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Abstract

A systematic comparison of six sugar indicators for their sensitivity, specificity, cross reactivity and
suitability in the context of crude lysates revealed para-hydroxybenzoic acid hydrazide (pHBH) to
be best suited for application in a plate-based phosphatase-assisted universal sugar-1-phosphate
nucleotidyltransferase assay. The addition of a general phosphatase to nucleotidyltransferase reaction
aliquots enabled the conversion of remaining sugar-1-phosphate to free sugar, the concentration of
which could be rapidly assessed via the pHBH assay. The assay was validated using the model
glucose-1-phosphate thymidylyltransferase from Salmonella enterica (RmIA) and compared
favorably to a previously reported HPLC assay. This coupled discontinuous assay is quantitative,
high-throughput and robust; relies only on commercially available enzymes and reagents; does not
require chromatography, specialized detectors (e.g. mass or evaporative light scattering detectors)
or radioisotopes; and is capable of detecting less than 5 nmol of sugar-1-phosphate. It is anticipated
this high throughput assay system will greatly facilitate nucleotidyltransferase mechanistic and
directed evolution/engineering studies.
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Introduction

Sugar nucleotides are critical to the survival of all living organisms. As substrates for Leloir-
dependent processes in primary metabolism, sugar nucleotides play an integral role in a variety
of essential processes including glycogen biosynthesis, carbohydrate metabolism, protein
glycosylation and cell wall biosynthesis [1-5]. Equally important in secondary metabolism,
sugar nucleotides are essential for the biosynthesis of a vast array of therapeutically important
glycosylated natural products [6-9]. In nature, sugar nucleotidyltransferases (E.C. 2.7.7.-; also
sometimes referred to NDP-sugar pyrophosphorylases) catalyze the formation of these vital
reagents from nucleotide triphosphates (NTPs) and sugar-1-phosphates. Based upon the
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TrEMBL databank [10], more than 8,000 non-polymerase nucleotidyltransferases have been
reported. Given the predominance of nucleotidyltransferase and NDP-sugars in nature, the
study of nucleotidyltransferases remains an active area of research and continues to offer many
exciting opportunities ranging from potential targets for the design of anti-infectives [11-13]
to new tools for the synthesis of glycoconjugates [6,14-19].

Despite the overwhelming importance of nucleotidyltransferases, their study has been limited
to a degree by the lack of flexible, high-throughput assays for enzyme activity. Most of the
commonly used nucleotidyltransferase assays to date are discontinuous and rely upon
radioactive isotopes and/or chromatographic approaches [20-24]. A variety of coupled assays
exist [25], but most are restricted to reactions which employ specific sugars (usually Glc) and/
or NTPs. Among the ‘universal’ nucleotidyltransferase assays reported over the past two
decades, the nucleotidyltransferase substrate screening assay (NUSSA) developed by Elling
and coworkers is a coupled assay which ultimately correlates pyrophosphate production (a
product of all nucleotidyltransferase reactions) to the spectrophotometric determination of
NADH levels [26]. This assay offers a major advance over the prior pyrophosphate detection
techniques which are prone to high backgrounds from phosphate contamination due to their
dependence upon pyrophosphate hydrolysis and subsequent orthophosphate detection [27—
30]. Yet, the NUSSA requires an uncommon enzyme (pyrophosphate-dependant
phosphofructokinase) and may still suffer some interference from crude lysate components.
Recently, Pohl and coworkers developed an alternative electrospray ionization mass
spectrometry (ESI-MS)-based nucleotidyltransferase assay [31]. A notable advantage of the
ESI-MS assay over pyrophosphate detection methods is the ability to monitor depletion of
essentially any substrate and formation of effectively any product simultaneously. While this
assay should also accommodate moderate to high throughput, the method requires an
appropriate mass spectrometer, access to a standard for the substance being monitored, and
has yet to be evaluated in the context crude extracts or a wide range of biological buffers.

