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1.1 Abstract

The Cori ester a-D-glucose 1-phosphate (aGlc 1-P) is a high-energy intermediate of cellular
carbohydrate metabolism. Its glycosidic phosphomonoester moiety primes oaGlc 1-P for
flexible exploitation in glucosyl and phosphoryl transfer reactions. Two structurally and
mechanistically distinct sugar-phosphate phosphatases from Escherichia coli were
characterized in this study for utilization of aGlc 1-P as phosphoryl donor substrate. The agp
gene encodes a periplasmic aGlc 1-P phosphatase belonging to the histidine acid phosphatase
family. Hadl3 is from the haloacid dehydrogenase-like phosphatase family. First-time
cytoplasmic expression of aGlc 1-P phosphatase (in E. coli Origami B) gave a functional
enzyme preparation (ke for hydrolysis of aGlc 1-P = 40 s™) that was shown by mass
spectrometry to exhibit the native intramolecular disulfide bond between Cys'®*-Cys'®.
Enzymatic hydrolysis of aGle 1-P in H,'®0O solvent proceeded with complete **O-label
incorporation into the phosphate released, consistent with catalytic reaction through O1-P, but
not C1-O bond cleavage. Hydrolase activity of both enzymes was not restricted to a glycosidic
phosphomonoester substrate, and D-glucose 6-phosphate was converted with similar Key as
aGlc 1-P. By examining phosphoryl transfer from aGlc 1-P to an acceptor substrate other than
water (D-fructose, D-glucose), we discovered aGlc 1-P phosphatase to exhibit pronounced
synthetic activity, contrary to Had13, which utilized aGlc 1-P mainly for hydrolysis. By
applying D-fructose in 10-fold molar excess over aGlc 1-P (20 mM), enzymatic conversion
furnished D-fructose 1-phosphate as the main product in 55% overall yield. aGlc 1-P

phosphatase is the first biocatalyst reported for use in transphosphorylation from aGlc 1-P.
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1.2 Introduction

Phosphorylation of sugar substrates is a common biochemical transformation of central
importance to cellular metabolism (1-3). It usually involves phosphoryl transfer from a
phospho-activated donor substrate such as ATP to an acceptor group, typically a hydroxyl, on
the sugar backbone (4-7). Various phosphotransferases (EC 2.7) catalyze sugar
phosphorylation (8-12). In an alternative reaction catalyzed by glycoside phosphorylases (EC
2.4), where phosphorylation occurs exclusively at the sugar’s anomeric position, a glycosyl
residue is transferred from a sugar donor substrate to phosphate (Scheme 1A) (13, 14). The
phosphomonoester moiety attached to sugars is a key element of biological recognition, across
all steps of glycolysis for example, and it serves to prime sugars for further conversion in
different biochemical pathways (15-18). It is known from intracellular metabolite profiling
studies that concentration changes of common sugar phosphates (e.g. D-glucose 6-phosphate,
Glc 6-P; D-fructose 6-phosphate, Fru 6-P) are often linked to major alterations in cellular
physiology (19-22). Due to the requirement of authentic reference material in different
biological investigations, there is considerable interest in the synthetic preparation of sugar
phosphates (20). Technologically, sugar phosphates are applied as nutritional supplements and
taste enhancers in food and feed products; moisturizing ingredients in cosmetics; ionic

surface-active reagents in detergents; and building blocks of new polymers (23-25).

Naturally known phosphorylation reactions have been exploited with mixed success for the
biocatalytic synthesis of sugar phosphates. Glycosyl transfer to phosphate is fundamentally
limited in application to hexose 1-phosphate products, and the relatively narrow substrate
scope of glycoside phosphorylase reactions restricts one to just a few glycosyl phosphates for

which effective production has been demonstrated at preparative scale (e.g. a- and BGlc 1-P
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(26, 27), a-D-galactose 1-phosphate (28)). Phosphotransferase reactions by contrast offer
convenient access to a large diversity of sugar phosphate products, as shown for nucleoside
triphosphate dependent phosphorylation of various hexose substrates by sugar kinases for
example (29-33). However, high costs of the phospho-activated donor substrate and enzyme
inhibition by the resulting dephosphorylation product (e.g. ADP from ATP) necessitate that
the phosphoryl donor is supplied in only catalytic amounts and therefore regenerated
continuously during the reaction (Scheme 1B) (34, 35). However, this makes the biocatalytic
phosphoryl transfer a technically complex overall transformation of currently limited use in

sugar phosphate synthesis.

Transphosphorylation catalyzed by phosphatases in an alteration of their natural
phosphomonoester hydrolysis reaction was therefore considered as alternative route towards
sugar phosphates (Scheme 1C) (36-39). Under conditions where sugar was present in a
concentration high enough to outcompete effectively the reaction with water, some
phosphatases (e.g. acid phosphatase) promoted sugar phosphate formation in moderate (e.g. D-
mannose 6-phosphate; 15%) to excellent yields (e.g. Glc 6-P; up to 95%) (37). Usage of
expedient phosphoryl donor substrates such as inorganic pyro- or oligo-phosphate was
advantageous. However, high preponderance of donor substrate hydrolysis, fast secondary
hydrolysis of sugar phosphate product, and combined inhibition and mass action effects of the
released phosphates (Scheme 1C) were critical issues of phosphatase-catalyzed synthesis (40,
41). Identification of transphosphorylation systems with improved synthetic efficacy would
therefore be important. Herein a new approach of biocatalytic transphosphorylation from the

Cori ester aGlc 1-P was examined.
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aGlc 1-P is a central intermediate of cellular carbohydrate metabolism. Its free energy of
hydrolysis (AG°_hydrolysis) at 25 °C is —5.0 kcal/mol, which is similar to pyrophosphate
(AG®°_hydrolysis = —4.6 kcal/mol) and places aGlc 1-P slightly below ATP (AG®_hydrolysis
= —7.3 kcal/mol) in terms of energy content (2). aGlc 1-P is produced conveniently from
different saccharides, especially from sucrose (26). Its glycosidic phosphomonoester group
primes aGlc 1-P for flexible exploitation in glucosyl and phosphoryl transfer reactions,
however up to now, biocatalytic use of aGlc 1-P was restricted entirely to glucoside synthesis
(e.g. (42, 43)). Considering that phosphorylation of sugar substrates was desired, we reasoned
that aGlc 1-P active phosphatases might also exhibit suitable preference for sugars as
phosphoryl acceptors. The notion was put to critical test by studying two structurally and
mechanistically distinct sugar-phosphate utilizing phosphatases that we selected from

Escherichia coli.

aGlc 1-P phosphatase is the agp gene product, and the enzyme is located to the E. coli
periplasm (44). Crystal structure of the enzyme complex with glucosyl phosphate ligand
reveals a two-domain protein topology typical of members of the high-molecular-weight
histidine acid phosphatase family (45). The protein fold comprises a discrete a-helical domain
next to a o/f domain and a catalytic center located in a deep cleft between the two domains

(Figure 1A) (45). The aGlc 1-P phosphatase structure exhibits 3 disulfide bridges between

384 392

Cys* and Cys*®, Cys™® and Cys'®, as well as Cys*®* and Cys>* (45). The active site contains
a highly conserved histidine (His'®, substituted by Ala in Figure 1B) that is thought to function
as catalytic nucleophile. Asp*® is the likely general acid-base catalyst, and the
phosphomonoester group of aGlc 1-P is held tightly in place through a cluster of positively

charged residues (Arg'’, Arg?, Arg®, His?®?) (45). The proposed catalytic reaction of aGlc 1-

11
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P phosphatase follows a double displacement-like mechanism via a covalent phospho-

histidine intermediate, as shown in Scheme 2A.

The second phosphatase studied was Had13, which belongs to the haloacid dehalogenase-like
phosphatase family (46). The Hadl13 structure, which was solved in the absence of ligands
except for bound metal ion (Mg®"), comprises a modified Rossmann fold-like o/B-core
domain that has a smaller “cap” domain on its top (Figure 1C) (47). The active site is located
at the interface of the two domains and contains two key Asp residues (Figure 1D), which are
highly conserved and where one of which is believed to function as the catalytic nucleophile
(Asp™®) and the other to function as the general acid-base (Asp'?). Conserved Asp residues
(Asp??!, Asp?®®) function in the coordination of Mg** (48, 49). By similarity to other Had-type
enzymes (50), the substrate’s phosphoryl group is probably accommodated in Had13 through
Thr** and Lys'®®. Catalytic reaction of Hadl3 is proposed to occur in two steps via a

covalently modified aspartyl-phosphate enzyme (Scheme 2B).

In both aGlc 1-P phosphatase and Hadl3, the phospho-enzyme intermediate is the potential
source of transphosphorylation activity, considering that dephosphorylation of the enzyme
could occur to a sugar acceptor rather than water. Herein we report recombinant production
and isolation of both enzymes, and their detailed characterization in the conversion of aGlc 1-

P under hydrolysis-only and transphosphorylation conditions.

12
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1.3 Materials and methods

1.3.1 Chemicals and reagents.

Unless stated, all chemicals were of highest purity from Sigma-Aldrich (Vienna, Austria) or
Roth (Karlsruhe, Germany). GeneJET genomic DNA purification kit was from Thermo Fisher
Scientific (Waltham, USA). Oligonucleotides were from Sigma-Aldrich. DNA sequencing
was performed at LGC Genomics (Berlin, Germany). Electrocompetent E. coli Origami B
(DE3) cells were from Novagen (Merck KgaA, Darmstadt, Germany). H,™0 (97% isotopic
purity) was from Sigma-Aldrich. The sodium salts of aGlc 1-P, Glc 6-P, Fru 6-P, and
pyrophosphate were from Sigma-Aldrich. The barium salt of Fru 1-P was also from Sigma-
Aldrich. Phytate (sodium salt) was from Roth. The potassium salt of BGlc 1-P (27) was from
Prof. Tom Desmet (Ghent University, Belgium). N,O-bis(trimethylsilyl)trifluoroacetamide
with 1% trimethylchlorosilane (BSTFA/1%TMCS) and pyridine were from Sigma-Aldrich.
Purified preparations of sucrose phosphorylase from Leuconostoc mesenteroides (SPase) (51)
and mannitol 1-phosphate dehydrogenase from Aspergillus fumigatus (52) were obtained by

reported procedures.

1.3.2 Molecular cloning, expression and purification of aGlc 1-P
phosphatase and Had13.

The agp gene was amplified from genomic DNA of E. coli BL21-Gold (DE3). The native
signal sequence was removed, and an N-terminal Strep-tag was added. The final construct was
cloned into linearized pMS470_dsbC vector via Gibson assembly (53), and the plasmid vector

was then transformed into E. coli Origami B (DE3) cells. The detailed experimental procedure

13
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is given in the Appendix. The vector p15TvL-Had13, encoding an N-terminally His-tagged

Had13 (46), was transformed into electrocompetent E. coli BL21-Gold (DE3) cells.

Recipient E. coli strains were cultivated in 1-L baffeled shaken flasks at 37°C and 110 rpm
using Lennox-medium containing 0.115 mg/mL ampicillin. When ODgg had reached 0.8,
temperature was decreased to 18 °C prior to induction with isopropyl-p-D-
thiogalactopyranoside (0.01 mM, aGlc 1-P phosphatase; 0.4 mM, Had13). After 20 h, cells
were centrifuged at 4°C and 4,420 g for 30 min (Sorvall RC-5B Refrigerated Superspeed
centrifuge; Du Pont Instruments, Newtown, USA). The pellet was resuspended in 50 mM
Mes, pH 7.0 (aGlc 1-P phosphatase) or 50 mM Hepes (Had13), pH 7.0, and frozen at —20°C.
Thawed cell suspension was passed twice through a French pressure cell press (American
Instruments, Silver Springs, USA) at 150 bar, and cell debris was removed by centrifugation

at 4°C, 20,000 g for 30 min.

aGlc 1-P phosphatase was isolated from the crude extract using a Strep-Tactin Sepharose
column (IBA, Gottingen, Germany), using a general protocol described elsewhere (51). Had13
was isolated using a Cu®*-loaded IMAC Sepharose High Performance column (GE
Healthcare, Little Chalfont, U.K.) operated according to standard procedures. Pooled fractions
containing aGlc 1-P phosphatase or Had13 were loaded on a Fractogel EMD-DEAE column
(Merck, Darmstadt, Germany) and purified according to standard protocol. Buffer exchange to
50 mM Mes, pH 7.0 (aGlc 1-P phosphatase) or 50 mM Hepes, pH 7.0 (Had13) was performed
using Amicon Ultra-15 Centrifugal Filter Units (Millipore, Billerica, USA). Note: Unless
mentioned, all further experiments were done in 50 mM Mes (aGlc 1-P phosphatase) or 50
mM Hepes supplemented with 5.0 mM MgCl, (Had13) buffer, each pH 7.0. Purification was

monitored by SDS-PAGE; protein bands were visualized by silver staining.

14
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1.3.3 CD spectroscopy.

Far-UV CD spectra of aGlc 1-P phosphatase (0.4 mg/mL) and Had13 (0.7 mg/mL) were
recorded at 25°C on a Jasco J715 spectro-polarimeter (JASCO Inst.,, Gross-Umstadt,
Germany). CD spectra were collected in the wavelength range 190 — 260 nm at a scan speed
of 100 nm/min using a bandwidth of 2.0 nm and a response time of 1.0 s. All spectra were
recorded in a 0.01 cm cuvette. For each sample, 10 spectra were recorded, averaged, and
buffer signal substracted. CD spectra were evaluated by using Dichroweb (54) with reference

database No. 4.

