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The recruitment and evolutionary optimization of promiscuous
enzymes is key to the rapid adaptation of organisms to changing
environments. Our understanding of the precise mechanisms
underlying enzyme repurposing is, however, limited: What are
the active-site features that enable the molecular recognition of
multiple substrates with contrasting catalytic requirements? To
gain insights into the molecular determinants of adaptation in
promiscuous enzymes, we performed the laboratory evolution of
an arylsulfatase to improve its initially weak phenylphosphonate
hydrolase activity. The evolutionary trajectory led to a 100,000-
fold enhancement of phenylphosphonate hydrolysis, while the
native sulfate and promiscuous phosphate mono- and diester
hydrolyses were only marginally affected (<50-fold). Structural,
kinetic, and in silico characterizations of the evolutionary interme-
diates revealed that two key mutations, T50A and M72V, locally
reshaped the active site, improving access to the catalytic machin-
ery for the phosphonate. Measured transition state (TS) charge
changes along the trajectory suggest the creation of a new
Michaelis complex (EeS, enzyme-substrate), with enhanced leav-
ing group stabilization in the TS for the promiscuous phosphonate
(B teaving group from —1.08 to —0.42). Rather than altering the cata-
lytic machinery, evolutionary repurposing was achieved by fine-
tuning the molecular recognition of the phosphonate in the
Michaelis complex, and by extension, also in the TS. This molecular
scenario constitutes a mechanistic alternative to adaptation solely
based on enzyme flexibility and conformational selection. Instead,
rapid functional transitions between distinct chemical reactions
rely on the high reactivity of permissive active-site architectures
that allow multiple substrate binding modes.

catalytic promiscuity | directed evolution | linear free-energy relationship |
phosphate transfer | enzyme-substrate complementarity

Increasing evidence indicates that many, if not most, enzymes
are promiscuous (1, 2). Their ability to catalyze multiple
chemically distinct reactions in addition to their primary function
(3, 4) constitutes a functional repertoire from which they can be
recruited (5-8) and further enhanced by mutations to facilitate
organismal adaptation through functional innovation (9-12). For
example, in microorganisms and plants, enzyme promiscuity has
been shown to underlie a broad range of metabolic adaptations,
from the emergence of antibiotic resistance (13), the synthesis of
pigments, flavors, or defense molecules (14) to the bioremediation
of anthropogenic chemicals (15). The study of promiscuous enzymes
not only broadens our understanding of molecular recognition, but
it also provides invaluable insights into how evolution alters these
molecular interactions to achieve functional repurposing (16).
A series of laboratory evolution experiments “replayed” such
functional transitions by successfully enhancing low-level pro-
miscuous reactions to efficient catalytic activities, comparable to
those of natural enzymes (17-22). These studies demonstrate
that enzyme adaptation is not limited to mutations targeting key
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catalytic residues but also occurs at the periphery of the catalytic
machinery, even in positions as remote as the second and third
shells of the active site (23). In studies examining detailed evo-
lutionary transitions, function-altering mutations led to the dis-
placement of a catalytic metal ion or the repositioning of a
nucleophile (24-26). In further cases, the position of the catalytic
residues remained unaltered, but other structural features, for
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example the conformation of the active site or the dynamics of
loops in its vicinity, were concomitant with increases in catalytic
efficiency (18, 27-30). Thus, gradual molecular tinkering, that is,
the fine-tuning of existing interactions, is a successful strategy in
adaptive evolution (31). Nonetheless, our understanding of the
molecular mechanisms underlying functional transitions remains
limited; alternative models may be required to elucidate the
repurposing of enzymes with new or expanded catalytic repertoires.

Members of the alkaline phosphatase (AP) superfamily con-
stitute paradigmatic examples to study how new functions—in
particular with seemingly contrasting or even incompatible cat-
alytic requirements—can emerge in one scaffold (32-36). The
AP superfamily represents a large cluster of enzymes that cata-
lyze a broad range of chemically distinct reactions, including the
hydrolysis of sulfate, phosphate, and phosphonate monoesters or
phosphodiesters (37) (Fig. 14). Notably, these substrates differ
in their overall charge (singly or doubly negative) and the bond
broken during catalysis (P—O vs. S-O). Furthermore, phosphate
and sulfate monoesters undergo hydrolysis via a dissociative
transition state (TS) (with little bond formation to the nucleo-
phile and large charge buildup on the leaving group oxygen,
OLg), while phosphonate monoesters and phosphodiesters pro-
ceed through more associative TSs (characterized by greater

bonding to the nucleophile and less charge development at the
O1) (38-42) (Fig. 1B). Despite these differences, the AP su-
perfamily exhibits extensive crosswise promiscuity, where the
native activity of one member is the promiscuous activity of
another, and vice versa. For example, besides sulfate esters, an
arylsulfatase from Pseudomonas aeruginosa (PAS) (43-45) cat-
alyzes the hydrolysis of phosphodiesters and phosphonate and
phosphate monoesters with k. /K values ranging between 1072
and 10> M~'s §46 48) which represents a remarkable rate
acceleration of 10°- to 10™-fold over the spontaneous hydrolysis
in solution (kca/Km/ko; SI Appendix, Table S1). Moreover, these
promiscuous reactions exploit the same nucleophile, and likely
the same (or at least a subset of the) catalytic residues as the
native reaction (47, 49) (Fig. 1 C and D). These observations
suggest that enzyme promiscuity may have facilitated functional
diversification within the AP superfamily. However, it remains
unclear how its members can recognize such distinct substrates
within a unique active site, and how evolution can repurpose
enzyme functions by exploiting preexisting active-site features.
To address these issues, we created an evolutionary trajectory
from the WT arylsulfatase (PAS™T) toward a weak promiscuous
substrate, phosphonate monoester 2a, over nine rounds of di-
rected evolution. The resulting trajectory yielded a 100,000-fold
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Fig. 1.

