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Abstract

E. coli Alkaline Phosphatase (AP) can hydrolyze a variety of chemically diverse phosphate
monoesters while making contacts solely to the transferred phosphoryl group and its incoming and
outgoing atoms. Strong interactions between AP and the transferred phosphoryl group are not
present in the ground state despite the apparent similarity of the phosphoryl group in the ground
state and transition state. Such modest ground state affinity is required to curtail substrate
saturation and product inhibition, and allow efficient catalysis. To investigate how AP achieves
limited affinity for its ground state we first compared binding affinities of several related AP
ligands. This comparison revealed a paradox: AP has a much stronger affinity for inorganic
phosphate (P;) than for related compounds that are similar to P; geometrically and in overall
charge but lack a transferable proton. We postulated that the P; proton could play an important role
via transfer to the nearby anion, the active site serine nucleophile (Ser102), resulting in the
attenuation of electrostatic repulsion between bound P; and the Ser102 oxyanion and the binding
of P; in its trianionic form adjacent to a now neutral Ser residue. To test this model, isotope-edited
Fourier transform infrared (FTIR) spectroscopy was used to investigate the ionic structure of AP-
bound P;. The FTIR results indicate that the P; trianion is bound and, in conjunction with previous
studies of pH-dependent P; binding and other results, suggest that P; dianion transfers its proton to
the Ser102 anion of AP. This internal proton transfer results in stronger P; binding presumably
because the additional negative charge on the trianionic P;j allows stronger electrostatic
interactions within the AP active site and because the electrostatic repulsion between bound P; and
anionic Ser102 is eliminated when the transferred P; proton neutralizes Ser102. Indeed, when
Ser102 is neutralized the P; trianion binds AP with a calculated Ky of <290 fM. These results
suggest that electrostatic repulsion between Ser102 and negatively charged phosphate ester
substrates contributes to catalysis by the preferential destabilization of the reaction’s E«S ground
state.
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650-723-6783 (fax), herschla@stanford.edu.

Supporting Information Available

Derivation of the AP rate enhancement and formal transition state affinity, an explanation of previous AP pH-dependent P; affinity
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Introduction

Phosphatases are the most proficient enzyme catalysts known. They accelerate the reaction
of phosphate monoester hydrolysis, which has a half-life of nearly a trillion years,! by up to
27 orders of magnitude.2 E. coli Alkaline Phosphatase (AP) has been studied extensively as
a model enzyme in an effort to understand the origins of this remarkable rate
enhancement.3# Thorough functional studies have elucidated a two-step reaction
mechanism involving the formation of a covalent phosphoserine intermediate followed by
hydrolysis and phosphate product release (Scheme 1A).4° Structural studies indicate that
AP has a shallow binding pocket that interacts with the substrate phosphoryl group via two
Zn2* jons, an active site Arg residue, and several active site hydrogen bond donors (Scheme
1B). However, no residues are in position to make contacts to the peripheral leaving group
substituent of the substrate.® Consistent with this observation, AP demonstrates broad
substrate specificity’~9 befitting its apparent biological role as an indiscriminate phosphatase
that is used to scavenge phosphate.10

Because of its lack of peripheral binding interactions, AP apparently needs to lower the
reaction barrier for phosphate ester hydrolysis via contacts solely to the substrate’s
transferred phosphoryl group and the incoming and outgoing oxygen atoms in the transition
state. Remarkably, these limited interactions impart a 102’-fold rate enhancement [Kenzyme/
Kuncat = (1.2x108 M~1571)/(3.6x10722 M~1s71) = 3.3x1027], which represents a lowering of
the reaction barrier by 37 kcal/mol (AAG* = RTIn(Kenzyme/Kuncat); see also Figure S1). Given
the strong apparent molecular recognition of the phosphory! transition state, the question is
raised of how AP can avoid very strong binding of the phosphate monoester substrate and
the reaction product, inorganic phosphate (P;), which would lead to saturation by low
concentrations of substrate and inhibition by low concentrations of P;.

Achieving strong preferential recognition for a reaction’s transition state relative to its
ground state is a challenge faced by all enzymes. Formally, catalysis can be defined as
preferential transition state over ground state recognition or binding.11-16 But this challenge
is exceptional for AP because of the enormous rate enhancement it provides and because of
its lack of reliance on remote binding interactions — interactions that are used by many
enzymes to position reacting groups and thus ‘entropically’ destabilize ground states. 151718
Despite these challenges, AP exhibits less than 6.8 kcal/mol of binding energy for phosphate
ester substratesl® (K4 > 10 uM), while achieving 37 kcal/mol of apparent binding energy to
the reaction’s transition state (Figure S1). How is this extraordinary level of energetic
discrimination between the similar ground and transition states achieved?

Some of this discrimination presumably arises from positioning of the bound phosphate
group with respect to the active site Ser102 nucleophile, which removes the independent
translational and rotational entropy of the reacting groups while favoring the partial covalent
bond that is formed in the transition state. However, this entropic destabilization alone is
unlikely to account for all of the approximately 30 kcal/mol difference in apparent binding
energies of the ground and transition states. In the course of studying AP we became aware
of a paradoxical result pertinent to the ground state energetics of AP: stronger binding of the
P ground state ligand than of related ligands. The results herein resolve this paradox and
further suggest that AP limits substrate and product binding by previously unrecognized
electrostatic interactions that may contribute substantially to ground state destabilization and
thus to transition state versus ground state discrimination.

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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Results and Discussion

Comparison of Ligand Affinities for AP

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

The AP affinities of a phosphate ester substrate and related ground state molecules have
been reported previously.1920 To facilitate comparisons we re-measured these affinities and
the affinity for methyl phosphonate using a common competitive inhibition assay under
identical buffer conditions and with the same AP preparation (Table 1). Molecules with the
same overall charge and similar geometry bind to AP with very different affinities. In
particular, P; binds AP considerably more strongly than the several other related molecules,
with discrimination of at least 106-fold relative to the sulfate dianion

(K$"™ /K5 > 2 x 10%) corresponding to at least 8.5 kcal/mol of differential binding energy.
Given the similarity of these ligands, how does AP achieve such enormous discrimination?