1.3.4 Mass spectrometry.

For sample preparation, purified aGlc 1-P phosphatase (5 pg) was incubated with 20 mM
iodoacetamide (IAA) solution for 30 min at 37°C and digested with modified trypsin
(Promega, Madison, USA) (55), and/or with 0.5 pg chymotrypsin (Roche Applied Sciences,
Penzberg, Germany) in 50 mM ammonium bicarbonate and 10 mM CaCl,. For MS analysis,
digests were acidified to 0.1% formic acid and separated by nano-HPLC (Dionex Ultimate
3000) equipped with a p-precolumn (C18, 5 um, 100 A, 5 x 0.3 mm) and a Acclaim PepMap
RSLC nanocolumn (C18, 2 um, 100 A, 150 x 0.075 mm) (all Thermo Fisher Scientific).
About 0.5 pg of digested protein were injected and concentrated on the enrichment column for
2 min at a flow rate of 20 pL/min with 0.5 % trifluoroacetic acid as isocratic solvent.
Separation was carried out on the nanocolumn at a flow rate of 300 nL/min using the
following gradient, where solvent A is 0.05% trifluoroacetic acid in water and solvent B is
0.05% trifluoroacetic acid in 80% acetonitrile: 0-2 min: 4% B; 2-70 min: 4-28% B, 70-94

min: 28-50% B, 94-96 min: 50-95% B; 96-116 min: 95% B; 116-116.1 min: 95-4% B, 116.1-

15
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140 min: re-equilibration at 4% B. The sample was ionized in the nanospray source equipped
with stainless steel emitters (ES528, Thermo Fisher Scientific) and analyzed in a Orbitrap
velos mass spectrometer (Thermo Fisher Scientific) operated in positive ion mode, applying
alternating full scan MS (m/z 400 to 2000) in the ion cyclotron and MS/MS by higher-energy
collisional dissociation of the 20 most intense peaks with dynamic exclusion enabled. The
LC-MS/MS data were analyzed by searching a database containing the protein sequences of
aGlc 1-P phosphatase and known background proteins with Mascot 2.3 (MatrixScience,
London, UK). Search criteria were charge 2+ or 3+, precursor mass error 0.05 Da, and product
mass error 0.7 Da, and carbamidomethylation, oxidation on methionine, -2H on cysteine
(disulfide) as variable modifications. A maximum false discovery rate of 0.05 using decoy
database search, an ion score cut off of 20 and a minimum of 2 identified peptides were

chosen as protein identification criteria.

1.3.5 Assays.

Specific activity of aGlc 1-P phosphatase and Had13 was determined at 37 °C and pH 7.0
using 20 mM aGlc 1-P as substrate. Reaction was started by addition of aGlc 1-P phosphatase
(0.1 pM) and Had13 (0.2 pM), and release of free phosphate was measured over 75 min.

Inorganic phosphate was determined colorimetrically at 850 nm (56).

aGlc 1-P and Glc 6-P were measured in a coupled enzymatic system with
phosphoglucomutase and Glc 6-P dehydrogenase (57). Fru 6-P was measured using an assay
with mannitol 1-phosphate dehydrogenase (52). Fru 1-P was measured indirectly from the
phosphate mass balance for substrate consumed (A[aGlc 1-P]) and products formed (equation

1), or directly using HPAEC-PAD (see later).
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AloGlc 1-P] = [Fru 1-P] + [Glc 6-P] + [Fru 6-P] + [phosphate] 1)

The total protein concentration was measured using Roti-Quant assay referenced against BSA

(58).

1.3.6 Inorganic phosphate-water medium **O exchange during
hydrolysis of aGle 1-P.

All reaction mixtures were prepared from H,0 (97%) to give a final **0 isotopic purity of
the water solvent of 90%. Phosphatase reactions were done using 2.0 mM aGlc 1-P as the
substrate. The standard Mes and Hepes buffers were used. Phosphorylase reaction was done in
50 mM Mes buffer, pH 7.0, using 1.0 mM aGlc 1-P. Reactions were started by adding
enzyme (aGle 1-P phosphatase: 0.1 uM, Had13: 1.0 uM, sucrose phosphorylase: 14 uM) to
substrate solution at 37 °C. Incubations proceeded for 2 h using agitation at 650 rpm in an
Eppendorf thermomixer. Reactions were stopped by heating (99°C, 5 min). Control reactions
were carried out in exactly the same way using normal H,'°0 instead of H,'®0. Conversion of

aGlc 1-P substrate was 90% or higher in each sample.

Incorporation of ®0-label into phosphate was analyzed by GC-MS. Samples were dried in a
SpeedVac for 3 h and derivatized with BSTFA/1%TMCS, in pyridine (1:2, by volume).
Analysis was performed using a Trace DSQ Single Quadrupole GC-MS instrument (Thermo
Scientific). The following GC parameters were used: injection volume, 1 pL; injector
temperature, 250 °C; carrier gas, He; carrier gas flow, 1mL/min; column, HP-5MS (60 m, ID
0.250 mm, film thickness 0.25 pm) from Agilent (Waldbronn, Germany). The temperature
gradient was as follows: starting temperature, 110 °C for 4 min; ramp to 300 °C at a heating

rate of 20 °C/min; final hold time, 10 min. The MS was operated in EI mode (source
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temperature: 280 °C) and the detected mass range was 50 - 700 m/z. The extracted ion
chromatograms of m/z 299 and m/z 301 were integrated using the Xcalibur 1.4 software

(Thermo Scientific).

1.3.7 Phosphatase Kinetics.

Hydrolysis reactions were carried out at an initial substrate concentration of 20 mM. The
different substrates used are summarized in Table 1. Reactions were started by addition of
enzyme (aGlc 1-P phosphatase, 0.1 uM; Had13, 0.2 uM), and incubations continued for up to
150 min at 37°C and a thermomixer agitation rate of 650 rpm. Samples were taken in 15 min
(aGlc 1-P phosphatase) or 30 min (Hadl3) intervals, heat-treated (99°C, 5 min), and
centrifuged at 20,000 g for 5 min. The release of phosphate was measured, and the initial rate
V (MM min™) was determined from the linear relationship between phosphate concentration
and time. Apparent turnover frequencies (Keat_app; s™) were calculated with equation 2, where
[E] is the molar enzyme concentration, determined from the protein concentration assuming a

molecular mass of 31 kDa for Had13 and 45 kDa for aGlc 1-P phosphatase.

Keat_app = V/[E] (2)

1.3.8 Phosphoryl transfer studies.

Reactions were performed as described above (Phosphatase kinetics) using 20 mM aGlc 1-P
as the donor substrate. Fru (100, 200, 400 or 600 mM) or Glc (200 mM) was used as the
acceptor substrate. Samples taken at certain times were analyzed for phosphate, aGlc 1-P, and
Glc 6-P. When Fru was the acceptor, Fru 1-P and Fru 6-P were additionally measured in each

sample. Sampling was done to allow for determination of initial rates, but the full reaction
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time course was also recorded. Relevant Kea app Values for substrate consumption, phosphate
release, and phosphoryl transfer were obtained from the corresponding V values using

equation 2. Internal consistency of the data was always checked by mass balance.

1.3.9 pH dependence of phosphoryl transfer.

Reactions (0.1 pM enzyme) contained 20 mM of each aGlc 1-P and Fru, and Keat app Was
determined from V for consumption of aGlc 1-P or formation of Fru 1-P. The pH range
analyzed was 4.0 — 8.0. A 50 mM Mes buffer was used, except at pH < 6.0 where 50 mM Mes
and 20 mM sodium acetate were used, and at pH 8.0 where 50 mM Mes and 50 mM Tes were
used. Buffer pH values were adjusted at 37 °C and controlled before and after recording each

enzyme-catalyzed reaction. Sampling and analyses were as described above.

For data analysis by non-linear least-squares regression, SigmaPlot 2004 version 9.0 was used.
Equation 3 describes a pH dependence where activity (expressed as logarithmic Kcat app) 1S
constant at low pH and decreases above pK,. C is the pH-independent value of ke app at the
optimum state of protonation, K is the proton dissociation constant and [H] is the proton

concentration.

log(Keat_app) = 10g(C/(1 + K/[H'])) (3)
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1.3.10 High performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD).

Selected samples were analyzed on a Dionex BioLC system (Dionex Corporation, Sunnyvale,
USA) equipped with a CarboPac PA10 column (4 x 250 mm) and an Amino Trap guard
column (4 x 50 mm) thermostated at 30 °C. Glc, Fru, aGlc 1-P, Glc 6-P, Fru 1-P and Fru 6-P
were detected with an ED50A electrochemical detector using a gold working electrode and a
silver/silver chloride reference electrode, applying the predefined waveform for carbohydrates.
Elution was carried out at a flow rate of 0.9 mL/min with the following method: isocratic flow
of 52 mM NaOH for 20 min, followed by a linear gradient from 100 mM NaOAc to 400 mM
NaOAc, applied within 25 min in an isocratic background of 100 mM NaOH. The column
was washed for 5 min with 52 mM NaOH. Under the conditions applied, Glc eluted after 10.2
min, Fru after 11.8 min, aGlc 1-P after 30.3 min, Glc 6-P after 36.6 min, Fru 1-P after 37.2

min and Fru 6-P after 39.1 min.

1.3.11 NMR spectroscopic measurements.

For sample preparation, 20 mM aGlc 1-P and 200 mM Fru were incubated with 0.1 uM aGlc
1-P phosphatase at 37°C for 75 min. The reaction was stopped by heating (99°C, 5 min). After
centrifugation at 20,000 g for 5 min, the supernatant was applied on a DEAE FF column (GE
Healthcare, Little Chalfont, U.K.), pre-equilibrated with deionized water. Unbound, non-
charged monosaccharides were removed by washing with deionized water. Elution of
phosphorylated reaction products was accomplished by using 50 mM NaCl. Fractions
containing the phosphorylated product were pooled and concentrated by lyophilisation, prior

to NMR analysis.
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For NMR analysis, the isolated compound was dissolved in D,O (~5 mg in 0.7 mL) and
transferred into 5 mm high precision NMR sample tubes. Measurements were performed on a
Bruker DRX-400 at 400.13 MHz (*H) using the Topspin 1.3 software. 1D *H NMR spectra
were recorded by acquisition of 64 k data points and Fourier transformation resulting in
spectra with a range of 14 ppm. To determine the 2D COSY, TOCSY, and NOESY spectra
128 experiments with 2048 data points each were recorded and Fourier transformed to 2D-
spectra with a range of 10 ppm. Measurement temperature was 298 K +/- 0.05 K and external

acetone was used as shift reference standard (6y 2.225).

1.3.12 Isolated compounds.

B-D-fructopyranose 1-phosphate - *H NMR (D,0): & = 3,99 (1H, m, H-6a), 3.93 (1H, m, H-
3), 3.84 (1H, m, H-4*), 3,82 (1H, m, H-1b), 3,81 (1H, m, H-1a), 3.77 (1H, m, H-5%), 3.65
(1H, m, H-6b); *C NMR (D,0): & = 96.3 (5,C-2), 71.9 (d, C-3), 71.8 (d, C-4*), 70.5 (d, C-
5%), 68.6 (t, C-6), 66.2 (t, C-1); *P NMR (D,0): & = 5.5 (RO-POHy,); other isomers regarding
anomeric form and pyrano/furano form are present in negligible concentrations; [*] shifts are

not unequivocally assignable.

1.3.13 Molecular docking studies.

AutoDock 4.2 as implemented in Yasara V 11.11.21 was used for enzyme-ligand docking.
The AMBERO3 force field and the default parameters provided by the standard docking
macro were used, except that the number of runs was increased to 50. The structure of aGlc 1-
P phosphatase (His**—Ala mutant; pdb entry 1nt4) was used as macromolecule in molecular

docking experiments that employed aGlc 1-P or aGlc 6-P, each as di- or mono-anion, as the
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ligand. 3D coordinates of the ligands were generated from SMILES strings using Chimera

(http://www.cgl.ucsf.edu/chimera). Docking was performed with Asp?® protonated or

unprotonated. The ligand was placed flexible into the enyzme active site that was covered
completely by the applied search space of 15 x 10 x 10 A. Docking poses were evaluated by
their associated free energy and mechanistic plausibility. PyMOL (http://www.pymol.org) was

used for visualization.

1.4 Results

1.4.1 Enzyme preparation and characterization.

Homologous overexpression of the agp gene in E. coli results in accumulation of recombinant
enzyme in the periplasmic space whereby the 22 amino acid-long N-terminal targeting
sequence appears to be processed off correctly (59, 60). We considered the possibility of
keeping the recombinant aGlc 1-P phosphatase in the E. coli cytoplasm, but the presence of
disulfide bonds in the protein structure presented critical conjuncture for protein production
under these conditions. E. coli Origami B was therefore selected as expression host, and the
endogenous disulfide bond isomerase (DsbC) was co-overexpressed from the plasmid vector
used (61). The final aGlc 1-P phosphatase construct had the targeting sequence deleted and an
N-terminal Strep-tag added for facilitated recovery. Recombinant enzyme was isolated from
induced cells in a yield of about 1 mg/L culture, which is significantly lower than reported
protein yield from periplasmic expression (40 mg/L) (60). Cytoplasmic production of aGlc 1-
P phosphatase was useful nonetheless, because absence of N-terminal processing in the

cytoplasm offered flexibility in modifying the N-terminus with a functional tag.
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Had13 was obtained as N-terminally His-tagged protein (46) in a yield of about 500 ug
protein/L cell culture. SDS-PAGE showed high purity of both enzymes (Figure Al), and it
also confirmed that aGlc 1-P phosphatase and Hadl3 had been isolated in the expected
molecular size of 45 and 31 kDa, respectively. Purified proteins were used in all experiments

to be reported later.

