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a b s t r a c t
In recent years, it has become increasingly clear that many enzymes are catalytically ‘‘promiscuous’’.
This can provide a springboard for protein evolution, allowing enzymes to acquire novel functionality without compromising their native activities. We present here a detailed study of Pseudomonas
aeruginosa arylsulfatase (PAS), which catalyzes the hydrolysis of a number of chemically distinct
substrates, with proﬁciencies comparable to that towards its native reaction. We demonstrate that
the main driving force for the promiscuity is the ability to exploit the electrostatic preorganization
of the active site for the native substrate, providing an example of chemistry-driven protein
evolution.
Ó 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction
The classic textbook view: ‘One enzyme, one activity’ is being
challenged by mounting evidence that many enzymes are capable
of catalyzing chemically distinct conversions by stabilizing
different transitions states (TSs) [1]. The existence of such catalytic
‘‘promiscuity’’ provides a potential explanation as to how enzymes
with new activities can evolve from existing ones [2], since a
previously absent activity in a protein scaffold has a very low likelihood of being introduced with only a few mutations. Promiscuity
is therefore also important for enzyme design, as it can provide an
immediate selective advantage by providing an initially weak
activity that can be improved by mutation in future generations.
This is signiﬁcant, as it has proven extremely difﬁcult to design
new enzymes de novo, and even using existing scaffolds to accommodate novel active sites (e.g. [3]), though impressive, has had
limited success in terms of the catalytic proﬁciency of the resulting
constructs.
Although there are an increasing number of reports on (catalytic) promiscuity in recent years, many of these are anecdotal
and systematic studies on the subject are rare. A superfamily for
which the phenomenon of ’crosswise promiscuity’ is well studied
is the alkaline phosphatase (AP) superfamily, in which the primary
⇑ Corresponding author. Fax: +46 (18) 471 2000.
E-mail address: kamerlin@icm.uu.se (S.C.L. Kamerlin).