A potential explanation for the stronger binding of P; is that AP has a highly precise
arrangement of active site functional groups that is optimized for recognition of the P;
geometry and bond lengths. A priori, such precision for ground state binding would not be
expected, and the similarity of phosphate and arsenate affinities, which have larger bond
length differences than P; and sulfate, provides experimental evidence against this model
(Table 1).

One feature that P; and arsenate share with each other but not with the other ligands tested is
that Pj and arsenate exist in a predominately protonated state at pH 8.0, where the binding

measurements were made (pK.® > =11.7:pK. =+ =11.5).2! We considered three models

for the role of this proton in strong binding by P; and arsenate: loss of the proton to solution,
participation of the proton in a hydrogen bond with a residue on the enzyme, and transfer of
the proton to a residue on the enzyme.

P; dianion ( HPOZ;‘) could release its proton into solution resulting in the formation of the
more negatively charged P; trianion ( PO;) bound in the AP active site. Because of the

higher negative charge of PO>~, stronger electrostatic interactions to the positively charged
AP active site could result in stronger binding to AP. However, this model is ruled out by
previous pH-dependent studies with AP that demonstrated, by systematic comparisons of the
binding and reactivity of species with or without titratable protons, that there is no net loss
of a proton upon binding of P; to AP.19 (A detailed description of these prior results is
presented in Supporting Information.)

The second model invokes a contribution of the proton on HPOﬁ‘ to the observed stronger
binding affinity via participation in a hydrogen bond to a residue on AP. However, the
energetic consequences of removing an individual hydrogen bond in protein sites is typically
0.5-1.8 kcal/mol (and at most 6 kcal/mol for exceptional cases with charged hydrogen bond
acceptors/donors),22-25 notably smaller than the observed free energy difference between P;
and sulfate binding of >8.5 kcal/mol.

The final model for the role of the HPO;~ proton invokes its transfer to a residue on AP.
This mechanism also requires a “special’ property of the proton relative to an alkyl
phosphate substituent or lone oxygen — its ability to be transferred. As noted above, proton

loss from HPO?~ to form the bound PO}~ could allow stronger electrostatic interactions
within the AP active site. As the pH-rate and binding studies noted above show that this
proton is not lost to solution, it could instead be transferred to a group on the enzyme

(Scheme 2). Indeed, P; is bound adjacent to the active site nucleophile, Ser102, which is

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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thought to be present in free AP as an anion at neutral pH due to its interactions with the
active site Zn%* ions.1 (Evidence from prior results suggesting that Ser102 is an alkoxide in
the free enzyme are presented in Supporting Information.) The close proximity of this serine
alkoxide residue to the bound, negatively charged, P;, with reported crystallographic
oxygen-oxygen distances of 1.6-3.2 A 26:27 could yield significant electrostatic repulsion,

and transfer of the proton from HPO; ™ to this serine would eliminate this repulsion.

We initially favored the internal proton transfer model over the hydrogen bonding model,
based on the considerations described above, but a direct test of the models was needed. The
transfer model predicts that Poi‘ is bound to AP, while the hydrogen bond model predicts

that HPO?" is bound. The model of direct binding of PO}~ at pH 8.0 is ruled out by the prior
pH dependence studies, as noted above.1® To determine the ionic species of P; bound to AP
and thus distinguish these models, we turned to vibrational spectroscopy.

Isotope-Edited FTIR Spectra of P; Bound to AP at pH 8.0

The bond vibrations associated with each ionic species of P; are unique and thus IR
spectroscopy gives distinct spectra for each state.28-30 As the IR spectra of a ligand bound to
a protein is typically obscured by the many vibrations arising from the protein, an isotope-
edited FTIR technique was used to allow the vibrational properties of the bound ligand to be
isolated from the protein vibrations.3! In this approach two closely matched samples with, in
our case, either 160- or 180-labeled are measured and subtracted from one another. This
highly P; controlled and precise comparison is required instead of a difference spectrum of
liganded versus free protein because ligand binding can perturb the vibrational modes of the
protein, rendering interpretation of the resulting difference spectra difficult or
impossible.32-34 Since the different species of P; have different vibrational spectra, they also
give distinct difference spectra, as shown in Figure 1. Figure 1A shows the spectra obtained
for the 160 and 180 phosphate species, and Figure 1B shows the difference spectra, which is
the form necessary for comparison to spectra of P; bound to AP.

Figure 2 shows two difference spectra of P; bound to AP at pH 7.5 and 8.0 along with the

spectra for free HPOZ‘ and Poi‘. The spectra of bound P; contain one positive and negative
peak pair separated by ~43 cm™~1 as expected for the vibrational difference of a 160-P
versus 180-P bond, and the position of these peaks corresponds closely to that observed for

P()i‘. Thus, these spectra suggest that AP binds P; in its trianionic form. Nevertheless, due
to large background signal from the protein in isotope-edited FTIR, the resulting difference
spectra may not perfectly remove these contributions, as can be seen by the apparent noise
in the spectral baselines without and with protein (c.f. Figures 2B and 1B). We therefore
carried out additional control experiments.

To initially test the ability of our difference spectra to isolate the spectral properties of the P;
species that are present, we obtained spectra of AP+P; samples with added free P; (Figure

2B). The additional features observed correspond to those for isolated HPO3~, as expected at
this pH, despite significant noise in the spectral baselines. This control and additional
controls described in the following sections provide strong support for the assignment of the
trianion as the AP-bound P; species.

31 P.NMR Measurements of P; Bound to AP

The above FTIR experiments suggest that the bound state of P; in AP is the trianion. Since
there is no increased AP affinity for P; with increasing pH,1 which increases the

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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concentration of trianionic P;j in solution, an internal proton transfer is implicated, as
suggested above and denoted in eq 1 for transfer to the active site serine anion.

