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Abstract

Research involving/p hydrolases, including-amino acid ester hydrolase and cocaine esterasebéen
limited by the lack of an online high throughputesming assay. The development of a high througbprgening
assay capable of detectin hydrolase activity toward specific substrates andhemical reactions (e.g., hydrolysis
in lieu of amidase activity and/or synthesis indte& thioesterase activity) is of interest in adwmoset of scientific
guestions and applications. Here we present a gleframework for pH-based colorimetric assays, &H as the
mathematical considerations necessary to estigmteovothe experimental response required to assigntadhia
‘miss,’ in the absence of experimental standardesirThis combination is valuable for screeninghidrolysis and
synthesis activity of/p hydrolases on a variety of substrates, and pradde¢a comparable the current standard
technigue involving High Performance Liquid Chroography (HPLC). In contrast to HPLC, this assaybéem
improved efficiency obtained from a single expetite

1 Introduction
1.1 AEH and CocE Enzymes

Hydrolases are ubiquitous enzymes involved in aiadyof chemical processes and are essential to the
survival of all living organism$.The most widely studied enzymes in this classrateea/p hydrolase family, which
have applications in analytical, industrial, andaghaceutical fields. Some uses include synthesi$-lafctam
antibiotics B-LA) with o amino acid ester hydrolase (AEH, Figure 12Ajeatment of cocaine addiction with cocaine
esterase (CocE, Figure 1 Bjand hydrolysis of insecticides by organophosphdnmrolase (reaction scheme not

shown)?
A) AEH
2 2N NHZH
o %ﬁ
0 CH OH

p-Phenylglycine  6- Amlno
Methyl Ester Penicillinate

CocE
0 ( 9
0" Y + H20 ..,//O + OH
A e
[o 28 o) OHO_

|
Cocaine Water

Methanol Amp|C|II|n

B)

Ecgonine
Methyl Ester
Figure 1: Popular applications of tlkeamino acid ester hydrolase (AEH) and cocaine @sée(CocE) enzymes used in this
study. A) AEH catalyzes the synthesis of ampicilliom D-phenylgylycine methyl ester and 6-aminopenicilln&) CocE
catalyzes the hydrolysis of cocaine into benzoid and ecgonine methyl ester.

Benzoic Acid

There have been intensive efforts to identify amaea substitutions and reaction conditions thatriome
thermostability and catalytic rates of AEH and CotE However, those efforts have been limited by depend on
HPLC-based assays, which are low throughput amlres-intensive. Thus, an alternative, high-thrqughassay is
desirable to accelerate the process of generatipgpved enzyme variants. For this purpose, a meadetion in which
AEH or CocE catalyzes the sequential peptide swighef multiple D-phenyl glycine methyl estefD-PGME)
molecules, thus resulting in a mixture of varioeptide methyl esters, has been proposed (Figuté\2)ucial side-
reaction also catalyzed by these enzymes is tmeapyi hydrolysis oD-PGME, which releases-phenyl glycine -
PG) and methanol (Figure 2). Because hydrolysithefreacting methyl ester limits the amount of\ecsubstrate
available for the synthesis reaction, biocatalgstigable of promoting the synthesis reaction whilgpsessing, if not
blocking completely, the hydrolysis reaction is etd by industry. Given the need for a less resource-intensive
analytical method, the current study serves tazetithis model reaction to identify a high throughpssay capable of
differentiating between the ester hydrolysis anéiamsynthesis reactions in general.
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Figure 2: Proposed scheme for tiramino ester hydrolase (AEH) or cocaine esteraseHL catalyzed model reaction Of
PGME to various products. Sequential peptide symheactions (left to right) are proposed to odoutompetition with ester
hydrolysis reactions (top to bottom).

1.2 Literature Survey of Existing Assays

Since the substrates and products (i.e. primaryesnand carboxylic acids, respectively) of thessyeres
have labile protons, it was proposed that weakfjehbed systems may experience a change in pH waleethe course
of ester hydrolysis or amide synthesis reactiorth sas those shown in Figure 1 and Figure 2. Theotigél-based
colorimetry to detect enzyme activity has been memb with certain hydrolases (enantioselective bladresf
transketolases (e.g., TK, EC 2.2.P1ansferases (e.g., galactosyltransferdse)cylases (e.g. cephalosporin C
acylase)}! and kinases (e.g., glucokinase)lhese published assays are dependent on low imgffeapacity and salt
content, selection of pH-indicator based on inipiell (thepK,, of the indicator should equal the starting pH)Y aigh
concentrations of pH-indicators. Additionally, eas#t of conditions requires unique standard cumés;h are time-
consuming to collect. Collectively, these restans limit the extent to which various substrates action conditions
can be explored, and the rapidity with which sunfestigations can be conducted.

Two colorimetric assays for AEH activity have bedscribed previously, one endpoint assay, and ane f
real-time monitoring (see Figure S-2 in the Sugpgrinformation). The endpoint assay is designedh&asure the
absorbance of the chromophore diketopiperazine (OddRvative, which is formed by ring-opening @A coupled
with nucleophilic attack by reduced ascorbic &tidowever, the reaction does not effectively digtisg between
substrates and producfsOn the other hand, the real-time assay trackgtbeuction of the chromophore 5-amino-2-
nitrobenzoic acid, which is produced by hydrolysfsan AEH substrate analog, 5-(2’-amino-5-phenytacedo)-2-
nitrobenzoic acid (APANiBJ* APANIB is not commercially available and is diffic to synthesize due to its
precursors’ tendency to self-polymerize.

Similarly, a real-time CocE assay using substraialays has been report®din this assay scheme
(illustrated in Figure S-2 of the Supporting Infation), enzymatic cleavage of the thioester bondenzoyl-3-
mercapto ecgonine methyl ester produces benzoalte-amercapto ecgonine methyl ester, which is reaetith 5-
5'dithiobis(2-nitrobenzoic acid) (DTNB, Ellman’s agent) to produce 3-5' dithio(ecgonine methyl ¢stéP-
nitrobenzoic acid), and the chromophore, 5-merc@ptitrobenzoic acid® However, this assay is limited to detecting
thioesterase activity and requires the use ofaester analog of each target substrate.