activity of one family member is often a promiscuous activity in
another [4], and the reactions catalyzed by the AP-superfamily
members are amongst the most thermodynamically demanding
known [5]. One of these superfamily members for which the promiscuous behavior is well described is Pseudomonas aeruginosa
arylsulfatase (PAS) [6,7], for which both the catalytic proﬁciencies
ððkcat =K M Þ=kuncat Þ and ampliﬁcation ðkcat =k2 Þ for some of the promiscuous side activities can almost rival those of its primary reaction [6], making it a good model system to study the molecular
basis for enzyme speciﬁcity and promiscuity.1
In the present work, we present a detailed theoretical analysis
of the catalysis of sulfate and phosphate ester hydrolysis by PAS.
The selected substrates are chemically distinct, varying in both
size, charge and protonation requirements [8], and yet PAS is capable of catalyzing all of them with surprisingly high efﬁciency and
low discrimination [6]. Our calculations strongly suggest that for
sulfate monoester hydrolysis, the reaction proceeds via concerted
nucleophile deprotonation by a nearby histidine, whereas in the
case of the phosphoryl transfer reactions, the phosphate itself is
capable of acting as a base, in analogy to a number of other
1
Note that k2 here refers to the rate of the uncatalyzed reaction when 55 M
concentration effects have been taken into account. Additionally, we distinguish
between catalytic proﬁciency and ampliﬁcation, as the catalytic ampliﬁcation
highlights the catalytic power of the enzyme (taking into account how ‘‘difﬁcult’’
the uncatalyzed reaction is), whereas, at a given substrate concentration, the amount
of product produced is determined by the catalytic efﬁciency, or kcat/KM.
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phosphatases (see e.g. [9], and references cited therein). We additionally propose that the ionization state of an active site lysine,
Lys113, which interacts with one of the non-bridging oxygens of
the substrate, is important for determining the speciﬁcity of the
enzyme (as would also be hinted at by the experimentally observed pH proﬁles [7]). Finally, a comparative analysis of the electrostatic contributions of different residues to the overall
activation barrier demonstrates that the driving factor controlling
the promiscuity is the electrostatic preorganization of the active
site, providing a strong argument in favor of chemistry-driven protein evolution.
2. Materials and methods
Our study ﬁrst thoroughly characterized the background reactivity in aqueous solution using a combination of experimental
data for analogous reactions as well as constructing the appropriate ab initio free energy surfaces, as outlined in the SI Text. Subsequent empirical valence bond (EVB) calculations were performed
using the MOLARIS simulation package and the ENZYMIX forceﬁeld
[10], with EVB activation barriers being obtained using the standard free energy perturbation/umbrella sampling (FEP/US) approach outlined in [11]. The initial atomic coordinates for P.
aeruginosa arylsulfatase at 1.3 Å resolution [12] were obtained
from the Protein Data Bank [13] (accession code 1HDH). In each
case, the relevant substrate was placed into the active site by manually overlaying it over our positioning of p-nitrophenyl phosphate
in our previous study [14], and the resulting complex was then ﬁrst
relaxed for 30 ps at 30 K, followed by 100 ps at 300 K, using a 1 fs
timestep. Two independent relaxation runs were performed with
Lys113 in either its ionized or neutral state, all other ionization
states were assigned as in [14]. Initial structure relaxation was performed using a 24 Å water sphere, centered on the substrate and
surrounded by ﬁrst a 3 Å grid of Langevin dipoles, and then by bulk
solvent (which was modeled using the surface constrained all atom
solvent model (SCAAS) [10]). Long-range effects were treated using
the local reaction ﬁeld (LRF) approach [15]. Once structure relaxation was complete, a smaller 20 Å explicit water sphere was used
for the actual EVB/FEP-US simulations, which was extended ﬁrst
to 22 Å with a grid of Langevin dipoles, and then to inﬁnity with
bulk solvent. The FEP mapping was performed in 51 mapping
frames of 50 ps each in length, giving a total simulation time of
2.55 ns per trajectory, and all simulations were repeated ten times
with different initial conditions. Finally, the electrostatic contributions of different residues to the overall activation barrier were
evaluated using the linear response approximation (LRA), in line
with our previous study [14].
3. Results
3.1. Native sulfatase activity
In aqueous solution, the hydrolyses of the p-nitrophenyl sulfate
(pNPS) and phosphate (pNPP) monoesters proceed with similar
kinetics, leading to the suggestion that the hydrolysis of the two
compounds proceeds through similar transition states (Fig. SI,
[16]). However, we have shown [8] that, in the uncatalyzed reaction, pNPS hydrolysis proceeds through a noticeably more expansive transition state than pNPP hydrolysis, with very different
solvation effects. Additionally, pNPP hydrolysis appears to proceed
via a substrate-as-base mechanism, in which a proton from the
attacking water molecule is transferred to the phosphate dianion,
which is acting as a ‘‘proton sink’’, to generate hydroxide and a
phosphate monoanion (note that we found this to happen both
in aqueous solution and PAS [8,14]). However, this mechanism is
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not available to the analogous sulfate monoester, due to the significantly lower pKa (<3) of its non-bridging oxygens (see [14] and
references cited therein). Such differences have dramatic implications for reactions in the tightly optimized environment of an enzyme’s active site, making it particularly surprising that PAS is
even able to catalyze such chemically distinct substrates.
Fig. 1 highlights the proposed mechanism for acid-base catalyzed sulfate monoester hydrolysis by PAS [7,12]. The sulfate
monoester is unlikely to act as a proton acceptor and our earlier
study [14] ruled out the nearby Asp317. An alternative proton
acceptor is His115, which has been suggested to be the general
base for the subsequent hemiacetal cleavage [7,12] (see Fig. S2
for the orientation of these residues). Therefore, here, we have explored the energetics of a potential mechanism involving concerted-proton transfer from the geminal diol to His115.
Extrapolating from literature values for the spontaneous and
base-catalyzed hydrolyses of pNPS in aqueous solution under different buffer conditions suggests that the activation barrier for
nucleophilic attack by the corresponding geminal diol in solution
would be expected to be 28.5 kcal/mol, based on a pKa of 13.5
for the geminal diol (see [14] and the SI text). We obtain a similar
activation barrier when also taking into account the potential
chemical effect of general base-catalysis by the imidazole group
(Table SI), which ab initio calculations (Fig. S3) suggest proceeds
via a single concerted transition state, with the histidine being
the ultimate proton acceptor. Finally, adjusting for 55 M water
concentration effects gives a Dg –
cage of 26.3 kcal/mol (for a discussion of Dg –
cage , see e.g. [17]). The experimentally measured kcat for
the sulfuryl transfer reaction catalyzed by PAS at 25 °C and pH
8.0 [7] is 14.2 s1, yielding an activation barrier ðDg –
enz Þ of
15.9 kcal/mol, and therefore, the catalytic ampliﬁcation (i.e.
–
Dg –
enz  Dg cage Þ for the native sulfatase activity compared to the relevant reference reaction in aqueous solution is estimated to be
10.4 kcal/mol.
A signiﬁcant issue is the discrepancy between the pH dependence of kcat =K M for the native sulfatase and promiscuous phosphomonoesterase activities of PAS (Fig. 7 of [7]). That is, while
the apparent pKa value for the native sulfatase activity is 8.3,
the corresponding value for the phosphatase activity is much lower
than this, and it was postulated [7] that the difference between the
two pH rate proﬁles can be a result of the differential protonation
of active site residues responsible for binding substrates differing
by a total charge unit. Examination of the PAS active site suggests
that the best candidate for this shift would be Lys113, which interacts with one of the non-bridging oxygens of the substrate (Fig. S2),
provided its pKa is depressed from the corresponding value in solution (10.5). This could be the case due to its close vicinity to the
Ca2+ ion in the active site (Fig. S2). To test this, we evaluated the
pKa of this residue using the semi-macroscopic protein dipolesLangevin dipoles (PDLD/S-LRA) approach [18], obtaining pKa values
in the range of 5.7–7.9, over a range of dielectric constants between 8 and 12 (see Discussion in [19]). In the absence of experimental data, these calculations only make a qualitative and not a
quantitative prediction; however, they suggest that a change of
preferred protonation state of Lys113 between the sulfatase and
phosphatase activities is at least feasible, and that at pH 8 (at
which the experimental kcat was measured), this residue could be
in either ionization state. Therefore, we separately relaxed PAS
with Lys113 in either its ionized (Lys113+) or neutral (Lys1130)
state, and used the resulting structures as starting points for subsequent EVB calculations. Additionally, as shown in Fig. S2, the orientation of the nucleophile relative to His115 is such that it is
unlikely that direct proton transfer occurs from the nucleophilic
oxygen atom to the histidine. However, as the hydroxyl groups of
the geminal diol are chemically identical, it is entirely plausible
that the nucleophile is activated via a double proton transfer in
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Fig. 1. Proposed mechanism for the native sulfatase activity of P. aeruginosa arylsulfatase (PAS) [6,12]. ð1 ! 2Þ represents the attack of a water molecule on an aldehyde to
form the corresponding nucleophilic aldehyde hydrate i.e. geminal diol, FGly51, see also the SI), ð2 ! 3Þ represents subsequent nucleophilic attack on the sulfate with
concomitant leaving group departure (occurring in a single concerted transition state), and, ﬁnally, ð3 ! 1Þ represents hemiacetal cleavage to release the phosphate and
regenerate the geminal diol.