AP0 tHPO;™ = AP o« HPO; = AP o PO}~ 1)

As this is an internal proton transfer, the bound trianion should be favored over the bound
dianion regardless of the solution pH. In addition, the observed P; affinity drops off at lower

pH values as the phosphate monoanion (HZPO}[) becomes prevalent, and quantitative
analysis indicates that a proton is lost upon binding of this species to AP (eq 2).1° A proton

loss to solution from the HzPOj‘ upon binding gives HPOﬁ‘ so that the same binding species
is expected at low pH and at pH values at which the dianion is predominant. Given the
initial FTIR data suggesting an internal proton transfer that results in P; trianion as the
predominantly bound species, as shown in eq 1, we show only the bound trianion in eq 2.
Thus, the FTIR results combined with prior pH-studies predict that the same P; species is
bound across the investigated pH range of 5.0-11.0.

APS™© +H,PO;” = APS™OH ¢ PO} +H* ©)

We tested this prediction by 31P-NMR spectroscopy (this section) and isotope-edited FTIR
(next section), but before presenting these results, one additional feature must be noted. At
low pH, AP accumulates in a state with covalently bound P; (E-P; Scheme 1). The pH-
dependence of the equilibrium between the noncovalently and covalently AP-bound P; has
been extensively characterized by previous 31P-NMR measurements36-38 and 32P;-labeling
studies.93° This accumulation of the covalent species at low pH occurs because the

predominant P; form in solution at pH 5.0-6.0 is the monoanion, and H;Poj‘ forms the
covalent E-P species in a pH-independent equilibrium (eq 3), whereas the stability of the
noncovalent species (relative to the free species) decreases across this pH range (eq 2; note
the release of H* in this reaction). Thus, the proportion of bound P; in the covalent form
increases at lower pH and becomes significant below pH 6 (eq 4). Overall, this analysis of
the prior P; affinity measurements across pH predicts a pH-independent chemical shift for
noncovalently bound P;j and a separate signal for the covalently bound E-P species that
arises only at low pH.

APS™O L H,POL™ = APSOP L H,0 3)

APSOH ¢ PO} +H* = APSOP 41H,0 @

Previous 31P-NMR spectra from Coleman and coworkers36-38 are consistent with the above
predictions. We repeated and expanded these measurements by determining the 31P-NMR
spectra of P; associated with AP in the presence of an excess of free P; to serve as a control

1Indeed, there is a decrease in affinity with increasing pH. However, this decrease arises from a titration to an inactive form of AP,
with a pKj of 8, as determined by several activity and binding experiments with species that do not have a titratable proton with a pKy
in or near this pH range. Proper accounting for this inactive form then reveals pH-independent binding of Pj to the active form. (See
reference 19 and Supporting Information.)

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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for the expected changes in chemical shift versus pH (Figure 3). One peak shifted with pH
as predicted for free P;, one peak gave a constant chemical shift of 3.6 £ 0.2 ppm, and an
additional peak was observed in the low pH spectrum, as expected for the covalent species.

The absolute value of the 3P chemical shift of AP-bound P; cannot be used to assign its
ionic form - the observed chemical shift does not correspond to that of any of the ionic
forms in solution, presumably due to perturbations from the idiosyncratic environment
within the AP active site. Nevertheless, the observed chemical shift behavior for phosphate
bound to AP as a function of pH is consistent with the prediction above fromegs 1 and 2 in
which the trianion is the predominate noncovalently bound species across the pH range. We
built on these NMR results to further test the ability of isotope-edited FTIR to accurately
report on the states of P; present in enzyme-containing solutions.

Isotope-Edited FTIR Spectra of P; Bound to AP at pH 5.0

Figure 4 shows FTIR difference spectra for AP with and without an excess of P; at pH 5.0.
The peak at 1015 cm™! that was present in the pH 8.0 sample spectra (Figure 2) is also
present in the pH 5.0 spectra (Figure 4) as predicted above for a constant noncovalently
bound state of P; across the measured pH range (eq 1). New features arise, including a
prominent peak at and around 1107 cm™1 (and possibly a negative peak ~1089 cm™1), that
presumably come from the covalent phosphoserine E-P species that is predicted
biochemically and observed by 31P-NMR (Figure 3).37 (See Supporting Information for a
detailed interpretation of this spectrum.) Upon addition of excess P;, the features observed
under conditions with AP in excess and P; fully bound remain, and additional, negative and

positive peaks appear at 1038 and 1077 cm™1, as expected for free HQPOJ[ (Figure 4, bottom
spectrum).

Interpretation of FTIR Results

The simplest interpretation of all of the FTIR results is that the noncovalently AP-bound P;
species is the trianion. Nevertheless, some studies have shown that the vibrational properties
of phosphate esters and P; free in solution can change upon binding to an enzyme active
site.39-41 We therefore considered the possibility that the apparent strong resemblance of the

observed AP with P; spectra and the PO;}‘ solution spectrum could instead arise
coincidentally from a bound P; dianion with a perturbed FTIR spectrum.

Enzyme-induced changes in IR spectra typically result in peak frequency shifts of 10-35
cm™1 from the solution frequencies.3%-41 However, shifts of this magnitude, to either higher

or lower wavenumber, applied to the FTIR spectrum of HPO;~ cannot reproduce the
observed spectra (see Supporting Information).

Decoupling of vibrational modes of an enzyme-bound phosphate containing ligand can also
give rise to IR peak pattern changes differing from the molecule’s solution spectral
pattern.4041 Although we cannot disprove this alternative, it would require an even more
unlikely coincidence — that decoupling of a vibrational mode for one P; species would lead
to a spectral pattern that is indistinguishable from that of another P; species. Further, there
are other FTIR studies of bound P; and pyrophosphate in which there were no changes in the
vibrational spectra upon enzyme binding so that the observed bound vibrational frequencies
correspond directly to the solution frequencies of these ligands.#243 This precedent for
retention of solution-like vibrational properties upon binding together with the analysis
above strongly support the interpretation that the observed AP bound P; spectra reflects

bound PO}~ exhibiting solution-like vibrational frequencies.