1.3 Generalizing pH-based Colorimetric Assays

The development of an improved assay method wawated by the challenges surrounding current AEH
and CocE assays, as well as pH-based assays imabelme reaction theory, conversion is a singleuealthat
encapsulates the multitude of variables relatethéoprogress of a reaction or, in an assay contie&tsuccess of a
catalyst. We present a general mathematical appré@ccreating a direct mapping between the absmbaf a
colorimetric indicator and the conversion of a gié@ng reaction. Our model quantitatively predibtsv an assay will
respond to a reaction, eliminating the need foregrpental standard curves in ‘hit’ or ‘miss’ activassessment and
reducing the time and material resources needetbnduct high throughput screens, and even enabéabtime
monitoring and hypothesis testing. Assay responsees are typically unintuitive — changes in saotpH tend to be
accompanied by changes to ionic strength whichirin alter the effectivpK, values of participating species and may
broaden, narrow, or shift the buffering capacityh#f reaction mixture. By allowing operators towabkze the response
and sensitivity of an assay to each design parantbese tools can also serve to support and inftgaisions made in
assay development and troubleshooting. We presente sexamples of general experimental guidelines and
troubleshooting recommendations that have beerebmuhby the modeling in this manner.

For aqueous hydrolysis reactions of known stoicleitoy it is possible to estimate the degree of eosion
that is required to produce a particular pH vak®,long as the starting concentrations and acihitystants of all
species are known. Generally, pH can also be cetatthe color of a halochromic indicator. Phereal was selected as
the indicator for this work, as it exhibits a viglzolor change over the pH range (4.5-8.5) ofrggefor monitoring
hydrolysis and synthesis reactions. By combinireséhrelationships, it is possible to predict thecsgpphotometric
response of a hydrolysis reaction. Plots of absarbas. hydrolysis conversion produced with thishoe can be used
to identify assay conditions that provide reasoaa@nsitivity and to rule out specific reactions vidnich pH-based
assays are inappropriate. Once experimental aliworgéata (either endpoint or real-time) are cobectthe predicted
responses may be used in lieu of experimental atdnclirves for data interpretation and rapid gicalifon of “hits”
and “misses.”

In the sections that follow, we validate and denrats this approach to pH-based colorimetric assays
several steps. First, we compare enzymatic readta obtained by high performance liquid chromatplgy (HPLC)
usingtraditional standard curves (i.e., for quantification of irdixal species) with data obtained by colorimetrings
simulatedstandard curves (i.e. solutions that have beebetetely prepared to simulate the state of a i@aslystem
at a given level of conversion). Next, we comppredictedstandard curves (i.e., calculated by the modéhawuit
fitting) to thosesimulatedstandard curves. Finally, we use thredictedstandard curves from the model to interpret
experimental enzymatic reaction data and perforpothesis testing to demonstrate “hit” or “miss”esming. The
proposed workflow for an assay experiment with hipsis testing is illustrated in Figure 3 (and iorendetail in
Figure S-1 of the Supporting Information).

Experimental > High Throughput Screening
Conditions Experiments

\ Hypothesis Testing

Absorbance vs. Conversion

pRalValies > (in silico Standard Curves)

Figure 3: The workflow required to use the generdlle pH-based colorimetric assay. The experimaatadlitions used in wet
lab experimentation are tabulated and combined evthting knowledge of substrate, product, anddrufiKa values, which are
used to predict the relationship between spectrmphetric measurements and reaction conversion. rErpetal data and
predicted relationships are then combined to perfoypothesis testing and qualify each experimesithgr a hit or a miss.

2 Materials & Methods
2.1 Materials

Sodium dodecyl sulfate, nicotinamidephenylglycine methyl ester, phenol red, and methgblinate were
purchased from Sigma Aldrich while acetamide, rifgotacid, imidazole, and picolinic acid were puashd from
Alpha Aesar. Other commercial sources include Fishaentific for ammonium acetate, sodium hydroxided
HPLC-grade acetonitrile; Fluka Chemika for 6-amiewigillanic acid andD-phenylglycine; VWR analytical for
dibasic anhydrous sodium phosphate and sodiumidhlo®ther purchased materials were sodium ampidiold
Biotechnology), Overnight Express (Novagen), mosibaodium phosphate monohydrate (J.T. Baker), cotde
biology grade LB broth lennox (US Biological Lifei®nces) and hydrochloric acid (Acros Organics)e €Rpression
vector fora-amino acid ester hydrolase (AEH) was produced pgsa member of this research grodpwhile that for
cocaine esterase was graciously donated by Dr.BYede’s laboratory at the University of York, UK.



2.2 Protein Expression and Purification

Both AEH and CocE were expressed in Rosetta™ (DBE&plcompetent cells (Novagen) using pET28 and
p234 under selective pressure from kanamycin argiciim-carbenicillin, respectively. Because wijge AEH is not
thermostable, only its quadruple variants H (N186D¥5P/V622I/E143H: AEH QV-H) and G
(N186D/A275P/V622I/E143G: AEH QV-G) were used iristipapert® Chloramphenicol was used to maintain the
plasmid supplying tRNAs for exogenous codons. 5 sded cultures (LB broth, 37 °C, 200 rpm) were grown
overnight, passaged to 200 mL of Overnight Express] incubated for an additional 8 hours (37 °CQ &8n).
Cultures were incubated at room temperature fdid8s after which they were centrifuged. The résglpellets were
suspended in lysis buffer (18 mL per 1 g of pell&;mM Imidazole, 50 mM NaPH300 mM NacCl, pH 8.0) and lysed
by sonication on ice. Enzymes were purified by eicfinity chromatography with Novagen Ni-NTA His®l Resin.
Bound proteins were washed (1 mL of 50 mM Imidaz&@ mM NaPQ@, 300 mM NaCl, pH 8.0; repeated 20x),
followed by 1 mL washes with buffers containing dazole increasing in concentration from 60 mM t@ &M in
20 mM increments (remaining buffer composition: BBl NaPQ, 300 mM NacCl, pH 8.0). Washed proteins were
eluted with 8 mL of elution buffer (250 mM Imidazgl50 mM NaP@ 300 mM NacCl, pH 8.0). For each enzyme, the
combined fractions were dialyzed twice against @fldialysis buffer (100 mM NaPf 100 mM NacCl, pH 7.0) to
remove the imidazole, which inhibits enzyme acyivRurified enzyme was quantified using Bradfordgent at the
absorbance maxima of 595 nm.