Table 1
EVB parameters, calculated activation and free energies and reorganization energies for the relevant group transfers.
Systema
(la)
Water
Lys113+
Lys1130
(lb)
Water
Lys113+
Lys1130
(2)
Water
Lys113+
Lys1130
(3)
Water
Lys113+
Lys1130
(4)
Water
Lys113+
Lys1130

H12 b

a0 b

c
Dg –
calc

DG0;calc c

d
Dg –
exp

ke

– f
Dg –
cage  Dg enz

395.0

21.5

26.3(0.2)
18.4(1.0)
15.3(1.6)

5.5(0.2)
1.9(1.3)
10.7(3.7)

26.3

933.3(11.9)
809.1(4.5)
821.8(3.4)

11.0

26.3(0.2)
22.8(0.9)
18.8(1.4)

5.5(0.2)
7.0(1.2)
11.3(2.2)

2627

856.0(13.6)
742.9(6.0)
755.8(2.7)

7.5

24.6(0.9)
30.5(1.9)
20.4(0.3)

2.1(1.4)
19.0(2.0)
0.2(0.8)

24.7

833.4(8.7)
738.1(6.4)
741.0(2.7)

4.4

26.9(1.1)
32.0(1.2)
16.7(0.3)

0.9(1.6)
18.7(2.4)
0.1(1.2)

26.9

822.6(5.0)
742.8(2.6)
762.5(7.1)

10.2

27.3(0.3)
19.5(1.1)
13.5(1.4)

10.4(1.4)
12.7(2.2)
26.2(2.7)