PAS active site, mechanism, and substrates. (A) Substrates include sulfate monoesters 1, phosphonate monoesters 2, phosphate diesters 3, and

phosphate monoesters 4, with various substituents a-m in position —R1/—R,. The scissile bond broken during hydrolysis is shown in blue. (B) The hydrolysis of
sulfate 1a originally catalyzed by PAS involves a dissociative TS, while the evolved target reaction, the hydrolysis of phosphonate monoester 2a, proceeds
through a more associative TS in solution. PPn stands for phenylphosphonic acid. (C) PASWT active site with the cocrystallized ions sulfate- (orange sticks) and
calcium- (green sphere) bound (43) and (D) a proposed mechanism for sulfate hydrolysis (43). (C and D) PASYT possesses an fGly nucleophile, derived from a
cysteine by posttranslational modification (44, 50). Nucleophilic attack by the Ca®*-coordinated fGly at the sulfur center leads to the departure of phenolate.
A covalent fGly intermediate is formed and later cleaved by general base catalysis (H115). Assuming that the sulfate ion sits in the position resembling
negatively charged substrates, the leaving group (LG) would depart in the direction where negative charge buildup on the LG oxygen (O in red) requires
stabilization. The residues contributing to catalysis are the cationic K375 and H211 (blue halo/dashes) that stabilize the LG, and D13, D14, D317, and
fGly51 that coordinate the metal-ion and constitute possible hydrogen bonding donors/acceptors for the substrate (gray dashes) (49).
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increase in phenylphosphonate hydrolase activity, one of the
largest evolutionary increases observed, while paradoxically
maintaining the originally broad specificity of PAS. Detailed
kinetic, mechanistic, structural, and in silico analyses of several
PAS intermediates and mutants revealed the mechanism of en-
zyme adaptation. These molecular insights provide an alternative
model for functional transitions, which, in this case, occur via the
creation of new Michaelis complexes, without major alteration of
the existing catalytic core or the overall protein dynamics. Our
results highlight how multiple catalytic functions can be sup-
ported by permissive active-site architectures and suggest fea-
tures that may guide the search for promiscuous enzymes.

Results

Directed Evolution of an Arylsulfatase Toward Phenylphosphonate
Hydrolysis. The WT arylsulfatase (PAS™") constituted the start-
ing point for directed evolution (SI Appendix, Methods and Fig.
S1). The mechanism of sulfate esters hydrolysis relies on a se-
quence of displacements, involving initial nucleophilic attack at
the sulfur center using a Ca®*-activated formylglycine (fGly)
nucleophile derived from a posttranslationally modified cysteine
(44, 50) (Fig. 1D). Efficient TS stabilization is achieved by the
cationic residues K375 and H211 that offset the negative charge
buildup on the leaving group oxygen (Org) as the TS is
approached (43), leading to a ke, /Ky, of 10" M~'.s™! (47). The
promiscuous phosphonate 2a was chosen as a target substrate
as it is characterized by a very low rate of hydrolysis in PAS™"
(kcat/Kim = 1.47 X 1072 M ts7! (Table 1). Indeed, the cleavage
of phosphonates 2a-b by PASY7 is so slow that it could not be
distinguished from their hydrolysis by endogenous Escherichia
coli proteins on agar plate colony screening or in cell lysate as-
says (SI Appendix, Fig. S24). Thus, initial attempts to isolate
variants with increased phenylphosphonate hydrolase activity
from PASWT remained unsuccessful, despite screening well above
10,000 colonies. In an alternative approach to break this deadlock,
three rounds of evolution were performed under neutral drift
conditions (51, 52), in which mutations were accumulated slowly
(genetic drift), while purging the clones that lost the ability to
degrade the native sulfate 1 substrate. This typically leads to an
enrichment of functional mutants at each round. To this end, li-
braries of mutagenized PAS were generated by error-prone PCR
and screened for activity toward the original sulfate 1a. All vari-
ants that possessed more than 5% of the sulfatase activity of
PASY" in crude lysate were pooled and used as templates for the
next round of mutagenesis (SI Appendix, Fig. S2B and Table S2).
After three rounds of neutral drift (L;_3), 37% of variants (183 out

of 445 variants) retained sulfatase activity above the threshold and
bore, on average, approximately five amino acid mutations.

At this stage, library L, was subjected to screening in a two-step
assay (SI Appendix, Fig. S1) to isolate variants with enhanced
phenylphosphonate hydrolase activity, thus moving from purifying
to adaptive selection. Library L, yielded ~100 positive variants
with enhanced promiscuous phenylphosphonate hydrolase activ-
ity, suggesting that the neutral drift prelude successfully increased
the chance of subsequent adaptive evolution via accumulation of
multiple mutations. The most improved clone PAS®* possesses six
mutations, of which two, TS0A and E461G, are largely responsible
for the increase in phosphonate hydrolase activity éSI Appendix,
Fig. S2 C and D). The catalytic efficiency of PAS * for the hy-
drolysis of phos‘ehonate 2a was enhanced by ~2,800-fold, com-
pared with PASW! (Table 1). The following rounds 5-9 (libraries
Ls ¢) gave rise to mutants with a gradual increase in phosphonate
hydrolase activity through a stepwise addition of mutations (SI Ap-
pendix, Fig. S3 and Table S3). The ultimate variant PAS®’ bears nine
mutations and exhibits a 190-fold improvement in phosphonate 2a
hydrolysis in lysate over PAS™™, oorresponding to a 10°-fold increase
in kea/Km (kea/Km =1.64 x 10> M~'s™") (Table 1). Further at-
tempts to significantly enhance PAS®? activity with additional
substitutions (round 10) were unsuccessful. The first improvement
in phenylphosphonate hydrolase activity (in PAS*) can be largely
apportioned to a decrease in K, (175-fold, from 10 mM to 59 pM)
and, to a lesser extent, to an increase in k., (15-fold). The second
phase of the respecialization (rounds 4-9) involves a further 46-
fold increase in k., (Table 1). Although K;,, can be lower or equal
to the dissociation constant (Kg) in the two-step mechanism of
PAS [in absence of limiting diffusion (53)], K, represents the
upper limit of the binding affinity of the Michaelis complex (S/
Appendix, Scheme S1). Therefore, the observed decrease in K,
(150-fold) early in the trajectory suggests a necessary adaptation
of binding, as the first accessible conduit for respecialization.