2.3 Enzymatic Hydrolysis and Synthesis Reactions

Five types of hydrolysis and synthesis reactiongewearried in this study: the reactions of (1) 6-
aminopenicillinate and D-phenylglycine methyl esierampicillin and methanol; (2) methyl picolingte picolinate
and methanol; (3) ampicillin to 6-aminopenicillieaand D-phenylglycine; (4) D-phenylglycine methgtex to D-
phenylglycine and methanol, (5) and D-phenylglyaimethyl ester to di- and tri-peptides and methanol.

All reactions were carried out in 96-well cleartflttom plates at room temperature in 2000f 100 mM
sodium phosphate buffer with 201 phenol red. Substrates were added to the reqaivadentration, which varied
between experiments. Reaction start-time was takem addition of purified enzyme, either CocE ortAENnzymes
were suspended in dialysis buffer and added toetyeired final concentration. Non-enzymatic corgnokre prepared
using dialysis buffer without enzyme. Additionalntmls were performed to verify that phenol rednither a
substrate nor an inhibitor of CocE or AEH, incluglitnials with enzyme and substrate but without mheed, as well
as with enzyme and phenol red in the absence aftisib. These controls are described in the Supgdriformation,
in the section title&/alidation of Phenol Red

Reactions were monitored with direct measuremefitproduct formation by high performance liquid
chromatography (HPLC) using a Shimadzu HPLC 20A (BZDAs, LC-20AT, SIL-20AC HT, CBM-20A, SPD-
M20A, CTO-20A) and a reverse-phase Phenomenex 6sliBnn (Luna 51 C18 (2) 100 A 250%x4.60 mm 5 micron).
The mobile phase consisted of 70% 5 mM phosphatferbat pH 3.0 with 300 mg/L SDS and 30% acetolaitri
supplied at a rate of 1 mL/minute. Reaction timén{sowere taken by 10-fold dilution of reactiongaiots into the
mobile phase. Diluted samples were then suppligdea@olumn in a 2.QL injection. Column eluent was monitored at
215 nm to monitor all substrates and products.

The pH of each reaction mixture is an aggregateltre$ the relative buffering capacity contributonof the
background buffer, the reaction substrate(s) ard¢hction product(s). For that reason, the pHevafueach sample
was indirectly monitored by tracking changes in éfwsorbance of phenol red on a Biotek Synergy Héridy(plate)
reader. Absorbance measurements were taken ovemtisb7 nm and 479 nm, the alkaline absorbancénmax and
isosbestic point of phenol red, respectively. Alixhstream data processing was performed usind8®&r{m/479 nm)
absorbance ratio. Full wavelength scans from 30Gem00 nm were also performed on each well aftbodrs to
check for baseline deviation.

2.4 Simulated Conversion Standard Solutions
Samples were prepared to standardize the spectmphter analyses for each hydrolysis and synthesis

reaction. Stock solutions of reactants were preparel00 mM sodium phosphate. For reasons discussedin the
modeling section, precise accounting of total ienesritical to the success of this method. The wwdconcentration
was adjusted to give the reactant stocks a pH \afli@e0. Individual product stocks were prepared i2x buffer of the
same relative salt composition as the reactankstaich that mixing the reactant and corresponpinduct stocks in
predefined ratios simulates a desired conversidhout changing the buffer composition. For examphiing a
1:3:3 ratio of the stocks for a reactant and batidpcts generates a solution with the same conmposind pH as a
reaction at 75% conversion. Each sample was ewlunt spectrophotometry and HPLC as described above

2.5 Determination of Enzymatic Kinetic Parameters
Using the simulated conversion standards to ing¢rfite spectrophotometric and HPLC data, initigésa
were determined in triplicate for each reactionbwth the presence and absence of enzyme. The lmatidn of



chemical (non-enzymatic) hydrolysis was subtractert] the kinetic parameters were determined freembist fit of
data to the Michaelis-Menten equation using KalgidpH.

2.6 Characterization of Phenol Red
In addition to spectrophotometric evaluation of Bimulated conversion standards, au®0 solution of
phenol red in 100 mM phosphate buffer was titratéth sodium hydroxide (10 N) and hydrochloric a¢®IN) to
reveal the dependence of its absorption spectruptoim the absence of other compounds.

2.7 Modeling and Prediction of Assay Response Curves
A general mathematical model was developed to prdudw the colorimetric assay would respond to
different hydrolysis reactions. The predictions ased for experimental planning, and to interprgtegimental results
for hypothesis testing, as described below.
Hydrolysis reactions examined here are of the gérierm A + water = B + C where A, B, and C may be
weakly acidic or basic. Model formulation begingiwihe general consideration of a weak acid relrslissociating
in aqueous solutionﬁlsz”1 =HY+ AH?_; wherez is the charge of the conjugate base arglthe number of labile
protons in each protonation state.
The degree to which a weak acid dissociates is@jlgireported as aK, value which may be presented as a
pKS (‘concentration basis)yKt" (‘thermodynamic value’ or ‘activity-basis’), grk;: (‘mixed-mode’ or ‘practical’),
depending on the data source and applicdfiémK,values determined using a potentiometric pH prabeypically
in the form ofpK, unless they have been extrapolated to infinitetidn (pK"), or the probe has been standardized
using particularly rigorous methodsK<).*® Acid-base equilibria inherently involve chargedsies and are sensitive
to (and result in) changes in ionic strength. A®sult, deviations betweerk$, pKi", andpK;, as well as between
activity- and concentration-based measurgstbtend to increase with increasing ionic strength.
The concentration-basegk, value,pK{, may be written as the sum of the thermodynamioevand a
‘lumped activity coefficient’ correction factor th&s dependent on ionic strength. To keep this rhadegeneral as
possible, an extended Debye-Hiickel relationshipsed to estimate the correction factor. This céiweccan be
expressed as a special case of the correlationediny Sun et af°
PKS = pKS" + (1.022) (S + BI)  CI @

wherez is the charge of the conjugate bakés the ionic strength, and, B, andC are empirically derived
parameters with mean values of 1.50, -0.09, ar@d;Qespectively. The correction is valid up toitostrengths of
I = 0.5 M, and enables the use of concentrations ratheratiwvities elsewhere in this model. A detailed exition
of this correction is provided in the Supportinfpimation.