We previously described the development and application of a robust, high-throughput
colorimetric ‘DNS assay’ for the kinetic characterization, directed-evolution and structure-
based engineering promiscuous anomeric kinases [32-36]. This assay strategy, based upon an
oxidation-reduction reaction between dinitrosalicylic acid (DNS, the oxidant) and a reducing
sugar, was readily applicable to a wide range of free sugars in the context of crude lysates and
presented a general assay platform potentially amenable to a variety of sugar-processing
enzymes. For example, the addition of a general phosphatase at various timepoints (to
selectively convert unreacted sugar-1-phosphate to free sugar), followed by a colorimetric
sugar determination should present an opportunity for a universal nucleotidyltransferase
activity assay. To explore this potential application, herein we report a comparison of available
free sugar assays for their sensitivity, specificity, cross reactivity and suitability in the context
of crude lysates. The subsequent development of a high-throughput assay for
nucleotidyltransferases and other sugar-1-phosphate utilizing enzymes, based on the detection
of remaining sugar-1-phosphate, is presented. Specifically, the addition of sufficient alkaline
phosphatase at any given time point rapidly terminates the nucleotidyltransferase reaction by
converting residual sugar-1-phosphate to the reducing sugar, which can be detected by a free
sugar assay capable of detecting less than 5 nmol of sugar-1-phosphate. The assay was validated
using the model glucose-1-phosphate thymidylyltransferase from Salmonella enterica (RmlA)
and compared favorably to a previously reported HPLC assay. The coupled discontinuous
assay is quantitative, relies only on readily available enzymes and reagents, and does not require
chromatography, specialized detectors (e.g. mass or evaporative light scattering detectors) or
radioisotopes.
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Materials and methods

General materials and methods

Unless otherwise specified, all chemicals and enzymes were reagent grade or better obtained
from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA) and used without
further purification. Recombinant Salmonella enterica N-Hisg-RmIA, and corresponding
mutants, were purified as previously described [37]. HPLC was performed using a Varian (Palo
Alto, CA) ProStar HPLC system. Absorbance readings were performed on a Beckman Coulter
(Fullerton, CA) DU 800 spectrophotometer (cuvette scale) or a BMG Labtech (Durham, NC)
FLOUstar Optima plate reader (microtiter plate scale).

Reducing sugar assays

Previously reported assays were modified from to fit a standard final volume of 1 mL (in 1.5
mL microcentrifuge tubes) and heating was accomplished in a Barnstead/Thermolyne
(Dubuque, 1A) dry well heat block. Assay solutions were subsequently transferred to 1.5 mL
semi-micro polystyrene cuvettes for absorbance measurements. For all assays, water-only
assay reactions served as the spectrophotometer blank.

Dinitrosalicylic acid (DNS) assay [32,38]

To 0.25 mL of sample was added 0.75 mL of a solution of 1% (w/v) 3,5-dinitrosalycilic acid,
0.2% (w/v) phenol, and 0.05% (w/v) sodium bisulfite in 1% (w/v) sodium hydroxide. The
mixture was heated for 5 min at 100 °C and the absorbance of the cooled solution was measured
at 575 nm.

Tetrazolium blue assay [39]

To 0.01 mL of sample was added 0.5 mL of 2% (w/v) tetrazolium blue in 0.1 M sodium
hydroxide and 0.5 mL of 1 M sodium potassium tartrate. The mixture was heated for 3 min at
100 °C and the absorbance of the cooled solution was measured at 660 nm.

Ferricyanide (Prussian blue) assay [40]

To 0.111 mL of sample was added 0.22 mL of a solution of 1.5 mM potassium ferricyanide,
50 mM sodium carbonate and 10 mM potassium cyanide. The mixture was heated for 15 min
at 100 °C. To the cooled solution was added 0.555 mL of 1.36 mM ferric ammonium sulfate
in 25 mM sulfuric acid. This was heated for 15 min at 50 °C. To the cooled solution was added
0.111 mL of 125 mM oxalic acid and the absorbance was measured at 690 nm.

Honda 3-methyl-2-benothiazolinonehydrazone (MBTH) assay [41]

To 0.25 mL of sample was added 0.125 mL of 2% (w/v) 3-methyl-2-
benothiazolinonehydrazone, 0.125 mL of 0.3 M sodium hydroxide, and 0.5 mL of 2-
methoxyethanol. The mixture was heated for 10 min at 100 °, and the absorbance of the cooled
solution was measured at 390 nm.

