected when the inserted loops 4 derive from the
αTS and from DHDPS. Negative selection was also
observed against glycine when loop 4 was replaced
by that from ADA. These results indicate that some
residues preceding the exchanged sequence aremore
compatible with the new loop than with others.
Perhaps more important was the observation of
some correlated preferences. With the size of the
sample analyzed, the probability of finding the same
pair of residues twice is quite small. In five of the
eight libraries with loop 4 exchanged, clones with
repeated pairs of residues were found among the
approximately 20 selected clones that were se-
quenced. For instance, the pairs S–T, D–T, and N–P
at positions 79–81 were found twice when loop 4
from Ure replaced the PRAI loop. In the library with
replacement of loop 4 from PBGS, the combination
H–Vwas selected twice, while in that fromADA, the
pair S–Rwas found. The pair R–Vwas selected in the
library from the DHDPS loop and the loop from MR
showed two repeated pairs, T–V and P–N. These
combinations were not present in the sample of
randomly chosen clones, so the possibility of over-
representation of these amino acids in the library is
unlikely. When loop 4 of αTS, of TPS, and of FBPA
are exchanged, there is no significant preference for
specific combinations at positions 79 and 81.

Libraries of loop 6

In the three libraries constructed, there were some
significant selections at position 124. In the case of
the PBGS loop, leucine was selected, while lysine
was counterselected; in the case of the guest loop
from DHDPS, there was a small but significant pre-
ference for cysteine, while for the guest loop from the
α subunit of αTS, there was a preference for threo-
nine. In both DHDPS and αTS guest loops, there was
a negative selection for serine at position 124. On the
other hand, no preference was evident for any resi-
due at position 126, but counterselection was
observed for serine in the case of the DHDPS guest
loop and for threonine in the case of the αTS guest
loop. Just as observed in the libraries from loop 4,
there were combinations at the two positions that
were selected twice. The combination T–C in both
PBGS andDHDPS libraries and the combination T–R
in the αTS library were observed twice in folded
clones.

Structural CD and fluorescence spectroscopic
analysis of some selected clones

Considering the drastic changes introduced in the
PRAI-LoxP sequence, the relatively high percentages
of folded proteins that were obtained according to
the Cm resistance test are somewhat surprising. To
find out if some selected mutants were folded and
stable in the absence of CAT, we further investigated

Table 3. Percentage of folding for loop libraries by
Western blot analysis

Librarya
Percentage of mutants

positive to fusion to CATb

Loop 2 of MR 28
Loop 4 of Ure 60
Loop 6 of PBGS 43

a Name of the library analyzed by Western blot.
b The percentage of folding was calculated by dividing the

number of clones that present fusion with CAT by the total of
clones analyzed. This value was normalized by the sequence
found as WT or with an aberrant construction in the 10 clones.
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their structural properties. Figure 6 shows the far
UV–CD spectra of the purified proteins overlapped
with the spectrum of the PRAI-LoxP (the parental
gene product used for the constructions).24 Some
subtle changes in the spectra could be observed,
suggesting some structural differences. The second-
ary-structure predictions based on the CD spectra
were carried out. Albeit these results have to be taken
with reservation, it is interesting to note that loop 4
from the αTS showed a calculated content of
secondary-structure elements closest to that of
PRAI-LoxP protein (14% α-helix, 38% β-strand),
while variants with loop 2 and loop 6 exchanged
show an increase in the α-helical content (28%). Loop
2 from FBPA forms a helical structure in the context
of its parental protein. The increase in signals at 208
and 222 nm suggests that this loop may also be
helical in the context of the PRAI-LoxP scaffold. The
increase in helical structure upon substitution of loop
6 by the corresponding loop from PBGS is harder to
explain, since in this case it is a small loop of only five
residues compared to the 11 residues in loop 6 from
PRAI-LoxP. However, the shortening of this loop
may have contributed to the propagation or better
formation of α-helix 6, which shows only one turn in
the crystal structure of the WT protein32 and/or in
the configuration of the adjacent α-helix 5, which is
not a well-structured helix in the native protein.
Nonetheless, it is important to highlight that all the
spectra are characteristic of folded proteins. Figure 7
shows the fluorescence emission spectra of the
selected variants under native and denaturing condi-
tions. The blue shift observed under native condi-
tions for all the proteins is characteristic of folded
proteins, and their red shift in urea indicates the
exposure of the fluorophores to the aqueous envir-
onment upon loss of tertiary structure. The fluores-
cence spectrum of WT PRAI was recorded for
comparison (Fig. 7a). The center of mass of the
spectra under denaturing conditions is the same for
all the proteins (around 366), while under native
conditions all the PRAI-LoxP mutants show a blue
shift higher than that of the WT ePRAI protein

(around 349 nm versus 352 nm for the WT enzyme).
Interestingly, the WT PRAI spectrum shows an
increment of fluorescence upon unfolding, while
the rest of the variants show a slight decrease in
fluorescence. This is indicative of less fluorescence
quenching among the fluorophores in the folded
state of the variants, but the same behavior was
observed for the parental PRAI-LoxP protein, indi-
cating that this difference is related to the intro-
duction of the lox-P loop at the bottom of the barrel
and not to the exchanged loops at the catalytic face.
Figure 8 shows the loss of secondary structure of

the variants in 8M urea. It is noteworthy that there is
some residual secondary structure in the proteins
after incubation for 2 h at denaturing conditions.
This is in agreement with the high stability of the
secondary structure observed for the proteins sub-
jected to thermal unfolding (data not shown). This
behavior was shared by all the variants, including
the parental PRAI-LoxP protein. Therefore, we attri-
buted it to the presence of the insertion coded by the
cre-lox recognition sequence.

Oligomeric state of the mutants

The oligomeric state of the mutants was inves-
tigated by size-exclusion chromatography using
three different initial protein concentrations ranging

Fig. 6. Far-UV CD spectra of representative constructs
engineered in this study. Triangles, PRAI-LoxP; open
circles, Mut_L2_FBPA; diamonds, Mut_L4_αTS; squares,
Mut_L6_PBGS.

Fig. 7. Fluorescence emission spectra of representative
constructs engineered in this study under native condi-
tions (continuous line) and at 9 M urea (dashed line). (a)
WT ePRAI, (b) PRAI-LoxP, (c) Mutant_L2_FBPA, (d)
Mutant_L4_αTS, and (e) Mutant_L6_PBGS.
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from 2 to 100 μM. Table 4 shows the apparent
molecular masses of the variants determined by
their elution profile. As shown in Fig. 9, all the
proteins, including the PRAI-LoxP parental protein,
are present as a mixture of monomer–dimer as
judged by their elution profile. This behavior has
also been observed for the WT ePRAI.33 The
variant with loop 6 from PBGS shows dimer as
the dominant species (Fig. 9d). In the other cases,
the dimer seems to be in a fast equilibrium with
higher oligomers when the protein concentration
increases to 100 μM, as suggested by the increase in
apparent molecular mass and the deformation of

the peaks, especially for the variant with loop 4
from αTS (Fig. 9c).