Similarly, pH can be adjusted for ionic strength, to conveniveen the concentration-based valpH,, and
the activity-based valupH,, with the latter corresponding to readings frotymcal potentiometric pH electrode.

VI
pH, =pH; +0.51 (m - 0.111) 2)
where

pHc = —logyo([H']) 3
Finally, these general relationships may be usetttermine the distribution of protonation states:

AH;_;|x10"PHc
PS5 = —logso (L) @

for all ionizable specieg, and number of labile protons,Note thatH, is used here to avoid over-correcting for ionic
strength.

The protonation state of water can also be reptedensing the definition of the ionic product cditer:

[OH™] x 10 PKir = 10~PHe (5)
Here alsopH. is used. The value @fK;, may be corrected as in Equation 1, however, aevalz = 1 must be used.

It is necessary to link these expressions togetsieg a charge balance:

0=Y:%(cij % z;) (6)
wherec; ; andz; ; are the molar concentration and charge numbeaddf @n in each protonation state, respectively. If
the solutions are titrated to a specific pH angh@pared using salts, then the concentrationsetthsalt ions and
titrants must be included in the charge balancetou Precision is required in the accountingIbgalt species. An
error in accounting for a monovalent anion on paper example, is comparable to the erroneous wahdibf
hydrochloric acid in the laboratory.

Additionally, since specific protonation states mainbe measured or pipetted, total concentratiomsised to
specify and track the analytical composition of thaction system:

! Synergy Software, KaleidaGraph V4.1.1, Reading, PA (1986-2000)

2 A complete discussion of these bases, with guidelines for standardizing literature values to a thermodynamic basis is provided
in the Supporting Information. Additionally, a tool for standardizing and curating pK, values is provided in the first ‘sheet’ of the spreadsheet
accompanying this publication.



Citot = Zj(Ci,j) (7

This treatment is not necessary for the concentratof sodium and chloride, as both can be caledlbased
on solution and stock preparation, and are asstionee fully dissociated.

To predict the spectrophotometric response of jiséem due to the colorimetric indicator, the raifathe
molar extinction coefficient at one select wavelbngelative to that of the isosbestic point is oddted for each
protonation state of the indicator:

— Absj'lsensitive
AbS] B Abs/lisosbestic (8)

When phenol red is used as the assay indicatons@®57nm foRsensitive @aNd 479 NM fOR s ospestic-

Next, the sum of the absorbance ratios of all pration states of the indicator is normalized by tibtal
indicator concentration:

Abs = Zj(A:SjXCindicator,j) (9)

indicator,tot

It is also necessary to define the stoichiometlationships between the reacting species in a enahat
considers the conversion of the enzymatic reactiod,accounts for the possibility of non-zero stgrtoncentrations
of the products:

[Aror] = [Ainie] x (1 —X)

[Btot] = [Binie] + [Ainie] X X (10)

[Ctot] = [Cinie] + [Ainie]l X X

The inclusion of the reaction in this manner rebesthe assumption that the acid-base equilibrieactrons
are significantly faster than the enzymatic reacfar any level of reaction conversion.

The ionic strength of the solution is dependenttioa distribution of charged species present, and is
calculated as follows:

1 Z%ZiZj(Ci,j XZL-ZJ-) (11)

Relating the total absorbance of the reacting méxtio its conversion requires solving the system of
Equations (1-11). These equations are written éir taxpanded forms with additional explanation &ble S-4 of the
Supporting Information.

In general, models of this form can be difficultsmlve numerically, as the species concentratipasrsing
several orders of magnitude makes them poorly dcélés also difficult to solve such systems atiablly for pH as a
function of the species distribution. As such, appnations and simplifying techniques are frequerdeemed
necessary to make even seemingly straightforwafiérbealculations (such as those without ionicregith corrections
or concurrent hydrolysis reactions) more matheraljicractable?

However, by treatingH, as the independent variable, it is possible tuesthe system of Equations (3-11)
algebraically. Solution sets are defined by fixedameters, including the initial assay compositiphl;nit, [Blinits

[Clinits [PhOS]tor, [Indicator]sy:, [Na*], and [CI~]), thermodynamic ionization consta g';] and indicator

absorptivitiesAbs;. Wolfram Mathematichwas used to solve Equations (3-11) symbolicallpdpcing algebraic
expressions for ionic strength, absorption, and/emion as functions gfH,.* These expressions are embedded within
a MATLABS® framework, which allows them to be easily evaldaf@ a variety of reactions and reaction condiion
which are specified within an accompanying spreaésh

In each execution of the MATLAB code, the completpression for ionic strength is evaluated ovearaye
of pH, values, using the thermodynamic values for eadh dissociation constant. The calculated ionicrsjtes are
then used in Equation (1) to estimate the conceotrdbasedvKS value of each species over thH,. range, and the
ionic strength is calculated again, using the nelff values. Three such iterations are typically sifit for
reasonable convergence. The resulfii€f values are then used in the evaluation of the tetepexpressions for
absorbance and conversion at epéh value. Finally,pH, is calculated as described in Equation (2), sb ttepH
axis of the displayed data plots will correspondtrexditional potentiometric measurements. A guideusing the
accompanying MATLAB script is provided in the sedti ‘Modeling Quick-Start Guide’ of the Supporting
Information, and a more detailed explanation cafobed in the section titled ‘MATLAB Script Explatian.’

As it is unlikely that perfect information will bavailable when parameterizing the model, the model
framework has been structured to draw parameters ffistributions mimicking the uncertainty of theperimental
information. When using this Monte Carlo approaelasonable estimates of uncertainty in model paeméstandard
deviations of+0.1 on pK‘" values andt2.5% on nonzero concentrations) are sufficient to ergass most of the
experimental simulated conversion data. Implemantabf Monte Carlo uncertainty propagation and &ty
analysis in the model are discussed in more detéfile ‘Model Resolution, Sensitivity, and Error &ysis’ section of
the Supporting Information.