Anthon MBTH assay [42]

To 0.1 mL of sample was added 0.1 mL of 0.5 M sodium hydroxide and 0.1 mL of a freshly
prepared 1:1 mixture of 0.3% (w/v) 3-methyl-2-benothiazolinonehydrazone and 1 mg/mL
dithiothreitol. The mixture was heated for 4 min at 100 °C and 0.2 mL of 0.5% (w/v) ferric
ammonium sulfate, 0.5% (w/v) sulfamic acid, and 0.25 M hydrochloric acid added to the warm
mixture. The solution was cooled, 0.5 mL of water was added, and the absorbance was
measured at 620 nm.
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para-Hydroxybenzoic acid hydrazide (pHBH) assay [43]

For the 1.5 mL microcentrifuge tube format, to 0.01 mL of sample was added 1 mL of a freshly
prepared 9:1 mixture of 0.5 M sodium hydroxide and 5% (w/v) para-hydroxybenzoic acid
hydrazide in 0.5 M hydrochloric acid. The mixture was heated for 5 min at 100 °C, and the
absorbance of the cooled solution was measured at 410 nm.

For the 96-well plate-based format, to 40 pL of sample in a 96 well PCR plate was added 120
pL of a freshly prepared 1:1 mixture of 2 M sodium hydroxide and 2% (w/v) para-
hydroxybenzoic acid hydrazide in 0.5 M hydrochloric acid. The mixture was heated for 5 min
at 100 °C, the reaction mixture subsequently cooled thoroughly on ice and the solutions
transferred to a clear bottomed 96 well polystyrene plate (Nunc, Rochester, NY). The
absorbance in each well was measured on a BMG FLOUstar Optima plate reader using a 410
nm filter (L0 nm bandwith).

Selectivity and cross-reactivity of reducing sugar assays

To determine the sensitivity, specificity, and cross-reactivity of the above assays, the
appropriate volume of solution containing glucose (0.05-20 mM), glucose-1-phosphate (0.5-
10 mM), UDP-glucose (0.5-10 mM), methyl-a-D-glucopyranoside (0.5-10 mM), 2-
deoxyglucose (0.5-10 mM), glucosamine (0.5-10 mM), or bovine serum albumen (BSA)
(0.03-100 mg/mL) in water were assayed in the appropriate assay reaction conditions. To
validate the plate scale pHBH reactions, 40 pL of glucose, galactose, glucosamine (each 0.1-
2 mM), buffers (100 mM), glycerol (5%), MgCl, (25 mM), ZnSO4 (2.5 mM), or BSA (1-10
mg/mL) were assayed in the appropriate assay reaction conditions.

Nucleotidyltransferase assays

High throughput pHBH-based nucleotidyltransferase assays

Master mixes consisting of 100 mM MOPS pH 7.5, ([UTP] + 5 mM) MgCl,, 2 mM a-D-
glucose-1-phosphate, 0.5-16 mM UTP, and 10 U/mL inorganic pyrophosphatase (final
concentrations) were pre-warmed at 37 °C in 0.2 mL PCR tubes. Reactions were initiated by
the addition of S. enterica N-Hisg-RmlIA (0.1-0.6 uM). Aliquots (20 pL each) were removed
every 30 s and added to an equal volume of phosphatase solution [L00 mM sodium carbonate
pH 10.0, 2 mM ZnSQOy4, and 8 U bovine intestinal phosphatase (Sigma-Aldrich cat. P0114;
>7,500 DEA units/mg protein in 50% glycerol) in 20 uL]. The reactions were subsequently
incubated at 37 °C for > minutes and reducing sugar detected via the plate-scale pHBH assay.
Absorbance measurements were converted to [sugar-1-phosphate] via direct correlation to a
sugar-1-phosphate standard curve (0.4—2 mM) generated in parallel.

Nucleotidyltransferase kinetic analysis

For single-substrate kinetic analysis, nucleotidyltransferase activity assays with purified S.
enterica N-Hisg-RmlA (0.3 uM) were performed as described above for varying UTP
concentration (0.5-16 mM) at a constant [Glc-1-P] of 2 mM (the Ky, for Glc-1-P reacting with
dTTP was previously measured at 0.3 mM [44]). Unreacted sugar-1-phosphate substrate was
quantified with the plate-form pHBH assay. Initial reaction velocities were obtained as the
slope of best fit to the initial linear portion of the reaction time course, and fit to the Michaelis-
Menten equation using SigmaPlot (Systat, San Jose, CA).

