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Large libraries of randomly mutated genes are applied in directed evolution
experiments in order to obtain sufficient variability. These libraries,
however, contain mostly inactive variants, and the very low frequency of
improved variants can only be isolated by high-throughput screening.
Small but efficient libraries comprise an attractive alternative. Here, we
describe the application of ancestral libraries—libraries based on mutations
predicted by phylogenetic analysis and ancestral inference. We designed
and constructed such libraries using serum paraoxonases and cytosolic
sulfotransferases (SULTs) as model enzymes. Both of these enzyme families
exhibit a range of activities in drug metabolism and detoxification of
xenobiotics. The ancestral serum paraoxonase and SULT libraries were
screened by low-throughput means, including HPLC, using substrates
and/or reactions with which all family members exhibit low activity. The
libraries showed a remarkably high frequency of highly polymorphic and
functionally diverse variants. Screening of as few as 300 variants enabled
the isolation of mutants with up to 50-fold higher activity than the starting
point enzyme. Structural and kinetic characterizations of an evolved SULT
variant show how few ancestral mutations reshaped the active site and
modulated the enzyme's specificity. Ancestral libraries therefore comprise a
means of focusing diversity to positions and mutations that readily trigger
changes in substrate and/or reaction specificity, thereby facilitating the
isolation of new enzyme variants for a variety of different substrates and
reactions by medium-throughput or even low-throughput screens.

© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Abbreviations used: SULT, cytosolic sulfotransferase;

REAP, Reconstructed Evolutionary Adaptive Path; PON,
serum paraoxonase; TBBL, 5-thiobuyl-y-butyrolactone;
TBL, vy-thiobutyrolactone; OP, organophosphate; CMP,
3-cyano-4-methyl-7-coumaryl-cyclohexyl-ester; DEPCYC,
diethylphosphoryl-3-cyano-4-methylcoumarin; 3NPA,
3-nitrophenyl acetate; 4A AP, 4-acetoxy-acetophenone;
IMP, O-isopropyl-O-(p-nitrophenyl) methyl phosphonate;
PAPS, 3-phosphoadenosine 5-phosphosulfate; pNP,
4-nitrophenol; 3CyC, 3-cyanoumbelliferone; BPA,
bisphenol A; L-thyroxine, 3,5,3',5"-tetraiodothyronine;
PDB, Protein Data Bank; PEG, polyethylene glycol; PAP,
3-phosphoadenosine 5-phosphate; HPLC, high pressure

liquid chromatography.

Directed evolution is traditionally performed with
large libraries created by random mutagenesis.
Although large libraries are essential for many tasks,
small but effective libraries are of crucial importance,
especially when complex or difficult-to-assay activi-
ties are needed.'” In random libraries, deleterious
mutations are most common, with a frequency of
>0.33,% whereas beneficial mutations occur at fre-
quencies around 1073.21° Thus, as mutations accu-
mulate, most of the library genes become ‘nonviable,
as they do not encode folded functional proteins.’
Methods such as family shufﬂing,” SCHEMA,°
iterative saturation mutagenesis,> simultaneous
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multlple—51te saturation mutagenesis, ¥1271% consensus

libraries, and Reconstructed Evolutionary Adapt1ve
Path (REAP)* were developed with the aim of
minimizing the explored sequence space while max-
imizing functional variability.

Here, we describe ancestral libraries that, similarly
to other methods such as family shuffling, aim at
exploring new combinations of substitutions that
have already been explored by nature and proven
functional. However, the mutational diversities
explored here are borrowed from the evolutionary
past and not from the present. The ancestral libraries
described here are composed of active-site sub-
stitutions that were predicted to have existed at
various nodes and branches of the evolutionary
trajectories of a given enzyme family. These ances-
tral forms are long gone, but their sequences can be
reconstructed from the phylogenetic tree.'® The
libraries explored all residues that are located close
to, or within, the enzyme's active site and that differ
between the starting point enzyme and the ancestor
(or ancestors) along the trajectories that gave rise to
this enzyme. Some of these substitutions are unique,
but many of these are seen in certain contemporary
family members. However, the libraries included
only predicted ancestral substitutions, and not the
entire diversity seen in existing family members.
Random combinations of these ancestral mutations
were generated by spiking synthetic oligonucleo-
tides at the background of a starting pomt gene that
encodes an existing family member."” Two exam-
ples are described: mammalian serum paraoxonase
(PON) 1 and human cytosolic sulfotransferase
(SULT) 1A1l. The PONI1 case provided a basis for
comparison, as we have described the directed
evolution of this enzyme by random and targeted
mutageneses using high- throughput or even ultra-
high-throughput screens,'®'” as well as neutral drift
libraries and medium-throughput screens. 120 In
contrast, SULT1A1 comprises a new case; to our
knowledge, only one directed evolution experiment
has been described with this enzyme or with any
other SULT (Amir Aharoni et al.,, submitted for
publication).

Here, we provide a generic protocol for the
preparation of ancestral libraries, with the aim of
generating ‘first-generation’ mutants that exhibit
improved activity with the desired target sub-
strate/reaction. Such variants could then be
subjected to standard directed evolution tech-
niques to obtain higher activity. We show that
ancestral libraries comprise a relatively small array
of variants that are, on average, more active and
evolvable than variants obtained by random
mutagenesis. Structural and kinetic characteriza-
tions of one of the evolved SULT1Al mutants
were also performed, thus indicating how few
ancestral mutations can modulate an enzyme's
active site.

Results

Designing ancestral PON libraries

The library design strategy is schematically
described in Fig. 1.

Our first test case involved PONSs, a family that
includes the mammalian families PON1, PON2, and
PONB3 sharing 55-85% amino acid identity.”' PONs
are calcium-dependent hydrolases that catalyze the
hydrolysis of a broad range of substrates such as
esters, lactones, and phosphoesters. However, their
primary substrates are lactones and the remaining
activities are promiscuous.”” The different families
differ in their lactonase specificity (PON1 and
PONB3's best substrates are lipophilic lactones,
whereas PON2's best substrate is a homoserine
quorum—sensmg lactone) and in their promiscuous
activities.**” Sequences of PON family members
were collected. To increase the fidelity of prediction,
we removed sequences with partial lengths and
sequences in which PON's characteristic sequence
motifs were missing. The alignment was fine-tuned
manually to improve its reliability at gap positions
(the alignment is provided as Supplementary Fig. 1).
The alignment was used to create a phylogenetic
tree, and a bootstrapping analysis was performed to
evaluate it (Supplementary Fig. 2). The tree was
checked manually to assess its validity (clustering of
known PON family members, compliance with the
tree of life, etc.). It should be noted that most of these
steps (removing sequences that might be irrelevant,
refining the alignment, and assessing the tree's
quality) are manual and family specific. A standard
methodology cannot be described, and the only
general rule is to run several iterative rounds of
alignment and tree making until the tree has
converged to its most convincing format.

Once the tree had been finalized, ancestral pre-
dictions were obtained for all nodes of the tree, and
the most probable ancestral sequences were deter-
mined as described in Materials and Methods. To
maximize the potential for changes in enzymatic
specificity, we considered for library diversification
all positions residing within 12 A of the catalytic
calcium that resides at the bottom of PON1's active
site and all other positions of the active-site wall.
This list included 94 positions, or 26% of the
enzyme's total length.