3 Wolfram Research, Inc., Mathematica, Version 10.4, Champaign, IL (2016)

4 The Mathematica inputs and outputs are provided in the Supporting Information, in sections ‘Mathematica Input: Solving the Model Equations’ and
‘Mathematica Output: Expressions for Absorbance, Conversion, and lonic Strength’ respectively, as well as in the accompanying Mathematica
Notebook file.

5 MATLAB Release 2016a, The MathWorks, Inc., Natick, MA.



This model was used to predict assay response <tina¢ might be observed under various conditions f
each of the hydrolysis reactions considered, a$ ageto estimate the uncertainties associated @ath prediction.
Each prediction was initialized using a spreadsheetaining the model parameters, including theaihéxperimental
conditions of the assay reaction, as well as tlaegas ang k" values of each of the ionizable species. An exampl
spreadsheet for initializing the model is alsoudgd in the Supporting Information section titl&xkc¢el Spreadsheet.’
The charges and ionization constants used in thiysire listed in Table S-3 of the Supporting tnfation.

2.8 Hypothesis Testing
The predicted relationship between reaction comwersand absorbance ratio can be used to interpret

experimentally measured absorbance ratios as eoeactnversions, with appropriate levels of uncatiai This
calculation can be performed for both enzymatic and-enzymatic experiments, and their interpretedversion
levels can then be compared to determine if thegmee of an enzyme has any effect on reaction csiove This
comparison requires the formation of two hypothesgs(the null hypothesis), which states that the ereyras no
impact on reaction conversion (an assay ‘miss’y, i (the alternative hypothesis), which states thataizyme does
impact the reaction (an assay ‘hit’). The ‘Welcl‘test,” using the Welch-Satterthwaite equationestimate the
underlying degrees of freedom, is applied to deteenthe probability that the enzymatic and non-ematyc
conversion values are eqdalFinally, using any desired p-value thresheldhe null hypothesigl, is either accepted
or rejected. This analysis can be performed wisingle set of experimental measurements or witle-series kinetic
data, and is performed automatically with the sggbaet supplied in the Supporting Information.

3 Results

3.1 Characterization and Validation of Phenol Red
The color change of phenol red over a range of phies from 6.2 to 8.1 is presented in Figure 4l Ful

absorption spectra of phenol red under varied ¢mmdi and over a broader range of pH values aréiged in Figure
S-4 of the Supporting Information. After baselieenoval, spectrophotometric analyses of reactions werformed by
normalizing (Figure S-5 in the Supporting Infornoafj the absorbance at 557 nm by that at the istisbgsint,
479 nm, and nonlinear regression was performed ATM\B (Figure S-6) to parameterize the model. Nawmhe in
the absorbance of phenol red was detected in thsepce or absence of CocE (Figure S-7 in the Stipgor
Information), and HPLC analysis of reaction corgn@vealed no change in the activities of eithetECor AEH in the
presence or absence of phenol red (Figure S-8eilstipporting Information). These results suggest ghenol red is
neither a substrate nor an inhibitor of the enzyoses in this study.
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Figure 4: The color change of 201 phenol red in 100 mM sodium phosphate over aeasfgpH, values from 6.20 to 8.10.
This broad range of pH sensitivity makes phenolaexlitable indicator for assaying a wide varidtyydrolysis and synthesis
reactions.

3.2 Evaluation of Hydrolysis Activity by Colorimetry and HPLC
To validate the colorimetric assay, both HPLC apéctrophotometry were used to evaluate enzymatic
hydrolysis activity and the results were compafBdo reactions were tested: the hydrolysis of megigblinate by
CocE (Figure 5), and the hydrolysis of ampicillyjnAEH variant QV-G.
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Figure 5: Cocaine Esterase (CocE) catalyzes theolygis of methyl picolinate, producing picolinatemd methanol. The
carboxylic acid group on picolinic acid will releas proton under basic or neutral conditions, aligwthe progress of this
reaction to be tracked by indirect (spectrophotait)etnonitoring of the solution pH using phenol red

Experimental data and kinetic parameters for thdrdlysis of methyl picolinate by CocE are presented
Table 1, while experimental data and kinetic patansefor the hydrolysis of ampicillin by AEH varia®V-G are
presented in Figure S-10 of the Supporting InforomatPlots of CocE (0.148M) hydrolysis activity monitored by
both colorimetric and HPLC methods as a functiomethyl picolinate concentration are shown in Fég6ir and fitted
kinetic parameters are reported in TabletSK). Parameter values determined by colorimekfy & 17.3 + 5.6 mM,
Vinax = 234 + 18 pmole/s, keqr = 7.89 + 0.60 M~1s~1 [CocE] = 0.148 uM) were consistent with those determined
by HPLC Ky = 14.02 + 6.7 mM, V4, = 196 + 20 pmole/s, keqr = 6.62 + 0.70 M~1s~1, [CocE] = 0.148 pM).
Additionally, values ot ., were shown to increase proportionally with enzysoecentration, further confirming the
validity and sensitivity of the colorimetric assadditional kinetic data are provided in Figure $fthe Supporting
Information.

Table 1: Apparent net kinetic parameters for hydrolysis of methyl picolinate by CocE
Analytical Method No. | [CocE] (uM) | Ky (mM) | Vi, (pmole/s) | kg (s™1) keae/Ky (M~1s71)
HPLC 1 0.148 14.02+6.7 19620 6.62+0.70 472+50
2 0.123 16.9+6.0 204+20 8.30+0.70 492+41
Spectrophotometry
3 0.148 17.3+5.6 234+18 7.89+0.60 456+35
(Plate reader)
4 0.177 17.2+5.6 266+20 7.49+0.57 437+33
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Figure 6: Steady-state kinetics of the hydrolydisnethyl picolinate to picolinate and methanol biydatype cocaine esterase
(CocE) (0.148uM), as determined by spectrophotometry (blue sq)aned by HPLC (red circles). The blue dotted cuawe red
dashed curve represent the best fit of the spdudtometry and HPLC data, respectively, to the MaisaMenten equation.