Crude Lysate analysis

For use of this assay format with crude extracts, overnight cultures of Escherichia coli BL21
(DE3) cells overproducing S. enterica N-His6-RmIA wild type, Q83A, Q83S, Q83D, Q83N
and Q83E variants [37] were diluted 1:100 in 1 mL of LB media in a 96-well deep-well plate.
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After 4 hours of growth (37 °C, 350 rpm), IPTG was added to 1 mM and incubation continued
for another 4 hours. The pelleted cells were resuspended in 100 pL of 100 mM MOPS pH 7.5
with 20 mg/mL lysozyme. The resuspended cells were frozen 1 h at —80 °C, thawed for 1 h at
30 °C, and clarified by centrifugation. Clarified lysate (10 pL) was added to 30 L of master
mix (final concentration: 100 mM MOPS pH 7.5, 7 mM MgCl,, 2 mM glucose-1-phosphate,
2 mM UTP, and 10 U/mL inorganic pyrophosphatase) and the assay incubated at 37 °C. At 6,
15 or 60 min, two identical 20 pL aliquots were removed from each reaction. One was used to
assess product formation via the high-throughput pHBH nucleotidyltransferase assay
(described above) while the second was employed as a direct HPLC comparator. Plate-form
pHBH absorbance measurements were converted to percent conversion using the equation 1-
(AbSgy-ADSpos)/(Abspeg-AbSpas), Where Absey is the experimental absorbance, Abspos is the
absorbance of a no-sugar-phosphate control, and Abspegq is the absorbance for an empty vector
control reaction.

For HPLC analysis, aliquots from the nucleotidyltransferase reaction were quenched by the
addition of 80 pL of prewarmed HPLC buffer, heat inactivated (100 °C, 5 min), deproteinated
via centrifugation, and analyzed by analytical HPL.C as previously described (Supelcosil LC18-
T, Supelco, Bellefonte, PA; 5 um, 250 x 3 mm, 40 mM phosphoric acid, adjusted to pH 6.5
with triethylamine, with a gradient of 0-7.5% MeOH over 15 min, 0.8 ml/min, A254) [37].
HPLC integration was converted to percent conversion with the formula (UDP-Glcg,/
Totaley)/(UTP/ Totaly), where UDP-Glcgy is the peak area of UDP-Glc in the experimental
samples, Totaley is the total area of uridine containing peaks for the experimental sample,
UTPyy is the amount of UTP in an empty vector control reaction, and Totalgy is the total area
of uridine containing peaks for the empty vector control reaction.

Results and discussion

The prior successful applications of the DNS reducing sugar assay for kinetic analysis and
substrate specificity determinations in the context of sugar kinase engineering and directed
evolution inspired the investigation of a similar strategy for nucleotidyltransferase activity
assays [32-36]. Specifically, we hypothesized that the addition of sufficient levels of
phosphatase to the nucleotidyltransferase reaction mixture at any given time point would
rapidly hydrolyze remaining sugar-1-phosphate to provide free reducing sugar, a substance
directly detectable with available free sugar assays (Fig. 1A). As described herein, a variety of
sugar indicators were first directly compared for sensitivity, range of detectable sugars and
cross reactivity with various biological contaminants (e.g. proteins, buffers, cellular lysates).
Using this crucial indicator comparison as a foundation, the subsequent development and
validation of the corresponding nucleotidyltransferase assay was pursued.

Selection of areducing sugar indicator

From the many reported reducing sugar indicators, we restricted our in-depth evaluation to six
assays on the basis of i) wavelength of indicator absorbance, ii) availability of reagents, and,
in some cases, iii) known cross-reactivity with glycosides or proteins. Of the six selected sugar
indicators, reduction of DNS [32,38], tetrazolium blue [39], or ferricyanide [40] via reaction
with sugar leads to products with distinct colorimetric properties. In comparison, reaction of
pHBH [43] or MBTH [41,42] with free sugars leads to covalent osazone adducts [45,46]. To
select the best free sugar indicator for nucleotidyltransferase assay development, the sensitivity,
specificity and potential for cross reactivity of the selected six potential reducing sugar
indicators were directly compared.