313.5

363.0

340.0

310.0

26.0

38.4

14.5

40.0

15.9

15.9

19.0

17.8
27.0
19.6

806.7(7.6)
722.4(4.7)
737.3(6.0)

7.8

a

(1) p-nitrophenyl sulfate (associative (a) and dissociative (b) pathways), (2) ethyl-p-nitrophenyl sulfate, (3) bis-p-nitrophenyl sulfate and (4) p-nitrophenyl phosphate.
H12 and a0 denote the off-diagonal element of the EVB Hamiltonian and the gas-phase shift of the product state respectively (which appears in the H22 element of the EVB
Hamiltonian). The gas-phase shift in the reactant state H11 is zero in all cases.
c
Calculated activation energies and reaction free energies, in kcal/mol.
d
Experimentally observed activation free energies, in kcal/mol. The activation free energy in solution is estimated as discussed in the main text.
e
Total reorganization energies, k, in kcal/mol.
f
Calculated catalytic enhancement, in kcal/mol, relative to the reference reaction in aqueous solution, for the preferred ionization state of Lys113 (see main text). Values in
parentheses denote standard deviations over ten trajectories.
b

which the proton on the nucleophilic oxygen is transferred to the
other oxygen of the geminal diol, the proton on which is in turn
transferred to Hisll5 (see Fig. S4). Finally, the ab initio surface
(Fig. S3) suggests there is no need for protonation of the leaving

group and therefore no need for a general acid during the chemical
step.
The relevant valence bond structures for this proposed mechanism are shown in Fig. S4, the EVB parameter set used is shown in
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Fig. 2. Empirical valence bond (EVB) free energy proﬁles in enzyme (blue) and in solution (black), as well as representative transition state geometries for the enzymatic
hydrolysis of (A) p-nitrophenyl sulfate, (B) ethyl p-nitrophenyl phosphate, (C) bis-p-nitrophenyl phosphate and (D) p-nitrophenyl phosphate. All free energy proﬁles and
transition states correspond to a concerted ANDN mechanism, in which the phosphoryl/sulfuryl transfer and proton transfer from the nucleophile to the relevant base (see
main text) occur in a single step. All ten proﬁles for the enzymatic reaction have been overlaid to demonstrate the convergence of the calculations. Additionally, the data for
substrate (D) are based on our previous study [14].

Table S2, and the relevant energetics and a representative enzymatic transition state are shown in Table 1 and Fig. 2, respectively.
From the table, it can be seen that, with this mechanism, we have
reproduced the experimental activation barrier for p-nitrophenyl
sulfate hydrolysis within an accuracy of 1 kcal/mol, with a standard deviation of 1.6 kcal/mol over 10 trajectories for the
Lys113° case, which is preferred over Lys113+ by 3 kcal/mol. Finally, we obtain a calculated catalytic ampliﬁcation of 11 kcal/
mol (compared to the experimentally observed catalytic ampliﬁcation of 10.4 kcal/mol). Based on this, we propose a revised mechanism for the sulfuryl transfer reaction, in which His115 acts as a