The first library was based on the ancestral node
N8. This ancestor combines all three mammalian
PON families (PON1, PON2, and PON3) and
chicken PON, whose specificity is unknown. N8
comprises the deepest ancestor in this phylogeny
(i.e., most ancient) for which the reliability of
prediction is still high. Later, the same process was
applied on a deeper node, N6—the ancestor for all
vertebrate PONSs for which the prediction's fidelity is
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Fig. 1. A schematic representation of the ancestral library methodology. (a) Orthologues and paralogues of the target
enzyme are identified, and their sequences are aligned. (b) A phylogenetic tree is generated. The ancestral nodes are
assigned, and their sequences are predicted. The reference node (or nodes) for the library design (highlighted in red)
typically encompasses sequences of several paralogous families that exhibit >50% sequence identity. (c) The diversified
library positions are determined based on the enzyme's three-dimensional structure. These positions (yellow) include all
positions of the active-site wall and any other position within 12 A of the enzyme's catalytic center (e.g., the catalytic metal
or a key catalytic residue). (d) The sequence of the chosen ancestral node (N8) is compared to that of the starting enzyme
(WT). In most positions, the same amino acid is present (e.g., position 102). At positions where the sequence diverged,
ancestral substitutions are identified (e.g., A54X, etc.). (e) The ancestral substitutions are incorporated by mutagenesis
oligonucleotides that are combinatorially incorporated into the target enzyme's gene by assembly PCR. (f) The resulting
gene library is cloned, transformed into E. coli, and screened to identify variants with the desired specificity.

much lower. Of the 94 positions considered, 21
positions differed between the starting gene and the
N8 ancestor, and 27 positions differed with respect
to the N6 ancestor. In the N8 library, all the ancestral
substitutions could be identified in at least one
contemporary family member. In contrast, in the N6
library, 9 out of 27 ancestral substitutions do not
appear in any mammalian PON sequence (Table 1
and Fig. 2; Supplementary Table 1).

As our starting gene, we choose rePON1-G3C9
(dubbed here rePON1), an Escherichia-coli-expressed
PON1 variant whose sequence is ~95% identical
with rabbit PON1 and has enzymatic specificity that
is essentlally identical with rabbit and human
PON1.>° We chose the engineered rePONT rather
than a wild-type PON1 because we needed a
bacterially expressed protein for the library screens
(human PON1 and other mammalian PON1s do not

express in E. coli in a soluble and functional form).
The recombinant variant also exhibits higher stabil-
ity than human PON1* and may thus tolerate a
larger number and variety of mutations.”

The N8-PON library

The N8-PON library was constructed by assembly
PCR using DNase-I-generated fragments of the
rePON1 gene and an equimolar mixture of 21
mutagenesis oligonucleotides, each encoding one
ancestral substitution (Supplementary Table 2). The
library was cloned into an expression vector. Sequenc-
ing of randomly picked clones indicated 4 +2 ancestral
substitutions per gene plus 0.1+0.3 mutations that
were randomly incorporated during the PCR.

To explore the viability and diversity of the N8
ancestor library, we screened a small number of
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Table 1. Diversified positions in the PON ancestral libraries

Position rePONI (library starting point) PONI1 PON2 PON3 N8 mammalian+chick ancestor N6 vertebrate ancestor
55 L I/L I I 1 I
56 E D/E D D D T
67 S S/A/T S/V. S/T/N S T
74 I I/L/V L M/L L L
75 M I/K/M  K/H P/V K P
78 D Q/N/D/E A A A g
136 G D/L/H H/E H/N H H
137 S S/A/V/Y Q/F M Q H*
189 p P/E/Q P/F F/S/Y F G*
190 Y Y/T F/I L/V/F I I
193 S S/Q Y/F  F/L/T F Mm?
194 W W/L L L/F L L
196 M V/I/M/L M/T  I/M/L M Vv
197 H Y/H Y F/1/V Y F
221 D D/Y Y/D S/C/N Y Y
222 F E/S/Y S S S F
237 I I/v V/1 V/1 v v
239 E E/D D D D D
240 L L/1/V I V/A I L/I
241 L L/M L S/T/A/F L L/F
244 K K/T/R N/E N N N
271 I L/I L L L I
272 S S/F S S/T S E*
282 \% v/T V/T A T r
291 I I/L L L L L
293 Y F/Y/S v/Y N/I/M F M
294 Y Y D/Y Y Y H?
329 Q Q/H Q Q Q r
332 T T/S S T/S S S

Listed are all positions that differ between the starting point (rePON1) and the N8 or N6 ancestors, and the amino acids that occupy these
positions in the three mammalian PON families. Positions that differ between N8 and N6 are marked in boldface.

? Unique ancestral substitutions (i.e., substitutions to amino acids that do not appear in paralogous families).

(a) /

(b)

Fig. 2. Locations of the diversified library positions. (a) Backbone representation of rePON1. Marked in color are all
positions considered for diversification: the active-site wall and any position within 12 A of the catalytic calcium (top
green sphere). The diversified positions in the N8 and N6 ancestral library positions are shown in blue. The remaining
positions (yellow) are those in which the ancestral sequence was identical with that of rePONI1. (b) Backbone
representation of human SULT1A1. The diversified positions in the ancestral library positions are shown in blue, and
those that do not differ between 1Al and the ancestor are shown in yellow. The substrate (p-nitrophenol) and the sulfate

donor's product (PAP) are shown in green.
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randomly picked variants (276 clones) for six
different substrates. These substrates represent
three different hydrolytic activities: lactones [5-
thiobuyl-y-butyrolactone (TBBL) and vy-thiobutyro-
lactone (TBL)], organophosphates (OPs) [methyl
phosphonic acid 3-cyano-4-methyl-7-coumaryl-
cyclohexyl-ester (CMP) and diethylphosphoryl-3-
cyano-4-methylcoumarin (DEPCYC)], and aryl es-
ters [3-nitrophenyl acetate (3NPA) and 4-acetoxy-
acetophenone (4AAP)] (Supplementary Fig. 3). A
control library that contained, on average, 3.2+2.7
random mutations per gene was generated by error-
prone PCR and tested for comparison (Fig. 3).

For the six substrates tested, >50% of the N8
library variants exhibited detectable activity (=0.2-
fold activity relative to the starting point rePON1),
with each of the six substrates tested (Table 2).
Moreover, 3.6-22.4% of the screened variants
exhibited >2-fold higher activity than the wild-
type-like rePON1 with one or more of the tested
substrates. Furthermore, 1.3-10.7% variants exhib-
ited >5-fold higher activity compared to the wild-
type-like rePONI.

Differences in lysate activities stem from differ-
ences in specific activities and expression levels.
Expression levels did vary between library mem-
bers, but to a much lower degree than specific
activities (see the text below). That most differences
can be ascribed to differences in specific activities is
also manifested in different activities varying to
different degrees. For lactonase activity with the
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chromogenic lactone TBBL, a large portion of the
library variants (50.8%) exhibited activities that are
essentially identical with those of the wild-type-like
rePONT1. In addition, none of the tested N8 library
variants exhibited significantly improved TBBLase
activity (>2-fold higher than rePON1), and only few
improved variants were found in the N6 library
(1.4%). This stands in contrast to 3.6-22.4% of
significantly improved variants observed with all
other substrates. Furthermore, the highest improve-
ment in TBBL seen among 552 screened variants
taken from both the N8 and N6 libraries was 3-fold,
relative to up to 52-fold improvements with the
other substrates. This trend relates to the fact that
TBBL was designed to mimic lipophilic y-lactones
and thus reflects the native activity of PON1 and, to
a large degree, of all PONs.” The rarely observed
improvements in TBBLase activity suggest that N8§,
and even the more the ancient ancestor NG,
exhibited TBBLase activity levels similar to those
of contemporary PONI.