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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Binding Energetics of PO;~

Identification of Poi‘ as the AP bound P; form permits calculation of the intrinsic affinity of
AP for Poi‘. As shown in Scheme 3, P; binding at pH 8.0 is complex, including both loss of
a proton from the prevalent HPOﬁ‘ species and uptake of a proton by anionic Ser102. An
equivalent thermodynamic description is binding of HPOZ;‘ followed by an internal proton

transfer to Ser102 (Scheme 3, diagonal that represents the observed binding affinity, k).
As free energy changes along linked equilibria are path-independent, either description can
be used to evaluate the binding energetics, and we use the thermodynamic cycle of Scheme
3 to relate the observed binding affinity to the specific equilibrium constant for binding of

PO;™ to AP with neutral Ser102, which we refer to as the intrinsic binding constant,

SerOHePO3~
K, 4.

The affinity of PO?{ to protonated Ser102 AP cannot be directly observed experimentally
because these species do not simultaneously predominate at any pH. Nevertheless, the

populations of Poi‘ and protonated Ser102 at pH 8.0 can be calculated based on the known
HPO;™ pK, of 11.7 and the estimated pK, for Ser102 of <5.5.19 Using these pK, values to
calculate the fractions of free Poi‘ and protonated Ser102 at pH 8.0 and the observed P;

affinity at pH 8.0 allows the equilibrium between PO~ and protonated Ser102 to be
calculated according to eq 5, which was derived from the thermodynamic cycle in Scheme

3. AP exhibits a remarkably strong affinity for PO3~, with K3~ >+ < 290 fM. Indeed,

this affinity is at least on the order of that for streptavidin and biotin#* (10-100 fM), despite
the markedly smaller size of PO?{ and its fewer interacting atoms.

KScrOH-POj’

! HPO?~
| :(K:b.s X KECFOH)/K.‘\ 4 )

The exceptionally strong affinity of Poi‘ (and, by analogy, of arsenate trianion) for AP
relative to the other related molecules in Table 1 is presumably a consequence of at least two
factors that are depicted in Scheme 2. The internal proton transfer upon binding neutralizes
Ser102 and eliminates electrostatic repulsion between anionic Ser102 and the negatively
charged P; (Scheme 2, hashed red repulsion lines), whereas this repulsion cannot be
removed when, for example, sulfate dianion binds. Furthermore, after the P; proton is
transferred, additional negative charge on the trianionic molecule can form stronger
electrostatic interactions to the positively charged residues and hydrogen bond donors in the
AP active site compared to the interactions formed with other dianionic molecules as
illustrated by the larger dots on the right side of Scheme 2. It is also possible that the loss of
negative charge on Ser102 could be transmitted through the Zn2* ligands, although such

second order effects are expected to make less significant contributions to the overall PO?[
binding affinity.

Estimating the Electrostatic Repulsion From Ser102 Anion

The contribution of Ser102 neutralization to the P; affinity can be estimated by comparing

the Poi‘ affinity to AP with Ser102 protonated or deprotonated. The Poﬁ‘ dissociation

constant to protonated Ser102 AP ( KSETOH'POI) was calculated using the observed P;

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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affinity at pH 8.0, which gives the upper limit of 290 fM as described above. In principle,

the PO3" affinity to deprotonated Ser102 AP ( k> *°+") could be measured directly since

both molecules are expected to populate solution simultaneously at pH values above the pKj,

of 11.7 for formation of Poi‘.21 However, AP abruptly loses activity above pH 11.4,
presumably due to irreversible denaturation and possibly aggregation. Thus, we can only

obtain affinity measurements up to this pH. Nevertheless, if POTZ; affinity to the Ser102
anionic form of AP were sufficiently high, a positive trend in binding affinity would be
observed as pH is increased. However, no such trend is observed, allowing us to set a limit

for the affinity of K3~ " * >100nM (see Supporting Information for pH-dependence of

binding and analysis of the data).

The POf{ dissociation constants to protonated and deprotonated Ser102 AP are upper and
lower limits, respectively, that allow us to obtain a lower limit for the affinity increase upon
protonating Ser102 of 3.4x10°-fold

~ePO3" P03 N . .
[ K3 O /KOO 5 (1 1077 M/2.9 x 1071 M)]. The simplest explanation for the

observed difference of PO binding affinities is that protonation of Ser102 neutralizes a
species that otherwise engages in an electrostatically unfavorable interaction with the

negatively charged PO;". The results suggest that this electrostatic repulsion destabilizes
Poi‘ binding by at least 7.5 kcal/mol relative to when Ser102 is protonated.

Summary and Implications

The rate enhancement provided by AP of 1027-fold is the largest of any known enzyme and
corresponds to a lowering of the reaction barrier by 37 kcal/mol.2 As for any enzyme, if AP
were to bind its substrates with the same amount of energy as it stabilizes the transition state,
no catalysis would result — i.e., an enzyme that lowers the free energy of the ground state
and transition state to the same extent does not provide catalysis, as shown for a hypothetical
enzyme in Figure 5A.4546 AP engages in a number of interactions that preferentially
stabilize the transition state (Figure 5B). For example, the negative charge that accumulates
on the leaving group oxygen in the transition state is stabilized by an electrostatic interaction
with one of the active site Zn2* ions.194748 Also there is evidence that interactions
specifically formed in the transition state between the nonbridging phosphoryl oxygen atoms
and the AP Zn?* and Arg166 moieties position the phosphorous for attack by the active site
nucleophile Ser102.48:49

Nevertheless, AP has the remarkably difficult task of providing this extraordinary transition
state stabilization while acting nonspecifically on phosphate ester substrates and thus using
only proximal and not remote binding interactions to facilitate catalysis. This focused
recognition, coupled with the high catalytic efficiency, raises the question of how AP limits
strong interactions with the ground state phosphoryl group of substrates, interactions that
could lead to saturation at low substrate concentrations and inefficient catalysis.