base to activate the nucleophile, and in which the sulfuryl transfer
occurs in a concerted fashion with no leaving group protonation,
resulting in a sulfo-enzyme intermediate.
3.2. Promiscuous phosphatase activity
PAS has been selected as our model system due to the fact that,
in addition to sulfatase activity, it is also capable of promiscuous
phosphatase activity [6], with proﬁciencies that can almost rival
its native activity. Additionally, PAS shows greater proﬁciency towards a large bulky substrate such as bis-p-nitrophenyl phosphate
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(BNPP), which has the same charge as the native substrate, than toward the smaller but dianionic p-nitrophenyl phosphate [6], suggesting an important role for electrostatics in determining the
speciﬁcity, in line with the strong argument for the electrostatic
basis for enzyme catalysis [17]. In order to verify this, we have
examined the hydrolysis of two phosphodiesters by PAS, namely
ethyl p-nitrophenyl phosphate (EpNPP) and bis-p-nitrophenyl
phosphate (BNPP), both of which PAS catalyzes [6], but with an
apparent preference for BNPP over EpNPP.
Fig. S5 shows an ab initio energy surface for EpNPP hydrolysis in
aqueous solution, using acetaldehyde hydrate as a model for the
formylglycine nucleophile. From this ﬁgure, it can be seen that
the reaction follows a mechanism similar to that of hydroxide attack on analogous phosphodiesters [20], proceeding through a
compact, concerted ANDN mechanism. Additionally, as with the
corresponding monoester [8], the reaction proceeds via a substrate-as-base mechanism, with a non-bridging oxygen on the
phosphate acting as the ultimate proton acceptor. Extrapolating
from existing experimental data (see SI text) and using transition
state theory gives an activation barrier of 27.1 kcal/mol for the
attack of the geminal diol on EpNPP, and, therefore, a Dg –
cage of
24.7 kcal/mol for the reference reaction in solution, with which
our calculated activation barrier (Table SI) is in good agreement.
Therefore, we assume that a substrate-as-base mechanism is viable
for both diesters, and that the activation barrier for this process can
be extrapolated from existing experimental data, as outlined
above, which, in the case of BNPP hydrolysis, suggests a Dg –
cage of
26.9 kcal/mol for the reference reaction (see SI text). Based on
this, we constructed the valence bond structures shown in
Fig. S4, and performed EVB calculations, once again assuming a
substrate-as-base mechanism with no protonation of the leaving
group, similarly to the phosphate monoester [14]. The resulting
free energy proﬁles and representative transition states are shown
in Fig. 2. Based on the discussion above, one would expect catalytic
ampliﬁcations of 5.7 and 9.1 kcal/mol for EpNPP and BNPP
hydrolysis respectively, and we obtain calculated ampliﬁcations
of 4.2 and 10.2 kcal/mol respectively, with standard deviations of
0.3 kcal/mol over ten trajectories. This demonstrates that we not
only reproduce the experimentally observed activation barriers,
but also the difference in the relative catalytic proﬁciency towards
the two diesters with high accuracy.
3.3. Lys113 as a speciﬁcity switch
A comparison of the obtained activation barriers for both the
Lys1130 and Lys113+ cases for all substrates is presented in Table 1.2
Both the sulfate monoester and the phosphodiesters, which are
monoanionic, show a preference for Lys1130. The impact on the diesterase activity is particularly dramatic, with Lys113+ having a detrimental effect of up to 15.3 kcal/mol on the catalytic activity of the
enzyme (Table 1). In contrast, for pNPP hydrolysis, neutralizing this
residue results in unphysical results with extreme product trapping,
emphasizing once again the importance of correct electrostatic treatments in simulation protocols. Clearly, more than four substrates are
needed to ascertain a deﬁnitive trend, however it would appear that
there is a correlation between the preferred ionization state of Lys113
and substrate charge, with this residue preferring to be neutral in the
case of monoanionic substrates and ionized in the case of dianionic
substrates (which in theory could help with the binding of the respective substrates). It is also worth commenting on the fact that the
greater sensitivity of the phosphate than the sulfate monoesters to
the ionization state of this residue could be tied to the fact that the
2
Note that the Lys113+ results for the phosphate monoester dianion are from our
previous work [13], and the corresponding Lys1130 results were recalculated here,
using the same protocol as for all other substrates.