Functional Trade-Offs Among Four Hydrolytic Reactions Reveal
Substrate-Dependent Evolutionary Constraints. To quantify the
impact of the evolution toward phosphonate 2a on the specificity
profile of PASWT and its variants, we measured the kinetic pa-
rameters for three other chemically distinct substrates: sulfate
1a, phosphodiester 3, and phosphate monoester 4 (Fig. 2 and S
Appendix, Table S4). The hydrolysis of these substrates by PAS
was not selected for or against in our trajectmgé thus, it never was
under direct evolutionary pressure. In PAS®’, the 10°-fold in-
crease in phosphonate 2a hydrolysis was accompanied by a 400-
fold decrease in native sulfate 1a hydrolysis, mostly as a result of

Table 1. Kinetic parameters of PAS"Tand mutants at 25 °C, pH 8.0
Phosphonate 2a Sulfate 1a*
PAS Mutations Keats 57" Kme fM keatlKimy M71s7" kot 571 Ky pM koK, M71s™0 Spe
WT 1.5%x10™* 10,400 0.015 15.9 1 2.30 x 107 10710
G4 T50A, E523D, G337D, E461G, A22T, 2.5x 1073 59 42 ¥ * 2.56 x 10° 1075
S134A
G5 PASS* + M72V, E449A 29x%x 107" 150 1,930 3.0 16 1.89 x 10° 1072
G6 T50A, E523D, G337D, E461G, M72V, 1.1 x 107" 140 786 15 14 1.03 x 10° 1073
R3525
G7 PAS®® + 169L 3.0x 107" 106 2,830 12.6 61 2.06 x 10° 1072
G9 PASS” + A48T, V535E 1.1x 107" 70 1,640 6.1 103 5.93 x 10% 1073
T50A T50A 3.6x107* 28 13 * * 4.13 x 108 108
M72V M72V 3.0x 107° 44 0.7 8.8 106 8.32 x 10* 107®
TS0A/M72V  T50A, M72V 9.1 x 1072 97 939 13.8 81 1.71 x 10° 1073

All kinetics typically performed in triplicate for >24 data points, in 100 mM Tris-HCl and 0.5 M NaCl, pH 8.0, at 25 °C. The means and SEs of all kinetic
parameters originate from a fit to Eqs. E1-E3 and are shown in S/ Appendix, Table S4.
*Substrate inhibition by sulfate 1a arose from round 4 onward (K; are presented in S/ Appendix, Table S4).
TSpecificity is the ratio of the k../K, values for phosphonate 2a vs. sulfate 1a hydrolase activity.
*Nonmeasurable due to high substrate inhibition, preventing an accurate determination of individual kinetic parameters.
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and SEs are listed in S/ Appendix, Table S4.

a strong increase in K, (147-fold), while k., is only halved.
Overall, PAS®’ exhibits a 4 x 10”-fold change in specificity be-
tween phenylphosphonate and sulfate monoesters compared
with PASWT (Fig. 24 and Table 1), with an asymmetric effect on
the two activities: The activity increase toward phosphonate 2a is
250-fold larger than the decrease in sulfatase activity (1a). The
promiscuous phosphodiesterase activity increased along with the
phosphonate hydrolase activity, but to a much smaller degree
(30-fold increase in kc./K;,) (Fig. 2B). By contrast, the phos-
phate monoesterase activity decreased by 53-fold, following a
trend similar to the cognate sulfatase activity (1a). Covariation of
phosphonate 2a hydrolase/phosphodiesterase 3 and sulfatase 1a/
phosphatase 4 activities can be assigned to (i) a similar shape
and/or charge (2a and 3 each bear two bulky phenyl rings; 1a and
4 are smaller and almost isosteric) or (if) the comparable nature
of the TSs through which they proceed (the first pair being more
associative, the second dissociative). Overall, the adaptation of
PAS toward improved phosphonate 2a hydrolysis results in weak
trade-offs, where the substantial improvement of one function is
obtained at the cost of a moderate loss in all of the other pro-
miscuous activities (Fig. 2C). Consistent with previous observa-
tions (17, 18, 25), the sequence of purifying and adaptive evolution
has brought about an enzyme with features of a “generalist”
compared with PASWT, in the sense that the four activities are
covered in a narrower range (with the k., /K, range decreasing
from 10° to 10*). Furthermore, the difference in second-order rate
enhancement between sulfate 1a and phosphonate 2a has been
reduced from 10 orders of ma%nitude in PASYT to only three in
PAS® [(keat/Kun)kz = 7.5 x 10"%; SI Appendix, Table S1B]. These
results suggest that the chemical machinery of PASY! is intrinsi-
cally reactive and promiscuous (even with respect to difficult reac-
tions), a feature that appears to have been further enhanced by
evolution. Evolution for increased phosphonate hydrolysis para-
doxically achieved higher specificity for phosphonate 2a, while
it largely relaxed the selectivity for all other substrates.