Discussion

In this study, the PRAI-LoxP protein was chosen
as a scaffold and its tolerance to loop exchange was
investigated by fusing the libraries to the CAT
coding gene as an in vivo folding reporter. When
such fusion proteins are soluble, they provide

Fig. 8. Far-UV CD spectra of representative constructs
engineered in this study under native conditions (con-
tinuous line) and at 9 M urea (dashed line). (a)
Mutant_L2_FBPA, (b) Mutant_L4_ αTS, and (c) Mutant
L6 PBGS.

Table 4. Apparent molecular masses and deduced association states

Proteina
Calculated molecular

mass (kDa)b
Apparent molecular mass (kDa)c

2.0 μM 20 μM 100 μM Deduced association state

PRAI-LoxP 24.1 22.9+43.3 22.9+47.6 49.8 Monomer−dimer
Mut_L2_FBPA 25.0 23.8+46.5 23.9+46.7 24.3+49.7 Monomer−dimer
Mut_L4_αTS 24.3 40 40 23.9+46.4 Dimer−monomer
Mut_L6_PBGS 23.7 46.2 46.6 46.4 Dimer

a The proteins were dissolved in 20 mM potassium phosphate buffer (pH 7.6) and 300 mMKCl. Each protein carries a His-tag at its N-
terminus and the protein concentrations were 2, 20, and 100 μM.

b The calculated molecular mass was theoretically calculated from the sequences of the respective proteins.
c Apparent molecular masses were calculated using the protein elution volumes and a calibration curve generated using elution

volumes for proteins of known molecular mass.

Fig. 9. Analytical gel-filtration chromatograms of
PRAI-LoxP and its mutants using a Superose HR12
column. The initial protein concentrations were 2 μM
(thin lines), 20 μM (thick lines), and 100 μM (broken lines).
(a) PRAI-LoxP, (b) Mutant_L2_FBPA, (c) Mutant_L4_αTS,
and (d) Mutant_L6_PBGS.
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resistance to Cm to their host cells. Our design
allows the exchange of the loops in the same
position or in other topological positions from the
original protein in PRAI. As an ultimate goal, the
present work aims at contributing to the generation
of de novo protein activities by applying selection
regimes to the folded proteins from the loop libra-
ries. This approach allows the exploration of a more
divergent sequence space and is not limited to point
mutations. Also, it enables the introduction of varia-
bility to areas important for catalysis while main-
taining a higher probability for a folded protein.
The behavior of the controls for folding selection

allowed us to evaluate different E. coli strains for the
selection of true positive clones and the identification
of the proper Cm concentration to discriminate the
unfolded variants while maintaining the viability of
cell growth. As mentioned, JM101 and XL1-Blue
strains gave many false-positive results.31 On the
other hand, the MC1061ΔthiE was the only strain
tested with zero false positives. TheMC1061 strain is
a Strrmutant that has a pointmutation (K43R)within
the rpsL gene (encoding ribosomal protein S12).34

Mutation K43R has been suggested to stabilize the
ram state by increasing the tRNA affinity in the A site
of the ribosome.35–37 The influence of translational
processes on protein folding has been amply deba-
ted, and a recent study suggests its influence on the
relative abundance of some proteins, including
CAT.35,38 These peculiarities may be related to the
different expression behavior of these proteins in the
strainswe have tested.We propose that the change in
the stability of the ribosome is probably the main
difference between the MC1061 and the other strains
that permit the proper expression of our fused pro-
teins, but more experiments are needed to corrobo-
rate this hypothesis.
An important finding of this study is that each

position accepted foreign loops of different sizes and
sequences (most likely due to the allowance of hinge
variability). Our data suggest that the sequence of
the loop inserted has much less impact on structural
adaptations than does the site of the insertion (Fig. 3).
This has also been suggested for ubiquitin, where the
structural effects of a loop insertion depend primar-
ily on the site of the insertion and much less on the
sequence of the insert.39 A larger data set will be
needed to draw more drastic conclusions regarding
any significant tolerance difference between other
alternative loop positions in the barrel scaffold. The
relatively high tolerance to the diversity of sequences
tested and the lengths of the inserted loops is in
agreement with the general notion that the active-
site end of the TIM barrel is inherently tolerant to
variability.10 The high proportion of chimeric pro-
teins (30–90%) that remained foldable and relatively
stable after the introduction of foreign loops also
indicates the feasibility of our approach to afford
useful libraries for subsequent functional screening.
It is clear from the data that the introduction of

variability at the hinges connecting the loops with
the scaffold has a noticeable effect for obtaining
folded proteins. The distribution of amino acids

found in randomized positions without selective
pressure of the analyzed samples shows only the
normal bias inherent to the combinations NNG/C
and NNT in the oligonucleotides used for mutage-
nesis. Thus, the amino acid preferences observed
with the introduction of each particular loop are
indicative of the importance of the position adjacent
to the loop for conformational fitness. The con-
straints imposed on these positions are likely to
derive both from the set of interactions with the
guest loop and from those corresponding to tightly
packed environments within the core of the protein,
as suggested by the lower viability observed in
libraries from loop 2, where only one of the barrel-
core positions was randomized. It is interesting to
note that the amino acids with higher propensity at
the hinge positions are dependent on the guest loop
and always different from the original residue at the
host protein. However, these mutated positions may
have been selected for function rather than stability
in the host protein because it is well documented
that amino acids constituting the catalytic site may
be in unstable conformations to favor catalysis.40 A
sequence alignment of all nonredundant PRAI pro-
teins shows that the residues mutated are well
conserved (I29 by 74%, Q79 by 96%, H81 by 91%,
V124 by 80%, and D126 by 98%). Furthermore,
computational analysis of the protein stability with
ΔΔG Rosetta and Rosetta Design algorithms41

shows that these mutated residues are destabilizing
in the PRAI structure. These observations suggest a
role that is more functional than structural for these
sites. Since our selection method is based on stabi-
lity, the appearance of different amino acids is to be
expected. The small size of the sample and the dif-
ferent patterns found with various loops precludes a
systematic analysis of the sequence preferences, but
the fact that many sequences did not produce folded
proteins highlights the importance of introducing
variability in the libraries. It will be interesting to
compare the preferences observed for folding with
those observed when searching for activity.
Overall, the far UV–CD and fluorescence emission

