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Abstract
Protein engineers use a variety of mutagenic strategies to adapt enzymes to novel substrates. Directed
evolution techniques (random mutagenesis and high-throughput screening) offer a systematic
approach to the management of protein complexity. This sub-discipline was galvanized by the
invention of DNA shuffling, a procedure that randomly recombines point mutations in vitro. In one
influential study, Escherichia coli β-galactosidase (BGAL) variants with enhanced β-fucosidase
activity (tenfold increase in kcat/KM in reactions with the novel para-nitrophenyl-β-D-fucopyranoside
substrate; 39-fold decrease in reactivity with the “native” para-nitrophenyl-β-D-galactopyranoside
substrate) were evolved in seven rounds of DNA shuffling and screening. Here, we show that a single
round of site-saturation mutagenesis and screening enabled the identification of β-fucosidases that
are significantly more active (180-fold increase in kcat/KM in reactions with the novel substrate) and
specific (700,000-fold inversion of specificity) than the best variants in the previous study. Site-
saturation mutagenesis thus proved faster, less resource-intensive and more effective than DNA
shuffling for this particular evolutionary pathway.
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Introduction
Protein engineers redesign proteins in order to improve their biomedical or industrial utility.
We are particularly interested in re-engineering enzyme substrate specificity. Advances in
directed evolution (also called in vitro evolution or laboratory evolution) techniques have
enabled the direct reconfiguration of protein function without a complete understanding of
protein structure. Diverse populations of molecules are generated either by random
mutagenesis of a protein-coding gene,1–3 or chimeragenesis of two or more genes.4–6 The
resulting libraries are expressed in recombinant microorganisms; clones exhibiting
improvement in reactivity (e.g. with a novel substrate) are isolated in high-throughput screens
or selections. The selected clones are generally further mutated and/or randomly recombined
for the next round of expression and screening.

Experimental evolutionists have developed a variety of methods to generate molecular
diversity. No consensus has emerged, however, about which method is most effective for the
evolution of enzyme substrate specificity. It remains unclear, for example, whether it is more
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efficient to mutate the whole enzyme randomly or just its active site.7,8 The development of
directed evolution techniques was stimulated by the advent of DNA shuffling, a PCR-like
process that introduces and recombines random point mutations within a particular gene.9
DNA shuffling experiments sometimes showed that amino acid changes distant from the active
site can affect substrate specificity.10,11 Such changes can work by altering the orientation of
active-site residues or the conformational dynamics of the entire protein,12–14 and are
therefore difficult to anticipate.

The more orthodox view is that amino acid changes near the substrate are more likely to alter
substrate specificity.15,16 Structure-based, site-directed mutagenesis is usually applied to
residues in or near the active site, and this approach has produced many enzyme variants with
dramatically altered specificities.17–24 Some employ site-saturation mutagenesis, in which a
small number of active site residues are “randomized” (mutated randomly).25–29
Experimental evolutionists generally base their methodological decisions upon intuition rather
than any systematic understanding of adaptive protein evolution. Persuasive case studies all
too often convince workers to employ techniques that fail to solve seemingly analogous
problems. We therefore advocate the direct comparison of evolutionary methods using
common model proteins.

The work described here was inspired by the directed evolution of β-galactosidase (BGAL)
variants with β-fucosidase activity.11 In that influential study, a population of BGAL was
evolved in seven iterated cycles of DNA shuffling and high-throughput screening. The enzyme
derived from the fittest clone contained eight amino acid changes, including two in the active
site. It exhibited approximately tenfold improvement (kcat/KM) in reactivity with para-
nitrophenyl-β-D-fucopyranoside (pNP-fuc, “novel” substrate) and a 39-fold decrease in
reactivity with para-nitrophenyl-β-D-galactopyranoside (pNP-gal, “native” substrate). The
evolved enzyme retained a 2.7-fold preference for pNP-gal over pNP-fuc. This study provided
proof-of-principle that substrate specificity could be altered even in the complete absence of
structural information.