Mutations T50A and M72V Are Key to Converting PAS"" into a
Proficient Phosphonate Hydrolase. Throughout the directed evo-
Iution, none of the residues belonging to the catalytic core
(fGly51, K375, H115, H211, D317, and Ca2+) (47, 54) were
substituted. Out of nine mutations accumulated over nine
rounds, two (TS0A and M72V) are located in the active-site cleft
in the close vicinity of the fGly nucleophile (fGly51, Fig. 3). To
determine the effects of these two mutations, single and double
mutants PAS™% PASM72V, and PAST4 M72V were generated

E7296 | www.pnas.org/cgi/doi/10.1073/pnas.1607817115

on the PAS™T background, purified, and characterized. TS0A
provides an ~880-fold increase in phosphonate hydrolase activity
(against 2a), which accounts for most of the improvement between
PASWT and PAS®*, while M72V contributes to the extra ~46-fold
increase seen in PAS®® (Table 1). The double mutant exhibits a
63,000-fold increase for phosphonate 2a, which is only ~1.8-fold
less than PAS®, indicating that TSOA and M72V are mainly re-
sponsible for the improvement in phosphonate hydrolase activity
during evolution. These mutations are additive with regard to their
ability to increase phosphonate hydrolase 2a activity (SI Appendix,
Fig. S4). The decrease in sulfatase 1a activity is also largely me-
diated by these two mutations: the double mutant exhibiting a 130-
fold decrease, making it only three times more active than PAS®®.
In contrast to additive effects, we observe epistatic synergistic ef-
fects on sulfate hydrolysis: TSOA and M72V alone reduce this
activity by 6- and 280-fold, respectively, but their combined effect
(an observed 130-fold decrease) falls short of the 1,680-fold effect
expected from full additivity. Mutation E461G was also assayed in
combination with T50A and increases the hosPhonate hydrolase
activity by approximately ninefold (PAST OAEIOIG - or Appendix,
Fig. S2C). Mutations I69L and A48T do not contribute signifi-
cantly to the increase in phosphonate hydrolase activity in the later
stages of the trajectory, despite their close proximity to TS0A and
M72V. Four mutations (R352S, G337D, E523D, and V535E) are
positioned at the surface of the protein, consistent with either
functional neutrality and/or a possible improvement of the stability
of the protein (folding, solubility, and expression).

T50A and M72V Reshape the Active Site, Improving Enzyme-Substrate
Complementarity. To understand the molecular mechanisms re-
sponsible for the altered specificity, PASY" together with PASY,
PASYS, PASY’, and PAS®? were crystallized in their apo form or
complexed with ligands, and their structures resolved by X-ray
crystallography with ~1.7- to 2.3-A resolution (Fig. 3 and SI
Appendix, Fig. S5 and Table S5). Rather than the profound
rearrangements that may be expected for functional changes of
this magnitude, the backbone of the protein coincides for PASW'
and all of the evolved species (rmsd of PAS™ structure with all
mutants is 0.13-0.21 A). Moreover, the position of the catalytic
residues previously identified as such (fGly51, K375, H115,
H211, and D317) also remains unchanged (SI Appendix, Fig. S6),
suggesting that this particular organization is sufficient to
maintain the hydrolysis of all classes of substrates (Fig. 34).
However, the active site appears reshaped by TS0A and M72V
(Fig. 3 B-E), two residues that were not previously identified as
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Fig. 3. Mutations T50A and M72V reshaped the active site of PAS. (A) Backbone diagram of PASWT (PDB ID code 1hdh) with mutations accumulated during
directed evolution depicted as spheres. Mutations are colored according to their occurrence in the trajectory; reversions back to WT are in gray. The catalytic
residues are depicted as sticks and a blue background highlights the active-site pocket. V535E (round 9) is not shown, as no electron density was observed for
residues 527-536 in the PASWT structure. (B-E) Cut-through representations of the active site of (B) PASYT (PDB ID code 1hdh), (C) PAS®* (PDB ID code 4cyr),
and (D) PAS®® (PDB ID code 4cxk), highlighting evolutionary reshaping. Positions T50 and M72 are depicted as sticks and Ca®* as a sphere and are colored in
green before mutation or blue after (res. A50, V72). (E) Overlay of PASWT and PASS? (van der Waals radii rendered as dots), emphasizing changes in active-site

volumes during evolution.

relevant to catalysis (49, 54). First, TS0A enlarges the active site
near the nucleophile, fGly51 (Fig. 3C). Then, M72V further
opens the active-site cavity opposite A50 (Fig. 3D). Overall,
PAS® possesses a ~1.3-fold larger active-site volume compared
with PASWT (~1,900 A> vs. ~2,900 A%; SI Appendix, Fig. S7).
Taken together with the 370-fold lower K, for PAS™4 com-
pared with PASWT these results are consistent with a widening
of this side pocket to satisfy the increased space requirement for
accommodation of the bulky phenyl substituent of phosphonate
2a, which is absent in sulfate 1a.