Phosphatase activity was determined in standard assays measuring release of phosphate from
aGlc 1-P (20 mM). The specific activity of aGlc 1-P phosphatase was 58 U/mg; that of
Had13 was 24 U/mg, measured in the presence of 5.0 mM MgCl,. In the absence of Mg?*, the

specific activity of Had13 was lowered by about 150-fold.

Far-UV circular dichroism (CD) spectra from solutions of aGlc 1-P phosphatase and Had13
are shown in Figure A2. Estimates of the relative content of secondary structural elements in
each protein are summarized in Table Al where they are compared to data derived from the
experimental protein structures. There is variation in the mixed a-f3 compositions determined
from CD spectrum and crystal structure; however, the results agree in showing that a-helices
were present in slight excess over B-strands and that a substantial portion of the structure was
classified as unordered. While it is impractical to conclude correctness of folding from the
data presented, there is no hint at major protein misfolding in the recombinant enzyme

preparations used.

Liquid chromatography-tandem mass spectrometry was applied to the determination of
disulfide bond(s) in the as-isolated preparation of recombinant aGlc 1-P phosphatase. Protein
digests with trypsin or chymotrypsin were resolved to 62% overall sequence coverage, 214

peptides, 37 unique peptides, and a Mascot score of 6046 (Figure A3). Identity of one of the
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three native disulfide bonds (Figure 1A) between Cys™®® and Cys'®® was confirmed
unambiguously from the peptide KDSPACKEKQQCSLVDGKNTF (ion score: 34; expect
0.00042). Figure A4 shows the corresponding mass spectrum and ion table. The two
remaining disulfide bridges could not be detected directly, probably due to unsuitable
cleavage sites producing too large crosslinked peptides outside of the detectable mass range.
However, the results are clear in showing that disulfide bond formation has been possible in

principle under the expression conditions used.

1.4.2 Mechanistic characterization of aGlc 1-P hydrolysis using
80 labeling.

The proposed catalytic reactions of aGlc 1-P phosphatase and Had13 (Scheme 2) share the
mechanistic features that the O1-P bond of substrate is cleaved, and that water (from solvent)
attacks a phospho-enzyme intermediate in the dephosphorylation step of the overall hydrolytic
conversion of aGlc 1-P (Scheme 2). Contrary to uncatalyzed and glycosidase-like catalyzed
hydrolysis of aGlc 1-P where the C1-O bond is broken and water is incorporated to the
anomeric glucosyl carbon, the phosphatase reaction is expected to result in water addition to
phosphorus. Measurement of 20 label incorporation from an isotopically enriched water
solvent is therefore useful to distinguish between the two mechanistic possibilities. Enzymatic
conversions of 2.0 mM aGlc 1-P were carried out in H,™0 (90% 20 content in the final
reaction mixture) and in normal water (control). aGlc 1-P was depleted fully in each reaction.
GC-MS analysis was used to determine the isotopic composition of the phosphate released. A
tris(trimethylsilyl) phosphate (TMS-phosphate) species was analyzed. Under electron
ionization conditions as described in literature (62) and confirmed in our experiments, the

TMS-phosphate molecular ion at m/z 314 fragments due to loss of one methyl group and
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major ion at m/z 299 is formed. Results are summarized in Figure 2 in a form where the peak
area ratio at m/z 301 (TMS-phosphate containing one atom of **0 next to three °0 atoms) and
m/z 299 (unlabeled TMS-phosphate containing only **O atoms) is plotted. Full analytical
details along with the experimental GC-MS chromatograms are provided in Figure A5.
Reactions in normal water gave a peak area ratio of 0.13, which is consistent with the natural
80/*0 isotope ratio in phosphate calculated with IsoPro 3.1. Reactions in *O-enriched
solvent gave much larger peak area ratios (up to 65-fold increase) than the corresponding
controls, clearly indicating *2O label incorporation from solvent to phosphate under these
conditions. We also performed a mechanistic control where sucrose phosphorylase was
incubated with aGlc 1-P in H,™0 solvent. aGlc 1-P was hydrolyzed by the phosphorylase
without detectable labeling of the phosphate released (Figure 2), as expected from the
catalytic mechanism. Therefore, these results strongly support the notion that enzymatic
hydrolysis of aGlc 1-P by aGlc 1-P phosphatase or Hadl3 proceeds via the canonical
phosphomonoester hydrolase mechanism where bond cleavage and formation occurs at

phosphorus, as shown in Scheme 2.

1.4.3 Phospho-donor substrate utilization by aGlc 1-P
phosphatase and Had13 in hydrolysis.

A series of phosphorylated sugars (Table 1) were tested as substrates for hydrolysis by each
phosphatase. Apparent turnover frequencies (Keat app) determined at 20 mM substrate
concentration are summarized in Table 1. Both enzymes exhibited high selectivity for
hydrolyzing aGlc 1-P as compared to BGlc 1-P, which was completely inactive towards aGlc
1-P phosphatase and hardly converted by Hadl3. Phospho-sugars harboring the

phosphomonoester group at a primary hydroxyl (Glc 6-P; Fru 6-P; D-fructose 1-phosphate,
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Fru 1-P) were utilized by both enzymes with high activity, the respective Kea app being
comparable within a 2-fold range to the Kea app for conversion of aGlc 1-P. With all sugar
phosphates tested, aGlc 1-P phosphatase was the faster phosphatase than Had13.
Pyrophosphate and phytate (myo-inositol hexakisphosphate) were also examined as enzyme
substrates, and reactions were performed at pH 7.0 and pH 4.5 (50 mM sodium acetate).
Pyrophosphate was not hydrolyzed which is interesting because it is an excellent substrate for
many acid phosphatases (39, 63). aGlc 1-P phosphatase was weakly active with phytate, but
only at the low pH of 4.5 where the phytate is no longer strongly complexed with metal ions

(64).

1.4.4 Enzymatic transphosphorylation: aGlc 1-P phosphatase
catalyzes efficient phosphoryl transfer from aGlc 1-P to the 6-
hydroxyl of an external Glc acceptor.

During time-course studies of hydrolysis of aGlc 1-P (20 mM) by aGlc 1-P phosphatase we
noticed that in a late phase of the reaction (> 70% substrate conversion) the molar
concentration of phosphate released did not match up exactly (> 10%) to the aGlc 1-P
consumed. Analysis of the reaction mixture by HP anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) revealed the presence of a new phosphorylated
sugar, which was found to co-elute with an authentic Glc 6-P standard. The presence of Glc 6-
P in the reaction sample was confirmed unambiguously using an enzymatic assay based on
selective NAD" dependent oxidation of Glc 6-P by Glc 6-P dehydrogenase. We also
determined that the amount of Glc 6-P formed accounted precisely for the phosphate missing
in the balance with aGlc 1-P converted. Interestingly, samples from Had13 reaction carried

out under otherwise identical conditions did not contain Glc 6-P, and there was close balance
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between phosphate formation and aGlc 1-P consumption. The synthesis of Glc 6-P during
conversion of aGlc 1-P was suggested to have resulted from an enzymatic
transphosphorylation reaction in which aGlc 1-P was the donor, and the Glc formed in prior
hydrolysis was the acceptor. Mechanistically, the substrate's phosphoryl group would be
transferred to the catalytic His'® of the enzyme, and dephosphorylation of aGlec 1-P
phosphatase could then occur by reaction with water (hydrolysis) or Glc (phosphoryl
transfer). Because phosphoryl transfer would take place in competition with hydrolysis, the
Glc concentration was expected to be decisive for efficient utilization of aGlc 1-P for

synthesis of Glc 6-P.

We therefore repeated enzymatic conversion of aGle 1-P (20 mM), but now added 200 mM
Glc as external phosphoryl acceptor at reaction start. Figure A6 shows Glc 6-P production in
relation to aGlc 1-P consumption along time courses of reaction catalyzed by aGlc 1-P
phosphatase. Formation of free phosphate is also shown. Using aGlc 1-P phosphatase, Glc 6-
P was formed in large amounts, accounting for nearly all of the aGlc 1-P cleaved in the
enzymatic reaction. Compared to the control reaction lacking Glc, the phosphate release rate
was suppressed to a large extent (~10-fold). The Kea app OF phosphate formation was just 4 s™
under these conditions. Data in Figure A6 were furthermore used to calculate Kcat app Values of
34 s and 40 s™ for Glc 6-P synthesis and aGlc 1-P consumption, respectively. Apparent
turnover frequencies for the overall conversion were therefore similar in the absence and
presence of Glc. However, it must be emphasized that the observable Keat app (aGlc 1-P) in the
presence of Glc sets only a lower limit to the true turnover frequency of the enzyme under the
transphosphorylation conditions used because there is also the possibility of a futile re-

synthesis of aGlc 1-P that cannot be detected with the applied analytical methods. Conversion
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of aGlc 1-P into Glc 6-P is formally equivalent to the phosphoglucomutase reaction, which
however involves positional rearrangement of the phosphomonoester group within the same
glucose molecule between 06 and a-O1 (7). Equilibrium of the phosphoglucomutase reaction
strongly favors Glc 6-P (65). Synthesis of Glc 6-P by enzymatic transphosphorylation
proceeded through a kinetic optimum of about 10 mM Glc 6-P (Figure A6). At longer reaction

times, Glc 6-P was hydrolyzed completely.

Contrary to aGlc 1-P phosphatase, Had13 produced only minute amounts of Glc 6-P when
Glc was added to the reaction with aGlc 1-P. The Kea app for Glc 6-P synthesis was
determined as 0.3 s*, which is 22-fold lower than the hydrolysis Kcat app under these
conditions. Further studies of enzymatic transphosphorylation therefore focused mainly on

aGlc 1-P phosphatase.

1.4.5 Synthesis of Fru 1-P by enzymatic transphosphorylation
from Glc 1-P.

When Fru (200 mM) was added to conversions of aGlc 1-P (20 mM) by aGlc 1-P
phosphatase, there was the interesting effect that compared to the control reaction performed
in the absence of Fru the aGlc 1-P consumption rate was enhanced about 3-fold (Kcat app = 137
s‘l) whereas the phosphate release rate was decreased about 2-fold at the same time (Kcat_app =
18 ). Therefore, this provided clear indication that phosphoryl transfer from aGlc 1-P to an
acceptor other than water, likely Fru, constituted the major route of phosphoryl donor
substrate utilization under the conditions used. Using analysis by HPAEC-PAD, formation of
new sugar phosphate products was confirmed (see later). Comparison of Kea app under
hydrolysis-only and phosphoryl transfer conditions revealed that aGlc 1-P phosphatase was

somehow "activated" in the presence of external acceptor. In the proposed scenario of

28



1 Phosphoryl transfer from a-D-glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases of two
protein-superfamily types

enzymatic transphosphorylation where an otherwise hydrolyzed phospho-enzyme intermediate
is intercepted by acceptor, enhancement of Kea app in the presence of Fru is possible when
enzyme dephosphorylation is a slow step of the overall hydrolysis process, and is accelerated
by the reaction with Fru. Consistent with this notion, we showed that Kea app (0Glc 1-P)
increased about 5-fold in hyperbolic dependence of the Fru concentration (100 — 600 mM;
Table 2), approaching a calculated maximum value of 254 s™ at saturating concentrations of
the phosphoryl acceptor (Figure A7). An apparent Ky for Fru of 209 mM was determined
from the data. Table 2 summarizes results of comprehensive kinetic analysis of enzymatic
transphosphorylations at different Fru acceptor concentrations. Expressed in apparent first-
order rate constants, the phosphate release rate was suppressed strongly in the presence of
acceptor, to less than one-tenth the aGlc 1-P consumption rate under conditions of 600 mM
Fru. Formation of Glc 6-P occurred at a very low rate. Synthesis of Fru 6-P took place at
about one-fourth the rate of Fru 1-P formation, irrespective of the Fru concentration used. We
plotted in Figure 3A the ratio of the total transphosphorylation rate (Fru 1-P, Fru 6-P, Glc 6-
P) and the aGlc 1-P consumption rate and show its dependence of the Fru concentration. The
ratio approached a value of unity at high Fru, consistent with the mechanistic notion that
externally added (Fru) and in situ formed (Glc) acceptors compete effectively with water for
reaction with the phospho-enzyme intermediate. Various phosphatases related to aGlc 1-P
phosphatase by common membership to the histidine acid phosphatase family of proteins
exhibit their optimum activity in the acidic pH range (< 5.0) (66, 67). We therefore
determined pH dependencies of Keat app for aGlc 1-P consumption and Fru 1-P synthesis by
aGlc 1-P phosphatase in the pH range 4.0 — 8.0. Activity was constant in the pH range 4.0 —
6.0 and gradually decreased at higher pH. Activity at the standard pH of 7.0 was still 88% of

the activity at optimum pH. Interestingly, the pH-rate profiles for aGlc 1-P consumption and
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Fru 1-P synthesis were identical (Figure 3B), indicating that partitioning of the phospho-
enzyme intermediate between reaction with Fru and reaction with water is not dependent on

pH.