former reactions appear to proceed through a substrate-as-base
mechanism, where the interaction between Lys113 and the relevant
non-bridging oxygen of the substrate becomes critical (particularly as
this is the oxygen being protonated on the substrate), in contrast to
the sulfate, which uses an enzymatic base.
3.4. Sulfuryl transfer: associative or dissociative?
Both our earlier comparative study of phosphoryl and sulfuryl
transfer in aqueous solution [8] and Fig. 3 of the present work suggest that, in aqueous solution, sulfuryl transfer proceeds through a
more expansive transition state than the analogous phosphoryl
transfer reaction, whereas, as indicated in Table 2, PAS signiﬁcantly
reduces the barrier of a more associative sulfuryl transfer reaction,
particularly in comparison to the corresponding phosphoryl transfer reactions. Therefore, we have also explored the effect of modeling the system as proceeding through a more ‘‘dissociative’’
transition state that is closer to the transition state observed on
the ab initio surface shown in Fig. S3 in aqueous solution, with
S–O distances of 2.50 and 2.33 Å to the leaving group (Table 2,
see also the related case of the Ras-GAP system [21]). Fig. 3 outlines (a) a representative dissociative transition state for the sulfuryl transfer reaction, (b) an overlay of the calculated free energy
proﬁles for the both the associative (blue) and dissociative (red)
sulfuryl transfer reactions in the PAS active site (with the region
corresponding to the transition state zoomed in on), and (c) an
overlay of the relevant electrostatic group contributions to both
associative and dissociative transition states calculated using the
linear response approximation (LRA) [18], with the dissociative
mechanism shown in red and the associative mechanism shown
in solid blue. The calculated activation barriers are 18.8 and
26.3 kcal/mol in PAS and in solution respectively, representing a
catalytic enhancement of 7.5 kcal/mol, compared to 11.0 kcal/mol
for the more associative transition state, with, once again, a preference for Lys1130 over Lys113+. Here, the fact that we obtain less
catalysis for the dissociative than the associative pathway need
not a priori rule out a dissociative mechanism, as it is possible that
our calculated activation barrier in aqueous solution is overestimated (and thus, that we have underestimated the chemical effect
of including general base catalysis from the imidazole group).
Additionally, the surface shown in Fig. S3 is quite ﬂat, with the energy difference between the regions corresponding to the two
pathways examined here being at most 1–2 kcal/mol. Therefore,
the difference between these two transition states in aqueous solution would be negligible (as multiple pathways are possible on a
ﬂat surface). Our EVB calculations suggest that PAS shows a clear
preference for an associative pathway, and the switch from a dissociative to an associative transition state in the enzyme active site is
quite pronounced, particularly in light of the fact that even when
modeling a more dissociative pathway in aqueous solution, we observe signiﬁcant tightening of the corresponding enzymatic transition state (to a much greater extent than for any of the other
reactions examined). Note that it has been argued that electrostatic
interactions with positively charged active site residues do not
tighten the transition state for phosphoryl transfer in the evolutionarily related active site of alkaline phosphatase [22]. However,
this conclusion was drawn based on a comparison of data from
examining linear free energy relationships (LFER), which are an extremely powerful component of the physical organic chemistry
toolbox, but also very difﬁcult to interpret qualitatively, as different pathways can give rise to similar LFER [23,24]. Therefore, similar LFER do not necessarily rule out a change of pathway.
Additionally, it is worth mentioning at this stage some recent related theoretical calculation the name-giving member of the AP
superfamily, alkaline phosphatase [25,26]. In both cases. authors
focus on the promiscuous phosphodiesterase activity of AP.

J. Luo et al. / FEBS Letters 586 (2012) 1622–1630
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Fig. 3. (A) Representative transition state for sulfuryl transfer in the PAS active site, obtained when modeling the background reaction as a more dissociative process. (B) An
overlay of activation barriers to ‘‘dissociative’’ (red) and ‘‘associative’’ (blue) sulfate hydrolysis, with the region surrounding the transition state zoomed in on for clarity, and
(C) an overlay of the electrostatic group contributions to the calculated activation barrier for the dissociative (solid red) and associative (shaded blue) processes, averaged
over ten trajectories.

Table 2
Average P(S)–O distances at the transition state for the relevant group transfer.a
Substrateb

(la)
(lb)
(2)
(3)
(4)
a

Water

Enzyme

Difference

P(S)–Onuc

P(S)–Olg

P(S)–Onuc

P(S)–Olg

P(S)–Onuc

P(S)–Olg

2.257
2.504
2.466
2.470
2.443

2.001
2.328
2.356
2.349
2.272

2.150
2.348
2.320
2.401
2.350

1.979
2.199
2.307
2.280
2.234

0.107
0.156
0.146
0.069
0.093

0.022
0.129
0.049
0.069
0.038

All distances are in Å, and averages over 10 trajectories.
Shown here are (1a) p-nitrophenyl sulfate (associative pathway), (1b) p-nitrophenyl sulfate (dissociative pathway), (b) ethyl-p-nitrophenyl phosphate, (3) bis-pnitrophenyl phosphate and (4) p-nitrophenyl phosphate.
b