spectra of the purified chimeras are remarkably
similar to the parental protein spectra, demonstrat-
ing that the global interactions that maintain the
structure are preserved in the chimera proteins
tested (Figs. 6 and 7). The rather small differences
observed may reflect some local structural changes.
Far UV–CD spectra are more sensitive to the
formation of secondary-structure elements; how-
ever, the purification of fair amounts of the different
proteins from the soluble cell extract fraction and the
blue shift in the fluorescence spectra suggest that the
proteins are properly folded and not molten globule
intermediates.42,43 Interestingly, two of the tested
constructs seem to have a higher α-helical content.
The guest loop of one of them, loop 2 from 1,6-
biphosphate aldolase (Mut_L2_FBPA), forms indeed
an α-helix in its original protein. This suggests that
this loop probably retains its secondary structure in
the PRAI-LoxP scaffold—a likely fact, since inter-
actions that maintain α-helical structure depend on
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local contacts.44 The other, loop 6 from PBGS is a
shorter loop than the host loop (Mut_L6-PBGS). Loop
6 in PRAI forms part of a mobile lid that opens and
closes the active site of the enzyme. PRAI from E. coli
has a canonical TIM barrel structure, although helix 6
is of only one-turn length and the segment corre-
sponding to helix 5 is not recognized as such in the
crystal structure. These two helices are in the vicinity
of the exchanged loop 6. It is possible that a change in
this loop promotes the formation or stabilization ofα-
helical structure. Also, it is important to note that the
percentages of secondary structure predicted
between PRAI-LoxP and Mut_L4 αTS are the same.
The original loop4 fromαTS is only three amino acids
longer in length than the same loop from PRAI and
the tertiary structures of both are very similar. This
probably explains the minimal structural changes in
this mutantwith respect to those in the othermutants
and PRAI-LoxP. The selection of a robust protein as
starting point as well as the limitation of mutagenesis
to areas relevant to function but not so committed to
structural integrity is likely to be important for
finding a high proportion of folded chimeras from
which to search for activity. The proposed strategy
allows exploration of distant mutants not reachable
by any of the conventional directed evolution
strategies, traversing through extensive valley
regions to new peaks in the folding-sequence land-
scape. Thus, search of novel function is restricted to
screening the small population of folded proteins
instead of a vast amount of nonviable proteins.
Several observations on natural protein evolution

were inspiring for our work. First, it is clear that
different members of enzyme superfamilies, which
have common ancestors but sometimes rather dif-
ferent catalytic activities,45 incorporate indels or
insertions in the loops besides point mutations.
Second, the mechanism of antibody generation,
which can be viewed as a natural “directed evolu-
tion”machinery, relies on a few scaffolds with varia-
bility concentrated at the loops.46,47 Furthermore, in
the antibody system, the loop repertoire is itself
limited, suggesting the efficiency of employing
modular exchange as opposed to randomization.48

Third, in enzymeswith the TIMbarrel fold, the active
site is always composed of loops and residues in the
same face of the protein architecture.
It is tempting then to speculate that even modest

diversion from an original activity and specificity
would benefit from the use of loops as modular com-
ponents of variability. Our work suggests the pos-
sibility of “structural evolvability” of the TIM barrel
fold by loop grafting. A combinatorial approach
would lead to the evolution of new proteins with the
same scaffold hopefully generating novel binding and
catalytic activities. Nature has probably used this
mechanism to evolve different functions in the same
fold, as hypothesized in the transition from microbial
phosphotriesterase-like lactonase into modern
bacterial phosphotriesterase, an enzyme that
degrades a synthetic insecticide introduced in the
20th century, by insertions in loop 7.12 Certainly,
insertions and deletions into loops, or loop grafting,

are believed to be a primarymechanism for creating
enzyme diversity.19,20 Here we demonstrate that in
a protein with the TIM barrel architecture, a
general method for exchanging variable-sized
loops is possible and efficient enough to provide
a reasonable starting point for the selection of new
enzymatic activities. The mutability of these loops
in isolation offers a broad scope for further
engineering of multiple loops simultaneously.

Materials and Methods

Construction of the loop insertions in the PRAI gene
scaffold

Wedesigned two oligonucleotides, one that corresponds
to coding DNA strand and the other to noncoding DNA
strand, for assembling the loops and connectors. The
coding oligonucleotide of the different loops had a hanging
cytosine at the 3′ end, and the noncoding oligonucleotide
includes a hanging adenine at the 3′end. On the other
hand, the coding oligonucleotide of the NH2 connectors
includes a dangling thymine at the 3′ end and the
noncoding oligonucleotide for the CO connector had a
dangling guanine at the 3′ end (Fig. 2a). Each coding oli-
gonucleotidewas hybridizedwith its respective noncoding
oligonucleotide to allow the production of 20 dsDNA—14
for loops and 6 for connectors.
In the NH2 connector of loop 2, an NNS codon was

introduced in the coding position for Ile29 to generate
variability. In the case of loops 4 and 6, two NNS andNNT
codons were introduced to generate variability at posi-
tions Gln79, His81 (loop 4), Val124, and Asp126 (loop 6),
respectively. The dsDNA NH2 and CO connectors
were independently ligated with dsDNA of each loop
to produce two primers. These primers are named NH2
and CO, respectively. The 14 different libraries of PRAI-
LoxP were constructed in three steps (Fig. 2b). First,
the amino halves of the trpF-loxP genes were constructed
by PCR using a trpF-loxP containing pDAN5 vector
(pDAN5B1A4LinkerB5A8PRAI)24 as template and the
oligonucleotide 5′-ATGACAGTCCGAAGCTTCAGGA-
GGGGTGTTGATG-3′ with a HindIII restriction site
(underlined) as 5′-primer and the NH2 megaprimers as
3′-primer. Second, the carboxyl halves were constructed
by PCR using the same vector as template and the CO
megaprimer as 5′-primer and the oligonucleotide 5′-
ATTGGTTTGCCGCTAGCT-CATTAATATGCGCG-3′
with NheI restriction site (underlined) as 3′-primer. Third,
each library was amplified by overlapping extension PCR,
using the two PCR products previously obtained and the
oligonucleotides 5′-ATGACAGTCCGAAGCTTCAGGA-
GGGGTGTTGATG-3′ with a HindIII restriction site
(underlined) as 5′-primer and 5′-ATTGGTTTGCCGCTA-
GCTCATTAATATGCGCG-3′ with an NheI restriction site
(underlined) as 3′-primer. The amplified loop libraries were
cloned into pDAN5 vector (pDAN5B1A4LinkerB5A8PRAI)
using HindIII and NheI restriction sites, yielding 14
different libraries of plasmids with the new loop exchanged
in the corresponding position in the trpF-loxP gene.
The plasmids obtained were used to transform E. coli

XL1-BlueMrf′ cells (Stratagene) by electroporation. Trans-
formed cells were plated on LB medium containing ampi-
cillin to select for plasmid uptake. The individual loop
libraries contained from 2.4×104 to 4.5×105 different
variants as estimated from the numbers of grown colonies.
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Grown colonies were picked from the plates and
amplified in liquid medium to purify plasmid DNA.
Plasmid DNA of 283 clones (approximately 20 clones from
each loop library) grown under such nonselective condi-
tions were sequenced.