Here, we compare the efficiency of DNA shuffling with that of site-saturation mutagenesis.
We repeated the directed evolution of BGAL, using the latter technique to randomize three
selected active site residues. This semi-rational approach effected greater improvement in β-
fucosidase activity and greater substrate specificity in a single round of mutagenesis and
screening. We describe the conditions under which site-saturation muta-genesis is expected to
outperform DNA shuffling, as well as conditions that justify the opposite approach.

Results
Our goal is to adapt enzymes to novel substrates using the most efficient design algorithms.
An influential study showed that DNA shuffling of the Escherichia coli BGAL gene (lacZ)
enabled the directed evolution of variants with increased β-fucosidase activity. The best β-
fucosidase after seven rounds of DNA shuffling and screening exhibited approximately tenfold
improvement in kcat/KM in reactions with pNP-fuc (novel substrate).11 The endpoint of the
present study was to impart greater improvement in fewer rounds of directed evolution through
the semi-rational site-saturation mutagenesis approach.25–27

BGAL is a good model for directed evolution studies because it is amenable to high-throughput
screening, and because its structure and function are well understood. The structure of pNP-
gal (native substrate) differs from that of pNP-fuc (novel substrate) by an oxygen atom on the
C6 substituent (hydroxymethyl versus methyl). It is therefore reasonable to presume that both
substrates bind the active site in the same way. We examined the published co-crystal structure
of the E537Q BGAL/pNP-gal complex.30 The C6 hydroxyl group of pNP-gal (absent from
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pNP-fuc) forms hydrogen bonds with His540, Asn604, and with a fixed sodium ion (Figure
1). Asp201 helps hold this sodium ion in place, and is only ~3.1 Å away from the C6 hydroxyl
group. We reasoned that site-saturation mutagenesis of codons 201, 540 and 604 would produce
variants that no longer bind the sodium ion, but instead interact directly with the C6 methyl
group of pNP-fuc. The randomization of three codons should produce a library containing
32,768 clones (32 × 32 × 32), which is comparable to the throughput of our screen.

We designed three complementary primer pairs (top and bottom) encoding the sequence
surrounding codons 201, 540 and 604 (Table 1). Each of these codons was replaced in the
primers with degenerate NNK sequence, where K = G or T. The primer lacZ D201X, for
example, has the sequence: 5′-ATCTGGAAGATCAGNNKATGTGGCGGATGA-3′, where
codon 201 = NNK (bold) and the surrounding sequence (underlined) encodes wild-type codons
197–200, 201–206. We also designed two non-degenerate back-to-back primers
complementary to vector sequence downstream of the lacZ gene (Table 1, 3′pET3 and 3′
pETout2). We employed 6his-lacZ-pET28a+ as a template for four separate PCR reactions
(Figure 2, PCR 1–4: 201–540, 540–604, 604-vector, vector-201). The four PCR products were
combined in an overlap PCR,25,31 and the full-length recombinant insert-vector product was
amplified, purified, self-ligated and used to transform E. coli.

We evaluated the mutants using a screen similar to that used by Zhang et al.11 in their previous
study. E. coli DH5Δlac (DE3) were transformed with the library, and spread on LB agar plates
supplemented with kanamycin. After 18 hours of growth at 37 °C, the resulting ~10,000
colonies (~1300 colonies/100 mm plate, eight plates) were adsorbed to nitrocellulose filters
and transferred (colony-side up) onto LB plates supplemented with kanamycin, 0.5 mM IPTG,
and 80 μg/ml of 5-bromo-4-chloro-3-indoyl-β-D-fucopyranoside (X-fuc). After 1.5 hours of
incubation at 37 °C, control colonies expressing the ancestral lacZ and those transformed with
pET28a+ (no insert) remained white (Figure 3). Approximately 250 of the ~10,000 colonies
expressing mutant lacZ alleles were darker than the ancestral control colonies. We picked the
29 colonies that turned darkest blue and re-streaked them onto LB-kanamycin plates. The plates
were incubated overnight at 37 °C, and the resulting colonies were filter-lifted onto LB-
kanamycin/IPTG/X-fuc plates. All 29 of the streaks included colonies that turned blue faster
than the ancestral controls (data not shown).