The ability of the colorimetric assay to capturedtic parameters for both the hydrolysis of metiigblinate
by AEH and the hydrolysis of ampicillin by AEH wasnsistent with the liberation of a carboxylic adausing
solution pH to decrease as either reaction progse®oth analytical methods evaluated here, HPLLCcatorimetry,
revealed kinetic data consistent with each othdrsupported the use of pH-based colorimetry asblevialternative to
HPLC.



3.3 Differentiation Between Synthesis and Hydrolysis Activity
To demonstrate that the colorimetric assay was #bldifferentiate between synthesis and hydrolysis

activity, a model reaction witlb-PGME serving as the sole substrate was implemeffggire 2). Because the
colorimetric assay was shown to be sensitive tolpidrolysis reactions that decreased the pH valusit@lly neutral
solutions could be distinguished from amide bomuinfog synthesis reactions that increased the pHevaf initially
neutral solutions. The hydrolysis and synthesistieas of 25 mMD-PGME by either CocE or a thermally stabilized
variant of wild type AEH (AEH QV-H) were evaluateahd the solution pH was indirectly monitored bgcking the
absorbance of phenol red at 557 nm in the reaatiatures (Figure 7).
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Figure 7: Absorbance at 557 nm over time for reactnixtures containing 25 mM-PGME and either AEH QV-H (red) or
CocE (green). A control with no enzyme is also shdiack). All reactions occur in 100 mM R0°C, and are initially at
pH 7.0.

While all three reaction mixtures began at the saméral pH value, they each exhibited differertidhgors
in the colorimetric assay. The non-enzymatic cdrghmwed no appreciable change in pH, which wasistent with
the lack of any appreciable conversion. Both thaHABnd CocE-catalyzed reactions initially droppedbsorbance.
This decrease in the measured absorbance of pheshelas attributed to a decrease in the pH valube®olution,
and was consistent with the carboxylic acid proidncassociated with the hydrolysis reactions (Fegex. In the AEH-
catalyzed reaction, this decrease continued unaghattl all activity stopped, which was consisterith reports that
the QV-H variant used did not exhibit measurabghenylgycyl polymer synthesis activity (Figure®Zor the CocE-
catalyzed reaction, the decrease in absorbancenaesgradual, and was eventually overtaken by atgrenagnitude
increase in absorbance after 45 minutes (Figur@f@se results were consistent with the CocE maaikhibiting
competing pH effects, likely due to the presencéath hydrolysis and synthesis reactions (Figure &though the
mechanism behind the initial decrease in pH pathe increase in pH warrants future investigatidnis likely that
the rate of primary hydrolysis initially outpaceghthesis due to uncoupling; as excBBGME was eliminated, fewer
primary hydrolysis side-reactions occurred leadmgore efficient catalysis ofphenylgycyl polymer synthesis from
the available D-PGME remaining in solution. Synthesf dipeptide methyl ester by CocE was confirnbgdliquid
chromatography mass spectrometry (LCMS) analys@gi(E S-11).

3.4 Prediction of Assay Response Curves
The mathematical model described above and providéte Supporting Information was used to pretfiet
assay response to hydrolysis of methyl picolindgure 5) under different conditions. Reaction mirs with
concentrations of 20, 50, or 85 mM methyl picoleat 100 mM sodium phosphate were predicted by mgand
confirmed by experimental measurements of physseahples simulating various conversion levels, pegbay
mixing methyl picolinate, picolinic acid, and metivd in predefined ratios as described in the Meshsection. The
model predictions and experimental measuremergsraflated samples are shown in Figure 8.
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Figure 8: Model predictions and simulated (non-enatic) reaction data for the hydrolysis of eith€r@M (blue, diamonds),
50 mM (red, squares), or 85 mM (black, circles) gkefpicolinate in 100 mM sodium phosphate buffean® A: pH, vs.
Conversion. This is the expected change in meagufedver the course of each reaction. Panel B: €aion vs. Absorbance
Ratio. This is the expected relationship betweenréaction conversion and the measured absorbatic€357 nm / 479 nm) of
phenol red in the assay. In both panels: simuletgerimental data (manually prepared samples degigmdifferent conversion
points in the hydrolysis reactions) are plottedpsn symbols, and model predictions are plottecages. Solid lines show the
mean prediction value, while uncertainty estimaites1 standard deviation for 10,000 Monte Carlo gasare indicated by the
dashed lines.

In all three predictions (i.e., for initial subg&aconcentrations of 20, 50, and 85 mM), samplémliy at
neutral pH value begin to acidify as hydrolysisqaeds, and the model predictions match the expataile measured
samples within the estimated prediction error. bnayal, the magnitude of the pH change is an eféécthe
background buffer capacity as well as g€, values and concentrations of the hydrolysis redstand products. For a
given (nonzero) conversion level, samples prepaitii more substrate will have a greater amountasbexylic acid
product, and thus a greater propensity to overctime pH-stabilizing effect of the phosphate buffBoth the
predictions and experimental data support thisorgag, and it is apparent in Panel A of Figure & the 85 mM curve
has the greatest magnitude slope, and 20 mM tisé [Eae range of the assay within the pH-rangéefcblorimetric
indicator (here, phenol red) dictates the shap¢hefplot of absorbance ratio vs. reaction convarsiks the pH
response in Panel A is relatively linear, and thsogbance response of the indicator is sigmoidabg8rting
Information, Figures S-5 and S-6), the absorbareecenversion relationship for these samples isodedd and
transformed sigmoidal sections. The nonlinear ardkhy variable nature of the relationship betwelea dbservable
color change and the reaction progress is the medm either experimental or simulated standardesy or the pH
equilibrium model described in this work are reqdito reliably interpret experimental assay results

The slope of the relationship between pH and caieeris inherently linked to the sensitivity of thesay,
with greater magnitude changes in pH correspontiiregmore sensitive assay. This result is captbyethe width of
the uncertainty bands in Panel B of Figure 8, whaich widest for the sample with 20 mM substrate, rarrowest for
the sample with 85 mM substrate.