A complete time course of conversion of aGlc 1-P in the presence of 200 mM Fru is shown in
Figure 3C. From the phosphate concentration present at the time when aGlc 1-P was
completely exhausted we determined the total concentration of transphosphorylation
product(s) as 16 mM, corresponding to a yield of 80% based on donor substrate utilized.
Using HPAEC-PAD analysis referenced against authentic standards, we showed that Fru 1-P
was the main product (12 mM), and Fru 6-P (2.7 mM) and Glc 6-P (1.0 mM) were formed as
by-products. However, Glc 6-P appeared mainly in the late phase of the reaction when
substantial concentrations of Glc (> 10 mM) had already accumulated. The molar ratio of Fru
1-P to Glc 6-P decreased during the reaction from an initial value of 20 to about 10 at
conversion end (Figure A7). Phosphorylation of Glc occurred despite Fru being present in
about 20-fold molar excess, reflecting the acceptor substrate selectivity of aGlc 1-P
phosphatase. We also noticed that in spite of the pronounced hydrolase activity of aGlc 1-P
phosphatase towards each sugar phosphate synthesized in the reaction (Table 1), no loss of
transphosphorylation product to secondary hydrolysis occurred in the timespan of the
experiment. Unlike other phosphatase-catalyzed transphosphorylation reactions in which
product Kinetic stability presented a problem to synthetic application of the biocatalytic
transformations (37, 38), sugar phosphates were formed from aGlc 1-P as if they were real
equilibrium products (Figure 3C), thus enabling their convenient production. Figure 3D shows
the composition of phosphorylated products obtained from conversion of aGlc 1-P at different

Fru concentrations.
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Identity of Fru 1-P was further confirmed through 1D and 2D NMR analysis of the product
mixture. Fru 1-P was present in four different anomeric forms, whereby the [B-D-
fructopyranose 1-phosphate had highest abundance (~80 %). For this anomer, the proton
signals of H-1a&b resonated as separated signal group in an ABX at 3.82 ppm and 3.81 ppm
with a J..» heteronuclear coupling to the phosphate group. All other proton signals belonged
to spin system, as detected in the TOCSY spectrum. The proton signals of the methylen group
in position 6 were present at 3.99 and 3.65 ppm, both showing 33,4 couplings to H-5, which
resonated at 3.77 ppm. Further coupling of H-5 to to H-4 (3.84 ppm) and consecutively of H-4
to H-3 (3.95) were also visible in COSY spectra. The large shift difference between signals of
H-6a and H-6b indicated the anomeric form. Furthermore, NMR data of the enzymatically
synthesized Fru 1-P were in exact agreement with reference spectra recorded from
commercial Fru 1-P. The NMR data combined with evidence from HPAEC-PAD analysis and
enzymatic assays confirmed Fru 6-P and Glc 6-P to be transphosphorylation products next to

Fru 1-P.

Contrary to aGlc 1-P phosphatase, Had13 did not catalyze phosphorylation of Fru. Glc 1-P
was hydrolyzed completely by the enzyme, and the rate of donor substrate consumption was

the same in the presence and absence of 200 mM Fru.

1.4.6 Binding of aGlc 1-P and Glc 6-P by aGlc 1-P phosphatase
analyzed by molecular docking.

The x-ray crystal structure of aGlc 1-P phosphatase having the catalytic His®® substituted by
Ala contains a bound ligand reported to be aGlc 1-P (45). However, the phospho-sugar

represented by the atomic coordinates of the enzyme-ligand complex is clearly BGlc 1-P, not
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aGlc 1-P. An experimental electron density map was not released with the protein structure
and cannot therefore be used for clarification. We performed docking studies in which aGlc
1-P was placed flexible into the substrate binding pocket of the enzyme (pdb entry 1nt4).
Binding of singly or doubly negatively charged aGlc 1-P was examined, and the putative
catalytic acid-base Asp** was analyzed protonated or unprotonated. The best-fit docking
poses received under the different conditions were independent of the charge state of aGlc 1-P
and Asp®®. Figure 4A depicts the best-fit binding mode of singly charged aGlc 1-P to aGlc 1-
P phosphatase having Asp** protonated. aGlc 1-P is accommodated in an elongated
conformation with the phosphoryl group placed anti relative to the glucosyl moiety. The
substrate’s glycosidic oxygen Ol is brought into a position that would allow protonated
Asp?® to provide Bransted catalytic assistance to O1—P bond fission and thus to the departure
of the Glc leaving group. Figure 4B shows that Asp>*® could adopt an analogous catalytic role
during hydrolysis of BGlc 1-P, even though the distance between the catalytic enzyme and the
reactive substrate groups is substantially larger (3.4 A) than in the aGlc 1-P docking pose (2.9
A; Figure 4A). We note that BGlc 1-P is not a substrate of aGlc 1-P phosphatase (Table 1),
and the binding mode of BGlc 1-P in the protein crystal structure may actually be
nonproductive for catalysis to O1-P bond cleavage (Figure 4B). Evidence from the docking
analysis indicates that substrate binding recognition by aGlc 1-P phosphatase is mainly
through numerous strong interactions with the phosphoryl group (Figure 4A) whereas the
glucosyl moiety of aGlc 1-P is bound only weakly by comparison. The docking experiments
resulted in up to 6 docking poses of similar calculated free energies. The different docking
poses had the phosphoryl group bound identically, but featured slight variation in the

alignment of the glucosyl moiety (Figure A8). Size and topology of the binding pocket appear
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adequate for accommodation of different sugar structures in multiple orientations, as shown
for binding of Glc 6-P (Figure 4C) compared to binding of aGlc 1-P (Figure 4A), thus
explaining the relaxed donor and acceptor substrate specificity of the enzyme. It is not
practical to examine transphosphorylation compared to hydrolysis reaction selectivity using
molecular docking. Therefore, ligand docking to the Hadl3 structure was left for

consideration in the future.

1.5 Discussion

First-time synthesis of sugar phosphates by enzymatic transphosphorylation from aGlc 1-P is
reported, and E. coli aGlc 1-P phosphatase has been identified as efficient catalyst of the
reaction. Fru 1-P and Glc 6-P were obtained in good yield (> 55%) based on the limiting
phosphoryl donor substrate utilized in a one-pot single-step biotransformation. Cytoplasmic
expression of aGlc 1-P phosphatase in E. coli Origami B enabled recombinant production of
functional enzyme. "Re-localization" of the naturally periplasmic enzyme into the cytosol
circumvented the need to adapt N-terminal fusion strategies (e.g. attachment of Strep-tag) to

protein trimming events in the periplasm.

1.5.1 Molecular and kinetic properties of aGlc 1-P phosphatase
underlying the enzyme’s remarkable transphosphorylation
activity.

Both aGlc 1-P phosphatase and Had13 catalyzed hydrolysis of different sugar phosphates
with relaxed specificity for the structure of the leaving group (Glc, Fru) and for the position of
the phosphoryl group on the sugar moiety (aGlc 1-P, Glc 6-P). In a comparison of the o and

B-anomers of Glc 1-P, however, both enzymes discriminated strongly against hydrolysis of

33



1 Phosphoryl transfer from a-D-glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases of two
protein-superfamily types

BGlc 1-P. Docking analysis carried out on the x-ray crystal structure of aGlc 1-P phosphatase
suggested a molecular basis for the anomeric selectivity of the enzyme (Figure 4, Figure A8).
It also provided interpretation of the broad donor and acceptor substrate specificity of aGlc 1-

P phosphatase.

Incorporation of *20 label from H,*0 solvent into the phosphate released during hydrolysis of
aGlc 1-P by aGlc 1-P phosphatase and Hadl3 supports enzymatic reactions through
nucleophilic substitution at the phosphorus. According to mechanistic proposals for histidine
acid phosphatases and Had-like phosphatases (Scheme 2), the overall conversion of aGlc 1-P
is expected to proceed in a two-step double displacement-like catalytic process via a covalent
phospho-histidine and phospho-aspartate enzyme intermediate, respectively. Phosphoryl
transfer to sugar acceptors occurs from the phosphorylated enzyme, probably after
dissociation of the Glc, in direct competition to hydrolysis. Efficient interception of the
phospho-enzyme intermediate to prevent its reaction with water will therefore be key
characteristic of synthetically useful acceptor substrates. Partitioning of the phosphorylated
enzyme to catalytic breakdown via phosphoryl transfer and hydrolysis is adjustable by the
acceptor substrate concentration, as shown for the phosphorylation of Fru by aGlc 1-P
phosphatase (Figure 3A). Using the data from conversion of aGlc 1-P in the presence of 200
mM Glc, we can apply the experimental Kea app ratio for formation of Glc 6-P and phosphate
to calculate that aGlc 1-P phosphatase (Kcat app ratio = 34/4.0 = 8.5) surpassed Had13 (Kcat app
ratio = 0.3/7.0 = 0.04) by more than 200-fold in partition efficiency to favor phosphoryl
transfer to the 6-OH of Glc. Differences between the two enzymes are even larger when
phosphoryl transfer to Fru is considered. With current bioinformatic methodology it is not

possible to infer the catalytic ability of transphosphorylation from a phosphatase protein
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structure alone, therefore necessitating the dedicated biochemical characterization. Acceptor
substrate selectivity and phosphorylation site selectivity of transphosphorylation will be fine-
tuned by positioning of the sugar acceptor substrate in the binding pocket on the phospho-
enzyme intermediate. aGlc 1-P phosphatase accommodated Fru in two distinct binding
modes, where the preferred binding mode resulted in formation of Fru 1-P, and the other

resulted in formation of Fru 6-P.

1.5.2 Synthetic use of transphosphorylation from aGlc 1-P.

Fru 1-P is a high-value metabolite that is difficult to synthesize chemically (68). Biocatalytic
synthetic routes to Fru 1-P are aldolase (EC 4.1.2.13)-catalyzed carbon-carbon coupling
between glyceraldehyde and dihydroxyacetone phosphate (69), or 1-phosphorylation of Fru
from ATP by ketohexokinase (EC 2.7.1.3) (62, 63). Transphosphorylation from aGlc 1-P
presents an interesting alternative that offers the advantage of a convenient and cheap
phosphoryl donor substrate compared with ATP or dihydroxyacetone phosphate. Moreover,
aGle 1-P phosphatase showed excellent turnover frequency (> 100 s™; Table 2) for
transphosphorylation between aGlc 1-P and Fru. By employing Fru at 600 mM, utilization of
aGlc 1-P as donor substrate for transphosphorylation was almost complete in a sense that
substrate hydrolysis was prevented effectively (< 10%; see Figure A7). Based on aGlc 1-P
converted, Fru 1-P was obtained in 70% yield (14 mM). Remainder products were Fru 6-P (4
mM) and Glc 6-P (0.5 mM). It would be interesting to increase the initial aGlc 1-P
concentration in a next step of optimization of the biocatalytic phosphorylation of Fru for
synthesis of Fru 1-P. We clearly recognize the problem of formation of other phosphorylated
sugars next to Fru 1-P. However, efficient methodology for chromatographic separation of

phospho-sugars has been developed (70, 71) so that capture of the Fru 1-P from product
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mixture with Fru 6-P and Glc 6-P is certainly possible. Alternatively, selective hydrolysis of

the sugar 6-phosphates using a primarily hydrolytic phosphatase (72) might be useful.

Following the early discovery of phosphoryltransferase activity in certain phosphatases (36),
recent work has demonstrated the synthetic usefulness of biocatalytic transphosphorylation
reactions in the preparation of different sugar phosphates. Bacterial phosphatases from the
class-A nonspecific acid phosphatase family were mostly used, and Shigella flexneri (37, 73),
Salmonella enterica (73) and Morgenella morganii (74) were prominent sources of the
enzyme. A key paper of Wever and colleagues showed phosphorylation of a series of
aldohexose, aldopentose, and ketohexose acceptors from a pyrophosphate donor substrate
using acid phosphatase from S. flexneri (37). Using donor and acceptor at 100 mM each, the
yield of phosphorylated product was typically 15% or lower, except for the 6-phosphates of
Glc and 5-thio-D-glucose that were obtained in substantially higher yields. Interestingly, Fru
was a rather poor acceptor substrate for the Shigella phosphatase (5% phosphorylation yield),
suggesting useful complementarity in the acceptor substrate specificities of aGlc 1-P
phosphatase and the previously used transphosphorylation catalyst. Moreover, whereas the
nonspecific acid phosphatases were used at pH 4.0, aGlc 1-P phosphatase can also be applied
in the neutral pH range. Using aldohexose acceptors (e.g. Glc, D-mannose, D-galactose), it
was shown in van Herk et al. (37) that the maximum concentration of phosphorylated product
obtained from 100 mM pyrophosphate was strongly dependent on the acceptor concentration
used; and that it went through a distinct kinetic optimum due to the pronounced effect of
secondary hydrolysis at extended reaction times. Glc 6-P was an exception and it was
obtained as a kinetically stable transphosphorylation product. Problems with secondary

hydrolysis were not encountered during aGlc 1-P phosphatase-catalyzed phosphorylations of
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Fru. However, Glc 6-P was hydrolyzed. Finally, even though pyrophosphate is generally
viewed as a highly expedient phosphoryl donor substrate for enzymatic transphosphorylations,
it must not be overlooked that even in the absence of hydrolysis, the pyrophosphate
conversion results in the release of inorganic phosphate, which can inhibit the phosphatase
(40). The use of aGlc 1-P in combination with a dedicated aGlc 1-P phosphatase might help
minimizing the effect of product inhibition by phosphate in phosphatase-catalyzed
transphosphorylation reactions. The enzyme from E. coli aGlc 1-P phosphatase is a powerful

biocatalyst for this type of transformation.
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1.8 Legend to Schemes and Figures

Scheme 1. Reactions catalyzed by disaccharide phosphorylases (A), kinases (B) and

phosphatases (C).

Scheme 2. Proposed double displacement-like mechanism of hydrolysis of aGlc 1-P catalyzed
by aGlc 1-P phosphatase (A) and Had13 (B). (C) Phosphoryl group-transfer from aGlc 1-P to

Fru catalyzed by aGlc 1-P phosphatase.

Note: The theoretical anomeric composition of Fru 1-P in aqueous solution is a-furanose 5%,
B-furanose 16%, a-pyranose 5% and B-pyranose 73% (75). Fru 1-P is shown here in the -

pyranose form.