Construction of vector for fusion to CAT gene

The CAT fusion vector pDAN5-trpF-loxP-CAT was de-
rived from pDAN5B1A4LinkerB5A8PRAI. pDAN5-trpF-
LoxP-CAT was constructed in three steps. First a BamHI
site was deleted in the original vector pDAN5-trpF-loxP by
using PCR of whole plasmid (MEGAWHOP)49 with the
complementary oligonucleotides 5′-TGGCTTTAATGAG-
GGTCCATTCGTTTGTGA-3′ and 5′-TCACAAACGAAT-
GGACCCTCATTAAAGGCA-3′ as overlapping primers,
yielding a vectorwith the deletion of BamHI restriction site
by the change in one nucleotide (underlined). This vector
was named pDAN5-trpF2. Second, the trpF-CAT fusion
was amplified by PCR using a trpF-CAT containing pT4
vector (pT4-trpF-CAT) kindly provided by Dr. Lorenzo
Segovia (unpublished results) as template and the oligo-
nuc leo t ide 5 ′ -CAGTCGAAGCTTCAGGAGGG-
GTGTTGATGCTGGAGAAT-AAGGTAT-3′ with HindIII
site (underlined) as 5′-primer, and 5′-TGCCGCTAGCTT-
AGTGGTGGTGGTGGTGGTGAGATCTTTA-3′with NheI
site (underlined) as 3′-primer. The amplified fragment was
cloned into pDAN5-trpF2 using HindIII and NheI restric-
tion sites, introducing a new BamHI site between trpF and
CAT genes and yielding pDAN5-trpF-CAT vector.
Sequences inserted into the multiple cloning site of
pDAN5-trpF-CAT between the restriction sites HindIII
and BamHI led to the expression of proteins fused to CAT
at their C-terminus.

Construction of positive and negative controls for
folding selection

The positive control to select folded proteins was the
WT PRAI protein fused to CAT (pDAN5-trpF-CAT vector).
Two proteins proven to have poor folding, a circular per-
mutation of PRAI previously described30 and an engi-
neered antibody (kindly provided by Dr. J. Osuna,
unpublished result) fused to CAT, were used as negative
controls. Additionally, a construction of WT PRAI with
two stop codons between PRAI and CAT fusion was used
as negative control.
The circular permutation constructed for this study was

the β4/α3 variant previously reported.30 For its construc-
tion, new amino and carboxyl termini were created
between α-helix 3 and β-strand 4 using the oligonucleo-
tide 5′-AGTCCGAAGCTTCAGGAGGGGTGTTGA-
TGCGCGATCTGGCAGTCCAACTGCATGG-3′ with
HindIII site (underlined) as 5′-primer and the oligonucleo-
tide 5′-CCCGCCAGAGGGATCGTAATATGCGCG-
CAGCGTC-3′as 3′-primer to generate the new amino
termini at β-strand 4. The oligonucleotide 5′-TACGATC-
CCTCTGGCGGG-CTCGAGAATAAAGTATGT-3′ as 5′-
primer and the oligonucleotide 5′-TGCC-GGATCCGTGA-
TCCGATAACACCTTAGCTTTG-3′ with BamH1 site
(underlined) as 3′-primer were used to amplify the new
C-terminal segment. Both amplifications used a WT PRAI
containing vector (pUC18-trpF-WT) as template. The two
amplified fragments were used to amplify the permuted
gene by overlapping extension PCR using oligonucleotide
5′-AGTCCGAAGCTTCAGGAGGGGTGTTGATGCGC-
GATCTGGC-AGTCCAACTGCATGG-3′ with HindIII site
(underlined) as 5′-primer and the oligonucleotide 5′-TGC-

CGGATCCGTGATCCGATAACACCTTAGCTTTG-3′
with BamH1 site (underlined) as 3′-primer. The amplified
fragment was cloned into pDAN5-trpF-CAT using HindIII
and BamHI restriction sites, yielding the variant Per3-β4/
α3-CAT in fusion with CAT.
The fusion of the antibody gene to CAT gene was

assembled by PCR using the previously described anti-
body (Vh) containing pT4 vector as template and the
oligonucleotides 5′-AGTCCGAAGCTTCAGGAGGGGT-
GTTGATGGACGTCCAGCTCCAGCAGTCTGGA-3′
with HindIII site (underlined) as 5′-primer and the oligo-
nucleotide 5′-TGCC-GGATCCACTAGTGACAGTGAC-
CAGAGTACCTTG-3′ with BamH1 site (underlined) as
3′-primer. The amplified fragment was cloned into
pDAN5-trpF-CAT using HindIII and BamHI restriction
sites, yielding the Vh-CAT variant.
The construction of WT PRAI with two stop codons

between PRAI and CAT fusion was assembled by PCR
using a WT PRAI containing vector (pUC18-trpF-WT) as
template and the oligonucleotide 5′-ATGACAGTCC-
GAAGCTTCAGGAGGGGTGT-TGATG-3′ with HindIII
site (underlined) as 5′-primer and the oligonucleotide 5′-
TGCCGGATCCTCATTAATATGCGCGCAGCGTC-3′with
BamH1 site (underlined) and with the two stop codons
(italic) as 3′-primer. The amplified fragment was cloned
into pDAN5-trpF-CAT using HindIII and BamHI restric-
tion sites, yielding the PRAI variant with two stop codons
before the fusion to CAT gene.

Chloramphenicol resistance analysis

E. coli MC1061ΔthiE cells were transformed with the
different variants. Dilutions of the transformed cells were
spread on LBmediumplates containing Cm (0–100 μg/ml)
and ampicillin (200 μg/ml) and incubated for 18 h at 30 °C
and the number of colonies under each condition was
quantified. The vector pDAN5-trpF-CAT, containing a
fusion of theWT trpF gene fused to CAT genewas used as a
control to normalize the survival rate under each con-
dition. A concentration of Cm that discriminated between
the negative controls and the WT PRAI, with the highest
survival rate for the last one, was picked as the selection
condition. In this case, we observe that a Cm concentration
as low as 20 μg/ml was adequate to discriminate unfolded
variants while maintaining high viability of cells bearing
viable genes.