Indicator sensitivities were tested against a range of glucose concentrations in a standardized
1 mL format (Fig. 2A). From this direct comparison, the lower limits of sensitivity ranged from
1 nmol (ferricyanide) — 500 nmol (DNS) with a ranked sensitivity order of ferricyanide >
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Anthon MBTH Honda MBTH > pHBH > tetrazolium blue > DNS. In comparison, the estimated
detection limits for the previously reported NUSSA, HPLC or MS assays range from 10-100
pmol [26,31,37]. The usable range of detection for sugar indicator assays (0.8—-15 nmol for
ferricyanide, 2-300 nmol for pHBH, 5-200 nmol for MBTH, 25-500 nmol for tetrazolium
blue, or 500-5000 nmol for DNS) is comparable to that of NUSSA, MS, and HPLC assays
(0.2-8 nmol, 50-1250 pmol and 20-10,000 pmol, respectively [26,31,37]). While a
comparison of both MBTH assays revealed similar detection limits, the longer wavelength
detection offered by the Anthon variant (620 nm for Anthon MBTH versus 390 nm for Honda
MBTH) may be advantageous [42]. It is interesting to note that, for the redox-based indicators,
a comparison of redox potentials (ferricyanide, Eqg ~ 0.4-0.5 V; tetrazolium, Eg ~ -0.1 V;
standard reducing sugar, Eq ~ —0.4-0.7 V [47-51]) were not good predictors for sensitivity.

Specificity studies relied upon two distinct model sugar sets — representative non-reducing
sugars [the anomerically-"blocked’ sugars a-D-glucose-1-phosphate (Glc-1-P), UDP-Glc, and
methyl-a-D-glucopyranoside (GlcOMe)] and representative free sugars [glucosamine (GIcN)
and 2-deoxyglucose (dGlc)] (Fig. 2C). As expected, all non-reducing sugars were unreactive.
Particularly important among this set were Glc-1-P and UDP-GIc as models for
nucleotidyltransferase substrate and product, respectively. Of the representative free sugars,
the reactivity of GIcN exceeded that of dGlc for all indicators with the exception of ferricyanide
(where they were roughly equivalent). From this analysis, GIcN performed best with
tetrazolium blue > ferricyanide > pHBH, while dGlc performed best with Anthon MBTH >
ferricyanide > Honda MBTH. It should be noted that some non-reducing sugars (e.g. ketoses)
are detectable via the osazone-based assays.

Proteins can also be detected through redox methods (e.g. the Lowry and bicinchoninic acid
assays), and methods similar to both the Lowry and bicinchoninic acid assays have been used
to detect free sugars [52-55]. However, for the development of a robust enzyme assay platform,
particularly one amenable to crude cell lysates, a selected indicator must be minimally reactive
toward proteins. To assess the impact of protein upon the panel of candidate sugar indicators,
different concentrations of bovine serum albumen (BSA) in water were examined via each
assay format. As illustrated in Fig 2D, the most universally sensitive indicator (ferricyanide)
was also the most highly reactive toward protein. Both the tetrazolium blue and Anthon MBTH
displayed intermediate levels of response with turbidity observed at higher protein amounts,
presumably due to protein precipitation. Honda MBTH and pHBH rendered lower responses
toward BSA and displayed acceptable background absorbance (<0.2 AU) in the presence of
up to 1 mg protein. Finally, the least sensitive assay (DNS) was also the least influenced by
protein, with acceptable background absorbances (<0.05) with up to 5 mg protein in the assay.

On the basis of the sensitivity, the interference with protein, the cost of reagents, and the ease
of preparation, pHBH was selected as the indicator of choice and the pHBH assay subsequently
translated to a microtiter plate-based format. Examination of the published variants of the
pHBH assay [43,56-62] served as a basis for the final 1:3 sample:indicator ratio in the assay,
wherein the freshly-prepared indicator was conveniently comprised of a 1:1 mixture of stock
solutions (2 M NaOH and 2% pHBH in 0.5 M HCI). The plate-based assay format was validated
with a set of representative reducing sugars (glucose, glucosamine, mannose, galactose,
fructose, arabinose and 2-deoxyglucose) in a 96-well plate format. (Fig. 3A) Importantly, the
average standard error of the microtiter plate-based pHBH assay (Fig. 3A) was significantly
lower than the standard 1 mL format (Fig. 2C), possibly indicative of incomplete sample
heating with the larger assay volumes. In contrast to the 1 mL scale trials, it was noticed that
2-deoxyglucose (dGlc) gave a low but detectable absorbance reading. Increasing the 100 °C
incubation to 20 minutes improved the sensitivity toward dGlc ~5 fold. The response of this
assay to various biological buffers (Fig. 3B) revealed compatibility with a variety of common
buffers and additives with the notable exceptions of piperazine-based (HEPES, PIPES), tris
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(hydroxymethyl)aminomethane-based (Tris, Bis-Tris, TES, Bis-Tris Propane, Tricine), or
imidazole. It is curious, that, despite their chemical similarity, the piperazine-based buffers
(HEPES, PIPES) showed the highest absorbances, whereas the morpholine based buffers
(MOPS, MES) gave some of the lowest responses. Whether assay interference in these cases
derive from the buffer components, or potentially trace contamination from buffer
manufacturing [63], remains undetermined.