However, in the ﬁrst case [25], the authors obtain a transition state
that is far more dissociative in the enzyme than in solution, which
is counterintuitive in light of the presence of three divalent metal
ions in active site, two of which are directly involved in the catalytic mechanism. It is worth nothing however, that the authors also
observe an extreme increase in the distance between the catalytic
metal centers of in excess of 5.5 Å for different WT and mutant
forms of the enzyme, which clearly suggests a problem with the
calculations (as was also commented on by [26]). Another recent
work [26] also performed a detailed theoretical study of phosphodiester hydrolysis in the AP active site, demonstrating that the enzyme signiﬁcantly tightens transition state in the AP active site
compared to aqueous solution, and making the mechar far more
associative as would be expected in the presence of multiple divalent metal ions, ar in line with the results presented here. However,
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while the authors do try to calibrate 1 calculations to the corresponding reference reaction in solution, there is still signiﬁcant
variation in the obtained results, which may then be also the reason for the large error when comparing theory and experiment for
the wild-type and mutant enzymes. Despite this, however, this is a
very elegant work that highlights the importance of theoretical approaches in trying to rationalize enzyme catalysis.
3.5. A direct comparison of different substrates
Table 1 and Fig. 2 demonstrate that we can reproduce the catalytic effect of PAS with different substrates of interest with reasonable accuracy. On the one hand, PAS has a sufﬁcie large binding
pocket to allow it to accommodate a range of substrates of different sizes. However, it also appears to be very catalytically versatile,
adapting not only the base depending on the speciﬁc substrate, but
also electrostatically ‘‘self-regulating’’, with the ionization state of
Lys113 appearing to play a role in determining the speciﬁcity.
Additionally, while all substrates are hydrolyzed through a concerted ANDN process, the ‘‘size’’ of the transition state differs between them. Table 2 shows average distances at the transition
state for each substrate in aqueous solution as well as in the corresponding enzyme catalyzed reaction, as well as the change in these
distances upon moving from ground to transition state. Here, it can
be seen that, in all cases, moving from aqueous solution to the enzyme involves a slight tightening of the transition state for the relevant reaction (see also [14]), as was also shown in the analogous
case of phosphate diester hydrolysis by alkaline phosphatase [26].
However, the distribution of this tightening is not uniform across
the four substrates, and the two substrates towards which PAS
shows the highest catalytic activity (Table 1) proceed through both
the most compact and the most expansive transition states of the
series (Table 2), highlighting the fact that the speciﬁcity is not
being determined by the size of the transition state. It has been
repeatedly demonstrated (see e.g. [17]) that the main contributor
to the tremendous catalytic proﬁciencies of enzymes is the electrostatic preorganization of the active site [27]. Additionally, the APsuperfamily provides an example of convergent evolution, since
two signiﬁcantly different active sites, one of which uses either
Ser or Thr as a nucleophile and two metal ions (alkaline phosphatase and nucleotide pyrophosphatase/phosphodiesterase), and the
other which uses a formylglycine (fGly) nucleophile and only one
divalent metal ion (arylsulfatase and phosphonate monoester
hydrolase), perform similar chemistry [4]. These observations suggest that the underlying basis for the inherent promiscuity for
these types of reactions is determined by the requirements of the
chemistry and most likely dominated by electrostatic interactions
during the chemical step.
To explore this issue, we ﬁrst examined the change in reorganization energy (k) upon moving from aqueous solution to the PAS
active site (Table 2). It can be seen that, in all cases, the reduction
in k, is smaller in the case of the promiscuous reactions compared
to the native reaction, reﬂecting the fact that the enzyme has
evolved to provide a maximally preorganized active site for its native reaction and not its promiscuous reactions. We then examined
changes in electrostatic ‘‘group’’ contributions (i.e. the contributions of different residues) to the overall activation barrier for
the enzyme-catalyzed reaction. This was done using the LRA, as
in our previous work [14], and an overlay of the corresponding
group contributions to the activation barrier for all substrates
(averaged over all trajectories) is shown in Fig. 4. Note that, as discussed in [14] (and references cited therein), correct quantiﬁcation
of the metal cation is extremely challenging, therefore, the trend
provided for the Ca2+ ion is only qualitative. However, despite
the fact that the four substrates are hydrolyzed through ‘‘different’’
mechanisms, and that the preferred ionization state of Lys113

Fig. 4. (A) The correlation between experimental and calculated activation barriers
for the hydrolysis of (1) p-nitrophenyl sulfate, (2) ethyl-p-nitrophenyl phosphate,
(3) bis-p-nitrophenyl phosphate and (4) p-nitrophenyl phosphate. (B) An overlay of
the electrostatic group contributions to the calculated activation barrier for each
substrate, calculated using the LRA approach, with the raw data presented in
tabulated form in Table S3.