Assessment of expression of soluble fusion protein
in selected clones

The E. coli MC1061ΔthiE strain was transformed by
electroporation with each of the constructed loop libraries
fused to CAT. Following shaking of the transformants for
1 h at 37 °C, the cells were streaked on LB agar plates
containing Cm (20 μg/ml) and ampicillin (200 μg/ml).
After incubation at 30 °C for 18 h, eight colonies from each
librarywere selected and precultured in TB liquidmedium
supplemented with ampicillin (200 μg/ml, for mainte-
nance of plasmid) and incubated for 12 h at 37 °C in the
shaker. These precultures (200 μl) were used to inoculate
5 ml of fresh TB liquid medium supplemented with ampi-
cillin (200 μg/ml) and incubated for 18 h at 18 °C. Cells
were harvested by centrifugation (Eppendorf/5804-R5,
FA-45-30-11 rotor, 5 min, 4000 rpm at 4 °C). The cells were
resuspended in 200 μl of 10 mM potassium phosphate
buffer at pH 7.6 supplemented with protease inhibitor
cocktail [Complete, Free EDTA (ethylenediaminetetraace-
tic acid), Roche]. The cells were lysed by sonication
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(Branson Sonifier 450; 10 s six times at 30-s intervals, 50%
pulse, 0 °C) and centrifuged again (Eppendorf/5804-R5,
FA-45-30-11 rotor, 20 min, 11,000 rpm at 4 °C) to separate
the soluble and insoluble fractions of the cell extract. After
separation of 10 μL of soluble extract on a 13% SDS-PAGE
and transfer to nitrocellulose membranes (Amersham
Pharmacia Bioscience) for 90 min at 80 mA in a semidry
transfer unit (Hoefer SemiPhor-Amersham Pharmacia
Biotech), Western blotting was performed according to
standard protocols,50 using affinity-purified anti-CAT-
digoxigenin (Roche) at a 1:3000 dilution as a primary
antibody. The second antibody used was the anti-
digoxigenin-AP (Roche) at a 1:5000 dilution and visualized
with BCIP/NBT alkaline phosphatase substrate solution
(Sigma) for the detection by colorimetric reaction.

Determination of the percentage of folding of the loop
libraries

Each loop library fused to CAT gene (pDAN5-Loop
Library-CAT), as well as the controls pDAN5-trpF-CAT
containing theWTPRAI, pDAN5-trpFC/S-CATcontaining
theWT PRAI with two stop codons between trpF and CAT
gene fusion, pDAN5-Vh-CAT containing the antibody
fused to CAT, and pDAN5-per3-CAT including the circular
permutation of PRAI, were independently transformed in
E. coli MC1061ΔthiE electrocompetent cells in triplicate.
Dilutions of transformed cells were spread in two separate
LB medium agar plates, one supplemented with Cm
(20 μg/ml) and ampicillin (200 μg/ml), and the other only
with ampicillin (200 μg/ml). These plates were incubated
for 18 h at 30 °C and the numbers of colonies grown
between these two conditions for each plasmid were com-
pared. The folding percentage of the libraries was
calculated as the ratio of number of colonies grown
under the selective pressure [Cm (20μg/ml) and ampicillin
(200 μg/ml)] to the number of colonies grownwithout this
selective pressure [only ampicillin (200 μg/ml)]. This value
was corrected by the number of WT contaminant colonies
found under selective pressure for each loop library.

In vivo selection for soluble variants

The E. coli MC1061ΔthiE strain was transformed by
electroporation with the corresponding loop library fused
to CAT. Following shaking of the transformants for 1 h at
37 °C, the cells were streaked onto LB agar plates
containing Cm (20 μg/ml) and ampicillin (200 μg/ml)
and incubated at 30 °C for 18 h. Grown colonies were
selected from the plates and grown in liquid LB medium
to purify the plasmid DNA. A total of 262 clones grown
under selective pressure for folding were sequenced
(approximately 18 clones from each loop library).

Statistical analysis of sequences

The sequences found in the mutagenized positions
under selective pressure (ampicillin and Cm) were com-
pared with the sequences foundwithout selective pressure
(ampicillin). The amino acids observed in these positions
were converted to frequencies and the difference between
these indicates the discrepancy of occurrence for each
residue between these two conditions. The average and the
standard deviation of the frequencies were used to
determine with a 95% confidence which amino acids
were negatively or positively selected in proteins folded
for each loop library.

Western blot analysis

The E. coli strain MC1061ΔthiE was transformed by
electroporation with three loop libraries and pDAN5-trpF-
CAT containing the WT trpF. The libraries used for this
analysis were loop2 fromMR, loop 4 from Ure, and loop 6
from PBGS. After 1-h incubation at 37 °C under shaking,
the cells were streaked onto LB plates containing ampi-
cillin (200 μg/ml) and incubated at 37 °C for 12 h. Ten
grown colonies were scratched from the plates and resus-
pended in 5 ml of TB liquid medium supplemented with
ampicillin (200 μg/ml, for maintenance of plasmid) and
incubated for 12 h at 37 °C in the shaker. Precultures
(200 μl) were used to inoculate 5 ml of fresh TB liquid
medium supplemented with ampicillin (200 μg/ml) and
incubated for 18 h at 18 °C. Cells were harvested and
treated as described above. Total protein concentration
was measured by Bradford reagent (Bio-Rad). After sepa-
ration of 11 μg of soluble extract on a 13% SDS-PAGE, the
protein was transferred to nitrocellulose membranes
(Amersham Pharmacia Bioscience) and analyzed as pre-
viously described.

Cloning of selected variants into pET28b(+)

In order to produce the selected variants in the absence
of CAT as well as to introduce a C-terminal His6 tag, the
trpF-loxP and the genes from four true positive colonies
grown in the presence of Cm (20 μg/ml) were subcloned
from pDAN5-trpF-CAT into pET28b(+) vector. To this end,
the PRAI-LoxP and the PRAI variant genes (Mut_L4_Ure,
Mut_L4_αTS, Mut_L6_PBGS, and Mut_L2_FBPA) were
amplified by PCR using the oligonucleotides 5′-GCCA-
TACCATGGGGGAGAATAAGGTATG-TGGC-3′ with a
NcoI site (underlined) as 5′-primer and 5′-GTCCGAAA-
GCTTTCATT-AGTGGTGGTGGTGGTGGTGGGATCCA-
TATGCGCGCA-3′with a HindIII site (underlined) as 3′-
primer. The amplified product was ligated with pET28b
(+), yielding the PRAI-LoxP and the PRAI variants cloned
in the pET28b(+) vector. All constructs were sequenced
entirely to exclude inadvertent mutations.

Analysis of protein solubility

ThemutantsMut_L2_FBPA,Mut_L4_αTS,Mut_L6_PBGS,
and PRAI-LoxP were produced in 5-ml cultures of E. coli
Rosetta2 cells (Novagen) as described above. Each culture
was centrifuged (Eppendorf/5804-R5, FA-45-30-11 rotor,
5 min, 4000 rpm at 4 °C). The cells were resuspended in
0.4 ml of 10 mM potassium phosphate, 0.5 mM EDTA
(pH 7.6), 50 mM NaCl, 5% glycerol, 0.1 mM DTT, 0.1 mM
PMSF, and 2.5 mg lysozyme and lysed by sonication
(Branson Sonifier 450; 10 s six times at 30-s intervals, 50%
pulse, 0 °C). The soluble and insoluble fractions of the cell
extract were separated. The soluble fractions were applied
to SDS-PAGE [13% (w/v) acrylamide].