Size and Shape Constrain Substrate Access to the Active Site and
Limit Catalytic Promiscuity in PAS. To address how steric proper-
ties of the substrate affect binding and specificity along the evolu-
tionary trajectory, a broad range of alkyl- and phenyl phosphonates
varying the nonreactive side-chain R, (2e—m) was synthesized (Fig.
1A4) and the relationship between substrate structure and kc,/Kn,
measured for all PAS mutants (Fig. 4 and SI Appendix, Table S6).
keat/Km values of PAS™T for most of the substituted phosphonates
range between 10% and 10° M~'s™ (Fig. 4), demonstrating that
PASW™T can act as a rather efficient phosphonate hydrolase, when
phosphonate substrates bear a small and/or conformationally flex-
ible side chain. By contrast, bulky substituents such as phenyl,
methoxyphenyl, and isopropyl result in greatl}ll reduced catalytic
efficiencies: their k. /Kn, values (<107 M~":s™") are seven orders
of magnitude lower than for the smallest phosphonate 2e, suggest-
ing a substantial penalty from steric hindrance in PASVT, PAS™T
exhibits a high phosphodiesterase activity (kea/Km = 4.3 x 10°
M~1.s7"), despite the fact that diester 3 contains two phenyl
substituents (making it sterically similar to phosphonate 2a). The
flexibility afforded by the insertion of an oxygen atom between re-
action center and substituent in phosphonate 2a (P-O-C vs. P-C) is
likely causing these differences. The significant increase in phenyl-
phosphonate 2a hydrolysis during the evolution (10°-fold) is corre-
lated to an increase in catalytic efficiency for most phosphonates,
albeit to a much lesser extent (10- to 22-fold increase in kca/Kin)-
However, hydrolysis of the methoxyphenyl-substituted phosphonate
2m (closely resembling 2a) also increases by 660-fold. Methyl phos-
phonate 2e (sterically more similar to sulfate 1a) is the only substrate
with a decreased k.,/Ky,, (17-fold). These results suggest that during
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the laboratory evolution PAS mainly overcame the effect of a bulky,
nonalkylated substituent (such as phenyl in phosphonate 2a) and that
steric (or geometrical) complementarity is limiting promiscuity, spe-
cifically preventing phosphonate 2a from being turned over effi-
ciently. We thus hypothesized that the evolved variant PAS® enables
binding of phosphonate 2a in a distinct, more favorable orientation
compared with PASW'. By contrast, the enlarged active site likely
results in a higher degree of freedom for sulfate 1la and methyl
phosphonate 2e binding, consistent with a 150- and 6-fold increase in
K, respectively, between PASYT and PAS®.
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Fig. 4. Nonreacting substituents —R; of phosphonate monoesters de-
termine promiscuous hydrolysis rates throughout PAS evolution. Relative
keat/Km enhancements (gray arrows) between PAS™T (green lines) and PASS®
(cyan lines) for a series of substituted phosphonates 2 (-R;= 2a: phenyl, 2e:
methyl, 2f: ethyl, 2g: propyl, 2h: isopropyl 2i: butyl, 2j: hexyl, 2k: octyl, 2l
benzyl, 2m: methoxyphenyl; full structures in Fig. 1). The biggest effect (*) is
observed on the acceptance of phosphonate 2a with a large phenyl sub-
stituent, resulting in a 10°-fold increase in ke./Ky for this substrate. Mea-
surements were typically performed in triplicate for n > 24 data points. Data
and SE are presented in S/ Appendix, Table S6.
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Changes in Charge Offset in the TS During Evolution. Linear free-
energy relationships (Brgnsted plots) were measured to in-
vestigate the charge changes as the TS is approached from the
ground state (GS) (41) (Fig. 5 and SI Appendix, Fig. S8 and
Table S7). The slope of this plot, f; g, correlates rates for sub-
strates with varying leaving group to the leaving group pK,
(pK,"©) and reports on the effective charge change “seen” at the
site of bond cleavage (in this case, on the Org) as the TS is
approached. The stabilization of the charge developing in the TS
must be a key task for an efficient enzyme: If the f; g changes
between WT and mutants, then changes in the extent of charge
stabilization reflect the impact of evolution on the catalytic step.
As ke./Kr encompasses the rate of all reaction steps up to, and
including, the first irreversible step (in this case phenolate de-
parture described by k»; SI Appendix, Scheme S1), possible ex-
planations that involve effects on breakdown of the covalent
intermediate (k3) or other subsequent steps can be ruled out.
Also, the reaction rates are well below the diffusion limit and
insensitive to viscogen in PAS (53), discounting that a non-
chemical step associated with diffusion became progressively rate-
limiting. Finally, altered S g values can be explained by a change
in the nature of the TS (55, 56). However, in the AP superfamily
previous evidence suggests that TSs are hard to change and that
enzymatic catalysis stabilizes TSs of similar nature to the reaction
in solution (38, 57, 58). Kinetic isotope effects measured for PAS
show only minor changes and support this view (53).

The Brgnsted slope for the hydrolysis of phenyl phosphonates
2¢ is steepest in PASYT (g = —1.08), and significantly larger
than that for the uncatalyzed reaction [f ™" = —0.69 with
aryl methyl phosphonates (55)] (Fig. 54). This value could be
rationalized by a departure of the substrate leaving group oxygen
O in a hydrophobic environment, where hydrogen bonding
is weaker or entirely excluded, compared with the situation
in water. As evolution proceeds, the slope gradually becomes
shallower in PAS™%* PAS®*, and PAS®’ (g = —0.42). This
dramatic_change in pr g can be ascribed to mutation T50A
(ApLGWTTSOAT= 0.58) and accompanies a large decrease in K,
in this single mutant (370-fold). However, additional mutations,
including M72V, alter the slope only slightly (Af g9+ =
0.08). Paradoxically, the same linear free-energy relationship
(LFER) analysis using the sterically less demanding methyl

phosphonates 2d shows that evolution does not alter the fi g in
this case (g ~ —0.59) (Fig. 5B). This observation suggests that,
unlike for phenylphosphonate 2a, the specific catalytic features
of leaving group stabilization in 2d are not affected by the evo-
lution: Without steric hindrance to remedy, no repositioning of
2d in the active site takes place.

As the efficiency of the original sulfatase activity decreases
during evolution, the effective charge change on O of sulfate
1b exhibits a behavior opposite to that of phosphonate 2a: The
P for sulfates 1b increases from —0.34 for PASWT to —0.79 for
PAS®’, indicating a loss of leaving group stabilization (Fig. 5C).
The increased frg "9 for the sulfatase reaction does not
reach the corresponding value in solution (B g*"™°" = —1.81 +
0.09) (59): As PAS®? is still a “good” sulfatase (kea/Kim = 5.9 X
10* M~'s7!) some leaving group stabilization must remain.
Mutation T50A in PAS®* has virtually no effect on the ;g for
the sulfatase activity (Af g V%4 = 0.01), while PAS®® shows a
significant increase in S (ABLG/ % = 0.44), suggesting that
M?72V has largely compromised the charge offset at the Oy g in
the TS. Similar to the case of phosphonate 2b, the increase in
PrLc is correlated to changes in K, (150-fold increase from
PAS™T to PASY?).

The strong impairment of leaving group stabilization observed
for sulfates 1b resembles the knock-out of a leaving group-
stabilizing residue: mutation K375A in PAS™' causes a large
drop in S (AL WTHSAl = 0.63, Fig. 5C), akin to the trend
observed in PAS™. Conversely the shallower f; g for phospho-
nate 2a is likely associated with an increasingly efficient quenching
of the negative TS charge developing on the Oy g, which decreases
the sensitivity of the reaction to the nature of the leaving group,
without influencing the degree of bond cleavage at the TS. As the
position of the catalytic residues, in particular K375 and H211, is
not significantly altered by evolution (SI Appendix, Fig. S6), our
findings suggest the creation of a new Michaelis complex, where
the substrate GS is reoriented with respect to the catalytic ma-
chinery. Consequently, TS interactions are improved for phos-
phonate 2a and compromised for sulfate 1a.