Development and validation of the pHBH-based nucleotidyltransferase assay

Fig. 2C clearly revealed pHBH to be unreactive to representative nucleotidyltransferase
substrates (Glc-1-P) or products (UDP-GIc). The addition of sufficient levels of phosphatase
to any mixture containing sugar-1-phosphates and/or sugar nucleotides (e.g. a
nucleotidyltransferase reaction mixture, Fig. 1B) should therefore lead to the selective
hydrolysis of sugar-1-phosphate to provide free reducing sugar - a reagent directly detectable
with available free sugar assays as illustrated in Fig. 1C. Optimization of the required amount
of alkaline phosphatase to achieve rapid, selective hydrolysis of Glc-1-P (Fig. 3C) revealed
complete hydrolysis of 40 nmol Glc-1-P in 1 min with 8-10 U of alkaline phosphatase.
Substantiation of the corresponding pHBH microtiter plate-based nucleotidyltransferase assay
thus relied upon combining three simple, validated steps — the nucleotidyltransferase reaction,
reaction termination via phosphatase hydrolysis, and pHBH-based [sugar] determination —
wherein the rate of substrate (sugar-1-phosphate) disappearance over time directly correlates
to nucleotidyltransferase activity.

Using the pHBH microtiter plate-based nucleotidyltransferase assay, the turnover rates with
purified N-Hisg-RmIA were linear to 50% conversion of substrate (data not shown) and the
initial reaction rates increased with the amount of enzyme (Fig. 4A). Single substrate kinetics
for UTP at a constant [Glc-1-P] (2 mM) (Fig. 4B) revealed an apparent kg of 1440 min~t and
Kwm of 1.2 mM which, given the differences between buffer conditions and [Glc-1-P], match
well with previously reported values (2460 min~1, and 4.6 mM, respectively) [37]. With the
newly validated assay in hand, the applicability of the assay to detect varying levels of activity
in crude lysate was investigated. A series of S. enterica RmIA mutants representing a range of
catalytic efficiencies (wild type, Q83A, Q83S, Q83D, Q83N and Q83E) were overproduced
in E. coli BL21(DE3) and the activities of the corresponding crude lysates assessed by both
the pHBH microtiter plate-based nucleotidyltransferase assay and HPLC. A comparison of the
percent conversions determined by the two assay methods (Fig. 4C) revealed a strong
correlation (slope = 1.02, R2= 0.9884) and thereby validates the pHBH microtiter assay in the
context of crude extracts representing a wide range of enzymatic activity.

Conclusions

A comparison of the performance of variety of sugar indicators revealed pHBH to be most
advantageous in the context of composition simplicity, sensitivity, cross reactivity with
biological contaminants and range of applicability. Using pHBH as the selected indicator, the
subsequent development and validation of the corresponding nucleotidyltransferase assay
relied upon the addition of sufficient levels of phosphatase to the nucleotidyltransferase
reaction mixture at selected time points to convert remaining sugar-1-phosphate to free sugar
—a substance directly detectable via reaction with pHBH. This phosphatase-assisted pHBH
assay was found to be quantitative, amenable to a high throughput plate-based format, suitable
for both purified enzymes or crude lysates with a sensitivity/accuracy comparable to that of
chromatographic (HPLC) or MS-based techniques. It is anticipated this readily accessible, high
throughput assay system will facilitate a wide range of nucleotidyltransferase mechanistic
studies and enable the directed evolution/engineering of new catalysts [64].
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Abbreviations

GlcN

Glucosamine
dGlc

2-deoxyglucose
GlcOMe

methyl-a-D-glucopyranoside
NTP

nucleotide triphosphate
NDP-sugar

nucleoside diphosphosugar
NUSSA

nucleotidyltransferase substrate screening assay
DNS

3,5-dinitrosalycilic acid
MBTH

3-methyl-2-benothiazolinonehydrazone
pHBH

para-hydroxybenzoic acid hydrazide
BSA

bovine serum albumen
Glc-1-P

a-D-glucose-1-phosphate
UDP-Glc

uridine 5'diphospho-a-D-glucose
ESI-MS

electrospray ionization mass spectrometry
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Fig. 1.