Library variants exhibiting the highest changes in
activity were sequenced and recloned to validate
their activity. These variants were screened with two
additional organophosphate substrates: O-isopro-
pyl-O-(p-nitrophenyl) methyl phosphonate (IMP)
and paraoxon. The most active clones that emerged
from this screen can be divided into three major
groups (Table 3): the first group (variants 2G1, 1B10,
1D2, 3D7, 1E11, and 2F6) showed higher activity
than wild-type PON1 towards organophosphate
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Fig. 3. Activity changes in the ancestral libraries compared to the random mutagenesis library. The libraries were
screened with six different substrates: (1) TBBL, (2) TBL, (3) CMP, (4) DEPCYC, (5) 3NPA, and (6) 4AAP. The color bar
represents activity compared to the starting point rePON1. The black background denotes activity levels that are lower
than those of rePON1. The red-to-white scale denotes equal or higher activity relative to rePON1, whereby white denotes

>10-fold higher activity.
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Table 2. Percentage of active variants in the N8 and N6 ancestral libraries and in the random mutagenesis library

TBBL TBL
Relative activity® N6 N8 RM Relative activity® N6 N8 RM
Act<0.2 43.5+4.8° 49.2+6.2 60 Act<0.2 11.2+6.5 22.1+12.7 16
2>Act>0.2° 55.1+4.1 50.8+6.2 40 2>Act>0.2 80.4+7.6 73.6+£11.7 84
Act>2 1.4+0.7 0.0+0.0 0 Act>2 84+13 43x1.1 0
CMP DEPCYC
Relative activity® N6 N8 RM Relative activity® N6 N8 RM
Act<0.2 56.2+3.5 31.2+5.3 65 Act<0.1° 51.1+6.6 22.1+17.2 58
2>Act>0.2 38.8+2.3 46.4+0.7 34 2>Act>0.1° 46.4+6.4 72.8+15.8 42
Act>2 50«13 224+5.1 1 Act>2 2.5+0.7 51+27 0
3NPA 4AAP
Relative activity” N6 Ng° RM Relative activity” N6 Ng° RM
Act<0.2° 60.2+4.6 54.0+35.1 61 Act<0.2 70.3£2.5 58.4+32.0 68
2> Act<0.25" 36.2+5.1 42.4+32.8 39 2>Act>0.2 14.0£3.0 33.7+25.7 32
Act>2 3.6+23 3.6+2.5 0 Act>2 7.7£25 79+64 0

RM =random mutagenesis library.
Noted for each substrate is the percentage of variants that show a certain activity level relative to the wild-type-like starting point
rePONI1.

? Act=activity relative to rePON1.

b The limit for the lowest detectable activity was defined as <0.1-fold relative to the starting point rePON1, or up to <0.25-fold,
depending on the rate of background hydrolysis and the assay's variability for the tested substrate.

¢ For the N6 and N8 libraries, three plates were screened, with 92 library clones per plate. The error ranges reflect the deviations in the
percentage of active clones between these three plates. Only one plate was screened from the random mutagenesis library, and error
ranges could not be provided. However, for most substrates, the differences between the ancestral N6 and N8 libraries and the random
mutagenesis library are well beyond the error range. The exceptions are the aryl esters SNPA and 4AAP, which exhibit high background
rates and low PON1-catalyzed rates, and therefore show relatively high error ranges.

substrates. Variants in this group contained the
mutation F222S, which has also been identified from
previous screens for an increased organophosphate
hydrolysis activity of PON1."'* These variants

contained at least one other mutation (or sometimes
few mutations) that is likely to mediate a higher
organophosphate hydrolase activity, such as Y190F
and Y293F." The second group (variants 2D9, 2F10,

Table 3. Selected variants isolated from the N8-PON library

Variant CMP MP DEPCYC PARA TBL TBBL 3NPA  4AAP Substitutions

2G1 52.4+12.2 7+19 6.8+15 71+1.8 12+23 1.4+03 3.8+1.0 12.5+3.1 L1551, 1741, Y190F, F222S,
F264L,% Y293F, T332S

1B10 46.6+8.6 227+35 65+1.0 11.8+21 1.1+03 1.3+02 1.1x04 2.6+03 D78A, F222S, T—C (309)

1D2 299+74 219+44 21+04 25+0.6 1+0.5 1.1+02 1.6+03 49=+1.1 E56D, 1741, F222S, 1237V

3D7 252+23 11.6+1.1 7+0.6 11+0.8 1.1+05 0.4+00 1.2+02 1.8+0.2 1551, S193F, F222S,
V282T, Y293F, T332S

1E11 20.7+3.4 143+2.0 22+04 32+03 1408 0.7+0.1 1+02 1.3+0.2 551, S137Q, F222S, 1237V,
K244N, G—(C(732)

2F6 16.7+45 11.7+3.0 18«05 23+0.7 09+02 0.6+02 0.8+0.1 1.3+0.2 L55I, S137Q, Y1901, F222S, C—T

(993)

1B6 47+14 55+1.6 6.8+19 101+32 62+25 1.3+x02 58+15 4.8+1.2 M75K,Y190I, L259S,® Y293F, T332S

2D4 44+1.0 1.9+0.2 6+1.1 74+1.0 6+1.0 1.2+0.1 4.1+£0.6 3.2+0.6 L55I, P189F, S193F, Y293F, T332S

3E8 3715 41+16 51«19 55+21 54+20 1.4+03 44+14 54+18 M75K, S137Q, 1237V, T332S

1A2 3.6x1.0 62+22 9.8+37 6+22 12+04 09+03 07+02 39+12 E56D, F222S, 12911, T332S

2D9 1.4+02 04+01 1.1+0.1 24+03 228+19 1.7+0.1 0.8+03 9.9+1.2 M75K, S137Q, 1237V, 1291L, T332S

2F10 1+0.2 02+0.1 0902 2+04 12+22 09+0.2 0.6+0.2 3.8+09 L1551, P189F, 1237V,

1291L, T332S, T—C (180)

3A8 09+02 02+0.0 0.8+02 15+03 55+1.0 0.6+x0.1 0.7+0.1 29+03 P189F, 1237V, 1291L, T332S

1E6 08+03 0.1+0.1 02+02 01«02 28+1.0 1.3x0.1 05+0.1 3.5+03 1551, 1741, V282T, 1291L.

rePON1-G3C9 1+0.3 1+0.1 1+0.2 1+0.1 1£0.7 1+£00 1+0.1 1+£0.3 —

Listed are the activity levels with various substrates relative to the wild-type-like rePON1. Standard deviations were obtained by
measuring the activities of four individually grown colonies of the same variant.
# Random mutations incorporated by PCR amplifications of the library.
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3A8, and 1E6) was improved mainly with the
thiolactone TBL and the aryl ester 4AAP, and also
exhibited a decrease in organophosphate hydrolase
activity, especially with IMP. Variants belonging to
this group all contained the mutation I1291L that has
been previously seen to affect aryl esterase and
lactonase activities.'®*® Other mutations found in
various members of this group, such as I174L and
S193F, are also likely to mediate new specificities.*”
The third group (variants 1B6, 2D4, 3E8, and 1A2)
was improved with all different substrates tested to
a similar degree, suggesting higher protein stability
and solubility. Variants of this group all contained
the T332S mutation, which contributed to their
higher TBLase activity and is likely to mediate their
higher expression levels.'®

The N6-PON library

N6, a node that is deeper and more challenging to
predict, was also examined in order to test the impact
of the particular choice of node. This library includes
27 substituted positions compared to 21 positions in
the N8 library (Table 1). The N6 library also included
substitutions that do not appear in any of the
mammalian PON family members (9 out of 27). As
with the N8 library, we analyzed the activity of 276
randomly picked library clones and compared them
to the random mutagenesis library (Fig. 3). The N6
library exhibited 3.6-8.4% of improved variants,
depending on the substrate examined (=2-fold
higher activity compared to the starting point

rePON1). The improvements observed were up to
20-fold (Table 2).