Our investigation into the origins of the discrimination between the ground and transition
state of AP reaction began with the identification of a paradox that seemingly similar ligands
can have very different binding affinities for AP. A common feature of the ligands that bind
AP most tightly, P; and arsenate, is the presence of a transferable proton. The FTIR results

2The anionic Ser102 may also be a stronger nucleophile than neutral serine and may therefore give a faster reaction for that reason.
Here we describe only the electrostatic effects in order to focus on possible ground state destabilization via electrostatic interactions.

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.
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described herein provide strong evidence that PO; ™ is bound to AP, and prior pH
dependencies of binding and activity showed no net proton transfer to or from solution upon

P; binding, indicating that the proton lost from HPO;~ upon binding is transferred to a group
on AP. Ser102, the active site nucleophile, is within 3 A of the bound P;,26 is presumed to be
anionic in free AP,19 and is the likely proton acceptor (Scheme 2; see Ser102 discussion
section in Supporting Information). The proton transfer model, in addition to explaining the

observed POy binding, also explains how the P; proton enables stronger binding compared
to ligands lacking this transferable proton. A critical component of this model is that the
internal proton transfer from P; to Ser102 neutralizes electrostatic repulsion between the
negatively charged P; ligand and the anionic Ser102 proton acceptor. Thus, a prediction of
this model is that removal of anionic Ser102 from the AP active site would lead to an
increase in the affinity for P;, and this prediction has been confirmed by the observation of
increased P; binding affinity upon mutation of Ser102 to Ala or Gly (unpublished results).

The Poj‘ binding model also has implications for how the covalently bound E-O PO?[
species is formed from noncovalently bound P;. To form the covalent species Ser102 must
attack P; and one of the non-bridging oxygen atoms of P; must depart. Because —-OH™ is a

much better leaving group than —02~ it is likely that the noncovalently bound Poi‘ accepts a
proton from Ser102, leaving this nucleophile deprotonated and allowing for a—OH™ leaving
group. (This reaction pathway may also be facilitated by the greater nucleophilicity of
Ser102 alkoxide relative to neutral Ser102, although there appears to be limited nucleophilic
involvement in this reaction.2:19:50.51)

One important functional consequence of the electrostatic repulsion is to decrease the
affinity of AP for inorganic phosphate, which could otherwise cripple the reaction via very
strong product inhibition. The observed K for P; binding920 at pH 8.0 of ~1 pM would be

even lower without the need for Ser102 protonation upon binding. If the Poi‘ affinity for an

alternative version of AP without the anionic Ser102 were the same as the PO;" affinity for
protonated Ser102 AP, the observed P; dissociation constant at pH 8.0 would be <2 nM -
thereby giving inhibition with 103-fold less P; than is needed to inhibit AP with Ser102.

The internal proton transfer to minimize electrostatic repulsion indicated from the above
results also exposes a potential role for ground state destabilization in AP catalysis. In
general, destabilization that is specific to the reaction’s ground state (and not carried over to
the transition state — see below) can contribute to the required preference for recognition of
the reaction transition state. To define how ground state destabilization contributes to
catalysis and how it is distinct from transition state stabilization, a careful comparison of
well-defined energetic states is required.

Interactions that contribute to the lowering of the transition state barrier relative to both the
E+S and E-S states are defined as transition state stabilizing interactions (Figure 5B). In the
case of AP, interactions between the Zn2* ions and the leaving group oxygen and an oxygen
atom that situates between the metal ions likely get stronger in the transition state compared
to the corresponding interactions in the E+S ground state and compared to the analogous
interactions between water and the free substrate or enzyme in the E+S state.

Interactions that increase the energy of the EeS state relative to the E+S and transition states
are defined as ground state destabilizing (Figure 5C; see Ref. 18). The most common origin
of ground state destabilization is likely a conformational entropic penalty arising from the
binding and positioning of substrates next to each other and next to reactive groups in the
active site. The binding energy of the enzyme is used to “pay” the entropic penalty upon
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formation of the E»S state. The barrier to forming the E«S¥ state from the EeS state involves
limited rearrangement of bound substrates with respect to each other (for multi-substrate
reactions) and with respect to catalytic groups on the enzyme (for all reactions). The enzyme
catalyzed reaction barrier is thereby lowered relative to the solution barrier, which requires
the full penalty of loss of conformational entropy in bringing reactants together in the
transition state.18:52:53 A more formal discussion of this origin of ground state
destabilization is presented in the Supporting Information.

Other mechanisms of destabilization may be utilized when binding energy, in addition to
being used to pay for the entropic destabilization discussed above, is used to geometrically
or electrostatically destabilize the bound substrates relative to the free unbound state and the
transition state. An example of such a mechanism is the proposed geometric destabilization
of bound lysozyme substrates.>4-56 The substrate sugar molecule favors a chair-like
conformation in solution with the carbon atom at which bond breaking occurs having
tetrahedral sp3 hybridization. The oxycarbonium-like transition state has sp? character at the
reactive carbon and thus an overall half-chair or sofa conformation. An X-ray structure of
lysozyme revealed a bound substrate analog distorted away from the chair and toward the
sofa conformation.>’ This geometrical destabilization of the preferred chair conformation in
the EeS state would be relieved as the reaction progresses, in accordance with the general
ground state destabilization definition, as the sofa conformation is the preferred geometry in
the transition state. Several other enzymes have been proposed to use destabilization distinct
from entropic destabilization18:53:58-60: nevertheless, in most cases, clear energetic
descriptions and comparisons of the free, ground, and transition states with and without the
proposed destabilizing interaction are difficult to make and are very challenging to quantify
experimentally. Our results with AP, coupled with prior characterization of the phosphoryl
transfer transition state, allow for a particularly clear assessment for the potential role of
electrostatic ground state destabilization in AP as described below.