changes depending on the substrate, the group contributions for
the four substrates differ quantitatively, but qualitatively, they
overlay almost perfectly. That is, the same key interactions appear
to be involved for the native and promiscuous reactions, though
interactions that are favorable for the native reaction are not necessarily also favorable for the promiscuous reaction (and, additionally, the deactivating effect of the calcium ion discussed in [14] is
much smaller in the native than in the promiscuous reactions).
This reﬂects the fact that the active site preorganization is suboptimal for the promiscuous substrates; however, it appears to
be sufﬁciently ﬂexible to allow for the catalysis of these chemically
distinct reactions. Finally, note as an aside that in our previous
work [14], we dissected the potential cause for the deactivating effect of the calcium ion, demonstrating that, while the calcium ion is
deactivating for the overall reaction, it is nevertheless favorable for
the initial proton transfer to the phosphate monoester. This reﬂects
the fact that the proton is transferred directly to the non-bridging
oxygen on the same face as the calcium ion, changing the phosphate from a dianion to a monoanion (or, in the case of the diesters,
from a monoanionic to a neutral species). In contrast, in the case of
the sulfuryl transfer, there is no protonation of any of the nonbridging oxygens, which affects the corresponding charge distribution at the transition state, and potentially accounts for the smaller
deactivating effect of the calcium ion.
4. Discussion
While it is becoming increasingly evident that catalytic promiscuity plays an important role in the evolution of function
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within enzyme superfamilies [1], the precise molecular basis for
such promiscuous activity remains poorly understood. In a recent
study, we performed a detailed theoretical examination of the
promiscuous phosphomonoesterase activity of the arylsulfatase
from P. aeruginosa (PAS) [14], demonstrating that, despite being
a sulfatase, in it’s promiscuous activity, this enzyme behaves like
a ‘‘classical’’ phosphatase. In the present work, our aim has been
to explore the molecular basis for the speciﬁcity and promiscuity
of this enzyme, and we have therefore extended our previous
study of the phosphomonesterase activity [14] to a range of sulfate and phosphate ester substrates. We demonstrate that, while
all reactions proceed through a concerted ANDN pathway, the native and promiscuous substrates proceed through two chemically
distinct mechanisms, utilizing either an active site histidine or the
substrate itself as a base for the native and promiscuous activities
respectively, with no apparent requirement for general-acid catalysis to protonate the p-nitrophenyl leaving group (Fig. S6,
although this could be due to the highly activated nature of the
leaving group). Additionally, for all substrates, the corresponding
transition state is more compact in the enzyme active site than in
aqueous solution, with this effect being most pronounced in the
case of sulfuryl transfer. However, despite this chemical ﬂexibility, overlaying the electrostatic contributions of different residues
to the overall activation barrier for different substrates shows
that, in all cases, the key residues providing the largest electrostatic contributions to the observed activation barrier are very
similar for each substrate, and the difference is predominantly
quantitative, where interactions that are favorable for the native
reaction are not necessarily so for the promiscuous reactions. Finally, the largest difference between the different substrates appears to be in an active site lysine, Lys113, which interacts with
the non-bridging oxygens of the substrate, and appears to act
as a speciﬁcity switch between mono- and dianionic substrates.
This is in line with the observation that the major contributor
to the catalytic activity of enzymes comes from the electrostatic
preorganization of the active site [17,27], suggesting that, in this
speciﬁc case, the driving force for the catalytic diversity of the enzyme comes from the fact that the electrostatic environment of
the active site is sufﬁciently ﬂexible to allow for the catalytic
requirements of multiple chemically distinct substrates, however,
as it has been optimized for catalytic activity of the enzyme towards the native substrate, it is less proﬁcient towards its promiscuous substrates. It is also interesting to observe that the
requirement of an external base makes catalyzing sulfuryl transfer more demanding than phosphoryl transfer, and the promiscuous substrates, by being able to act as their own proton sinks, are
operating through a chemically simpliﬁed (and therefore less catalytically challenging) version of the native reaction. PAS is a
member of a highly promiscuous superfamily of enzymes, in
which the native substrate for one family member is often found
as a promiscuous side-reaction in another, and the promiscuity
patterns in this superfamily are well characterized [4]. We demonstrate here that in the case of PAS, the promiscuity is driven
by the ‘‘ﬂexibility’’ in the electrostatic preorganization of the active site, which accommodated multiple chemically-distinct substrates in addition to the native substrate. When combined with
the postulated importance of promiscuity in protein evolution,
we believe that PAS provides a perfect example of chemistrydriven protein evolution, a feature that can be manipulated for
the design of highly proﬁcient artiﬁcial enzymes.
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