N6 library variants that exhibited the largest
changes in specificity were recloned and sequenced
(Table 4). A large number of N6 variants improved
with different substrates. Most notable were large
improvements towards aryl esters, in particular
with 4AAP (e.g., 20-fold higher activity of variant
2F10 compared to rePON1), that were not observed
in the N8 library. The improvements with organo-
phosphates were, however, much lower than
observed with N8 library variants (<5-fold as
opposed to <52-fold). These differences probably
relate to mutations like F222S that appear in the N8
library but not in the N6 library, and mutations such
as P189G that appear only in N6. Notably, the latter
is also a mutation that appears in the ancestral node
N6, but not in any of the family members that
diverged from it (Table 1). Thus, exploring more
than one node can further broaden the diversity of
ancestral libraries.

Ancestral versus random libraries

In total, by screening 276 variants from each
library, we identified 75 improved variants (>2-fold
higher activity with at least one of the six substrates)
with the N8 library and 37 improved variants in the
N6 library. Thus, on average, 1 out of 5 library
variants showed improved activity with at least one
substrate. In comparison, only 2 mildly improved
variants were identified by screening 92 variants in

Table 4. Selected variants isolated from the N6-PON ancestral library and the random mutagenesis library

Variant TBBL TBL CMP DEPCYC 3NPA 4AAP Substitutions

2F10 3+0.2 12+1.9 3.6+0.5 1.7+0.2 6.3+0.6 20.1+£3.0 S67T, D136H, P189G,* T332S

3G10 1.6+0.1 1.8+0.2 3.6+0.2 1+0.02 43+04 13.5+0.4 1741, Y1901, E239D

2E3 2.2+0.7 1.1+0.1 1.9+09 0.3+0.1 2.2+0.6 9.1+3.6 R32H} 1741, M196V, L241F, Y293M

3D1 1.9+0.2 3.1+0.2 25+0.2 2.3+0.1 2.3+0.2 79+1.2 Y293M, T332S

2A9 1.9+0.2 4+0.9 1.9+0.2 1.5+0.1 2.2+0.2 6.3+0.8 S272E,* V282L,% Y293M, T332S

1G11 1.9+03 8.8+2.7 25+0.5 3.7+1.0 2.7+0.6 49+1.0 L551, P189G,” T332S

2G11 1.7+0.1 5+0.5 1.4+04 2.8+0.2 2+0.6 44+04 S67T, Y1901, W194L, 1237V, T332S

3B4 0.5+0.0 1.1+0.1 0.7+0.02 0.3+£0.01 3.6+1.3 42+0.1 E56T, 174L, S137H,* P189G,”
M196V, E239D, S272E*

3A5 2.1+0.2 49+0.8 0.4+0.04 0.6+0.1 22+2.8 29+1.1 1551, S137H,* L241F, V2821,* 1291L

1F12 1.9+0.2 22+0.2 1.4+0.1 1.7+0.2 1.1+0.1 1.9+0.1 D136H, L241F

1C10 1+0.3 2.6+0.9 0.4+0.1 0.3+0.1 4+14 1.7+05 S137H,* S193M,” 1291L, Q3291°

3B8 0.5+0.1 1.2+0.1 4+0.6 2.5+0.6 2.5+0.7 1.7+04 S67T, M75P, S137H,* E239D

1E1 1.5+0.1 1.9+0.1 5.3+0.2 2+0.2 1.1+0.2 1.6+0.1 L551, S67T, M75P, D136H, Y1901,
W194L, L.241F, V282I*

1C8 0.5+0.2 1.4+0.6 1+04 1.1+04 4.6+3.6 1.5+0.2 E56T, S193M,* H197R,° V2821, T332S

2B4 0.5+0.1 29+2.8 3.6+1.1 1.2+0.3 1.2+0.2 0.5+0.3 M75P, S137H,* V282I°

RM-A3 0.03+0.03 0.9+0.1 1.3+0.1 0.5+0.2 0.5+0.1 0.6+0.3 H115Q°

RM-A12 1.1+0.1 1+0.1 1.4+0.0 0.9+0.0 1+0.1 0.5+0.03 F241°

rePON1-G3C9 1+0.1 1+0.1 1+0.1 1+0.1 1+0.1 1+0.3 —

RM =random mutagenesis library.

Listed are the activity levels with various substrates relative to the wild-type-like rePON1. Standard deviations were obtained by
measuring the activities of four individually grown colonies of the same variant.

* Unique ancestral substitutions to amino acids that do not appear in any of the exiting mammalian PONSs (see Table 1).

? Random mutations incorporated by PCR amplifications of the library.
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the random mutagenesis library (Table 4). If we
consider >5-fold at the threshold for improved
activity, the average is 1 out of 10 for the N6 and N8
ancestral libraries, and nil for the random library.
The outcome with ancestral libraries is also
favorable if we consider the “viability” of a library
—meaning the frequency of folded and functional
enzyme variants. The latter is reflected in the ability
to hydrolyze the lactone substrate TBBL: 60% of
“dead” variants (lactonase activity within back-
ground rates, i.e.,, <0.2 relative to rePON1) were
observed in the random library compared to an
average of 43.4% in the N8 and N6 libraries (Table 2).

Expression levels of library variants

The expression levels of library variants were also
examined (Supplementary Fig. 4). The expression
levels in all three libraries (N8, N6, and random
mutagenesis library variants) were, on average,
about half relative to rePON1 and more widely
distributed as expected. The expression levels in
library variants varied from no expression up to 1.7-
fold higher expression than the starting point
rePON1. As expected, most inactive clones (as
determined by activity with TBBL) showed no
expression or very low expression. Since the ob-
served increases in activity in improved variants
were much higher than 1.7-fold (Tables 3 and 4) and
since the improvements in most cases were sub-
strate-specific (except for variants belonging to the
third group of the N8 library: 1B6, 2D4, 3E8, and 1A2;
see the text above), it is clear that most improvements
stem from changes in specific activities.

Ancestral SULT library

The substrates used with the PON library exper-
iments are all colorimetric and/or fluorogenic,
making it relatively easy to screen for new activities
and specificities by high-throughput or even ultra-

high-throughput means.'® However, we also
searched for new variants in a more challenging
system where the screen is much more laborious. To
this end, we explored the enzyme family of SULTs.
The SULT family comprises enzymes that use 3-
phosphoadenosine 5-phosphosulfate (PAPS) as a
donor molecule to transfer a sulfate group to
different acceptor substrates. We used two known
colorimetric substrates, 4-nitrophenol (pNP) and 3-
cyanoumbelliferone (3CyC), but the actual sub-
strates of interest, bisphenol A (BPA) and 3,5,3',5'-
tetraiodothyronine (L-thyroxine), could only be
screened by low-throughput assays such as high
pressure liquid chromatography (HPLC) (Supple-
mentary Fig. 5). We chose the latter two substrates
because all characterized SULTs sulfonate them
with low rates’>* and because of the potential
interest in their detoxification.