Figure 1. aGlc 1-P phosphatase (A, B) and Had13 (C, D) represent different phosphatase
protein families. (A) Histidine acid phosphatase fold of aGlc 1-P phosphatase (pdb entry 1nt4,
chain A) showing the a-domain in violet, the a/f domain in cyan, and the central catalytic
cleft in wheat. Disulfide bonds are indicated in yellow. (B) Close-up view of the active site
having glucosyl phosphate ligand bound. (C) Haloacid dehydrogenase fold of Hadl3 (pdb
entry 1rkq) showing the cap domain in violet and the o/p domain in cyan. Unique structural

features of Had13, namely the squiggle (an almost complete a-helical turn; light brown) and
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the flap (a B-hairpin turn; yellow) are also indicated (47, 76). (D) Close-up view of the active

site having Mg®* bound.

Figure 2. Incorporation of 20 isotope into the phosphate released during hydrolysis of aGlc
1-P by phosphatase or phosphorylase in H,™20 solvent. The ratio m/z 301/299 (singly *%0O-
labeled phosphate/non-labeled phosphtate) was measured by GC-MS. Black bars show
reactions in normal water; grey bars show reactions in **0-enriched solvent. The m/z 301/299
at natural abundance is expected to be 0.13, corresponding to measurements in H,O. For

further explanations, see text.

Figure 3. Kinetic study of the hydrolysis-transphosphorylation reaction catalyzed by aGlc 1-P
phosphatase. (A) The ratio of the total transphosphorylation rate (Fru 1-P, Fru 6-P, Glc 6-P)
and the aGlc 1-P consumption rate in dependency on the Fru concentration (100 mM — 600
mM; solid line). The ratio approaches a value of unity at high Fru concentrations, as indicated
by the dashed line. (B) pH dependencies of logarithmic Keat app for aGle 1-P consumption (o)
and Fru 1-P synthesis (e). Lines are fits of equation 3 to the data. (C) A complete time course
of conversion of 20 MM aGlc 1-P in the presence of 200 mM Fru. Symbols indicate: aGlc 1-P
(V), sum of phosphorylated products (m) and phosphate (o). (D) Phosphorylated products
synthesized in transphosphorylation reactions performed at different initial concentrations of

Fru at 50 min. Fru 1-P (grey), Glc 6-P (black), Fru 6-P (grey dashed), phosphate (white).
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Figure 4. Best-fit molecular docking poses for aGlc 1-P (green, A) and Glc 6-P (magenta, C)
in the substrate binding pocket of aGlc 1-P phosphatase (pdb entry 1nt4, molecule A). Figure
B shows the BGIc 1-P ligand (blue) present in the published crystal structure of the enzyme.
Hydrogen bonds (< 3.4 A) between Ser®®! and the C4-OH and/or C6-OH of the glucosyl
moiety and/or Asp®®® and the glycosidic oxygen atom are shown as black-dashed lines. The
side-chains of Arg"’, Arg®}, Arg™ and His*®® interact with the phosphate group of the ligand;

the glucosyl moiety is coordinated by the side-chains of Asp®® and Ser®.
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1 Phosphoryl transfer from a-D-glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases of two
protein-superfamily types

Table 1. Apparent turnover frequencies for hydrolysis of phosphorylated sugars. The S.D. for
Keat_app Was equal to or smaller than 10% of the reported value, except *14%, "18%, and “24%.

n.t., not tested; n.d., no activity above assay detection limit.

aGle 1-P phosphatase Had13

Substrate
Kcat_app [3_1] Keat_app [3-1]
aGlc 1-P 40 12
BGlc 1-P n.d. 6.0 - 107
Glc 6-P 56 8.6"
Fru 1-P 22 n.t.
Fru 6-P 22° 4.4°
Phytate 2.1 n.d.
Pyrophosphate n.d. n.d.
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1 Phosphoryl transfer from a-D-glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases of two
protein-superfamily types

Table 2. Kinetic analysis of transphosphorylation by aGlc 1-P phosphatase analyzed at
different Fru concentrations. The S.D. for Kca:_app Was < 10% of the reported value, except

211%, °16%, and ©20%. Not applicable, n.a.

Glc 1- Fru 1- Glc 6- Fru 6-
Phosphate
Fru P P P P
kcat_app [S-
[m M] kcat_ap kcat_ap kcat_ap kcat_ap L
]
p [s™] p [s™] p [s7] p [s7]

0 40 n.a n.a. n.a 40
100 73 39 5 11° 21
200 137 88 6 20 18
400 162 1112 4 28 14
600 189 135 5 36° 13
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HoX—~—"2
A \/ﬂ 0
/ o
o) &
OR \HOWO 0

+ HOR

0 + ADP
\ 0= H -0
OH i
§/ 0
T L ‘
OH
ATP regeneration
0
o— H— (0]
3 +  HPOZ

mass action effect

Scheme 1. Reactions catalyzed by disaccharide phosphorylases

phosphatases

(A), kinases (B) and

(©).
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Scheme 2. Proposed double displacement-like mechanism of hydrolysis of aGlc 1-P catalyzed

by aGlc 1-P phosphatase (A) and Had13 (B). (C) Phosphoryl group-transfer from aGlc 1-P to

Fru catalyzed by aGlc 1-P phosphatase.

Note: The theoretical anomeric composition of Fru 1-P in aqueous solution is a-furanose 5%,

B-furanose 16%, a-pyranose 5% and B-pyranose 73% (75). Fru 1-P is shown here in the p-

pyranose form.
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/
.

C189-C195(

Figure 1. aGlc 1-P phosphatase (A, B) and Had13 (C, D) represent different phosphatase
protein families. (A) Histidine acid phosphatase fold of aGlc 1-P phosphatase (pdb entry 1nt4,
chain A) showing the a-domain in violet, the a/f domain in cyan, and the central catalytic
cleft in wheat. Disulfide bonds are indicated in yellow. (B) Close-up view of the active site
having glucosyl phosphate ligand bound. (C) Haloacid dehydrogenase fold of Had13 (pdb
entry 1rkq) showing the cap domain in violet and the o/f domain in cyan. Unique structural
features of Had13, namely the squiggle (an almost complete a-helical turn; light brown) and
the flap (a B-hairpin turn; yellow) are also indicated (47, 76). (D) Close-up view of the active

site having Mg?* bound.
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s
o

Peak area ratio of m/z 301 and m/z 299

0 — — S— - —

aGlc 1-P sucrose
phosphatase Had{3 phosphorylase

Figure 2. Incorporation of 20 isotope into the phosphate released during hydrolysis of aGlc
1-P by phosphatase or phosphorylase in H,™®0 solvent. The ratio m/z 301/299 (singly *°O-
labeled phosphate/non-labeled phosphtate) was measured by GC-MS. Black bars show
reactions in normal water; grey bars show reactions in **0-enriched solvent. The m/z 301/299
at natural abundance is expected to be 0.13, corresponding to measurements in H,O. For

further explanations, see text.
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Figure 3. Kinetic study of the hydrolysis-transphosphorylation reaction catalyzed by aGlc 1-P
phosphatase. (A) The ratio of the total transphosphorylation rate (Fru 1-P, Fru 6-P, Glc 6-P)
and the aGlc 1-P consumption rate in dependency on the Fru concentration (100 mM — 600
mM; solid line). The ratio approaches a value of unity at high Fru concentrations, as indicated
by the dashed line. (B) pH dependencies of logarithmic Kea: app for aGle 1-P consumption (o)
and Fru 1-P synthesis (e). Lines are fits of equation 3 to the data. (C) A complete time course
of conversion of 20 MM aGlc 1-P in the presence of 200 mM Fru. Symbols indicate: aGlc 1-P
(¥), sum of phosphorylated products (m) and phosphate (o). (D) Phosphorylated products
synthesized in transphosphorylation reactions performed at different initial concentrations of

Fru at 50 min. Fru 1-P (grey), Glc 6-P (black), Fru 6-P (grey dashed), phosphate (white).
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Figure 4. Best-fit molecular docking poses for aGlc 1-P (green, A) and Glc 6-P (magenta, C)
in the substrate binding pocket of aGlc 1-P phosphatase (pdb entry 1nt4, molecule A). Figure
B shows the BGlc 1-P ligand (blue) present in the published crystal structure of the enzyme.
Hydrogen bonds (< 3.4 A) between Ser’' and the C4-OH and/or C6-OH of the glucosyl
moiety and/or Asp®®® and the glycosidic oxygen atom are shown as black-dashed lines. The
side-chains of Arg"’, Arg®!, Arg™ and His*®® interact with the phosphate group of the ligand;

the glucosyl moiety is coordinated by the side-chains of Asp*® and Ser®®*.
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protein-superfamily types

1.9 SUPPLEMENTARY INFORMATION

1.9.1 Molecular cloning of aGlc 1-P phosphatase — detailed
experimental protocol.

E. coli BL21-Gold (DE3) cells were grown overnight at 30°C in Lennox-medium. The cells
were centrifuged at 20,000 g and 4°C for 30 min. Pellet was used for preparation of genomic
DNA. The gene encoding aGlc 1-P phosphatase was amplified by a PCR that used Phusion
DNA polymerase (Thermo Fisher Scientific, Waltham, USA) in combination with
oligonucleotide primers 1 and 2 (Supplementary Table S2). PCR consisted of a pre-heating
step at 98°C for 5 min, followed by 30 reaction cycles of denaturation at 98°C for 30 s,
annealing at 70°C for 30 s, and elongation at 72°C for 1.5 min. The final extension step was
carried out at 72°C for 5 min. The presence of an N-terminal, 66 bp long signal sequence was
predicted using SignallP-4.1 at the Center of Biological Sequence Analysis

(http://www.cbs.dtu.dk/services/SignalP-4.1/) (1). To remove the N-terminal signal sequence,

to add an N-terminal Strep-tag, and to also extend the gene end with overlapping regions to
the vector, we performed a PCR in which oligonuecleotide primers 3 and 4 were used
(Supplementary Table S2). To extend the gene start with overlapping regions to the vector, a
PCR with primers 5 and 3 was performed. The final amplification product was treated by
Dpnl to subjected to digest the parental template. The final construct was cloned into the
linearized pMS470 _dsbC vector via Gibson assembly (2). Sequenced plasmid vectors

harboring the structural gene were transformed into E. coli Origami B cells.
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Supplementary Figure S1. SDS polyacrylamide gel showing purified enzymes. Lane 1:

molecular mass standard; 2: aGlc 1-P phosphatase; 3: Had13. Silver staining was used.

60



1 Phosphoryl transfer from a-D-glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases of two
protein-superfamily types

A 40x103
5 s |
S 30x10
-}
o~
£ 20x10°
o
&
Q
S, 10x10° -
=
K
s 01 e
3
S -10x10° -
[<}
=
-20x10° ; . ; ;
180 200 220 240 260
Wavelength [nm]
B 20x10°
S 15x10° -
£
T
o~ 10x10% -
£
o
g'? 5x103
oA
2 0 - ==
S
2 .5x10°
[
5 -10x10° -
=
-15x10°

180 200 220 240 260
Wavelength [nm]

Supplementary Figure S2. CD spectra of aGlc 1-P phosphatase (A) and Had13 (B). Spectra

are averaged from ten individual wavelength scans.
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Supplementary Figure S3. Sequence coverage obtained by LC-MS/MS analysis of tryptic

and chymotryptic peptides generated from purified aGlc 1-P phosphatase. Matched peptides

are

bold.
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Supplementary Figure S4. Annotated MS-MS spectra (A) and detected b and y ions (B)

from Mascot search result of the peptide KDSPACKEKQQCSLVDGKNTF containing the

disulfide bond between Cys™®® and Cys'®® are shown. Monoisotopic mass of neutral peptide

Mr(calc): 2323.0937 Da. Mass error: -0.0017 Da. Mascot ions score: 34. Expect: 0.00042.

Matches:

42/232

fragment

ions

using

59

most

intense

peaks.
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Supplementary Figure S5. GC-MS chromatograms showing the isotopic composition of the
phosphate released during hydrolysis of aGlc 1-P catalyzed by aGlc 1-P phosphatase in
normal H,O and H,*®0 solvent. (A: H,**0; B: H,0), Had13 (C: H,™®0 ; D: H,0) and sucrose

phosphorylase (E: H,*®0 : F: H,0).
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Substrate, product concentrations [mM)]

20 40 60 80 100 120 140 160

Time [min]
Supplementary Figure S6. Time-course for the synthesis of Glc 6-P from aGlc 1-P and Glc
catalyzed by aGlc 1-P phosphatase. The reaction mixture contained 20 mM aGlc 1-P, 200

mM Glc and 0.1 uM aGlc 1-P phosphatase in 50 mM Mes, pH 7.0. Symbols indicate: aGlc 1-

P (VY), Glc 6-P (m) and phosphate (0).
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Supplementary Figure S7. Time-courses for Fru 1-P (e) production from 20 mM aGlc 1-P

(V) in the presence of 100 mM (A), 200 mM (B), 400 mM (C), and 600 mM Fru (D),

respectively. The formation of side products, Glc 6-P (¥), Fru 6-P (o), and phosphate (0) is

indicated. The ratios of Fru 1-P to Glc 6-P (F1P/G6P), Fru 1-P to Fru 6-P (F1P/F6P) and Fru

1-P to hydrolysis (F1P/Pi), displayed on the right panel, are extracted from the corresponding

time

courses

displayed

on the left.
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Arg17
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Arg17
4 Arg17
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Supplementary Figure S8. Close-up view of molecular docking poses of aGlc 1-P (green) in

the active site of aGlc 1-P phosphatase (pdb entry 1nt4, molecule A). The docking algorithm

resulted in 6 docking poses, with the best-fit docking pose illustrated in panel A. Panels B-F

display the remaining docking poses in descending order based on the calculated free energies.