The X-fuc filter-lift assay is somewhat narrow in dynamic range, which is to say that it does
not enable facile discrimination between good and great β-fucosidases. We therefore compared
the selected colonies in a more quantitative assay. We picked single colonies and inoculated
100 μl of LB-kanamycin in a 96-well microplate. The micro-cultures were propagated to
saturation on an orbital shaker (250 rpm) for 16 hours at 37 °C. The cells were diluted 100-
fold in LB-kanamycin, propagated to mid-log phase for 1.5 hours, and induced with 0.5 mM
IPTG for 3 hours. We then reacted 20 μl of each culture with 0.5 mM pNP-gal or pNP-fuc in
200 μl of 50 mM Tris–HCl (pH 7.6) at 25 °C. The formation of the pNP product was monitored
continuously in a microplate spectrophotometer at 405 nm over 16 hours (Figure 4). Amongst
the 29 variants, 11 exhibited greater β-fucosidase activity than the ancestral cells; we suspect
that the other 18 clones were not genetically stable. These 11 variants exhibited greater activity
and specificity in reactions with pNP-fuc than the ancestor did with pNP-gal, suggesting that
the substrate specificity of BGAL had inverted in a single round of mutagenesis and screening.

We propagated eight strains exhibiting the most β-fucosidase activity, purified the
corresponding 6his-lacZ-pET28a+ plasmids, and sequenced the regions about the randomized
codons (Table 2). All eight clones contained the H540V and N604T mutations, and the wild-
type D201 at the randomized positions. They also shared the silent t570c and N600V mutations,
which were encoded in the ancestral template and in the N604X rev primer (by mistake),
respectively. We sequenced the entire allele of one lacZ variant (clone 26), and found that it
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contained a single silent mutation (a309g) in addition to the H540V/N600V/N604T shown in
Table 1. In order to assess the contributions of the individual mutations to fitness, we employed
site-directed mutagenesis to introduce the H540V, N604T and H540V/N604T mutations into
the ancestral 6his-lacZ template. We expressed and purified these mutant proteins, along with
the ancestral protein and the H540V/N600V/N604T BGAL variant (clone 26), by immobilized
metal affinity chromatography.

We reacted each of the purified proteins with pNP-gal and pNP-fuc, and determined the steady-
state kinetic parameters for each enzyme/substrate reaction (Table 3). The kcat of the ancestral
6his-BGAL in reactions with pNP-gal is ~2.7-fold lower than the previously reported wild-
type value, but the KM values are about the same.11,32 The difference in kcat might be based
upon structural differences at the N termini.11,33 The ancestral enzyme exhibits a ~15,000-
fold preference for pNP-gal (kcat/KM = 723,000 s−1 M−1) over pNP-fuc (kcat/KM = 47 s−1

M−1). The two substrates differ only at the C6 position (–CH2–OH versus –CH3), so this
marked substrate preference reflects the importance of H540 and N604 in the wild-type
enzyme/substrate complex (Figure 1).

The H540V/N600V/N604T 6his-BGAL protein was less active than its H540V/N604T
counterpart (data not shown); this result showed that the N600V mutation, which was encoded
accidentally in primer lacZ N604X rev (Table 1), was deleterious. The H540V/N604T 6his-
BGAL was 180-fold more reactive with pNP-fuc (kcat/KM = 8365 s−1 M−1), and ~4000-fold
less reactive with pNP-gal (kcat/KM = 179 s−1 M−1), than its ancestor. The double mutant
exhibited a 46-fold preference for pNP-fuc over pNP-gal, which means that a single round of
site-saturation mutagenesis and screening effected a 700,000-fold inversion of specificity
(15,000 × 46). In contrast, seven rounds of DNA shuffling and screening produced a multiply
mutated BGAL that exhibited a tenfold improvement in pNP-reactivity, and a 1000-fold shift
in specificity.11

We characterized the H540V and N604T 6his-BGAL proteins in order to assess the
contributions of the individual mutations. Colonies expressing H540V turn dark blue in the X-
fuc filter-lift assay, while isogenic colonies expressing the N604T enzyme do not (Figure 3).
The N604T mutation is not very beneficial by itself (kcat/KM = 110 s−1 M−1 in reactions with
pNP-fuc), although it contributes to specificity in the context of H540V. The H540V protein
is apparently faster than even the double mutant in reactions with pNP-fuc (kcat/KM = 10,610
s−1 M−1), and is similarly inactive in reactions with pNP-gal (kcat/KM = 1114 s−1 M−1). We
therefore conclude that the H540V mutation accounts for most of the increased β-fucosidase
activity exhibited by H540V/N604T.