3.5 Hypothesis Testing and Interpretation of Assay Results

Two example assay samples were prepared to evaltegther CocE would be classified as a ‘hit’ or
‘miss’ in a first-pass high throughput screen (ea#ihg either enzyme variants or substrate altereg)t Reaction
mixes containing phenol red, 50 mM methyl picoleaind either CocE or a non-enzymatic control i 1 sodium
phosphate were tracked in a plate reader over alelieurs. The ratio of optical absorbance (557 @Ay nm) is
shown over time in the top panel of Figure 9. The-enzymatic sample maintains a relatively stedxdpebance ratio
while the absorbance ratio of the sample contail@ogE drops over several hours. Using the modeligtiens of
conversion against absorbance ratio (Figure 8, IPBpeand the supplied spreadsheet for data inteapoa and
hypothesis testing as described in the Methodsosecthese absorbance ratios were converted toigbi@ts of
conversion with associated levels of prediction entainty (Figure 9, middle panel). The results oftoanatic
hypothesis testing, comparing the enzymatic andemaymatic samples, are shown in the bottom pahElgure 9,



and the null hypothesis is rejected after 20 mimutelicating that CocE has a statistically sigific influence on
reaction conversion, and is therefore a ‘hit’ irsthssay. This result is consistent with the eithbd function of CocE
as a catalyst for the hydrolysis of methyl pical®jaand supports the use of pH-based colorimetit wiodel
predictions and hypothesis testing for enzyme bstate screening.
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Figure 9: Use of model predictions to perform hyjesis testing. The top panel shows the absorbaatice(657 nm/479 nm)
over time for the hydrolysis of 50 mM methyl picate in 100 mM sodium phosphate by CocE (solid, ra@ddl non-enzymatic
control (dotted black). In the center panel, théa® are transformed into hydrolysis conversiorth wiror bars at-1 standard
deviation, after Monte Carlo simulation. The bottpamel illustrates how Welch's t-test rejects thé hypothesis within twenty
minutes using a p-value thresholdaof= 0.05.

4  Discussion

4.1 Summary of Results

The experimental results presented provide gersengbort and validation for the application of pHsed
colorimetry and modeling to high throughput reactgzreening. Several intermediate steps were takénild up to
the use of pH and phenol red to track enzymaticti@ss, as well as to model and verify predictiohsissay behavior
for use in high throughput hypothesis testing. it enzymatic hydrolysis and synthesis reactitised in Table 2,
were used to validate each of the different pairthie work. Phenol red was demonstrated to prebligtreveal — but
not interfere with — enzymatic synthesis and hygisl reactions (reactions 1 and 2 in Table 2). @oletry and HPLC
were shown to produce comparable results for kiraatalysis of both CocE and AEH (reactions 2 and8jorimetry
was also shown to differentiate between reactiogimes dominated by hydrolysis or synthesis activity
(reactions 4 and 5).



Table 2: Hydrolysis and synthesis reactions evaluated in this study.

No. | Substrate Enzymes Expected Products Reaction Type
6-aminopenicillinate and D- - .

1 phenylglycine methyl ester AEH ampicillin methanol synthesis

2 methyl picolinate CocE picolinate methanol hydrolysis

3 ampicillin CocE, AEH | 6-aminopenicillinate | D-phenylglycine | hydrolysis

3 D-phenylglycine methyl ester | AEH D-phenylglycine methanol hydrolysis

5 D-phenylglycine methyl ester | CocE di- and tri-peptides methanol synthesis

A generalizable mathematical model was shown torately predict the response of the colorimetrigsags
to experimental samples simulating reaction 2 &bua levels of conversion and performed underecadonditions.
Finally, an automated hypothesis test correctlgsified CocE as having activity on methyl picolmat an assay trial
(reaction 2). These data are the result of a lanitage of experiments, but the principles behivait are sufficiently
general to warrant further investigation into tleenbination of pH-based colorimetry and modelingpbf equilibria
for high throughput assays and screening tests.

4.2 Limitations of the pH-Based Assay

The framework we present for colorimetric pH-baasdays have the potential to accelerate the dewelup
of hydrolase enzymes, such as those utilized fer ilocatalytic synthesis d§-LA, by enabling efficient high-
throughput analysis of enzyme variants, substrateseaction conditions. These benefits notwithditagy, there are
some general cases in which the assay or mathexhatarlel presented here may not be appropriate.itadvisable
to use this assay for reactions with unknown sidelpct formation, because the exact hydrolysiscetometry, as
well as the acidity constants of all ionizable specis necessary for the prediction of assay mespccurves.
Additionally, the model presented here should reotbed for reactions that will exceed ionic strhagif 0.5 M — the
recommended limit of Sun’s extended Debye-Hiickeapeterizatiort® Beyond this range, specific ion interactions
may convolute simplified attempts at activity catren, and more detailed models are recommenderillii even
when all of the above criteria are met, a partica&t of assay conditions might not provide satisfiy sensitivity for a
particular reaction. In such cases, slight adjustméo experimental conditions — such as reduchwy tuffer
concentration or starting at a different pH valumay resolve these issues.

In general, the experimental results in Figure didate that this assay approach would be effedtve
researchers looking to increase either amide sgistlee ester hydrolysis activity by compressingiltssinto simple
increases or decreases in absorbance. Neverthiétless,are limitations that must be considered:atfsay would not
be able to capture equal and simultaneous incréadesth activities due to their opposing effectssmlution pH, and
certain hydrolysis reactions, such as those of asjigroduce equimolar amounts of acid and basafisantly adding
to the buffering capacity of the reaction systepuad a certain pH value. If that particular pH wahappens to be the
same as the initial pH of the assay, then the pHnet change as a function of conversion. Mathérally speaking,
the algebraic solutions to the pH equilibrium mdoetome undefined, as the physical system thesnadeling adopts
a one-to-many mapping from pH to conversion. Tffiect is illustrated in Figure 10, which shows thedicted pH
response to the hydrolysis of 300 MM acetamidetéuigle hydrolysis produces equimolar acetic acid @ammonia
(Figure 11), which are commonly used together tifebsolutions to pH 7.0. Therefore, no matter $karting pH, the
solution will tend towards neutrality. Since CocEnnost active at neutral pH, the assay must stagpH&/, meaning
that the predicted assay response is undefined.
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Figure 10: The predicted pH response to conversionhydrolysis of 300 mM acetamide, over a widea@gerated, for
emphasis) range of starting pH values. The tendefitlye pH value towards neutral illustrates a amental limitation of the
pH-equilibrium model and colorimetric assay.
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Figure 11: Wild-type CocE can catalyze the hydrslys$ acetamide into acetate and ammonium.