Substrate Repositioning During Evolution from PAS"" to PAS®®. To
test the hypothesis of a repositioning of GSs (suggested by changes
in K;,) and TSs (suggested by changes in f g) with respect to the
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Fig. 5. Evolution alters the charge “seen” by the leaving group oxygen at the TS of promiscuous phosphonates 2c and 2d and native sulfates 1b. Linear free-

energy analyses for the (A) hydrolysis of phosphonates 2b gives 5 slopes of —1.08 + 0.17 (PAS", green circles), —0.50 + 0.07 (PAS™°A, cyan squares), —0.50 +
0.07 (PAS®*, blue diamonds), and —0.42 + 0.05 (PAS®, dark blue triangles) that become increasingly shallow throughout evolution. The gray arrow indicates
the evolutionary transition from PAS™T to PAS®®. (B) By contrast, the f,g for phosphonates 2c (bearing a methyl instead of phenyl substituent as the non-
reactive group) is not significantly altered by evolution (5. values of —0.60 + 0.09 for PASWT and PAS®%, —0.54 + 0.05 for PAS®®). The 2-fluoro-4-nitro
substituted phosphonate 2c (open symbol) was omitted from the correlation due to its consistent deviation from linearity for PASS* only (despite triplicate
measurement). (C) The corresponding correlations for sulfate monoesters 1b provide f, values of —0.34 + 0.03 (PASWT), —0.35 + 0.06 (PAS®%), and —0.79 +
0.07 (PAS®®). Residue K375, involved in LG stabilization, was mutated to alanine (PAS*37>A, gray circles); this causes a steep relationship (f.c= —0.95 + 0.03)
with the pK,'€, sign of compromised assistance to the departing phenolate. Data and SE are presented in S/ Appendix, Table S7.
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key catalytic residues, we initially attempted to introduce TS an-
alogs (e.g., magnesium fluoride or vanadate), a reaction product
(phenyl phosphonic acid, PPn), and a slowly hydrolyzing phos-
phonate (2¢ with a 3-bromophenol leaving group, 3Br) into the
active site of PAS™T and its mutants. However, soaking of TS
analogs was unsuccessful and non- or slowly reactive substrates
only led to ligand binding in nonproductive orientations (SI Ap-
pendix, Fig. S5). Therefore, molecular dynamics (MD) simulations
were performed to illustrate the GS binding of phosphonate 2a
and sulfate 1a in PAS™T, PAS®®, and mutants T50A, M72V, and
T50A/M72V (Fig. 6). Each variant was equilibrated for a total of
200 ns over four replicates with different initial velocities (i.e., four
independent 50-ns simulations for each system), leading to a total
of 1.2 ps of cumulative time for all of the variants, and conver-
gence was reached in all simulations (SI Appendix, Fig. S9 and
Tables S11-S15).

The simulations of the PAS™'—phosphonate 2a complex
corroborate the hypothesis that the monitored distances between
the substrate and the catalytic residues directly contacting it in
the GS were significantly shortened as evolution proceeds (Fig. 6
and SI Appendix, Table S8). From PAS™" to PAS®’, phospho-
nate 2a is comparatively shifted by ~0.2 A closer to the leaving
group_ stabilizing residue K375 (K375--0", from 3.71 to
3.49 A), ~0.6 A closer to the nucleophile (Onyc:+-P, distance
between nucleophile and phosphorus, from 3.79 to 3.21 A), and
~1.1 A closer to the calcium ion (Ca**---O = P, distance between
the calcium and the closest nonbridging oxygen, from 3.82 to
2.72 A; Fig. 6 A and C). Additionally, the compromised in-line
positioning observed in PAS™' between the fGly nucleophile
and the P center has been optimized by evolution (angle Onyc-
P--Org ~ 153.2° in PASVT vs. ~165° in PAS®?; SI Appendix, Table
S8). Finally, the calculated electrostatic interaction free energy
(AGEgLEC) between the (]’phosphonate 2a and the protein increases
from PASWT to PAS®’, suggesting that a more energetically
favored Michaelis complex was formed in PAS®? (ST Appendix,
Fig. S10).

As all catalytic residues retained their original position in the
WT and mutant structures (consistent with crystallographic evi-
dence; Fig. 6), changes in angles and distances can be ascribed to a
repositioning of the substrate’s GS with respect to key catalytic
residues (as no restricted dynamic constraints were applied in the
simulation). Reaffirming the kinetic and structural evidence
mentioned above, these results illustrate the existence of a steric
conflict in PASY, between the phenyl ring (R,) of phosphonate
2a and the side chain of T50, preventing the formation of an ef-
ficient Michaelis complex with 2a (Fig. 64). Evolution resolved this
conflict in PAS®’ by repositioning phosphonate 2a closer to the
catalytic center for enhanced catalysis. Despite being a GS effect, a
similar trend must be presumed in the TS: The observed reduction
in bond distance between K375 and the Oy in the MD suggests
better offset of the developing negative charge in the TS, consis-
tent with the shallower Sy g slope observed in the LFER (Fig. 4).