Design of the ancestral SULT library

The design protocol for the SULT library followed
that of the PON libraries. Candidate residues for
mutagenesis included all residues within 12 A of the
reaction center of SULT1A1 [the center was defined as
the hydroxyl group of the p-nitrophenyl substrate;
Protein Data Bank (PDB) ID: 1[486],35 including the
binding pocket cleft wall and 4 A around the binding
pocket of the donor molecule PAPS (Fig. 2b;
Supplementary Table 3). From these positions (99 in
total), we choose the ones that differ between wild-
type human SULT1A1 (our starting point gene) and
the ancestor N8. The latter comprises the ancestor of
the “1s” SULT family, which includes the 14, 1B, 1C,
1D, and 1E families (the alignment is provided as
Supplementary Fig. 6, and the tree is provided as
Supplementary Fig. 7). We chose N8 because the
prediction for the deeper node (N7) was far less
accurate (bootstrapping value of 44 out of 100) and
also because the inclusion of more SULT families
created too many gaps in the alignment. The ancestral

Table 5. Positions that differ between human SULT1A1 and its N8 ancestor

Residue SULT1A1 SULTI1A SULTIB SULTIC SULTID SULTIE SULT-N8 ancestor
10 P P KRQ PQRSL R DTSKE Q
11 P P NPDE EKAPTSQNG E YF-VE E
27 A ANT NGSD NTIWM EHQ QYEN N
44 S SN VATP ACSV S VA A
54 \4 VM IVL TIM VI LVI I
76 F FY TVSY FQYHL Y F Y
77 M LIMAV AVNESR DHEVQKL KR N N
86 A AICVD LVA LRIF I TKNS I
89 I VIMACE LQIAKV PQLISK FI VLM L
143 Y YH DH SQYH YH IFLH H
144 H RHKN LQ RK Q LR R
151 E DENH LAHFY DNAH KE DHNP D
168 S Cs AS LVSCA AS P C
243 4 ILV LVI LVIDW M LVM 1
245 Q TPCQSER ST TKSNAVG DK DE S
247 F VIFL VLMI TYVL DE VIMS 1
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Table 6. Selected variants isolated from the SULT-NS library

Variants® pNPP 3CyC” BPAP I-Thyroxine” Mutations

al0 2.41+0.05 2.45+0.2 9.4+04 0.5+0.1 S44A, M77N, V79M,© A861, E151D, F2471, M2601

b2 251+0.17 6.97+0.9 0.48+0.1 2.76+0.1 M77N, A101S,9 Y143H, E151D, S168C, V2431, F2471

b9 3.66+0.11 19.3+4.4 2.09+0.2 10.49+1.8 P10Q, M77N, E151D, S168C, V2431, F2471

dé 4.24+0.49 1.03+0.3 1.11+0.1 0.18+0.0 P11E, Q56E,% L67V,% F76Y, A101S,% Y143H,
M145L° 5168C, H213R,< F2471, H250Y¢

1A1-1C5° 0.13+0.01 2.53+0.3 1.29+0.08 1.58+0.0 Q56E,4 L67V, A101S,¢ H213R, F2471 ¢ M260I¢

1A1-1E9° 0.27+0.02 2.07+0.5 2.04+0.1 1.18+0.0 L67V,4 A101S,9 Q177K,% V211L,9 F222K,9 F2471¢

1E1 0.02+0.01 0.2+0.3 0.21+0.1 0.33+0.00 1E1

Human 1A1 1+0.02 1+0.01 1+0.1 1+0.1 1A1

* Listed are activities as fold change relative to human SULT1A1, as measured with purified enzyme samples. Standard deviations
were obtained from three independent measurements.

> Assay conditions for each substrate tested (enzyme concentration, substrate concentration, and PAPS concentration, respectively): (1)
[E]o=2.86 uM, 50 pM pNP, and 0.5 mM PAPS; (2) [E]p=1.43 uM, 1 pM 3CyC, and 100 pM PAPS; (3) [E]p=2.86 uM, 100 uM BPA, and
500 M PAPS; (4) [E]p=2.86 uM, 25 pM L-thyroxine, and 100 uM PAPS.

¢ Random mutations incorporated by PCR amplifications of the library.

4 Stabilizing mutations.

¢ Variants 1A1-1C5 and 1A1-1E9 were obtained by introducing consensus, stabilizing mutations, and selecting for higher expression
levels in E. coli and higher thermal stability. They also contained the F2471 active-site mutation (Amir Aharoni, submitted for publication)
that was also included in the ancestral substitutions and may account for the changes in substrate specificity observed in variants 1A1-
1C5 and 1A1-1E9. The magnitude of changes in the ancestral library variants, however, is much larger, and this mutation on its own is

therefore incapable of inducing the observed changes.

f The activity observed with human SULT1EL1 is provided for reference.

substitutions included in the library are listed in Table
5. As can be seen, all the introduced substitutions
appear in at least one SULT member. To increase the
mutational tolerance of the library variants, we
included stabilizing consensus mutations in the
library.’**® These mutations have been found to
stabilize human 1Al and to increase its levels of
functional expression in E. coli (Amir Aharoni ef al.,
submitted for publication). In total, we introduced by
oligonucleotide spiking and shuffling 16 ancestral
mutations and 8 stabilizing mutations at an average
of 5.1+2.4 mutations per gene.

Screening the SULT-NS8 library
We started with 184 randomly chosen library

variants that were tested for quenching the fluores-
cence of 3CyC as an indicator for folded active

(@)

Mutant b9

SULT 1A1

enzymes. Active variants exhibiting a detectable
level of sulfotransferase activity (92 in total, ~50% of
the variants) were collected, regrown, and tested
with colorimetric pNP. The ratio of activities with
3CyC to activities with pNP served as a preliminary
indication for changes in substrate specificity. Four
selected variants that exhibited the highest de-
viations relative to human 1A1 were subsequently
collected, recloned, overexpressed, and purified.
The purified enzyme variants were tested with
3CyC and pNP, and with the target substrates BPA
and L-thyroxine, by monitoring the exchange of
PAPS into 3-phosphoadenosine 5-phosphate (PAP)
by HPLC.*?

These four variants exhibited activity improve-
ments compared to wild-type SULT1A1 for each of
the substrates tested: pNP, <4.3-fold; 3CyC, <19.3-
fold; BPA, <9.4-fold; and L-thyroxine, <10.5-fold

Mutant b9

SULT 1A1

T T
200 300

[PNP]uM

1
0 100

1
400

[3CyCluM

Fig. 4. Kinetic characterization of the SULT1A1-b9 mutant compared to wild-type SULT1A1. Michaelis—-Menten curve

for wild-type SULT1AL1 (full circles) and its b9 (empty circles), with pNP (a) (left; [E]p=2.86 uM) and 3CyC (b) (right;
[E]o=1.43 pM) fitted to the substrate inhibition model (GraphPad Prism 5). Error bars were derived from two independent
measurements.
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Table 7. Kinetic characterization of the SULT1A1-b9 mutant compared to wild-type SULT1A1

pNP 3CyC
Kinetic parameters Wild-type 1A1 Mutant b9 Wild-type 1A1 Mutant b9
Fitted parameters Kear (min™ ) 5.36+1 17.2+2.4 0.45+0.03 2.94+0.3
Ko (WM) 7+2 24+7 6.2+0.9 0.72+0.2
K; (uM) 60.+14 283+100 — 38+12
Apparent parameters Vimax (hM/min) 9.25+0.5 30.5+£1.1 0.55+0.1 3.5+£0.02
Activity units (nmol/min/mg) 92.5+5 305+11 11+2 70+0.4

The kinetic parameters are derived from the plots in Fig. 4.

(Table 6). These activities are also higher than the
activities exhibited by 1E1 and any other SULT
family, as indicated by published data.’* The
mutations that appeared in these variants included
P10Q, S44A, M77N, A861, S168C, V2431, and F2471
(Table 6). Several of these mutations have been
reported to be involved in substrate specificity (e.g.,
A861°7 and F2471°%%%).

As is the case with PON ancestral libraries, the
active variants carried a high number of mutations,
up to six ancestral mutations in variant b9 or b2
(Table 6). This high number of accommodated

mutations is partly due to the parallel incorporation
of compensatory consensus mutations (1.8 +0.67 per
variant, on average).