The Poi‘ binding results obtained here suggest that Ser102 electrostatically destabilizes the
EeS ground state. As destabilization requires a comparison, the comparison state must be
defined. For destabilization via conformational entropy described above, bound substrates
were compared to substrates free in solution. Here we compare AP with Ser102 as an anion
relative to a hypothetical enzyme with a neutral nucleophile.?

Comparing the PO}~ affinity for protonated Ser102 versus deprotonated Ser102 shows that

neutralization of Ser102 results in a Poi‘ binding affinity increase of >3.4x10°-fold, which
corresponds to at least 7.5 kcal/mol of binding energy. The destabilization will be operative
with phosphate ester substrates as they lack a proton to transfer to neutralize Ser102. The
effect on binding of the actual phosphate monoester substrate can be estimated to be =5

kcal/mol by scaling the destabilization calculated for Poi‘ to account for the charge of —2
on the phosphate ester [>5 kcal/mol = (=2/-3) x (=7.5 k(:allmol)].3 This estimate suggests
that without an anionic nucleophile to impart electrostatic repulsion to the AP ground state,
the phosphate monoester substrate would bind AP more tightly by at least 5 kcal/mol,
corresponding to >4.8x103-fold stronger binding and possible saturation at much lower
substrate concentrations.

3The destabilization energy for a phosphate monoester estimated from the >7.5 kcal/mol of destabilization to the POi_ could be
scaled in multiple ways. For example, scaling based on a simple charge per atom basis (charge per non-bridging oxygen atom for

POi_ is —0.75 and for the phosphate monoester it is —0.67) would result in a calculated destabilization for the phosphate monoester
of 26.7 kcal/mol [=(—0.67/—0.75) x (=7.5)]. Computationally calculated charges for each atom could also be used.” Regardless, any
reasonable scaling choice gives substantial estimated destabilization for the phosphate monoester.
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We further propose that the electrostatic repulsion between the Ser102 nucleophile and
negatively charged ground state molecules is absent (or nearly so) in the transition state so
that there is preferential destabilization of the AP ground state relative to the transition state
as befits the definition of ground state destabilization noted above. Previous studies of
reactions in aqueous solution provide strong evidence against substantial electrostatic
repulsion, suggesting that electrostatic repulsion does not affect the relative energy of free
anionic reactants in solution relative to their solution transition state.%1

The evidence for an absence of significant electrostatic repulsion between the nucleophile
and the substrate in the transition state comes from linear free energy relationships and ionic
strength dependencies for nonenzymatic reactions, as follows. Oxygen nucleophiles with
higher pK, values react with phosphorylated substrates faster, following a typical Bransted
relationship. Remarkably, despite the net negative charge of the transferred phosphoryl
group, oxygen nucleophiles that are neutral, anionic, and dianionic follow a single
correlation line.81-63 Thus, there is no indication of unfavorable anion-anion repulsions that
destabilize the transition state. In addition, significant electrostatic repulsion in the transition
state, relative to the solution ground state of fully separated reactants that do not experience
repulsion, would predict differential ionic strength dependences for reaction with a neutral
versus anionic nucleophile. However, increasing ionic strength from 0.03 to 3 M gave only a
5-fold increase in reaction of an anionic nucleophile with a phosphorylated substrate relative
to the reaction with neutral nucleophiles, suggesting that there is no substantial electrostatic
repulsion in the transition state for phosphoryl transfer to an anion nucleophile in solution
(relative to the separated reactants in solution).5 While there may be a somewhat larger
effect for phosphate monoesters, which are dianionic, than for the phosphorylated pyridines
used in the experiments above, which are overall monoanions, both sets of compounds have
a formal charge of —2 on the phosphoryl group and large differences are not anticipated.
While these results strongly suggest the absence of substantial electrostatic repulsion in the
transition state for phosphoryl transfer, the interplay of electrostatic and solvation effects
that lead to this limited dependence of reactivity on charge and ionic strength is not
understood.

These prior observations combined with those presented herein suggest that AP utilizes
ground state destabilization to enhance catalysis. Anionic phosphoryl substrates are
destabilized upon binding to AP via interaction with the Ser102 alkoxide. The honenzymatic
studies described above suggest that there is no substantial destabilization in the transition
state due to formal charge on the attacking group. Thus, destabilization present in the
enzymatic ground state will be limited or absent in the transition state so that catalysis can
be enhanced via this mechanism.

Using a neutral serine would compromise catalysis both by the use of a less reactive
nucleophile and by the loss of ground state destabilization. Phosphoryl transfer enzymes can
also utilize nitrogen nucleophiles.54 Nitrogen nucleophiles are intrinsically more reactive
toward phosphoryl compounds than oxygen nucleophiles®® but are not expected to provide
ground state destabilization. It will be fascinating to compare and contrast the catalytic
strategies employed by phosphoryl transfer enzymes that use a neutral oxygen nucleophile,
typically with a group to facilitate proton release from the attacking group, those that use
nitrogen nucleophiles, and those that employ oxy- or thio-anions, and to uncover
evolutionary precursors and the events that may have led to these choices.
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Experimental Section

Materials

Buffering agents, metal salts, enzyme substrates and ligands, and enzyme purification and
crystallization materials/reagents were obtained from commercial sources. Deuterium oxide
(99%) and 180-water (97%) were obtained from Cambridge Isotope Laboratories. 180-
labeled inorganic phosphate was prepared according to the published procedure.56

AP Expression and Purification

WtAP was purified using an N-terminal maltose binding protein (MBP) fusion construct
(AP-MBP) in the pMAL-p2X vector (New England Biolabs) as previously described.5” E.
coli SM547(DE3) cells®® were used for expression. Purity was estimated to be >95% as
judged visually by band intensities on Coomassie blue-stained SDS-polyacrylamide gels.
Protein concentrations were determined by absorbance at 280 nm (background subtracted by
absorbance at 330 nm) in 8 M guanidine hydrochloride (GdneHCI) and 20 mM sodium
phosphate, pH6.5, using a calculated extinction coefficient for the AP monomer of 31,390
M~1ecm~1.69 AP functions as a dimer’? but concentrations are reported as the concentration
of AP monomer. AP concentrations were confirmed by activity assays using 1 mM p-
nitrophenyl phosphate (pNPP), which agreed to within 20% of previously reported ket
values.*?