Hydrogen bonds (< 3.4 A) between Ser®* and the C4-OH and/or C6-OH of the glucosyl

moiety and/or Asp®*

and the glycosidic oxygen atom are shown as black-dashed lines.
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Supplementary Table S1. Relative content of secondary structural elements in aGlc 1-P

phosphatase and Hadl3 obtained from the CD spectra and from the crystal structure (in

parenthesis).

aGlc 1-P phosphatase Had13
Secondary structure
[%0] [%0]

Alpha helices 51 (39) 28 (39)
Beta strands 22 (14) 25 (22)
Turns 11 19

47 (39)
Unordered 16 28
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Supplementary Table S2: Oligonucleotide primers used for molecular cloning of aGlc 1-P

phosphatase.

Primer Sequence (5° 2 3’)

Primer 1 ATGAACAAAACGCTAATCACC

Primer 2 TTATTTCACCGCTTCATTCAAC

Primer 3 ATGGCTAGCTGGAGCCACCCGCAGTTCGAAAAAATCGAAGGGCGCCA
AACCGTACCGGAAGGCTATCAGC

Primer 4 CATCCGCCAAAACAGCCAAGCTTATTATTTCACCGCTTCATTC

Primer 5 GTTTAACTTTAAGAAGGAGATATACATATGGCTAGCTGGAGCCACC
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2 Yihx-encoded haloacid dehalogenase-like phosphatase HAD4 from Escherichia coli is a specific a-D-glucose 1-phosphate
hydrolase useful for substrate-selective sugar phosphate transformations

2.1 Abstract

Phosphomonoester hydrolases (phosphatases; EC 3.1.3.-) often exhibit extremely relaxed
substrate specificity which limits their application to substrate-selective biotransformations. In
search of a phosphatase catalyst specific for hydrolyzing a-D-glucose 1-phosphate (aGlc 1-P),
we selected haloacid dehalogenase-like phosphatase 4 (HAD4) from E. coli and obtained
highly active recombinant enzyme through a fusion protein (Zpasicc. HAD4) that contained
Zyasic2, @ strongly positively charged three a-helical bundle module, at its N-terminus. Highly
pure Zpasico. HAD4 was prepared directly from E. coli cell extract using capture and polishing
combined in a single step of cation exchange chromatography. Kinetic studies showed
Znasico. HAD4 to exhibit 565-fold preference for hydrolyzing aGlc 1-P (Kea/Km = 1.87 £ 0.03
mM™s?; 37°C, pH 7.0) as compared to D-glucose 6-phosphate (Glc 6-P). Due to substrate
inhibition by aGlc 1-P with a Kjs 21-fold smaller than Ky, maximum activity was observed at
a substrate concentration of about 10 mM where an apparent k; of about 10.7 st was
measured. Using mixture of aGlc 1-P and Glc 6-P (20 mM each) as the substrate,
Znasico. HAD4 could be used to selectively convert the aGlc 1-P present, leaving back all of
the Glc 6-P for recovery. Selective removal of aGlc 1-P from sugar phosphate preparations
could be an interesting application of Zp.ic, HAD4 for which readily available broad-

spectrum phosphatases are unsuitable.
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2.2 Introduction

Approximately half of the intracellular carbohydrates in the E. coli metabolome contain a
phosphate moiety [1]. A plethora of enzymes is involved in the dynamic regulation and
homeostasis of sugar phosphate metabolite levels. One key enzyme subset are the
phosphatases [2]. They catalyze phosphomonoester group hydrolysis to release inorganic

phosphate from phosphorylated substrate.

The known sugar phosphate phosphatases represent a large diversity in protein structures,
catalytic mechanisms, and substrate specificity. However, many of them are evolutionary
related to haloacid dehalogenase (HAD)-like proteins [3-5]. Originally named after the
activity of its first structurally characterized member (L-2-HAD from Pseudomonas sp. YL),
the HAD-like protein superfamily currently comprises mainly phosphatases, with about 79%

of the classified and biochemically studied proteins exhibiting this activity [6].

Common structural element of HAD-like phosphatases is a Rossmann fold-like o/f core
domain that contains the active site (Figure 1A). According to the presence and structure of an
additional domain, the so-called CAP, HAD-like phosphatases are subdivided into subfamilies
Cl (a-helical CAP), Cll (mixed o/f CAP), and CIIl (no CAP) [7]. The catalytic centre is
highly conserved. It features a key Asp that is proposed to function as catalytic nucleophile in
a double displacement-like enzyme reaction mechanism. Phospho-monoester hydrolysis
would accordingly proceed in two catalytic steps via a covalent aspartyl-phosphate enzyme
intermediate [6-8] (Figure 1B). HAD-like phosphatases require divalent metal ion (typically
Mg®*) bound in the active site for their full activity [9]. Phosphatase substrate specificity is

dictated by flexible loop structures on the o/p core domain and on the CAP domain [10]. The
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spectrum of phosphoryl substrates hydrolyzed is usually very broad, and it includes both sugar
and non-sugar phosphates. Relationships between structure and specificity are only weakly
defined for HAD-like phosphatases. Substrate binding and product release involve domain-
closing and opening movements of the CAP [11-13] (Figure 1C). Protein conformational
flexibility further complicates efforts to infer substrate specificity from sequence and three-
dimensional structure information alone. Purposeful selection or molecular design of a HAD-
like phosphatase for biocatalytic conversion of specific target substrates is therefore difficult.

Evidence from biochemical characterization is vital for efficient development.

Selectivity is a prime feature of many enzymatic transformations [14]. A growing number of
examples show that in a comparison of conventional-chemical and biocatalytic process
options in organic synthesis, it is usually the bio-based selectivity that provides a decisive
advantage for process development. In this paper, we address the problem of substrate-
selective hydrolysis of a-D-glucose 1-phosphate (aGlc 1-P) by phosphatases and report
identification of HAD4 (yihx gene product) from E. coli for that purpose. Major demand for
the reaction is in reactive processing of mixtures of sugar phosphates to eliminate all of the
aGlc 1-P present in the starting material. Sample work-up for analytics, in the field of sugar
phosphate metabolomics for example, and facilitated sugar phosphate product recovery
constitute interesting applications of selective aGlc 1-P converting phosphatases. The readily
available broad-spectrum phosphatases are however not suitable for these applications, and
discovery of new phosphatase catalysts is therefore required. HAD4 was obtained as highly
active recombinant enzyme through a specially designed fusion protein (Zpassico. HAD4) that
contained Zpssico, @ Strongly positively charged three o-helical bundle module, at its N-

terminus [15]. Zyasico facilitated functional expression of soluble protein in E. coli and enabled
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protein capture and polishing efficiently combined in a single step of cation exchange
chromatography. Kinetic characterization of Zpsico. HAD4 with aGlc 1-P and the competing
sugar phosphate substrate D-glucose 6-phosphate (Glc 6-P) is reported. Clear-cut separation of

Glc 6-P from aGlc 1-P through selective hydrolysis of the sugar 1-phosphate is described.

2.3 Materials and methods

2.3.1 Chemicals and reagents.

Unless stated otherwise, all chemicals were of highest purity available from Sigma-Aldrich
(Vienna, Austria) or Roth (Karlsruhe, Germany). Oligonucleotide primers were from Sigma-

Aldrich (Vienna, Austria). DNA sequencing was done at LGC Genomics (Berlin, Germany).

2.3.2 Attempted expression and purification of His¢-HADA4

Expression vector pCA24N-yihx encoding HAD4 equipped with N-terminal hexahistidine
tag was kindly provided by Dr. Alexander Yakunin. The vector was transformed into electro-
competent cells of E. coli BL21 (DE3), and single-colony transformants were selected on agar
plates containing 0.025 mg/mL chloramphenicol. Recombinant protein was produced in 1-L
baffled shaking flasks at 37°C using an agitation rate of 110 rpm (Certomat BS-1 shaking
incubator, Sartorius, Gottingen, Germany). Flasks contained 250 mL Lennox-medium
supplemented with 0.025 mg/mL chloramphenicol. At ODgy of 0.8, temperature was
decreased to 18°C, 0.01 mM isopropyl-p-D-thiogalactopyranoside (IPTG) was added, and
cultivation was continued for 20 h. Centrifuged (4°C, 30 min; 4,420 g) and washed cells were

suspended in 10 mL of 50 mM Mes pH 7.0 buffer and disrupted by triple passage through
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French pressure cell at 150 bar (American Instruments, Silver Springs, USA). After removal
of cell debris (4°C, 30 min; 20,000 g) and filtration through a 1.2 um cellulose-acetate syringe
filter (Sartorius, Gottingen, Germany). The pre-treated cell lysate (350 mg; 8 mL) was loaded
on a 14 mL copper-loaded affinity column (XK 16/20, GE Healthcare, Little Chalfont, U.K.),
beforehand equilibrated with buffer A (50 mM Tris HCI, pH 7.0 containing 300 mM NaCl)
and mounted on an BioLogic DuoFlow™ system (Biorad, Hercules, California USA).
Differential elution was performed with buffer B (50 mM Tris HCI, pH 7.0 containing 300
mM NaCl and 400 mM imidazole) at 10°C and a flow rate of 3 ml/min. The elution protocol
comprised 5 steps, whereas concentration of buffer B was stepwise increased to 0 %, 10 %, 30
%, 60 % and 100 % in a volume of 100 mL, 90 mL, 60 mL, 30 mL and 75 mL, respectively.
All buffers were degassed and filtered using 0.45 um cellulose-acetate and 0.2 um polyamide
filters. Protein elution was monitored spectrophotometrically at 280 nm, and collected
fractions were assayed for protein concentration and phosphatase activity against p-
nitrophenyl phosphate (pNPP; see Assays). Active fractions were pooled and buffer was
exchanged to buffer A, (50 mM KH,PO4-buffer, pH 7.0) with Amicon Ultra-15 Centrifugal
Filter Units (Millipore, Billerica, USA). Pooled fractions were further purified using a 50 mL
Fractogel EMD-DEAE column (XK 26/20, Merck, Darmstadt, Germany) mounted on a
BioLogic DuoFlow™ system. Protein elution was performed with buffer B, (50 mM KH2PO4,
1M NacCl, pH 7.0) applying a five-step purification protocol at a constant flow rate of 5 mL/
min: step 1, isocratic flow of 100% buffer A, for 50 mL; step 2, linear increase to 15% buffer
B, in 40 mL; step 3, isocratic flow of 85 % buffer A, and 15 % buffer B, for 80 mL; step 4,
linear increase to 100 % buffer B, in 180 mL; step 5, isocratic flow of 100 % buffer B, for 70

mL. Active fractions were pooled and buffer was exchanged to 50 mM Hepes pH 7.0 with
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Amicon Ultra-15 Centrifugal Filter Units. Protein purification was monitored by SDS PAGE

and phosphatase activity measurements.

2.3.3 Molecular cloning, expression and purification of Zpasico-
HAD4

The HAD4 gene was amplified from pCA24N-yihx by PCR using Phusion DNA polymerase

(Thermo Scientific, Waltham, USA) and the following pair of oligonucleotide primers:
5’-GAAGCTCTGTTCCAGGGTCCGCTCTATATCTTTGATTTAG-3’, and
5-CTTTGTTAGCAGCCGGATCTCTTAGCATAACACCTTCG-3".

PCR consisted of a pre-heating step at 98°C for 5 min and was followed by 30 reaction cycles
of denaturation at 98°C for 30 s, annealing at 70°C for 30 s, and elongation at 72°C for 1.5
min. The final extension step was carried out at 72°C for 5 min. The resulting PCR product
comprised 5’- and 3’- overhangs complementary to the target sequence of the
pT7ZbQGKIlenow destination vector [15]. Vector pT7ZbQGKlenow was amplified by PCR

using Phusion DNA polymerase and the following pair of oligonucleotide primers:
5’-CGGACCCTGGAACAGAGC-3’, and
5’-GAGATCCGGCTGCTAACAAAG-3’.

PCR protocol was the same as above, except that elongation at 72°C was extended to 3 min.
Amplification products of the two PCRs were individually subjected to parental template
digest by Dpnl and then recombined via Gibson assembly [16]. The resulting construct

encodes a fusion protein where the small module Zyuic2 is joined by a flexible linker (11
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amino acids) to the N-terminus of HADA4. Sequenced plasmid vector encoding the
Znasico. HAD4 fusion protein was transformed into electrocompetent cells of E. coli BL21-
Gold (DE3), and single-colony transformants were selected on agar plates containing 0.05

mg/mL kanamycin.

Protein production was done as described above, except for the use of 0.05 mg/mL
kanamycin. Harvested cells were resuspended in the 10 ml of buffer A; (50 mM MES buffer,
pH 7.0, containing 100 mM NaCl). Preparation of cell extract was done exactly as already

described.

Protein purification was performed at 10°C using 2 x 5 ml HiTrap SP FF column ( 16/25 mm,
GE Healthcare, Uppsala, Sweden) mounted on an AKTA prime plus (GE Healthcare,
Uppsala, Sweden) system. The column was equilibrated with buffer Az and 8 ml of the pre-
treated cell extract were loaded onto the column. Protein elution was performed using a
continuous salt gradient ranging from 0% to 100% of buffer B; (50 mM HEPES buffer
supplemented with 2 M NaCl, pH 7.0) in 150 mL at a flow rate of 4 mL/min. The target
protein eluted at 50% buffer-B, corresponding to a salt concentration of 1 M NaCl. Pooled
fractions were collected and buffer was exchanged to 50 mM MES, pH 7.0, containing 250
mM NaCl and 50 mM MgCl,, as described before. The concentrated preparation was
aliquoted and stored at -20°C. Protein purification was monitored by SDS PAGE and

phosphatase activity measurements.
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2.3.4 Assays

Protein was measured with Roti-Quant reagent (Roth, Karlsruhe, Germany) referenced against
BSA. Purified Zpsico. HAD4 was measured by UV absorbance at 280 nm using a molar
extinction coefficient of 25440 M™cm™, calculated from the sequence with ProtParam
analysis tool from the expasy server [17]. Standard phosphatase activity was measured with
pNPP (4.0 mM), the release of p-nitrophenol (pNP) was recorded continuously at 405 nm

with a Beckman Coulter DU 800 UV/VIS spectrophotometer (Krefeld, Germany).