Finally, this approach should only be used fortfpass screening, as the extended Debye-Hiickelogheth
used here is an empirical regression of experirheiaa, and may not provide satisfactory resultsafbcompounds.
As with most colorimetric assays, insoluble andcjpi¢ating components will hinder correct measuretseassays
should be performed within the solubility limits @if reagents.

4.3 Advantages of the pH-Based Assay over Existing Methods

In traditional HPLC-based assays, the elution tand absorbance level of each compound are affdigted
the pH of the mobile phase, as well as the coluomdition and temperature. Additionally, chromatgima columns
rely on dynamic cross-linked functional groups thety exhibit varied behavior under different cormis of mobile
phase, storage solvents, upkeep level, and agseTzeiables are difficult to control, and failaeedo so can result in
peak-splitting, degradation of assay quality, amebnsistent results. Furthermore, designing separatethods for
and producing standard curves for a wide varietyasfsible reactants and products is time consuraimgdjmay require
switching between multiple HPLC columns or mobileapes. Finally, the challenges of using HPLC faghhi
throughput analysis are exacerbated by the protbrsgenple run-time — typically requiring at least Bthutes to
collect a single data point.

As optical measurements in general are simpler faster than HPLC, switching a first-pass screening
operation from HPLC to colorimetry could resultansignificant reduction in time and material cosis,well as the
volume of data, in comparison to HPLC. Using themmi red assay, multiple enzymatic reactions caioded into a
standard well-plate and can be reliably qualifisdtat’ or ‘miss’ in 100 minutes or less. Additiahg if hypothesis
testing is performed in real-time during absorbammasurement, then a consistently low p-value neynjp early
termination of a sample. This is illustrated foe thydrolysis of 50 mM methyl picolinate by CocE pgeveral hours
in the bottom panel of Figure 9. In this examplés iclear after less than an hour that the hydislgf 50 mM methyl
picolinate should be considered a positive ‘hibhdahat the assay (or monitoring of that particsktrof samples) may
be terminated early. There are also other bentfitsontinuously monitoring assay samples: a redungdber of
samples can be used, as repeated observationindiailual sample provides an effective denoisiagd time-series
data provide opportunities for other uncertaintyaagement approaches such as low-pass filters, or sophisticated
statistical methods involving sequential analysis.



Alternative high throughput colorimetric assayssefor these and other reactions, but the curraradigm
in which every reaction must have its own specigiassay may not be the most efficient use of reesuThe method
presented here relies only on acid-base equilibnd, is therefore generalizable to the analysisafly reactions and
enzymes. The mathematical model can predict dinemppings between optical absorbance and convefsioa
variety of reactions without necessarily requirexgperimental standards, and cases in which theiowtric assay will
not work can frequently be determined in advancangfexperimentation in the laboratory.

5 Conclusions
The use of phenol red as an indicator for hightighput pH-based colorimetric substrate scanning and

activity screening of enzyme variants was demotedfrdo be successful. This assay can be employetktect
reactions catalyzed by AEH and CocE as well asratheymes within the/p hydrolase family, and can be used to
distinguish hydrolysis from synthesis activity. Aetmodynamic pH equilibrium and reaction-conversiondel
compresses the multitude of variables embodied ieaation system into simple and direct relatiopshbetween
optical absorbance and reaction conversion. Thidainprovides insights into assay behavior thatifaté planning of
experiments. Model predictions can be used in dieexperimental standard curves — the collectionvbich might
detract from the otherwise high-throughput natdréhe assay — and facilitate real-time hypothesssinng to classify
samples as hits or misses. The approach usedshsuéficiently general to enable use of colorintepiH-based assays
for rapid screening of other aqueous reactionschvrgsult in pH changes.

6 Supporting Information

Supporting Information is available on the publicatwebsite, and contains the following materials:
1. Supporting Information: Additional figures and enmtic hydrolysis and synthesis data, as well as
detailed explanation of the mathematical modelathematica and MATLAB codes. (File type: PDF)

2. Mathematical Model: A compressed zip folder coritainthe files necessary to run and modify the
model described in this paper. (File type: ZIP) Tbatents of the compressed folder are:

a. License: A copy of the code license. (File typet).t

b. Model_File_1: Mathematica Input File for algebrdligaolving equations (3-11). (File type:
Mathematica .nb file)

c. Model_File_2: MATLAB code for the full pH equilibdim model. Requires MATLAB version
R2016a or later to run. (File type: MATLAB .m file)

d. Model_File_3: Microsoft Excel spreadsheet paranmtey the model for the hydrolysis of
methyl picolinate. (File type: .xIsx)
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9 Abbreviations
6-APA, 6-Aminopenicillanic acid; APANIB, 5-(2-Amin@-phenylacetamido)-2-nitrobenzoid-LA, B-
Lactam antibiotics; °C, Degrees Celsius; CocE, Grrasterase; D-PG, D-Phenylglycine; D-PGME, D-Biwycine



methyl ester; DTNB, 5,5'-Dithiobis-(2-nitrobenzoazid); HCI, Hydrochloric acid; HPLC, High performam liquid
chromatography; kcat, Catalytic turnover numbet){sKM, Michaelis-Menten constant (mM); pH, Log tfe
concentration of protons; pHa, pH reported on artiviac basis; QV-G, Quadruple variant of AEH
(N186D/A275P/V622I/E143G); QV-H, Quadruple variant AEH (N186D/A275P/V622I/E143H); NaCl, Sodium
chloride; SDS, Sodium dodecylsulfate; NaPO4, Sodiwsphate; UV-Vis, Ultraviolet-visible.
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