Overview of reactions. (A) The reaction catalyzed by a nucleotidyltransferase (Ep). (B)
Reaction products after treatment of a nucleotidyltransferase reaction with alkaline
phosphatase (AP). (C) General reactions of free sugar with the selected sugar indicators. For
each selected indicator, reaction progress can be monitored visually (qualitative) or
spectrophotometrically at the indicated wavelength (quantitative).
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Fig. 2.

Comparison of sugar indicator sensitivity, specificity and cross reactivity. (A) The absorbance
responses of six reducing sugar assays (tetrazolium blue, A ; ferricyanide, m; Honda MBTH,
o Anthon MBTH, A; pHBH, o) toward varying amounts of glucose. (B) The absorbance
response of the DNS assay (e), in comparison to tetrazolium blue (A) and pHBH (o), toward
varying amounts of glucose. (C) Cross reactivity of assays toward representative sugars (Glc,
glucose; GIcN, glucosamine; dGlc, 2-deoxyglucose) and glycosides (UDP-Glc uridine 5’
diphospho-a-D-glucose; GlcOMe, methyl-a-D-glucopyranoside, Glc-1-P, a-D-glucose-1-
phosphate). Substrate amounts for each indicator were adjusted to be equivalent to the amount
of glucose required for a 1 AU response (DNS, 2500 nmol; tetrazolium blue, 250 nmol;
terricyanide, 7.5 nmol; Honda MBTH, 50 nmol; Anthon MBTH, 50 nmol; pHBH, 100 nmol).
(D) Cross reactivity with BSA (tetrazolium blue, A ; ferricyanide, m; Honda MBTH, o; Anthon
MBTH, A; pHBH, o; DNS, e). The x-axis (BSA) is plotted on a logarithmic scale. Turbidity
was observed with the tetrazolium blue and Anthon MBTH assays at high levels of protein.
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16

Optimization of the pHBH plate-based format. (A) Sensitivity of the plate-based pHBH assay
to various sugars (glucose, e; glucosamine, A ; mannose 4p; fructose, m; galactose, o;
arabinose, A; 2-deoxyglucose, o;). To maximize sensitivity, 2-deoxyglucose was incubated
with the pHBH reagent at 100 °C for 20 min (in comparison to a 5 min incubation for all other
sugars examined). (B) Cross reactivity of the plate-based pHBH assay with typical buffers and
additives. (C) Optimization of the phosphatase-assisted detection of sugar-1-phosphate. Up to
7 U alkaline phosphatase was incubated with 40 nmol of glucose-1-phosphate for 1-3 min and
the amount of sugar formed was subsequently determined by the pHBH plate-based assay.
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Figure 4.

Validation of the phosphatase-assisted plate-based pHBH nucleotidyltransferase assay. (A)
The observed rate of glucose-1-phosphate disappearance, under constant substrate
concentrations (2 mM glucose and 2.5 mM UTP), plotted against enzyme concentration. (B)
Determination of steady-state Kinetics via the pHBH assay. Purified S. enterica RmlA (0.3
uM) was incubated with 2 mM glucose-1-phosphate and varying amounts of UTP. Aliquots
were taken every 30s, and assayed by the plate-form pHBH assay. The rates of glucose-1-
phosphate disappearance (corrected for the constant 0.3 uM enzyme concentration) versus UTP
were fit to the Michaelis-Menten equation. (C) Comparison of activities determined by plate-
form pHBH assay and HPLC. The activities of crude lysates from E. coli BL21(DE3) cells
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expressing RmlA variants representing a range of catalytic efficiencies (wild type, Q83A,
Q83S, Q83D, Q83N and Q83E) were assessed by both by plate-form pHBH and standard
HPLC methods at three different time points (2 mM glucose-1-phosphate, 2 mM UTP; reaction
times - 10, 30 and 60 min). The results of the two sets of assays (pHBH versus HPLC) were
plotted against one another (slope of line = 1.02, R? = 0.9884).
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