Discussion
The fixation (ubiquity amongst selected clones) of the H540V/N604T mutations (Table 2)
suggests that the D201/V540/T604 combination of amino acids is optimal for β-fucosidase
activity, although we cannot exclude the possibility of even better variants in the unscreened
portion of the library. It is not obvious, however, why this is the case. The co-crystal structure
of the E537Q BGAL/pNP-gal complex showed that the C6 hydroxyl group of pNP-gal forms
hydrogen bonds with His540 and Asn604 (Figure 1).30 Since pNP-fuc is missing the C6
hydroxyl group, we expected that the replacement of H540 and/or N604 with larger
hydrophobic side-chains would fill the gap and enable novel enzyme/substrate interactions.
Contrary to this expectation, both the H540V and N604T mutations resulted in smaller amino
acid side-chains and an expansion of the perceived gap. Large hydrophobic residues at positions
540 and/or 604 would also have displaced the active site sodium ion that normally interacts
with the C6 hydroxyl group of pNP-gal.30 Since the wild-type D201 residue was retained, we
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surmise that the sodium ion plays a heretofore under-appreciated role in stabilizing the
conformation of the active-site.

The invariability of D201 limits the evolvability of the BGAL active site. The specificity of
the H540V/N604T BGAL was greatly altered, but it is much less active against pNP-fuc than
is the wild-type enzyme against pNP-gal. We predict that the active site of H540V/N604T is
more flexible than that of the wild-type, so as to reduce both substrate discrimination and
overall catalytic activity. Our failure to anticipate the functional importance of D201 sharply
reduced the effective throughput of our screen, only ~1/32 of the library contained D201, so
only ~300 clones (10,000/32) had any chance of surviving our primary screen. Overall, the
apparent inflexibility of D201, the relatively modest throughput of our screen and the accidental
insertion of the deleterious N600V mutation likely reduced the effectiveness of site-saturation
muta-genesis. In spite of these impediments, site-saturation mutagenesis outperformed DNA
shuffling in terms of speed, labor intensity and the kinetic parameters of the evolved enzyme
variants.

Several obstacles precluded the evolution of the H540V and N604T mutations in the DNA
shuffling experiment.11 First, the H540V amino acid change requires at least two nucleotide
substitutions (CAC/GTC). A site-directed mutagenesis study showed that the H540F, H540N
and H540E variants each exhibited diminished β-fucosidase activity relative to the wild-type
enzyme,32 so we suspect that the possible intermediate forms (CTC = leucine, GAC =
aspartate) would also have been deleterious. Second, the N604T mutation could be realized by
a single transversion (AAC/ACC), but it does not exhibit improved activity in the X-fuc screen
(Figure 3). Stepwise adaptation would therefore not have been observed in the context of this
screen. Third, mutations that alter substrate specificity generally occur less frequently than
those that increase protein expression or solubility. In our experience, constitutive expression
systems (such as that used by Zhang et al.) tend to favor mutations that decrease the toxicity
of the over-expressed protein. The limited dynamic range of screens based on X-fuc virtually
ensures the predominance of over-expression mutations. Thus, subtle differences in the
expression system and/or screen can lead to significant differences in outcome. Most of the 13
mutations in the evolved β-fucosidase were silent or in residues distant from the active site,
11 and we suppose that many of the latter somehow increased overall activity without altering
substrate specificity.

We emphasize that site-saturation mutagenesis will not be the best solution for every directed
evolution experiment. This semi-rational technique is a compromise between site-directed and
whole gene random mutagenesis; the directed evolution experiment described here exemplifies
the conditions that favor this approach. First, the desired activity was amenable to high-
throughput screening. The enzyme is readily expressed in E. coli, and chromogenic and
histochemical substrates are readily available. Second, the native (X-gal) and novel (X-fuc)
substrates differ by a single atom, and likely bind the enzyme active site in the same way. The
structure of the BGAL/pNP-gal complex was solved, and the residues that interact directly
with the atom in question were identified previously.30 Third, the protein engineers in this
case were able to identify functionally important residues, but lacked the insight and confidence
to anticipate the H540V/N604T mutations.