Kinetic and structural characterizations of
SULT1A1-b9

The kinetic parameters of the selected variant b9
with both pNP and 3CyC were determined and
compared to those of human SULT1A1 (Fig. 4 and
Table 7). SULTs, particularly human 1A1, are known
to exhibit substrate inhibition. The data were

Table 8. Data collection and refinement statistics

Human SULT1A1 variant b9 +PAP+pNP

Human SULT1A1 variant b9 +PAP+3CyC

Data collection

PDB accession number

Number of images

Oscillation step (°)

Wavelength (A)

Resolution (A)

Space group

Unit cell parameters a, b, c (A)

Number of observed reflections (last bin)
Number of unique reflections (last bin)

3QVU

125

1

1.54178

25
P2,2:2,

66.86, 71.54, 122.77
101,999 (11,010)
20,787 (2277)

3QVV
135
1
1.04628
2.35
P2,2,24

71.79,71.91, 122.59

145,889 (24,812)
26,761 (4512)

Completeness (last bin) (%) 98.7 (99.8) 98.4 (99.5)
Rinerge” (last bin) (%) 12.6 (45.5) 7.1 (52.7)
Rueasured” (last bin) (%) 14.0 (50.9) 7.8 (58.0)
I/o(I) (last bin) 10.62 (3.22) 13.36 (3.06)
Last-resolution shell 2.60-2.50 2.50-2.35
Redundancy (last bin) 491 (4.84) 5.45 (5.49)
Refinement statistics.
Resolution range (A) 48.85-2.50 46.93-2.35
Number of reflections used in refinement 19,746 25,385
Riree/ Ruork’ 24.7/20.8 27.6/23.0
RMSD from ideal

Bond length (A) 0.003 0.005

Bond angle (°) 0.587 0.947
Ramachandran plot

Preferred regions (%) 97.1 94.2

Allowed regions (%) 2.6 5.1

Outliers (%) 0.3 0.7

N 1y
i Rsym = Rmerge = Xh: ‘Ilz - Ih,il / Zh: zi:Ih,b
ny My, n ny
b Rmeas = %: \/nhn,l 1 Zl: |Ih - Ih.il / Zh: Xi:Ih,i with I], = %”Xi:[h'i.

¢ Rwork=Y|IFo— | F/|=Y | Fo|, where F; denotes the observed structure factor amplitude and F. denotes the structure factor amplitude
calculated from the model. Ry is as for Ry,ok but calculated with 5% of randomly chosen reflections omitted from the refinement.
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accordingl;r fitted to the simplest model of substrate
inhibition.* The turnover number (k.,;) of the b9
mutant was higher than that of wild-type 1A1, ~3-
fold higher for pNP, and 6.5-fold for 3CyC. The K,
value for pNP increased (3-fold), resulting in ket / K
values similar to those of wild type. In contrast, the
K, value for 3CyC decreased 8.5-fold such that the
keat/ Kin of variant b3 with CyC increased by >50-fold
relative to wild type. Substrate inhibition by pNP
also decreased (the apparent K; for wild-type 1A1 is
60 uM compared to 283 uM for the b9 mutant). With
3CyC as substrate, no substrate inhibition was
observed for the wild type, whereas substrate
inhibition could be seen for the b9 mutant
(K;=37.7 puM). However, the K;/K,, ratio was
relatively high (>50 as opposed to ~10 with pNP).
To unravel the effect of the ancestral mutations,
we solved the crystal structure of the b9 mutant that

(a)

Sifise
o =

paied 2

carried the P10Q, M77N, E151D, S168C, V2431, and
F2471 mutations at the background of wild-type
human 1A1. We obtained structures in complex
with pNP and PAP at 2.5 A resolution (PDB ID:
3QVU), and those in complex with 3CyC and PAP at
2.35 A resolution (PDB ID: 3QVV; Table 8).

The structures of wild-type human SULT1A1%
and its b9 mutant are highly similar (RMSD of
~0.33 A for 287 carbon a atoms). The binding of
the acceptor pNP is also similar to that in the
complexes of wild type in b9. However, significant
changes could be observed in active-site volume
and configuration. The acceptor's site of the b9
variant is considerably enlarged compared to wild-
type SULT1A1, primarily due to the F247] muta-
tion (Fig. 5a and b). This residue has also been
identified as a key position for accommodating the
binding of acceptor molecules (Amir Aharoni et al.,

V243l

pNP

« acceptor site »

PAP

« donor site »

Fig. 5. Structural changes in the active site of the evolved b9 variant. (a) Superposition of the acceptor's binding pocket
of the b9 variant (blue) onto that of the human 1A1 structure (PDB ID: 1LS6; gray mesh). The acceptor pockets of both wild
type and b9 can readily accommodate pNP, although the wild type's pocket shows a better fit (and a 3-fold lower K, for
PNP). (b) The wild type's pocket is too small to accommodate the larger substrate 3CyC (green), whereas in b9, the F2471
mutation (sticks) enlarged this pocket to accommodate 3CyC and even larger substrates. (c) The b9 mutant structure in
complex with PAP and pNP (blue) superposed onto the wild-type SULT1A1 structure (gray). The incorporated ancestral
mutations created a hydrophobic cluster of three isoleucines (189, 1243, and 1247) that seem to have induced the closure of
active-site loops by up to 1.5 A. (d) The reshaping of the secondary acceptor's tunnel. The secondary tunnel of b9 (cyan) is
displaced relative to wild type and is also narrower such that the inhibitory pNP molecule seen in human 1A1 (white

sticks) cannot be accommodated.
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submitted for publication). This enlarged cavity
facilitates the binding of 3CyC, a bigger substrate
than pNP, and accounts for the observed improve-
ments in activity for 3CyC and with the other
large substrates, L-thyroxine and BPA. Within the
resolution limits, the structures of the b9 mutant in
complex with 3CyC and pNP, including the
reacting hydroxyl groups that coalign, appear
essentially identical (Supplementary Figs. 8 and 9).

We also observed changes with respect to the
secondary tunnel; this cavity, previously seen in
human SULT1A1, binds a second pNP molecule in a
nonreactive mode and is likely to be responsible for
the observed substrate inhibition.”® The alteration of
this tunnel was mediated by two mutations (V2431
and F247I). It appears that F2471, by being in van der
Waals contact with 189, stabilized a new rotamer of
189. The resulting hydrophobic cluster (V2431, F2471,
and I89) provokes the closing of the active loops and
the narrowing of the secondary tunnel (Fig. 5c and
d). In accordance, substrate inhibition in b9 is ~3-
fold weaker than that in wild-type 1A1 (Fig. 4 and
Table 7). Other mutations, such as M77N and S168C,
are in close vicinity to the active site and might also
contribute to the observed change in specificity.
However, their role does not seem to be reflected in
the crystal structures.

Discussion

We describe the construction of ancestral libraries
as a tool for facilitating directed enzyme evolution.
We exemplified this approach with mammalian
PONSs and SULTs. Both these enzyme families are of
potential interest in drug metabolism and detoxifi-
cation of xenobiotics. Although screened by low-
throughput means, the ancestral PON and SULT
libraries show a remarkably high frequency of
polymorphic and functionally diverse variants.
Screening of as few as 200-300 variants enabled
the isolation of dozens of active variants with a
range of different specificities and higher activities,
including those with substrates with which all
known family members exhibit low activity.

Ancestral libraries comprise a means of focusing
diversity to positions that can readily promote
changes in substrate specificity. The number of
explored positions is relatively high (in the range
of 20 positions or more). However, mutational
diversity is highly focused on a given ancestral
node or on a few nodes that could be explored in
separate libraries (as here, with the N6-PON and
N8-PON libraries) or combined into one library.
This limited diversity is nonetheless wide enough
to promote large functional variability and thereby
enables the isolation of ‘first-generation” variants
as starting points for further directed evolution by
standard methods.