Expression of PRAI-LoxP variants and protein
purification

The expression of the PRAI-LoxP variants was per-
formed in E. coli Rosetta2 cells (Novagen) transformed
with various pET28b(+) plasmids containing the encoding
sequences. To this end, 1 l of LB medium supplemented
with kanamycin [50 μg/ml, for maintenance of pET28b(+)]
and Cm (25 μg/ml, for maintenance of pRARE) was
inoculated with a preculture and incubated at 37 °C. After
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an OD600 of 0.7 was reached, expression was induced by
addition of 1 mM IPTG, and growth was continued for
another 15 h at 20 °C. The cells were harvested by cen-
trifugation (Eppendorf/5804-R5, F34-6-38 rotor, 5 min,
4000 rpm at 4 °C) and resuspended in 25 ml of 10 mM
potassium phosphate buffer at pH 7.6, 0.5 mM, 50 mM
NaCl, 5% glycerol, 0.1 mMDTT, 0.1 mMPMSF, and 2.5mg
of lysozyme, lysed by sonication (Branson Sonifier 450;
20 s six times at 30-s intervals, 50% pulse, 0 °C), and
centrifuged again (Eppendorf/5804-R5, F34-6-38 rotor,
20 min, 13000 rpm at 4 °C) to separate the soluble from the
insoluble fraction of the cell extract.
The variants Mut_L2_FBPA (mutant with loop 2 from

the FBPA library), Mut_L4_αTS (mutant with loop 4 from
the αTS library), Mut_L6_PBGS (mutant with loop 4 from
the PBGS library), and PRAI-LoxP were purified from the
soluble cell fraction. To this end, the extract was loaded
onto a nickel Sepharose column (HisTrap FF crude 5 ml,
GEHealthcare) previously equilibratedwith 50mMpotas-
sium phosphate and 300 mM NaCl buffer at pH 7.6. The
column was equilibrated with the same buffer, and the
boundHis6-tagged proteinwas eluted by applying a linear
gradient from 1 to 500 mM imidazole. Fractions with pure
protein were pooled and these were concentrated in the
Amicon Ultra-15 system (Millipore) until a final volume of
300 μl was reached. This volume was loaded onto a gel-
permeation column (Sephacryl S200, GE Healthcare) that
had been previously equilibrated with 50 mM potassium
phosphate, 1mMEDTA, and 0.4mMDTT buffer at pH 7.6.
The different proteins were eluted with the same buffer,
and the fractions with pure protein were pooled.

Analytical methods

The different proteins were concentrated using 10-kDa
cutoff Amicon® membranes and dialyzed against 4× 1-l
degassed 10 mM sodium phosphate, 1 mM EDTA, and
1 mM 2-mercaptoethenol, pH 7.6 buffer. Protein concen-
tration was estimated using an extinction coefficient of
22,900 M−1 cm−1 at 280 nm. Protein samples were pre-
pared in the same buffer and in 9 M urea, 10 mM sodium
phosphate, 1 mM EDTA, and 1 mM 2-mercaptoethanol,
pH 7.6 buffer, with a final protein concentration of 16.5 μM
for CD studies and 2.0 μM for fluorescence studies.
CD spectra were recorded with a JASCO model J-715

spectropolarimeter equipped with a Peltier temperature
control supplied by Jasco. Spectra were collected from 260
to 190 nm. Buffer conditions were 10 mM potassium phos-
phate, 1 mM EDTA, and 1 mM β-mercaptoethanol (BME)
at pH 7.6 and 25.0 °C. Eight replicate spectrawere collected
from each sample to improve signal-to-noise ratio. The
final protein concentration was 16.5 μM, and spectra were
collected in a 0.01-cm path-length cell. The secondary-
structure prediction was performed using the CDSSTR
algorithm, which requires data from 190 to 240 nm.51–55

Loss of secondary structure was measured in samples of
the different proteins in 8.0Murea incubated at 25 °C for at
least 2 h before the spectrum was recorded.
Fluorescence emission spectra were recorded on an

LS50B spectrofluorimeter (Perkin Elmer, Norwalk, CT)
equipped with a thermostated cell compartment. Spectra
were collected from 300 to 540 nm using a 295-nm
excitation wavelength at 25 °C (excitation and emission
slit widths were 4.0 nm). Protein samples were prepared at
50 μg/ml concentration either in 10 mM phosphate, 1 mM
EDTA, and 1 mM BME buffer at pH 7.6 or in 9.0 M urea in
the same buffer. Spectra were recorded after 2 h incubation
at 25 °C.

FPL size-exclusion chromatography data analysis

The purified enzymes were analyzed by size-exclusion
chromatography to determine their nature of oligome-
rization in an Äkta FPLC system equipped with a UV
detector and a size-exclusion Superose HR12 column from
Amersham Biosciences (Uppsala, Sweden). The samples
were eluted with a 20 mM phosphate, 300 mM KCl, and
1 mM BME buffer at pH 7.6 at a flow rate of 0.5 ml/min.
The column was calibrated with lysozyme, lectin, and
bovine serum albumin. The proteins were injected at
initial concentrations of 2, 20, and 100 μM.
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Supplementary material  

 

Table S1. Oligonucleotides used to construct the connectors and the loops. 

Name of the 

oligonucleotide 

Sequence (from 5´- to -3´) Description 

L2NHCod GCGCGATTTACGGTG GGTTGNNSTTT Coding sDNA of the NH2-

connector of loop 2 

L2NHNoCod AASNNCAACCCACCGT AAATCGCGCCCGCGTCATA Non-coding sDNA of the NH2 

connector of loop 2 

L2COCod GTTGAACAGGCGCAG GAAGTGATGGCTGCGGC Coding sDNA of the CO-

connector of loop 2 

L2CONOCod CCTGCGCCTGTTCAACG Non-coding sDNA of the CO-

connector of loop 2 

L2MarCod GGCTATCCGGCACTC Coding sDNA of the loop 2 

from mandelate racemase  

L2MarNoCod AGTGCCGGATAGCCA Non-coding sDNA of the loop 

2 from mandelate racemase 

L2AldCod TCCAACGGTGGTGCTTCCTTTATCGCTGGTAAAGGCGTGAAATCTGAC

GTTCCGCAC 

Coding sDNA of the loop 2 

from fructose-bisphosphate 

aldolase 

L2AldNoCod TGCGGAACGTCAGATTTCACGCCTTTACCAGCGATAAAGGAAGCACC

ACCGTTGGAA 

Non-coding sDNA of the loop 

2 from fructose-bisphosphate 

aldolase 

L2UreCod GGCGGTACTGGCCCGACAGCGGGTTCTAACGCCACAACCTGTACCCC

AGGC 

Coding sDNA of the loop 2 

from urease 

L2UreNoCod CCTGGGGTACAGGTTGTGGCGTTAGAACCCGCTGTCGGGCCAGTACC

GCCA 

Non-coding sDNA of the loop 

2 from urease 

L4NHCod2 TTATCGCTGGCGGCAGTGNNSCTGNNT Coding sDNA of the NH2-

connector of loop 4 

L4NHNoCod NNCAGSNNCACTGCCGCCAGCGATAACACCTTAGCTTTG Non-coding sDNA of the NH2 

connector of loop 4 

L4COCodbis CAGCTGTATATCGATACGCTGCGTGAAGCTCTGCCAGCA Coding sDNA of the CO-
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connector of loop 4 