Enzyme specificity can also be evolved by random mutagenesis and recombination of entire
genes.10,34–37 The major advantage of this approach over site-saturation mutagenesis is
greater versatility; whole gene mutagenesis is most useful when structural information is
unavailable or difficult to interpret, and can work when native and novel substrates bind the
enzyme in different ways.37 The major disadvantage of whole gene mutagenesis is that it
requires screens that are more sensitive, precise and broader in dynamic range, and more rounds
of evolution. Although site-saturation mutagenesis proved faster, less labor-intensive and
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effective than whole gene mutagenesis in the single test case described here, we hesitate to
recommend the former in all cases. The literature excludes negative results, so it is difficult to
assess the success (and failure) rates of any library design strategy. We therefore recommend
that investigators develop good high-throughput screens, construct separate libraries by
mutagenic PCR and site-saturation mutagenesis, and discover for themselves which strategy
works best.

Materials and Methods
Materials

The 6his-lacZ-pET28a(+), also known as induction control E (positive control for the pET28a
+ expression vector), was from Novagen (Madison, WI). E. coli strain InvαF′ was from
Invitrogen (Carlsbad, CA); DH5Δlac (DE3) has been described.35 DNA purification columns
were purchased from Qiagen (Chatsworth, CA). The Butterfly nitrocellulose membranes were
from Schleicher and Schuell (Keene, NH). The histochemical β-fucosidase substrate (X-fuc),
isopropyl-β-D-thiogalactopyranoside (IPTG), pNP-gal and pNP-fuc were from Sigma
Chemicals (St. Louis, MO). BPER was from Pierce (St. Louis, MO). The GeneAmp XL
polymerase kit, including the rTth and Vent polymerases, and the BigDye 3.1 DNA sequencing
kit were from Perkin-Elmer/Applied Bio-systems (Foster City, CA). All other DNA-modifying
enzymes (restriction enzymes, Taq polymerase, phage T4 DNA ligase) were from New
England Biolabs (Beverly, MA). Oligonucleotides were synthesized by IDT (Coralville, IA).

Site-saturation mutagenesis
The BGAL gene (lacZ) was mutated randomly at the selected codons (D201, H540, N604), as
illustrated in Figure 1. The three short segments (PCR 1–3, encoding BGAL 201–540, 540–
604, 604–end) were amplified in PCR reactions that contained 50 ng of the ancestral 6his-
lacZ-pET28a+ plasmid, 500 nM primers (Table 1), 200 nM each dNTP, 60 mM Tris–HCl (pH
8.5), 0.5 mM MgCl2, 15 mM (NH4)2SO4 and 2.5 units of Taq polymerase. The reactions were
initiated by a “hot start” procedure, and the segments were amplified in 25 cycles of 94 °C for
30 s, 65°C for 30 s, 72 °C for 1 minute.

The long segment (PCR 4, lacZ end–201) was amplified using the mixture of Tth and Vent
polymerases provided in the GeneAmp XL polymerase kit. The long PCR reactions included:
50 ng of 6his-lacZ-pET28a+, 500 nM primers lacZ D201X rev and 3′ pETout2 (Table 1), 200
nM each dNTP, ABI XL buffer II, and 0.8 mM, 1.2 mM or 1.5 mM magnesium acetate. The
50 μl reactions were overlaid with light mineral oil and heated to 80 °C in a thermal cycler for
a hot start. Then 0.5 μl of Tth/Vent mixture (one unit) was added, and the temperatures were
raisedto 94 °C for 1 minute, followed by 25 cycles of 94 °C for 15 s, 68 °C for 3 minutes (1
min/kb). The reaction was further incubated at 72 °C for 10 minutes, and stored at 4 °C.