Most of the incorporated mutations can be found in
various family members, in particular in the case of
the SULT library (Table 5). Only in certain libraries
(e.g., the N6-PON library) unique substitutions not
found in any known family member comprise about a
third of the library (Table 1). Thus, a similar outcome
could, in principle, be achieved through shuffling of
various family members. However, the diversity of
substitutions that appear in these positions within
contemporary family members is vast (e.g., Table 5)
and could not be explored within reasonable library
sizes. The choice of ancestral substitution limits
library sizes while maintaining sufficient functional
diversity. Furthermore, family shuffling is limited to
closely related sequences (=70% amino acid
identity).” Moreover, nearly all paralogues (i.e.,
members of families exhibiting different functional
specificities) show sequence identity lower than 70%.
Indeed, family shuffling would not be applicable for
the SULT1 and PON families explored here, as their
most diverse members show only 42% and 55%
amino acid identities, respectively. Methods that
overcome the identity barrier have been described
(e.g., by shuffling fragments at predefined positions).”
An alternative approach is to have a library based on
amino acids that appear in structurally equivalent
active-site positions. For example, by screening
~60,000 library variants derived from a Pseudomonas
fluorescens esterase, variants that enantioselectively
hydrolyze 3-phenylbutyric acid esters (up to 240-fold
faster than wild type) were identified.> However, the
choice of diversified library positions was largely
dictated by early reports that explored various
relevant positions of this enzyme. For many enzymes,
however, knowledge of specificity-altering positions
is limited or nonexistent. Furthermore, as indicated in
Tables 1 and 5, the variability within all family
members is huge; thus, family shuffling and the
related methods may result in too large and insuffi-
ciently viable diversity. In the ancestral libraries, the
choice of which mutations from existing family
members would actually be explored is given by the
ancestral sequence. In addition, a significant number
of mutations and mutational compositions that are
not seen in extant members are also explored.

The high viability of the ancestral libraries is
particularly notable in light of the high frequency of
mutations. The number of mutations in active clones
from the ancestral libraries (>4 ancestral substitutions,
on average, in the N8-PON and N6-PON variants,
and >7 in the SULT variants) is much larger than in
active variants isolated from random libraries (a
single mutation in the random library screened
here). This despite the average mutational rate in the
unselected libraries being very similar. Indeed, the
likelihood of finding a combination of four or more
beneficial and/or neutral mutations in a randomly
mutated library is very low."* In contrast, the
ancestral libraries can easily accommodate high
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mutational loads. In particular, it is clear that the
accumulation of several active-site mutations, while
maintaining configurational stability and enzymatic
activity, is normally a laborious and lengthy process
that demands several consecutive rounds of random
mutagenesis and screening of a large number of
library variants. In the ancestral libraries described
here, variants with up to 11 mutations within and
near the active site were readily identified by
screening as few as 200 variants.

Other approaches that enable the incorporation of a
large number of mutations while maintaining a
relatively high fraction of viable variants are consen-
sus and neutral drift libraries. Consensus libraries are
composed of targeted mutations that bring the
sequence of the target gene closer to the family
consensus. The consensus sequence may overlap the
sequence of the family ancestor (but not vice versa) or
may differ. In certain positions, the ancestor and
consensus sequences overlap (e.g., position 55; Table 1,
first line). However, in many positions, the ancestral
sequence does not match the consensus or differs
altogether from the existing diversity (e.g., position 56
in the N6-PON ancestor; Table 1, second line).
Furthermore, consensus mutations usually residing
away from the active site exhibit mostly stabilizing
effects.*! Indeed, the main aim of consensus libraries is
to obtain variants with hiﬁher stability, and not to alter
the enzyme's specificity. ~ Consensus ancestor muta-
tions were also included in our SULT library, and the
recombinant PON1 variant used as starting point for
the PON libraries carries several such mutations.*
Neutral drift libraries are another related method for
directed evolution. Comparison of ancestral PON
libraries to previously generated neutral libraries of
rePON1' reveals a similar frequency of improved
variants and a similar magnitude of improvements (in
particular for the high mutational load neutral drift
library; Supplementary Fig. 10). The generation of
neutral drift libraries is more laborious but requires no
prior knowledge of the enzyme's structure or phylog-
eny. Thus, these approaches (ancestral and neutral
drift) may apply to different target enzymes.

As this work progressed, Benner and Gaucher et al.*
also described the application of ancestral inference to
enzyme engineering. Their method called REAP was
applied to engineer polymerase variants that accept
nucleoside triphosphates with 3’-ONH, for DNA
sequencing.” REAP was implemented to identify
patterns of change in the evolutionary history of
polymerases indicated by deviations from simple
Markov models.*"**** Because viral polymerases are
likely to accept modified nucleotides, amino acid
replacements that might have been responsible for the
functional divergence between viral and nonviral
polymerases were identified. The analysis thereby
assisted the identification of candidate amino acid
exchanges that could give rise to polymerase variants
that accept modified nucleosides without the loss of

catalytic activity. Although the general outlines for
library design by REAP have been partially
provided,” a more detailed and well-established
protocol might be needed for a wider implementation.
In addition, although REAP resembles our approach in
the use of ancestral inference, these approaches differ
in several important ways. Including positions that
play a role in mediating a specific trait that appears in
one branch (e.g., the nucleoside triphosphate promis-
cuity of viral polymerases) can help focus library
diversity. However, this approach is limited to a
specific functional property that existed in some form
or another along the evolutionary history of the
targeted protein family. We included the entire
diversity found in various ancestral nodes throughout
phylogeny. Our approach does not require knowledge
on the specificity of the different members of the
targeted protein family. Instead, it explores a large
fraction of the phylogenetic sequence space by
combinatorial libraries and thus obtains activities and
specificities that did not exist in any of the ancestors, let
alone in contemporary members of the targeted
family.

In summary, the ancestral library approach
described here complements other approaches to
targeted mutagenesis such as family shuffling,*
SCHEMA,* REAP,* neutral drift,' and simulta-
neous multiple-site saturation mutagenesis.” It has,
however, its unique features and provides a new
and effective way of performing protein engineer-
ing. We also describe a range of new PON and SULT
variants that comprise valuable starting points for
engineering, detoxifying, and decontaminating en-
zymes for organophosphates and other environ-
mental hazards such as bisphenol A, or for potential
therapeutic uses (e.g., prevention of organophos-
phate toxicity, treatment of hyperthyroidism).

Materials and Methods

Ancestral reconstruction

Sequences of PON family members were collected from
the National Center for Biotechnology Information non-
redundant protein sequence database (nr) using protein
alignment BLAST (blastp) with its default settings. Only
fully sequenced genes and those that contain all PONs'
active site and other essential residues were included.”
Redundant sequences exhibiting >90% identity to other
sequences were removed using Cd-hit,*® and the align-
ment was created with PRANK?* using the F+ option and
the LG substitution matrix.”® The alignment was fine-
tuned manually to improve its reliability at gap positions
(Supplementary Fig. 1) and then used to create a
phylogenetic tree using the Phyml program.”' Bootstrap-
ping analysis was performed to evaluate the tree.
Ancestral predictions for the various nodes were obtained
with FastML,”” and the most probable ancestral sequence
was used for library design. The SULT ancestral
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predictions were performed as described above, with
some modifications. Firstly, a 95% identity threshold was
applied. Using a threshold of 90% resulted in the loss of all
but two members of the 4A1 family, as well as the loss of
family members with known structures such as human
1A2 and 1A3. Secondly, because the structures of most
SULT family members are available (as opposed to only
PON1), the alignment was structure-based using T-Coffee
Expresso % The alignment after the manual refinement of
the gap positions (Supplementary Fig. 6) was used for
constructing the SULT tree (Supplementary Fig. 7) and
ancestral predictions, as described above.