P;j can occupy AP immediately following purification. To reduce inorganic P; contamination
below 5%, the purified AP preparations were subjected to dialysis in 6 M GdneHCI at 25 °C
for several days. Levels of inorganic phosphate in the protein samples were measured using
a modified malachite green assay:57 100 L of protein sample was diluted in 400 pL of 6 M
GdneHCI and added to 450 uL malachite green solution. After 2 min 50 pL of a 34% (w/v)
sodium citrate solution was added and 30 min later absorbance at 644 nm was measured in a
Perkin-Elmer Lamba 25 spectrophotometer. After the dialysis to remove phosphate, protein
samples were rapidly diluted into 100 mM TriseHCI, pH 8.0, 1 mM MgCl,, 100 pM ZnCl,.
Activity assays using pNPP demonstrated that >90% of the pre-dialyzed activity was
retained (data not shown).

Inhibition Measurements of AP Ligands

Assay conditions for inhibition experiments were 100 mM NaMOPS, pH 8.0, 100 mM
NaCl, 1 mM MgCls,, and 100 uM ZnCl,. For P;, arsenate, and methyl phosphonate inhibition
measurements, initial rates for p-nitrophenyl sulfate (p0NPS) hydrolysis were monitored in
the presence of varying inhibitor concentrations — typically 10-fold above and below the
observed K; value. The slower pNPS substrate was used to enable the assay to be carried out
under sub-saturating conditions (K, > [S]), and to avoid product inhibition from P; that
would be generated from a phosphate monoester substrate. Because of the low activity of
AP toward pNPS, protein concentrations of 0.1-1 uM were needed in the kinetic inhibition
assays to observe rates above background. As a result, the simplifying assumption that
[Nree=[1tota1 does not hold (because [AP] is similar to or greater than K;, except for the
methyl phosphonate assays), and the commonly used form of the Michaelis-Menten
equation with competitive inhibition could not be used. Instead, the quadratic form of the
inhibition equation was used for the P; and arsenate fits as reported previously.4? For sulfate
inhibition buffer conditions were as described above and an alkyl phosphate substrate was
used to allow initial rates to be monitored under sub-saturating conditions. No significant
inhibition was observed up to 1 M sulfate (results not shown).19
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Difference FTIR Spectroscopy

S1P-NMR

For the isotope-edited difference FTIR spectroscopy measurements of phosphate bound to
AP, the protein was concentrated typically to 2-4 mM in 10 mM buffer, 100 mM NaCl, 1
mM MgCl,, and 100 uM ZnCl;, (although the difference spectra were insensitive to the
precise concentrations of buffer, salt, and metals). The FTIR measurement required two
protein samples (~55 uL each) that were identical except that one contained 160-labeled
phosphate and the other contained 180-labeled phosphate. Because AP is known to catalyze
the exchange of phosphate oxygen atoms with solvent water’2~73 it was necessary to have
the sample for 180-phosphate in 180-labeled water to avoid AP-catalyzed 180-160 exchange
of the 180-phosphate ligand. To accomplish this the AP samples, once divided into two
equal sample volumes, were subjected to lyophilization for ~6 hrs. Double distilled 160-
water was added to one sample while an equal volume of 180-water was added to the other
sample. After the lyophilization process the matching of the protein samples was assessed
by measuring the protein concentration by absorbance at 280 nm and by confirming that the
phosphate occupancy remained <5% by the malachite green assay. Assays of post-
lyophilized AP samples demonstrated that >90% of the original pNPPase activity of the AP
sample was retained (data not shown). Assays carried out after FTIR measurements showed
that no significant activity was lost during the experiment.

FTIR spectroscopy was performed on a Magna 760 Fourier transform spectrometer (Nicolet
Instrument Corp., WI) using a mercury-cadmium-telluride (MCT) detector. Sub-
stoichiometric or excess levels of inorganic phosphate were added to AP protein samples
that had been matched as described above (because the Ky for phosphate binding to AP is
much less than the concentrations of AP used for the FTIR measurements nearly all of the
phosphate added at sub-stoichiometric levels was expected to be bound). AP samples

with 160-labeled phosphate and 180-labeled phosphate were both loaded into a two-position
dual cell shuttle accessory. The FTIR spectra were taken alternatively between these two
samples with BaF, windows and 25 um Teflon spacers. Spectra were collected in the range
of 900-4000 cm~1 with 2 cm™~1 resolution. A Blackman-Harris three-term apodization was
applied followed by a Happ-Genzel apodization. Since the sample and reference cells were
assembled separately, their path lengths were not exactly equal and a correction to the
subtracted spectrum was necessary typically in the range of 0.95-1.05 as observed
previously.”

Samples for 31P-NMR measurements typically had 1-2 mM AP protein, 100 mM buffer,
100 mM NaCl, 1 mM MgCly, and 100 uM ZnCl,. Sub-stoichiometric (data not shown) and
excess levels of phosphate were added to the samples to identify peaks that were associated
with bound phosphate and free phosphate in solution. 3IP-NMR spectra were recorded at
161.97 MHz on a Varian Mercury spectrometer equipped with a broadband tunable probe.
Sample volumes of ~350 pL were contained in 5 mm tubes fitted with a coaxial capillary
insert (Wilmad Lab Glass) containing D,O for the external field-frequency lock. Spectra
were recorded at 37 °C with a sweep width of 50,000 Hz, pulse delay of 2 s, and an
acquisition time of 0.8 s. Proton decoupling was employed and S/N of >10 could usually be
obtained after ~10,000 transients (~11 hours). A line broadening of 10-20 Hz was typically
applied and all spectra were referenced to a 1% phosphoric acid external standard.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

FTIR spectra for P; samples in solution at various pH values. (A) FTIR spectra for 180-
or 160-labeled P; (50 mM in water, pH adjusted with HCI or NaOH) at pH 4.5 (top), 9.5
(middle), and 13 (bottom) corresponding to the P; mono-, di-, and trianions. (B)
Corresponding difference FTIR spectra for the P; samples in (A). These difference spectra
were used to compare to spectra for P; bound to AP in Figures 2 and 4.
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Figure 2.