PCRs (1–4) amplified three short products and one long one. The mineral oil was removed,
and each PCR reaction was incubated with 0.5% (w/v) SDS and 50 μg/ml of proteinase K at
65 °C for 15 minutes to eliminate the thermostable polymerases. The PCR product was purified
using the Promega Wizard PCR prep kit (Madison, WI) as directed by the manufacturer. The
DNA was digested with DpnI to eliminate methylated ancestral template. The PCR products
were gel-purified using a Qiaquick spin column as directed by the manufacturer. The
concentration of eluted DNA was estimated by agarose gel electrophoresis.

Each of the four double-stranded PCR products overlapped either one (PCR 3 = 601–lacZ end,
PCR 4 = lacZ end–201) or two (PCR 1 = 201–540, PCR 2 = 540–604) of the other fragments.
They were pooled and amplified in a long overlap PCR reaction using the outside 3′ pET3 and
3′ pETout 2 primers (Table 1, Figure 2). Intra-molecular self-ligation of blunt-ended DNA was

Parikh and Matsumura Page 6

J Mol Biol. Author manuscript; available in PMC 2007 October 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



used to re-circularize the plasmid.25,33 We reacted 20 fmol of purified recombinant PCR
product with one Weiss unit of phage T4 DNA ligase in a 20 μl reaction containing 50 μM
each dNTP, 1 mM ATP, 50 mM Tris–HCl (pH 7.6), 10 mM MgCl2, 5 mM DTT, and three
units of phage T4 DNA polymerase, at 16 °C for 1 hour. The T4 DNA ligase was heat-killed
at 65 °C for 10 min; the DNA was precipitated in butanol,38 and electroporated into freshly
prepared E. coli DH5Δlac cells as described.39 The resulting library contained ~21,000 clones.

Protein purification
The 6his-BGAL proteins, which were fused to an N-terminal His6 tag, were expressed in
DH5ΔLAC(DE3)/pLysS cells. The N-terminal eight amino acid residues of the native protein
were replaced in 6his-BGAL (the ancestral protein used in the study) with a 50 residue peptide
containing the His6 tag. The transformants were propagated to mid-log phase in 350 ml of
liquid LB culture (25 μg/ml of kanamycin), induced for 3 hours with 0.5 mM IPTG, and lysed
with BPER detergent. The proteins were purified to homogeneity (as determined by subsequent
SDS-PAGE) by nickel chelate affinity chromatography, and dialyzed overnight in 2 × BGAL
storage buffer (100 mM Tris–HCl (pH 7.1), 20 mM MgCl2, 5 mM β-mercaptoethanol). The
yields were determined by the Bradford protein assay (data not shown) as described.40 The
dialyzed protein (~1 ml) was diluted with one volume of glycerol and stored at −20 °C. All of
the enzyme activities were stable for at least two months under these conditions.

Enzyme kinetics
Each of the purified 6his-BGAL proteins (10 nM–1 μM) was added separately to 1 ml of BGAL
buffer (30 mM Tes, 140 mM NaCl, 1 mM MgSO4) containing various concentrations (5 μM–
6 mM) of substrate. The formation of the pNP product at 25 °C for 1–60 minutes was monitored
continuously in a Shimadzu UV-1601 spectrophotometer. The absorption extinction
coefficient of para-nitro-phenol (pNP) at 405 nm under these conditions is 10.88 mM−1

cm−1. The kinetic parameters of the wild-type and mutant enzymes were calculated by fitting
the steady-state initial velocity values to the Michaelis–Menten equation using a least-squares
method and the application Kaleidagraph 3.0.5 (Adelbeck software, Reading, PA). Each of the
kcat/KM values was thus derived from at least 18 independent reactions.
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Abbreviations used
BGAL  