L4CONoCod CAGCGTATCGATATACAGCTGG Non-coding sDNA of the CO-

connector of loop 4 

L4DiPCod CCTTACTACAATCGTCCGTCC Coding sDNA of the loop 4 

from dihydrodipicolinate 

synthase 

L4DiPNoCod GACGGACGATTGTAGTAAGGA Non-coding sDNA of the loop 

4 from dihydrodipicolinate 

synthase 

L4ThiCod TTGGGGCAGGAAGATTTGCAC Coding sDNA of the loop 4 

from thiamin phosphate 

synthase 

L4ThiNoCod TGCAAATCTTCCTGCCCCAAA Non-coding sDNA of the loop 

4 from thiamin phosphate 

synthase 

L4MaRCod GAGCCGACGCTTCAACACGAC Coding sDNA of the loop 4 

from mandelate racemase 

L4MaRNoCod TCGTGTTGAAGCGTCGGCTCA Non-coding sDNA of the loop 

4 from mandelate racemase 

L4AldCod GACCTGTCTGAAGAATCC Coding sDNA of the loop 4 

from fructose-bisphosphate 

aldolase 

L4AldNoCod GATTCTTCAGACAGGTCA Non-coding sDNA of the loop 

4 from fructose-bisphosphate 

aldolase 

L4TrpSCod GATGTGCCAGTTGAAGAGTCC Coding sDNA of the loop 4 

from tryptophan synthase 

alpha chain  

L4TrpSNoCo GACTCTTCAACTGGCACATCA Non-coding sDNA of the loop 

4 from tryptophan synthase 

alpha chain 

L4UreCod GAAGACTGGGGAGCTACC Coding sDNA of the loop 4 
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from urease 

L4UreNoCod GTAGCTCCCCAGTCTTCA Non-coding sDNA of the loop 

4 from urease 

L4ADACod GGTGATGAACTTGGTTTCCCGGGAAGTCTGTTC Coding sDNA of the loop 4 

from adenosine deaminase  

L4ADANoCod AACAGACTTCCCGGGAAACCAAGTTCATCACCA Non-coding sDNA of the loop 

4 from adenosine deaminase 

L4AlevCod GCCGCGATGGACGGC Coding sDNA of the loop 4 

from porphobilinogen synthase  

L4AlevNoCo CCGTCCATCGCGGCA Non-coding sDNA of the loop 

4 from porphobilinogen 

synthase 

L6NHCod CAGCACGTTGATAAATATNNSTTANNT Coding sDNA of the NH2-

connector of loop 6 

L6NHNoCod NNTAASNNATATTTATCAACGTGCTGAAACTCGCG Non-coding sDNA of the NH2 

connector of loop 6 

L6COCod TTTGACTGGTCACTATTAAATGGTCAATCGCTTGCC Coding sDNA of the CO-

connector of loop 6 

L6CONoCod CGATTGACCATTTAATAGTGACCAGTCAAAG Non-coding sDNA of the CO-

connector of loop 6 

L6DiPCod ACAGGGAACCTC Coding sDNA of the loop 6 

from dihydrodipicolinate 

synthase 

L6DiPNoCod AGGTTCCCTGTA Non-coding sDNA of the loop 

6 from dihydrodipicolinate 

synthase 

L6AlevCod CCTGCTGGAGCGTAC Coding sDNA of the loop 6 

from porphobilinogen synthase 

L6AlevNoCod TACGCTCCAGCAGGA Non-coding sDNA of the loop 

6 from porphobilinogen 

synthase 

L6TrpSCod TCACGAGCAGGCGTGACCGGCGCAGAAAACCGCGCCGCGTTACCC Coding sDNA of the loop 6 
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from tryptophan synthase 

alpha chain 

L6TrpSNoCod GGTAACGCGGCGCGGTTTTCTGCGCCGGTCACGCCTGCTCGTGAA Non-coding sDNA of the loop 

6 from tryptophan synthase 

alpha chain 
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Table S2. Sequences obtained from clones that show fusion to CAT in the western blot analysis. 

Variants Library of loop 2 from 

mandelate racemase 

129 a 

Library of loop 4 from urease 

 

Q79 a                          H81 a 

Library of loop 6 from porphobilinogen 

synthase 

         V124 a                         D126 a 

1 W H H A L 

2 R R S A Y 

3  L S A H 

4  S N   

5  G A   

6  N H   
aSites mutated in the loop libraries. 

 

 

Table S3. Sequences obtained from clones that did not show fusion to CAT in the western blot analysis 

Variants Library of loop 2 from 

mandelate racemase 

129 a 

Library of loop 4 from urease 

 

Q79 a                          H81 a 

Library of loop 6 from porphobilinogen 

synthase 

         V124 a                         D126 a 

1 N Hb Hb H L 

2 F V G N L 

3 F P N Xc H 

4  H V T H 
aSites mutated in the loop libraries. 
bThe clone has a stop codon in other region of the gene. 
cThe clone has a stop codon in the position V124. 
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Table S4. Sequences found without selective pressure in the variable position I29 for libraries of loop 2 . 

 

Variants 

 

Urease 

 

I29 

Mandelate 

racemase 

 

I29 

Fructose-

bisphosphate 

aldolase 

I29 

1 L L T 

2 V A S 

3 T W L 

4 T W L 

5 F W T 

6 K W S 

7 S D H 

8 D D L 

9 L G L 

10 T L L 

11 I W L 

12 I N N 

13 I R G 

14 W R R 

15 G G G 

16 L D I 

17 S D G 

18 

19 

20 

R P 

F 

W 

A 
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Table S5. Sequences found without selective pressure in variable positions for libraries of loop 4.  