Reaction was performed at 30°C using 50 mM MES, pH 7.0, containing 25 mM MgCl, and
100 mM NaCl. One unit of activity (U) is the amount of enzyme releasing 1 pmol of pNP

under the conditions used. Specific activity is expressed in U/mg protein.

Inorganic phosphate was measured with a spectrophotometric assay described by Saheki et al
[18]. Shortly, free phosphate forms a complex with molybdate and the phosphomolybdate
complex is reduced by ascorbic acid in the presence of Zn**, which produces a chromophore

that can be measured at 850 nm.

Reported coupled enzyme assays were used to measure aGlc 1-P and Glc 6-P [19]. In contrast
to Eis et al no trehalose phosphorylase was present in our reaction mixture. Glucose 6-P
dehydrogenase (G6PDH) from Leuconostoc mesenteroides (G8404; Sigma Aldrich) and -
phosphoglucomutase (PGM) from rabbit muscle (P3397; Sigma Aldrich) were added
sequentially. After addition of G6PDH or PGM, formation of NADH was monitored at 340
nm and the NADH end concentration was used to calculate the corresponding Glc 6-P or aGlc

1-P concentration.
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2.3.5 Kinetic characterization.

All reactions were performed in 50 mM MES buffer, pH 7.0, containing 25 mM MgCl, and
100 mM NacCl. Incubations were done at 37°C using agitation at 650 rpm on a Thermomixer
comfort (Eppendorf, Hamburg, Germany.). aGlc 1-P or Glc 6-P was used as substrate in the
concentration range 0.1 - 30 mM and 0.1 - 700 mM, respectively. To account for the lower
activity of Zpasico. HAD4 with Glc 6-P as compared to aGlc 1-P, the corresponding enzyme
concentration was 0.39 uM and 16 uM, respectively. Reactions were started by addition of
enzyme and allowed to run for up to 75 min while taking samples every 5 min. Heating (99°C,
5 min) was used to stop reactions. Free phosphate concentration was measured in supernatants

of centrifuged samples.

It was confirmed that phosphate release was linear with incubation time. Phosphate
concentration after 15 min or 120 min of reaction were used to determine the initial rate for
Glc 1-P and Glc 6-P conversions, respectively. Phosphate blanks from reactions lacking

enzyme were recorded.

Kinetic parameters were obtained from non-linear least squares fits (SigmaPlot, Systat,
Erkrath, Germany) of initial rates to Michaelis-Menten equation expanded to include substrate
inhibition (1). V is the initial rate, Vimax iS the maximum initial rate, Ky is the Michaelis
constant, Kis is the substrate inhibition constant, and [S] is the initial substrate concentration.
Under conditions where Kjs < Ky (see later under Results) fitting of equation 1 did not
succeed and individual determination of all three parameters was not possible. However,
Vmax/Km could be determined from the initial part of the V-[S] curve where V is linearly

dependent on [S].
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2.3.6 Substrate-selective hydrolysis of aGlc 1-P in the presence of
Glc 6-P

Reaction conditions were the same as above under Kinetic characterization. The substrate
solution contained 20 mM of each aGlc 1-P and Glc 6-P. Reaction was started with 3.2 uM
Znasico. HAD4. Samples were taken every 15 min and processed as already described. Samples

were assayed for aGlc 1-P, Glc 6-P, and phosphate.

2.4 Results and discussion

2.4.1 Functional expression and purification of HAD4

Kuznetsova et al. reported isolation of pg amounts of Hisg-HAD4 using automated high-
throughput work-up procedures performed at pL scale [20]. We attempted to scale up the
purification of Hise-HADA4 to a processing capacity of about 400 mg total protein from the
crude E. coli cell extract. Contrary to the earlier study where Ni-NTA beads were used, Cu*
loaded immobilized metal affinity chromatography in 14 mL column format (16 x 20 cm) was
used herein. Even though about one-third of the applied protein was bound to the column,
differential elution with an imidazole step gradient did not result in fractionation of protein(s)
exhibiting clear phosphatase activity toward pNPP substrate. Protein pools potentially

containing phosphatase activity showed a prominent band of correct size (25 kDa) next to
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other major contaminants in the SDS polyacrylamide gel (Supporting Figure S1). They were
therefore further fractionated by anion exchange chromatography. Collected fractions showed
only trace amounts of phosphatase activity, and their analysis by SDS PAGE indicated that

purification had not been successful (Supporting Figure S1).

To establish a more efficient procedure of isolation of HAD4, we chose not to optimize
protocols for Hisg¢-HAD4, but opted for an alternative fusion protein approach. A chimeric
enzyme termed Zpasico HAD4 was constructed where the so-called Zpasico module was attached
to the N-terminus of HADA4. Zy.sic2 IS an engineered arginine-rich variant of the Z domain, a
58 amino acid (7 kDa) three-helix bundle obtained from the B domain of staphylococcal
protein A [21]. Fusion to Zpasico Was known from previous studies to enhance solubility of
proteins otherwise poorly soluble under conditions of recombinant production in E. coli.
Znasico Was furthermore used as affinity module for protein purification by cation exchange
chromatography. Finally, it was also applied for non-covalent immobilization of different

enzymes on negatively charged carrier surfaces [22, 23] .

Znasico. HAD4 was isolated by cation exchange chromatography of the E. coli cell extract on
HiTrap SP FF resin. Purified protein exhibited the expected size of 31 kDa. Capture of target
protein, from the complex protein matrix and its purification to apparent homogeneity (Figure
1A) were combined efficiently in a single work-up step. Zpasico. HAD4 eluted from the column
as discrete protein peak at high salt concentration, as shown in Figure 1B. Analysis by SDS
PAGE (Figure 1A) revealed that the flow-through fraction did not contain Zpssico HAD4,
demonstrating that all of the applied target protein had bound to the column. Figure 1A also

shows that insoluble protein recovered from the E. coli cells contained significant amounts of
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Znasico. HAD4, indicating that fusion to Zpasicz Was not fully sufficient to prevent aggregation of
HAD4 during recombinant production in E. coli. About 11 mg of pure Zpssico. HAD4 were
recovered from each L of bacterial cell culture. Purification with HiTrap SP FF resin was
extremely effective, considering that the total protein amount was almost 270 mg/L. The

specific activity of Zpasico HAD4 was determined as 0.06 U/mg.

Stock solutions of purified Zp.sico. HAD4 were prepared by concentrating desalted protein in
50 mM MES buffer, pH 7.0, to about 10 mg/mL. After frozen storage at —20 °C, we observed
massive protein precipitation in thawed samples. Addition of 250 mM NaCl resulted in partial
re-solubilization of the precipitate concomitant with recovery of some of the original
phosphatase activity in solution, suggesting effect of ionic strength on solubility and stability
of Zyasico. HAD4. Supplementing the storage buffer with a combination of salts (250 mM
NaCl, 50 mM MqgCl,) prevented precipitation of Zp.sico HAD4 completely and enzyme
activity was stable over weeks of frozen storage. Tentative explanation for the pronounced
tendency of Zy.sico. HAD4 to form insoluble aggregates is the large difference in the calculated
isoelectric points for Zpsicc (pI = 11.5) and HAD4 (pl = 5.18). Intramolecular and
intermolecular domain-domain interactions driven by charge complementarity might promote
a native-like protein aggregation that is partly reversible at high salt concentration. Mg®* ions
could have two effects in this context. First of all, Mg®* is an active-site ligand of HADA4.
Structure of the catalytic centre (and perhaps that of the whole protein) might be stabilized
when Mg?* is bound. Secondly, adsorption of Zyasic, fusions to negatively charged surfaces is
strongly weakened in the presence of Mg*" ions. Capacity of Mg®" to perturb charged
interactions of the Zpasico module are much more pronounced than that of Na™ (each as chloride

salt) [24].
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2.4.2 Kinetic analysis of hydrolysis of aGlc 1-P and Glc 6-P
catalyzed by Z.sico. HADA.

Initial reaction rates at steady state were obtained from time-course measurements of substrate
consumption and phosphate release. Disparity of initial rates determined from the different
measurements would have indicated a phosphoryl transfer side reaction occurring next to the
hydrolysis. Both the phosphorylated substrate and the glucose product could in principle
function as acceptor of the phosphoryl group and thereby compete with water in the overall
reaction. However, it was confirmed that initial rates of substrate utilization and substrate

hydrolysis were identical within limits of experimental error.

Figure 2 shows initial rates determined at different substrate concentrations for hydrolysis of
aGlc 1-P (Figure 2 A) and Glc 6-P (Figure 2 B). For each substrate, the V-[S] curve increased
at low [S] to reach a distinct maximum value of V at intermediate [S], only to decrease again
in the high-[S] range. The kinetic behavior indicates inhibition of Zpsico HAD4 by the
phosphorylated substrate. It is impractical to speculate about the mechanism underlying the
substrate inhibition, but clearly there must be an enzyme form occurring in the normal
reaction that is capable of binding a second substrate molecule. The resulting complex may be
inactive, so that active enzyme can only be regenerated by dissociation, or it may turn over at
slower rate than would the uncomplexed enzyme. The results emphasize that phosphatases are
not only subject to inhibition by inorganic phosphate [25], but can also be inhibited strongly

by their (preferred) substrate.

aGlc 1-P differed from Glc 6-P in affinity and reactivity for Zyasic, HAD4-catalyzed

hydrolysis. Maximum value of V was observed at around 10 mM for aGlc 1-P while for Glc
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6-P the corresponding substrate concentration was about 100 mM (Figure 2). Substrate
inhibition also occurred at lower concentrations of aGlc 1-P as compared to Glc 6-P. An
apparent ks was calculated from the maximum V value (Keat app = Vimax_app/[E]), and aGlc 1-P
(10.24 s*) was about 110-fold more active in Keat_app terms than Glc 6-P (0.09 s1). By way of

comparison, Keat app for hydrolysis of pNPP (4 mM) was 0.032 s,

Equation 2 could be used for data fitting by nonlinear least squares regression, as shown in
Figure 2; however, the resulting kinetic parameters (keat, Km, Kis) were poorly defined
statistically. Covariance analysis revealed strong interdependence of all parameters, but
especially of Ky and Kjs, implying that independent determination of each single parameter
was not possible from the data available. An approximate ratio between Ky/Kjs can be given
however, and this was 21 (60 + 112 / 2.82 + 5.41) for aGlc 1-P and 0.15 (51 + 13/ 351 + 80)
for Glc 6-P. To nevertheless obtain parameter of enzyme specificity, we determined Keqa/Kwm
from the part of the V-[S] curve where V was linearly dependent on [S]. The relationship V =
(keat/Km) [S] [E] holds under these conditions. kea/Km for hydrolysis of aGlc 1-P (1.87 £ 0.03
mM™s™) exceeded the ke/Kw for hydrolysis of Glc 6-P (0.0032 + 8 x 10° mM™s™) by 565-
fold. Zpasicc. HADA4 strongly discriminates between aGlc 1-P and Glc 6-P as substrate for

hydrolysis.

Despite significant variation in experimental condition, it is still interesting to compare kinetic
observations made herein for Zpasico. HAD4 with data reported by Kuznetsova et al. on Hisg-
HADA. First of all, substrate inhibition was not mentioned in the study of Hise-HADA4. Keat/Km
agrees for the two enzymes within a factor of 3.3, even though Kcat app OF Zpasico HAD4 (10.24

s) exceeds the ke of Hiss-HAD4 (1.4 s™) by an order of magnitude. Considering
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applications of HAD4 in biocatalysis, the elevated turnover number could be a decisive
advantage. Findings of this study on Zp.sico. HAD4 are consistent with Kuznetsova et al.
working with Hisg-HAD4 that aGlc 1-P is strongly preferred substrate for hydrolysis by
HADA4. Other phosphorylated substrates exhibit very much lowered reactivity. In addition to
the Glc 6-P examined here and the pNPP used in both studies, Kuznetsova et al. have applied
a series of other phosphorylated compounds, including several sugar 1-phosphates other than

aGlc 1-P, and showed that they were all hardly active in comparison to aGlc 1-P.

2.4.3 Substrate-selective hydrolysis of aGlc 1-P in a mixture of
aGlc 1-P and Glc 6-P

High selectivity of Zpasico. HAD4 for hydrolyzing aGlc 1-P as compared to Glc 6-P, as implied
by the ratio of the corresponding kc./Kwm values, was put to critical test in a biotransformation
experiment in which both sugar phosphates were offered as substrate, each at 20 mM. Time
course of the enzymatic reaction is shown in Figure 3. aGlc 1-P was rapidly depleted from the
mixture, resulting in complete conversion of this substrate after about 70 min. The
concentration of Glc 6-P did not change in the same time span. The aGlc 1-P conversion rate
in the mixed sugar phosphate substrate was lowered about 2-fold in comparison to the rate
expected from the initial rate measurements performed in the absence of Glc 6-P (Figure 2). It
is known that two competing substrates act Kinetically as if they were competitive inhibitors
one of another, that is, they affect their respective counterpart substrate's Ky. A Glc 6-P
concentration roughly half of its Ky in enzymatic hydrolysis (Ky = 50 £ 13 mM) is expected

to cause about 1.5-fold elevation in the apparent Ky for aGlc 1-P, according to the relation
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K app© " = Km™ 17 (1 + [Glc 6-P)/Ky~"° 7). Effect of Glc 6-P as inhibitor of aGlc 1-P

utilization is therefore explained.