In the case of sulfate 1a, the origin of the decrease in catalysis
is less evident in MD simulations: The changes in distance and
positioning of the cognate substrate appear marginal (Fig. 6 B
and D). As the MD protocol minimizes energy terms, the ob-
servation that sulfate 1a reaches a similar GS orientation in the
mutant suggests that in the absence of a steric clash between the
GS and the catalytic core, a Michaelis complex formation, sim-
ilar to the “nearly perfect” WT one, remains allowed in PAS®’
(Fig. 6 B and D and SI Appendix, Fig. S10). However, the sulfate
ion that cocrystallized in PAS®*“?, and which can be taken as a
proxy for the sulfate moiety of 1a, is reoriented in the active site:
Measured from its central sulfur, the sulfate ion is displaced by
0.8-1 A, accompanied by a ~41-80° flip compared with its po-
sition in PASY? (SI Appendix, Fig. S11). This alternative orien-
tation suggests a weakening of the interactions to the sulfate
moiety, upon loss of contacts with the metal ion and D13/D14.
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Fig. 6. Substrate repositioning induced by T50A and M72V in PAS®®. Rep-
resentative stationary points from MD simulation for (A) phosphonate 2a
and (B) sulfate 1a GS binding in PASYT and PAS®®. (A) In PASVT (green), the
phenyl substituent of phosphonate 2a constrains the GS in a compromised
orientation for in-line nucleophilic attack, due to a clash with T50 (surface
representation). In PASS? (blue), T50A and M72V resolved the steric conflict
and altered the original orientation with respect to fGly51, K375, and H211,
leading to more efficient charge offset at the O_g. (B) In PAS™T (green), the
GS of sulfate 1a adopts a position with respect to K375 and H211 that sta-
bilizes the negative charge building up on the O,g. However, MD simula-
tions do not show significant repositioning of the sulfate 1a GS after
evolution in PAS®® (blue). (C and D) Evolution of the averaged distances
(dotted lines in A and B) and angle (Onuc - - .P/S...O.c) between key residues
and (C) phosphonate 2a or (D) sulfate 1a for nucleophilic attack (Onyc. - .P/S),
metal coordination (Ca*...Ops), and general acid catalysis of the leaving
group departure (K375...0.¢). Distances are listed in S/ Appendix, Table S8.
Catalytic residues are shown as sticks and GS models as sticks and spheres
and the metal ion as a sphere.

Discussion

The Energetic Cost of EeS Complex Formation Shapes Specificity More
than the Nature of the TS in PAS. The striking observation that
none of the active-site residues previously implicated in catalysis
(43, 47) were mutated, or even repositioned, raises the question
of the changes in molecular recognition that have been brought
about to achieve one of the largest rate enhancements observed
in an evolution campaign (10°-fold). Clues come from the fea-
tures of PAS™™: The large energetic penalty observed for bind-
ing of phosphonates with “bulky” nonreacting side chains (e.g.,
phenyl in 2a that, even by rotation, cannot easily be accommo-
dated in the active site) suggests that steric factors govern its
specificity. A lesser discrimination occurs between substrates
with different charge and reaction mechanism, over substrates in
which identical functional groups are cleaved: The chemically
distinct phosphate mono- and diester (4 vs. 3) only differ by 50-
fold in their k.,/K;, values, but methyl- and phenylphosphonates
(2e vs. 2a) are turned over with a 107-fold difference in key/Kin.
This phenomenon may be recurrent in the AP superfamily (48,
60). As a consequence, phenylphosphonate ‘%g) experiences only
very poor leaving group stabilization in PAS™ " (steep fg), while
the sterically less demanding methylphosphonate (2e) exhibits a
shallower S g, pointing to a better fit and more efficient interac-
tions with the departing phenolate. In the evolved PAS, the
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deepening of the active site, which removed an original steric clash
with the phenyl substituent of 2a, was key to enhanced catalysis, by
repositioning 2a with respect to the catalytic center. This molecular
solution to enzyme repurposing simply involves bringing the scissile
functional group in a more favorable orientation for cleavage.

Fig. 7 illustrates a scenario where free-energy changes in
evolution led to unlocking a previously disfavored (or in-
accessible) binding orientation in the active site: The pro-
miscuous substrate forms a Michaelis complex with the enzyme
that is high in energy for both GS and TS ([Ey7#S]p, and ES*p,,
blue), due to a misalignment with the catalytic core, which di-
rectly impairs phenylphosphonate hydrolysis (Fig. 7A). Similarly,
suboptimal positioning of substrates in the phosphotriesterase
OpdA (captured in crystallo) has been shown to compromise in-
line nucleophlle attack leadlng to a 108-fold reduction in keu/Kom
(61). However, in PAS®’, mutations triggered a shift in substrate
positioning, resultmg in a better alignment, in terms of bond
distances and angles, between the catalytic groups and the sub-
strate center, at which electron density is located and charge
changes occur, as the TS is approached. This amounts to low-
ering the energy of the newly evolved Michaelis complex
([EGo*S]pn), and subsequently of TS (Eggs pn), While the native
function sees the opposite trend (Fig. 7B). Evidence from
phosphatase PP1 demonstrates that, like PAS, some active sites
may be quite tolerant to fluctuations in the geometry of bound
ligands; this tolerance may facilitate the catalysis of substrates
whose positioning has been compromised by distinct steric re-
quirements, both in the Michaelis complex and in the TS (56).
These observations suggest that the ability of enzymes to ac-
commodate substrates in multiple ways in one active site con-
stitutes a mechanism of catalytic promiscuity (16, 62), akin to
“differential ligand positioning” in antibodies (63).

An Alternative Model for Rapid Functional Evolution in Promiscuous
Enzymes. Previous enzyme repurposing has been shown to involve
mutations that—directly or via remote interactions—fine-tune the
catalytic core, for example by metal displacement (24, 25), changes
in water accessibility (64), the introduction of new catalytic resi-
dues (65), or the shift of a preexisting one (25), all of which impact
interactions between enzyme and the TS. This matches textbook
explanations of enzyme catalysis, focused on the place of bond
making and breaking, where “ideal” enzyme-TS complementarity
is to be achieved (66-69). However, in cases where catalytic resi-
dues were fully conserved, enzyme dynamics have been promi-
nently discussed as facilitators of promiscuity, by enabling multiple
scaffolds for the molecular recognition of distinct species or states
(70-72). Such “conformational diversity” implies the coexistence
of an ensemble of distinct active-site substates in equilibrium, in
which a small fraction of conformers displays enhanced molecular
interactions for the promiscuous substrate (73-76). As evolution
proceeds, these minor, but lower-energy, promiscuous conformers
were postulated to be enriched by “conformational selection” via
an equilibrium shift (77, 78). Such features have indeed been
shown to be adapted along an evolutionary trajectory (28, 79),
although no direct link could be established between the pro-
miscuous ligand and a given conformer.