Library preparation

We applied the ISOR (Incorporating Synthetic Oligo-
nucleotides via Gene Reassembly) protocol for generat-
ing DNA 11brar1es of random combinations of specific
mutations.'” The starting point for the PON library was
a recombinant PON1 variant, rePON1-G3C9, that
expresses function in E. coli, exhibits ~94% identity to
rabbit PON1, and exhibits the same enzymatic specific-
ity as rabbit and human PON1.*° For each ancestral
mutation, a mutagenesis oligonucleotide ~30 bp long
(~15 bp from each side of the mutation) was
synthesized (Supplementary Tables 2 and 4). Typically,
2 pmol of an equimolar mixture of all mutagenesis
oligonucleotides and 50 ng of DNase I (Takara)-
generated fragments of the starting gene (rePONI1-
G3C9; GenBank AY499193) were assembled as de-
scribed previously,'” followed by a nested PCR with
external primers. The control library of random muta-
tions was generated by error-prone PCR (GeneMorph®
II Random Mutagenesis Kit; Stratagene, Agilent Tech-
nologies, USA) of rePON1-G3C9, and the mutation load
was tuned to a similar average of ~4 mutations per
gene. The various PON libraries (N6, N8, and Mu
libraries) were separately ligated into a modified pET-32
expression E)lasmld that introduces a His-tag at PON1's
C-terminus.~ The ligated plasmids were transformed
into E. coli BL21-DE3 cells. The transformed cells were
plated on agar, and single colonies were isolated and
grown on 96- deep—well plates for protein expression
and activity screen.'" The SULT library was similarly
generated. As a starting point, we used two stabilized
human SULT1A1 variants, dubbed hSULT1A1-1C5 and
hSULT1A1-1E9, each carrying several consensus muta-
tions (listed in Table 6). These were kindly provided by
Amir Aharoni (submitted for publication; Department
of Life Sciences, Ben-Gurion University of the Negev,
Israel). Although their enzymatic specificities deviate
from wild-type human 1Al, these deviations are much
smaller than those seen in the ancestral library variants
(Table 6).

Library screens

From the N8-PON library, 276 randomly picked
clones were grown on 96-well plates, and crude bacterial
lysates were screened with the target substrates (Sup-
plementary Fig. 3), as described previously." The lysate
volume taken with each substrate varied from 5 p to
20 pl such that initial rates could be reliably measured.

The rates were corrected for background nonenzymatic
rates and compared to the activity of the human-like
rePON1-G3C9 starting point. From the N6-PON library,
276 randomly picked clones were similarly screened. For
the SULT library screen, we used 10 pl of crude lysate in
a total reaction volume of 100 ul for screening with the
colorimetric pNP (50 pM; [PAPS],=0.5 mM, absorption
measured at 405 nm) or with the fluorogenic 3CyC
(1 pM; [PAPS]p=100 uM, excitation at 408 nm and
emission at 450 nm). The ratio of activity between these
two substrates relative to the ratio exhibited by the
stabilized human SULT1A1 variants (1A1-1C5 and 1A1-
1E9) was used to identify changes in specificity. Four
variants showing the highest changes in specificity were
purified and assayed further.

Purification of enzyme variants and enzymatic assays

The SULT variants were purified by Ni-NTA. The
purified enzymes were assayed with pNP and 3CyC as
described above, and by HPLC essentially as described
previously.*® Briefly, the 100-ul reactions contained
2.9 uM purified enzyme and BPA (100 pM) and PAPS
(0.5 mM), or L-thyroxine (25 pM) and PAPS (100 uM).
The reactions were stopped at different time points
(5 min, 10 min, and 20 min) by adding acetonitrile to
30% vol/vol (final concentration) and immediately
freezing in liquid nitrogen. Samples were diluted 3-
fold with buffer A (see the text below), centrifuged to
remove the protein precipitate, and injected into HPLC.
HPLC was performed with AKTA-Basic using an ion-
exchange column (Sepax-SAX-NP5) and a gradient of
buffer A (10 mM Tris, pH 7) and buffer B (buffer A plus
0.25 M NaCl)—from 0% buffer A to 50% buffer B in
10 min—and at a flow rate of 1 ml/min. The conversion
of PAPS into PAP was monitored at 259 nm (retention
times of 9.5 min and 7.4 min, respectively). The
concentration of the produced PAP was plotted against
time, and the initial rates were extrapolated. Kinetic
assays with pNP and 3CyC were performed using a
microtiter plate reader and 0.1-ml reactions in 10 mM
phosphate buffer (pH 7.0) while monitoring optical
density or florescence, respectively. The data were fitted
to the equation: vg=kcar[E]o[Slo/ (K +[Slo(1+[Slo/K)),
whereby K; is the apparent dlssoc1at10n constant for
substrate binding in the inhibitory mode.*

Crystallization

Freshly purified SULT1A1-b9 was concentrated to
33 mg/ml. One microliter of the donor's product PAP
(100 mM in phosphate buffer, pH 7.0) and 1 ul of the
acceptor pNP (200 mM in 100% dimethyl sulfoxide)
were added to 30 pl of protein solution. Crystallization
was performed using the hanging-drop vapor diffusion
method. Equal volumes (1 pl) of protein and reservoir
solutions were mixed, and the resulting drop was
allowed to reach equilibrium with a 500-ul reservoir
solution made of 18-22% (wt/vol) polyethylene glycol
(PEG) 3350 and 50 mM Tris-HCl buffer (pH 8). Crystals
appeared after 2 days at 293 K. For exchange of the
acceptor molecule, crystals were rinsed for 5 min in a
drop of a solution composed of the mother liquor
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solution, 25% PEG 600, and 5 mM 3CyC, and then
soaked for 1 h in a fresh drop of the same solution.

Data collection and structure refinement

Crystals were transferred into a cryoprotectant solution
containing the reservoir solution and 25% PEG 600 for
1 min, and then flash-cooled in liquid nitrogen. X-ray
diffraction data for the crystal of mutant b9 in complex with
pNP and PAP (2.5 A resolution) were collected at 100 K on a
Rigaku R-AXIS IV++ imaging plate area detector mounted
on a Rigaku RU-H3R generator with CuKa radiation
focused by Osmic confocal mirrors. A second data set
collected using a mutant b9 crystal soaked with 3CyC and
PAP at 2.35 A resolution was collected at 100 K with
synchrotron radiation at ID23-1 beamline (European
Synchrotron Radiation Facility, Grenoble, France) using an
ADSC Quantum Q315r detector. The data were integrated
and scaled using XDS and XSCALE.”* Both crystals
belonged to the same space group yet exhibited significantly
different unit cell dimensions (Table 8). Molecular replace-
ment was performed using MOLREP,” with the structure
of human SULT1A1 (PDB ID: 2D06) used as starting model.
Manual model improvement was performed using Coot.”
Refinement of the models was performed using
REFMAC5.” TLS refinement was applied to the 3CyC-
containing structure. Figures were prepared with PyMOL
(DeLano Scientific LLC), and figures displaying cavities
were produced with Caver 2.1.17.

Accession numbers

Coordinates and structure factors of the b9 mutant, in
complex with PAP and pNP and in complex with PAP and
3CyC, have been deposited in the PDB under accession
numbers 3QVU and 3QVV, respectively.

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2011.06.037
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