β-galactosidase

pNP-gal  
para-nitrophenyl-β-D-galactopyranoside

pNP-fuc  
para-nitrophenyl-β-D-fucopyranoside

X-fuc  
5-bromo-4-chloro-3-indoyl-β-D-fucopyranoside

LB  
Luria broth
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Figure 1.
Structure of the Escherichia coli β-galactosidase active site.30 The para-nitrophenyl-β-D-
fucopyranoside (“novel substrate”) is identical with para-nitrophenyl-β-D-galactopyranoside
(“native substrate”, shown here), except that it lacks the C6 hydroxyl group. The dotted lines
represent hydrogen bonds. The Asp201, His540, and Asn604 residues were “randomized” in
this study. The sodium ion (blue sphere) is reduced in scale so as not to obscure these amino
acid residues.
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Figure 2.
Randomization of β-galactosidase residues 201, 540 and 604. Complementary primer pairs
(arrows) encoding vector sequence (black) or lacZ (colored) were synthesized. The lacZ-
specific primers were degenerate (NNK) at codons 201, 540 and 604. The 6his-lacZ-pET28a
+ (white circle) was employed as a template in four separate PCR reactions (white bar = vector–
201, blue bar = 201–540, green bar = 540–604, red bar = 604–vector). Each PCR product
overlapped one or two others in sequence; the four PCR products were combined in a single
overlap PCR reaction (reaction 5). The full-length recombinant PCR product was purified, self-
ligated and electroporated into E. coli.
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Figure 3.
E. coli colonies expressing evolved β-fucosidases. E. coli DH5Δlac(DE3) were transformed
with the ancestral, H540V, N604T or H540V/N604T variants of the 6his-lacZ-pET28a+
plasmid. The colonies were propagated on LB-kanamycin agar plates, adsorbed to
nitrocellulose filters and transferred colony-site up to LB-kanamycin agar plates supplemented
with 0.5 mM IPTG and 80 micrograms/ml X-fuc. This photograph was taken 90 minutes after
induction.
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Figure 4.
The β-galactosidase and β-fucosidase activities of selected lacZ variants. E. coli cells were
transformed with mutated 6his-lacZ-pET28a+ plasmids (or with the ancestral or no insert
control plasmids), grown to mid-log stage in LB-kanamycin liquid cultures, and induced for
3 hours with 0.5 mM IPTG. Each culture was split and reacted with either 0.5 mM para-
nitrophenyl-β-D-galactopyranoside (native substrate, red) or para-nitrophenyl-β-D-
fucopyranoside (novel substrate, blue). The formation of the para-nitrophenol product was
monitored continously in a microplate spectrophotometer for 16 h.
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Table 1
Primers used in this study

Primer name Sequencea Use

lacZ D201X ATCTGGAAGATCAGNNKATGTGGCGGATGA PCR 1: randomize D201
lacZ D201X rev TCATCCGCCACATMNNCTGATCTTCCAGATA PCR 4: randomize D201
lacZ H540X TTGCGAATACGCCNNKGCGATGGGTAACA PCR 2: randomize H540
lacZ H540X rev TGTTACCCATCGCMNNGGCGTATTCGCAAAG PCR 1: randomize H540
lacZ N604X CCAGTTCTGTATGNNKGGTCTGGTCTTTG PCR 3: randomize N604
lacZ N604X rev CAAAGACCAGACCMNNCATACAGAACAGGC PCR 2: randomize N604, adds Q600L

mutation
3′ pET3 Phosphate-GTCGACGTTGGAGTCCACGTTCTTTAATA PCR 3 and 5: amplify whole plasmid
3′ pETout2 Phosphate-GCATGCCGTAAAGCACTAAATCGGAACC PCR 4 and 5: amplify whole plasmid
lacZ 454 rev CGACCCAGCGCCCGTTGCACCACAG lacZ sequencing
lacZ 377 AATCCGACGGGTTGTTACTCGCTCAC lacZ sequencing
lacZ 770 GAGTTGCGTGACTACCTACGGGTAAC lacZ sequencing
lacZ 1154 CTGAACGGCAAGCCGTTGCTGATTC lacZ sequencing
lacZ 1536 CGCGTGGATGAAGACCAGCCCTTC lacZ sequencing
lacZ 1920 CGGGCAAACCATCGAAGTGACCAGC lacZ sequencing
lacZ 2269 CATCGAGCTGGGTAATAAGCGTTGGC lacZ sequencing
lacZ 2679 TGCCAGCTGGCGCAGGTAGCAGAG lacZ sequencing

a
K = G or T; M = C or A.
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