 

 

Variants 

 

 

Urease 

 

 Q79    H81 

Porphobilinog

en synthase 

 

  Q79      H81 

Adenosine 

deaminase 

 

Q79    H81 

Thiamin 

phosphate 

synthase 

 Q79  H81 

Mandelate 

racemase 

 

Q79    H81 

Dihydrodipicolinate 

synthase 

 

    Q79           H81 

Tryptophan 

synthase 

alpha chain 

Q79    H81 

Fructose-

bisphosphate 

aldolase 

 Q79      H81 

1 L T S R R G D P D N V Y T P R P 

2 L S S C C I D C D D K T G I R D 

3 L P V Y R A I P P P E R Xa Y L V 

4 I S V V G Y I V P C P S K T C N 

5 I T V A V A P P I P S L I S V D 

6 R P C P H V P V I V G V V P V F 

7 R S C H W G P C I N R V S V S Y 

8 R L T V M R H F I I D A K P S I 

9 R T T I Y G H S I L V S Y S H P 

10 P H T D F R M N E H F S A V T N 

11 G N L N F Y M C H N T C V S T I 

12 F P L R I H R C H F Y T I F T F 

13 V F L S L G R H M C L C D D P S 

14 V R I I K C L F Q F W S H D N S 

15 Y I I S L N L A Q A P V H S N F 

16 Y R H N A D V R K P P C F S I N 

17 A Q H R H P G D K H K N W I I A 

18 

19 

20 

21 

22 

23 

24 

A 

S 

S 

S 

K 

K 

 

I 

A 

V 

S 

R 

P 

 

P 

P 

K 

R 

Y 

Y 

V 

Y 

F 

H 

I 

V 

 

S 

 

 

 

I 

 

 

 

 

 

 

G 

A 

S 

S 

S 

S 

W 

R 

P 

N 

P 

I 

S 

N 

G 

V 

S 

W 

 

H 

R 

N 

D 

G I R D I 

K 

Y 

G 

G 

G 

L 

A 

A 

T 

V 

L 

 
aA stop codon was found in this site. 
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Table S6. Sequences found without selective pressure in variable positions for libraries of loop 6 . 

Variants Porphobilinogen 

synthase 

 V124       D126 

Dihydrodipicolinate 

synthase 

   V124         D126 

Tryptophan 

synthase alpha chain 

   V124         D126 

1 V Y T S H L 

2 N L M S V L 

3 P L I C N T 

4 A Y V C C P 

5 P H T G F N 

6 R C Q I S T 

7 V D R I T A 

8 R A L C N L 

9 P T I R C M 

10 T F S T W L 

11 Y C L L L S 

12 D S P V S L 

13 A D V L F C 

14 N P S S G L 

15 W G S L S T 

16 G G G T L C 

17 S A A S N N 

18 

19 

20 

21 

22 

23 

N T E 

E 

L 

T 

N 

S 

F 

V 

R 

H 

T 

F 

C F 

 

 

 

 

 

Petitioner Merck, Ex. 1144, p. 972 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00017



Table S7. Sequences found under selective pressure in the variable position for libraries of loop 2. 

 

Variants 

 

Urease 

 

I29 

Mandelate 

racemase 

 

I29 

Fructose-

bisphosphate 

aldolase 

129 

1 S R T 

2 S R T 

3 S R T 

4 S R T 

5 S R T 

6 I R T 

7 I R T 

8 F A T 

9 A A T 

10 A A T 

11 A A T 

12 F G S 

13 F D N 

14 V D G 

15 L D N 

16 L D M 

17 Q W C 

18 K V S 
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Table S8. Sequences found under selective pressure in the variable positions for libraries of loop 4. 

 

 

Variants 

 

Urease 

 

Q79   H81 

Porphobilinogen 

synthase 

 

   Q79       H81 

Adenosine 

deaminase 

 

Q79   H81 

Thiamin 

phosphate 

synthase 

Q79   H81 

Mandelate 

racemase 

 

Q79   H81 

Dihydrodipicolinate 

synthase 

 

   Q79           H81 

Tryptophan 

synthase 

alpha chain 

Q79   H81 

Fructose-

bisphosphate 

aldolase 

Q79   H81 

1 G R P S K S K G I H V G S A G H 

2 Q H I I R P R T F S K N K G N P 

3 P H P V I R S F M N E I I R Q N 

4 Sa Ta V P S C N D V L V T F G H L 

5 Da Ta I N V H S I H Y F D I D S A 

6 L Y Ha Va L H R L Ta Va T Y H L I R 

7 C P L S M R L S W I L H N P K G 

8 K P T N Sa Ra R N C P D Y Q N L G 

9 Sa Ta T G N R S L R S S S G H R D 

10 A T F R R Y S N Pa Na Ra Va G D T N 

11 Da Ta C S K H V V W A P R T Y G T 

12 R D S H G N P H N D Y D V H R A 

13 Na Pa Y S C H L N Pa Na T P H N Y D 

14 M A E C R C C N P T R P L L H V 

15 T Y T Y A V C D W S A N L D W T 

16 Na Pa Ha Va K D M C Ta Va A C Y C R H 

17 M H G A Q T R S N A V I G S A P 

18 

19 

20 

P 

L 

 

T 

H 

S 

N 

E 

T 

T 

R 

Sa 

P 

Ra 

D 

R G P 

Y 

S 

I 

Ra 

P 

S 

Va 

I 

A 

I 

E 

Y 

H 

H 

P 

G 

K 

L 

T 

aThese clones were found as duplicate in each library.  
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Table S9. Sequences found under selective pressure for libraries of loop 6. 

 

Variants 

Porphobilinogen 

synthase 

 V124       D126 

Dihydrodipicolinate 

synthase 

 V124          D126 

Tryptophan synthase 

alpha chain 

  V124           D126 

1 V G Ta Ca F F 

2 D H T I L P 

3 T T L H T M 

4 F T R T A N 

5 K I C C C L 

6 H C C Y L F 

7 Y L A L E L 

8 L R G T M L 

9 E C P T V V 

10 Y W Ta Ca A I 

11 L P K F Ta Ra 

12 P F S V M L 

13 Ta Ca V L Ta Ra 

14 L A R P W L 

15 Ta Ca P I N S 

16 R V L P W P 

17 P H F L N C 

18 P R S T T M 
aThese clones were found as duplicate in each library.  
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Figure 1S: Sequence analysis of clones under selective pressure in the positions mutated by the NNG/C or NNT combination 

codons. Amino acids are represented by the one code letter. The histograms represent the normalized frequency of the selected versus 

non-selected amino acids. The red colored histograms (*) represent those amino acids at the variable positions that had a frequency 

either significantly higher (2 standard deviations) or lower than expected by chance. The codes for loop libraries are as follows: (Ure), 

urease; (FBPA), fructose-bisphosphate aldolase; (MR), mandelate racemase; (TPS), thiamin phosphate synthase; (PBGS), 

porphobilinogen synthase; (αTS), tryptophan synthase alpha chain; (ADA), adenosine deaminase; (DHDPS), dihydrodipicolinate 

synthase. (a) Frequencies found at position I29 (mutated to NNG/C combination) in libraries from loop 2. (b) Frequencies found at 

position Q79 (NNG/C) in libraries from loop 4. (c) Frequencies found in the position H81 (NNT) in libraries from loop 4. (d) 

Frequencies found at position V124 (NNG/C) in libraries from loop 6. (e) Frequencies found at position D126 (NNT) in libraries from 

loop 6. 
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Figure S1b 
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Figure S1c 
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Figure S1d 
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