[180]-P; edited FTIR difference spectra of P; in solution and AP-bound at pH 8.0 and 7.5.
(A) FTIR difference spectrum between 160-P; and 180-P; at pH 9.5 (blue) or pH 13 (red)
from Figure 1. FTIR difference spectrum between AP+160-P; and AP+180-P; (2.6 mM AP/
2.3 mM Pj) in 140 mM NaMOPS, pH 8.0, 680 mM NaCl, 140 uM ZnCl,, and 1.4 mM
MgCls (top, black). FTIR difference spectrum between AP+160-P; and AP+180-P; (2.4 mM
AP, 2.3 mM Pj) in 10 mM TriseHCI, pH 7.5, 100 mM NacCl, 100 uM ZnCl,, and 1 mM
MgCl, (bottom, black). (B) Predicted FTIR difference spectrum for a 1:1 combination of

solution PO;~ and HPO;~ (purple). FTIR difference spectrum between (AP+160-P; +

excess 160-P;) and (AP+180-P; + excess 180-P;) (2.6 mM AP, 5 mM P;) in the pH 8.0 buffer
conditions above (top, black). FTIR difference spectrum between (AP+160-P; + excess 160-
P;) and (AP+180-P; + excess 180-P;) (2.4 mM AP, 3.4 mM P;) in the pH 7.5 buffer
conditions above (bottom, black).
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Figure 3.

31P_NMR of AP-bound P; at various pH. The red arrow indicates the chemical shift of
solution P;, which is pH-dependent. The black arrow indicates the pH-independent chemical
shift of P; noncovalently bound to AP. The downfield signal in the pH 5.1 sample reflects
the covalently bound E-P species. The pH 5.1 sample contained 100 mM NaAcetate, 100
mM NacCl, 100 uM ZnCl,, 1 mM MgCl,, 2.3 mM AP, and 3.9 mM P;. The pH 7.0 sample
contained 100 mM TriseHCI, 100 mM NacCl, 100 pM ZnCl,, 1 mM MgCl,, 1.1 mM AP, and
1.4 mM P;. The pH 9.4 sample contained 100 mM NaCHES, 100 mM NacCl, 100 uM ZnCl,,
1 mM MgCl,, 1.8 mM AP, and 1.3 mM P;. Stoichiometric binding of P; is not observed at
pH 9.4 as would be expected based on the relative concentrations of AP and P; in the sample
and the observed K value for Pj at this pH. Less than stoichometric binding of P; at
millimolar AP concentrations has been observed previously (see Ref. 44-45 for example).
An explanation consistent with the observed P; binding at both low and high concentrations
of AP is that there is only partial metal ion occupancy when AP concentrations approach or
exceed the available metal ion concentrations in solution, resulting in a partial loss of P;
binding, and that this problem is exacerbated at high pH.

J Am Chem Soc. Author manuscript; available in PMC 2012 August 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Andrews et al.

Page 20

1038

IS
S
2 H,PO; solution

pH 4.5

972
---1015

PO} solution|
pH 13

1107

WIAP pH 5.0
sample 1

" WIAP pH 5.0
sample 2

AFTIR Intensity
(arbitrary units)

' WiAP pH5.0
: sample 1
1+0.5 eq. free H,PO]

L L L I 1
950 1000 1050 1100 1150 1200
wavenumber (cm™)

Figure 4.

[180]-P; edited FTIR difference spectra of P; in solution and AP-bound at pH 5.0. FTIR
difference spectrum between 160-P; and 180-P; at pH 4.5 (green) or pH 13 (red) from
Figure 1. FTIR difference spectrum between AP+160-P; and AP+180-P; (4.6 mM AP, 2.8
mM P;) in 10 mM NaAcetate, pH 5.0, 100 mM NaCl, 100 uM ZnCl,, and 1 mM MgCl,
(Sample 1). Sample 2 contained 50 mM NaCitrate, pH 5.0, 100 mM NacCl, 100 uM ZnCl,,
and 1 mM MgCl, (2.5 mM AP, 2.7 mM P;). The bottom sample is the same as Sample 1
with P;j added to 6.8 mM.
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Figure 5.

Free energy reaction profiles illustrating how preferential E«S ground state destablization
relative to the free E+S ground state and transition state can contribute to catalysis in the E«S
—> E«S* reaction step. (A) A hypothetical enzyme, E,, that stabilizes the ground state (ES)

and transition state (E«S¥) equally, resulting in a reaction barrier, AG, equal to the

uncatalyzed reaction barrier AGincamlyzed. Thus, this enzyme is not a catalyst. (B) Enzyme Ej
is modified from E, such that additional interactions are added that specifically stabilize the

transition state relative to the E+S and EeS states. Thus, AG;E is less than AG and the rate
constant ky, is larger than kg (in Part A). This type of effect could arise from addition of a
general acid or base catalyst for example. (C) Enzyme E destabilizes the ground state

relative to the E+S and transition state such that AG? is less than AGE and the rate constant k
is larger than kp (in Part B).
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Scheme 1.
AP Phosphate Monoester Hydrolysis Reaction Scheme (A) with Proposed Transition State
Model (B)
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Scheme 2.
Internal Proton Transfer Model for AP Phosphate Binding
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Scheme 3.
Thermodynamic Cycle for PO;~ Binding in AP
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