Conformational changes are possible in PAS, but no evidence
for their role in evolution was found: While we observe minor
movements in surface loops, the position of the catalytic residues
remains largely unaltered throughout evolutlon Furthermore, the
preexistence of a conformation in PASY' forming an “ideal fit”
with phosphonate 2a would lead to parallel Brgnsted slopes in the
evolved variants: The interactions would remain the same during
evolution, but the fraction of productive conformers would in-
crease (ie., shift), resulting in an apparent increase in catalytic
efficiency. Indeed such parallel Brgnsted slopes were observed
during the laboratory evolution of carbonic anhydrase II (80) and
PTE (25). By contrast, the gradual changes in f; g during evolu-
tion support the creation of a new distinct Michaelis complex that
promotes better TS stabilization (shallower slope), rather than an
equilibrium shift. Provided that the catalytic machinery is already
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Fig. 7. Evolution creates a new Michaelis complex for the promiscuous li-
gand. Scheme representing the effect of evolution on the binding of (A)
phosphonate 2a and (B) sulfate 1a in PASYT (E,,7) and PAS®® (Ego). (A) In Eyyr
(Top), the promiscuous phosphonate 2a (blue) forms a distinct E®S complex
with the enzyme ([Ey7*Slp,) compared with the native one (Bottom); the
binding of the promiscuous ligand is constrained in a less productive ori-
entation due to steric hindrance (red circle). Thus, both GS and TS complexes
([Ewr*Slpn and EwrS* pne respectively), have a high-energy state (Bottom). By
reshaping the active site, evolution enhanced enzyme-substrate comple-
mentarity, for a more productive binding orientation, which lowered the
energy state of the evolved [E9*S]p, complex. The free energy (gray arrows)
of the TS (ES*go pn) is lowered to a greater extent than the energy of the E*S
complex, and differential binding of the TS over GS results in lower activa-
tion energy of k../Km. (B, Bottom) The native sulfate 1a (green) forms a
productive, low energy E®S complex ([E\r*Sls,) with the WT (Ey 7). In the
evolved enzyme Egg (B, Top), evolution may have compromised the binding
of the native substrate, which could lead to an increase in the free energy of
the [Ego®Slsu complex, further amplified at the TS (EgoS* su). Mutations are
shown as orange asterisks.

in place and intrinsically efficient, contributions from conforma-
tional dynamics may not be necessary to achieve repurposing.

Our findings have implications for the molecular mechanism
behind weak negative trade-offs, a commonly observed trend in
directed evolution studies (17, 25, 81). Previously, weak trade-
offs have been ascribed to intrinsic robustness of the native
function (21) and/or to conformational selection, facilitated by
gradual population shifts (78). The idea of intrinsic robustness
has been recently challenged by evidence that stringent selection
pressure would bias the fixation of mutations that promote weak
trade-offs (82). In the evolution of PAS, conformational selec-
tion is unlikely (as discussed above). Instead, we hypothesize that
the mutations leading to the formation of a new Michaelis
complex with the promiscuous substrate are distinct from the
residues coordinating the Michaelis complex of the native sub-
strate (SI Appendix, Fig. S12). Hence, the trade-off between two
activities will depend on the extent to which two substrates share
common binding and catalytic features in the active site (32),
that is, interconnected functional units (83), obviating the need
for conformational diversity. In such cases, it becomes chal-
lenging to tailor efficient bispecificity (84, 85), or conversely to
uncouple both functions to achieve exquisite specificity (83, 86),
unless counterselection is applied.
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Functional Innovation in the AP Scaffold. It is tempting to extrapo-
late the model described herein to a general mechanism in enzyme
evolution: The tailoring of a Michaelis complex circumvents the
need to “reinvent” functional groups for catalysis; instead, the
existing machinery is deployed more efficiently via a limited set of
mutations near to (but not in) the catalytic center (12). To some
extent, this strategy reduces the problem of catalysis to a problem
of binding (in terms of orientation and positioning of the substrate
with respect to the catalytic center) (87). Thus, the “innovability” of
the AP fold, that is, its ability to acquire new (catalytic) functions
(88), may originate from two features of its active site: a well-
organized and intrinsically reactive catalytic core (e.g., in PAS, a
metal cofactor combined with nucleophile and general acids and
bases) and a permissive binding region (89). The catalytic core can
provide high (and thus less selective) reactivity to hydrolyze a broad
range of chemical reactions, while the binding region governs the
specificity. This active-site organization may be responsible for the
broad catalytic diversity observed in highly promiscuous super-
families (90, 91); for example, a recent study of a “pruned” AP
scaffold, which only retains its reactive bimetallic core but lost all
major interactions conferring specificity for phosphate mono- and
diesters (34), demonstrated that a minimal “primordial” architec-
ture (90, 92) remains reactive but can no longer discriminate be-
tween these substrates (33). As sequence space is traversed, the
chances of encountering low-energy Michaelis complexes are
higher than creating a catalytic arrangement de novo. This adaptive
mechanism may provide a faster route toward catalytic efficiency
and explain why promiscuous enzymes could be rapidly repurposed
with a single substitution in several enzyme superfamilies (93, 94).
Finally, our work may have important implications for enzyme
engineering and design. We speculate that the high reactivity of
PAS’s catalytic core may originate from its adaptation to a ther-
modynamically demanding reaction, sulfate transfer (59) (SI Ap-
pendix, Table S1A). Such a catalytic core may enable the turnover
of less demanding substrates, thus illustrating a case of evolution in
a thermodynamically “downward” direction toward “easier” reac-
tions. Starting evolution from highly reactive catalytic centers, able
to perform the most thermodynamically demanding reactions,
could inform strategies to engineer and design new catalysts for a
broad range of applications.

Materials and Methods

Detailed materials and methods are provided in S/ Appendix.
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