Znasico. HAD4-catalyzed hydrolysis resulted in complete removal of aGlc 1-P while the Glc 6-
P present was retained fully at the same time, thus providing effective mean for separation of
the two sugar phosphates. Specialized separation procedures such as borate complex ion
exchange chromatography [26] would otherwise be needed to isolate the Glc 6-P. In the case
of the alternative separation problem to remove Glc 6-P from aGlc 1-P, another HAD-like
phosphatase, namely the enzyme BT4131 from Bacteroides thetaiotaomicron, could be of
interest [12]. The phosphatase is highly active in hydrolysis of hexose 6-phosphates and
pentose 5-phosphates, but exhibits barely any activity with hexose 1-phosphates. Taken
together, these results suggest that HAD-like phosphatases present a potentially valuable
source of selective sugar phosphate hydrolases that could be applied to resolution of mixtures
of sugar phosphates that are otherwise very difficult to separate. In addition to phosphatases
that exhibit broad substrate spectrum and are already available commercially, development of
a toolbox of selective phosphomonoester hydrolases could provide interesting opportunities

for biocatalysis.

2.5 Conclusions

First-time functional expression, isolation, and characterization of E. coli HAD4 as fusion
protein harboring the charged module Zysic, at the N-terminus is reported. Single-step capture
and polishing of Zy.sico. HAD4 by cation exchange chromatography was notably efficient to

obtain multi-mg amounts of highly purified enzyme. Kinetic evidence and results from mixed
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sugar phosphate conversion experiments reveal that Zp.sico HAD4 is highly selective for
hydrolysis of aGlc 1-P. Zpssico HAD4 is proposed to be a useful catalyst for hydrolytic
transformation (e.g. removal) of aGlc 1-P from complex substrate solutions containing
multiple sugar phosphates. Zpasicc. HAD4 complements the current portfolio of phosphatases

for use in biocatalysis by adding new characteristics of specificity and selectivity.
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2.8 Legend to Schemes and Figures

Figure 1. (A) Purification of Zyasic, HAD4 followed by SDS-PAGE. 1: PAGE-ruler protein
ladder, 2: Cell extract (1.5 pug), 3: Insoluble protein fraction from E. coli expression culture
(1.5 pg), 4: Flow-through (proteins that did not bind to the column) (1.5 pg), 5: Fraction with
minor phosphatase activity (1.0 pg), 6: Fraction with minor phosphatase activity (0.5 ug), 7:
Purified Zpssico. HAD4 (1.5 pg); (B) Chromatogram of Zyasico. HAD4 purification performed
with 2 x 5 mL HiTrap SP FF column. The absorbance trace at 280 nm is shown as solid line.
The salt gradient used is shown as dashed line, and the measured conductivity is shown as

dotted line.

Figure 2. Zp.sico. HAD4 exhibits pronounced substrate inhibition. (A) Michaelis-Menten plot
for the hydrolysis of aGlc 1-P. (B) Michaelis-Menten plot for the hydrolysis of Glc 6-P. See

the Methods for details.

Figure 3. Selective hydrolysis of aGlc 1-P by Zyasico. HADA4 in a reaction mixture containing
20 mM oGlc 1-P (@) and Glc 6-P (o). The buffer was 50 mM MES, pH 7.0. See the Methods

for details.
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Figure 1. (A) Purification of Zp,sico. HAD4 followed by SDS-PAGE. 1: PAGE-ruler protein

ladder, 2: Cell extract (1.5 pg), 3: Insoluble protein fraction from E. coli expression culture
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(1.5 pg), 4: Flow-through (proteins that did not bind to the column) (1.5 pg), 5: Fraction with

minor phosphatase activity (1.0 pug), 6: Fraction with minor phosphatase activity (0.5 pg), 7:

Purified Zpasicoc. HADA4 (1.5 ug); (B) Chromatogram of Zpasico HAD4 purification performed

with 2 x 5 mL HiTrap SP FF column. The absorbance trace at 280 nm is shown as solid line.

The salt gradient used is shown as dashed line, and the measured conductivity is shown as

dotted line.
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Figure 2. Zp.sico. HAD4 exhibits pronounced substrate inhibition. (A) Michaelis-Menten plot
for the hydrolysis of aGlc 1-P. (B) Michaelis-Menten plot for the hydrolysis of Glc 6-P. See

the Methods for details.
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Figure 3. Selective hydrolysis of aGlc 1-P by Zpasico. HADA4 in a reaction mixture containing
20 mM aGlc 1-P (e) and Glc 6-P (o). The buffer was 50 mM MES, pH 7.0. See the Methods

for details.
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2.9 Supplementary information
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Supplementary Figure S1. Hiss_HAD4 purification was followed by SDS-PAGE. 1: Filtered
E. coli crude extract loaded onto the Cu®*-chelate column (2 pg), 2-3: Fractions after Cu?*-
chelate column purification containing phosphatase activity loaded onto the DEAE-anion
exchange column (2 pg each), 4: Page-Ruler protein ladder, 5: Flow-through (proteins that did
not bind to the column) (1 ug), 6-9: Fractions of individual peaks which eluted at different
concentrations of elution buffer during purification using the DEAE-anion exchange column

(0.2 - 1 pg). Expected size of Hiss_ HADA4: 25 kDa.
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3 Appendix: Analysis of active-site residues in aG1Pase: effects of site-directed substitutions of the nucleophile His18, the
general acid-base Asp290, and the putative “gating” residue Glu196

3.1 Materials and methods.

3.1.1 Chemicals and reagents.

Unless stated otherwise, all chemicals were of highest purity available from Sigma-Aldrich
(Vienna, Austria) or Roth (Karlsruhe, Germany). Oligonucleotide synthesis was performed by
Sigma-Aldrich (Vienna, Austria). DNA sequencing was performed at LGC Genomics (Berlin,

Germany).

3.1.2 Molecular cloning.

The desired mutations, H18->A, D290>A and E196> A, were introduced to the Strep-tagged
wild-type (WT) a-D-glucose 1-phosphatase (aG1Pase) fusion protein by using a previously
described two-stage PCR protocol [1]. pMS470_dsbC_ aG1Pase was used as template; the
following pairs of oligonucleotide primers were used for introducing each of the desired

substitutions (mutant triplet codon is underlined).

H18A fwd: 5"-CATGATGAGCCGCGCCAACTTACGTGCGCCGCTG-3

H18A bwd: 5-CAGCGGCGCACGTAAGTTGGCGCGGCTCATCATG-3’

D280A fwd: 5-GTTGGGCACGCCTCCAACATTG-3

D290A bwd: 5"-GAACCCGTGCGGAGGTTGTAAC-3

E196A fwd: 5-GTATCAACAAGCCCCAGGTG-3’

E196A bwd: 5"-CATAGTTGTTCGGGGTCCAC-3
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In the first step of the two-step PCR protocol, two separate PCR reactions, using either the
forward or the backward primer, were performed for each desired mutation. The reaction
profile consisted of a preheating step at 98°C for 30 sec followed by 6 cycles (98°C, 15
sec/60-70°C, 20 sec/72°C, 180 sec/72°C, 300 sec). In the second PCR reaction, the first PCR
reaction products were combined 1:1 (v:v) and amplification was continued for 30 cycles
(98°C, 15 sec/60-70°C, 20 sec/72°C, 180 sec/72°C, 420 sec). The final PCR product was
subjected to parental template digest by Dpnl and transformed into chemically competent E.
coli Top 10 cells and single-colony transformants were selected on agar plates containing
0.110 mg/mL ampicillin. Plasmids were amplified in E. coli Top 10 cells and subsequently the
plasmids were isolated and sent for sequencing. Sequenced plasmids harboring the desired
mutation were transformed into electro-competent E. coli Origami B cells, whereas single-

colony transformants were selected as mentioned above.

3.1.3 Expression and purification.

E. coli Origami B cells harboring one of the four variants of pMS470_dsbC_aG1Pase
(WT/H18A/D290A/E196A) were cultivated and harvested as described previously [2].
aG1Pase variants were purified from the crude extract using Strep-Tactin Sepharose column

(IBA, Gottingen, Germany), like described previously [3].

3.1.4 Assays.

Phosphatase activities were quantified by using a continuous para-nitrophenylphosphate

hydrolysis assay based on a spectrophotometric measurement at 405 nm on a Beckman
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Coulter DU 800 UV/VIS spectrophotometer (Krefeld, Germany). Reaction mixtures used for
assessing the activity of aG1Pase contained 4 mM para-nitrophenylphosphate in 50 mM
MES, pH 7.0 at 30°C. The total protein concentration was determined as described by
Bradford [4] employing Roti-Quant reagent (Roth, Karlsruhe, Germany) referenced against

BSA.

Inorganic phosphate was measured colorimetrically at 850 nm [5]. a-Glucose 1-phosphate
(aGlc 1-P) and glucose 6-phosphate (Glc 6-P) were assayed as described in chapter 2 of this

thesis [6] .

3.1.5 Hydrolysis study.

Two different substrates, pNPP and aGlc 1-P, were subject to hydrolysis by each of the
aG1Pase variants (WT/H18A/D290A/E196A). Reactions were performed in 50 mM MES pH
7.0, containing 20 mM substrate. Incubations were done at 37°C using agitation at 650 rpm on
a Thermomixer comfort (Eppendorf, Hamburg, Germany). To account for the varying
activities of the different aG1Pase variants, the pNPP conversions were started with the
addition of 66 nM, 5.6 uM, 66 nM, and 0.22 uM for WT, H18A, D290A and E196A,
respectively. The aGlc 1-P conversions were started with the addition of 66 nM, 6.6 UM, 6.6
MM, and 66 nM for WT, H18A, D290A and E196A, respectively. Substrate hydrolysis was
monitored discontinuously. Therefore samples were taken every 15 min over a period of 75
min. The reaction was stopped by heating (99°C, 5 min). Protein was removed by
centrifugation at 20,000 g for 5 min and free phosphate concentration was measured in the
supernatant. The apparent reaction rate Kea app Was calculated using the relationship

Keat_app = Vmax/[E], where [E] is the molar enzyme concentration based on protein
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concentration measurements according to Bradford. Vmax is the maximum velocity based on

the phosphate release rate.

3.1.6 Analysis performed with H18A.

Chemical rescue studies. Reactions were performed in 50 mM MES buffer, pH 7.0
containing 15 mM aGlc 1-P as substrate. Incubations were performed at 37°C using agitation
at 650 rpm. Imidazole (20 mM), sodium azide (20 mM, 50 mM) or 20 mM sodium acetate
were used as rescue agent. The reaction was started by addition of 6.6 uM H18A. oGlc 1-P
conversion was monitored discontinuously. Samples were taken every 15 min over a period of
75 min. Samples were treated as mentioned above. Free phosphate, aGlc 1-P and Glc 6-P
concentrations were measured. To exclude the possibility of phosphoryl group transfer to
acceptors other than water (e.g. glucose produced in the reaction), we performed a conversion
in 50 mM MES, pH 7.0, containing 50 mM sodium azide and 200 mM glucose as alternative

phosphate acceptor. Protein concentration and sample treatment were the same as above.

3.1.7 Analysis performed with D290A.

Brgnsted analysis. Reactions were performed in 50 mM MES, pH 7.0, at 37°C and 650 rpm
agitation. The initial substrate concentration was 20 mM. Phenylphosphate, para-nitrophenyl
phosphate (pNPP), pyrophosphate (PPi), sodium tripolyphosphate (PPP), napthylphosphate,
phytate and aGlc 1-P were used as substrates. The reactions were started by addition of 6.6
MM D290A, except for the conversion with pNPP, in which 0.66 uM D290A were used. As
control, conversions under the same conditions using 0.66 UM aG1Pase were performed. The

reaction was allowed to proceed for 75 min and samples were taken every 15 min. Samples
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were treated as mentioned previously and the free phosphate concentration was measured in

all samples.

Phosphoryl transfer studies. Reactions were performed in 50 mM MES pH 7.0 containing 20
mM aGlc 1-P and 200 mM glucose at 37°C and 650 rpm. Incubation, sampling and sample
preparation was performed exactly as mentioned above. Free phosphate, aGlc 1-P and Glc 6-
P concentrations were measured. Phosphorylated products were measured indirectly via the
phosphate balance (equation 1), whereas a non-closed balance indicated the production of a
newly phosphorylated compound. The first section of the term A[aGlc 1-P] represents the
phosphate donor substrate consumed. The second side of the term stands for the
phosphorylated product produced, whereas [X-P] stands for the newly phosphorylated
product.

(1) AloGlc 1-P] = [X-P] + [Glc 6-P] + [free phosphate]

3.1.8 Analysis performed with E196A.

Phosphoryl transfer studies. Reactions were performed in 50 mM MES pH 7.0 containing 20
mM of aGlc 1-P and 200 mM L-ascorbic acid or guanosine as acceptor substrate at 37°C and
650 rpm. The reaction was started by addition of 0.1 uM E196A. Incubation, sampling and
sample preparation was performed exactly as mentioned above. Free phosphate, aGlc 1-P and
Glc 6-P concentrations were measured. Phosphorylated products were measured indirectly via

the phosphate balance (equation 1).
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3.1.9 Analysis of the substrate binding tunnel

Analysis was performed using the free software package MOLE2.0 [7]. PyMOL

(http://pymol.sourceforge.net) was used for visualization.

3.2 Results

3.2.1 Selection of target amino acids.

His®® and Asp®® were chosen as mutation targets, because they are considered as the
nucleophile and the general acid-base catalyst, respectively. In the available crystal structure
of aG1Pase (PDB code: 1NT4) His™® is replaced by Ala. Therefore, we compared the active-
site of aG1Pase with the active site of the closely related E. coli phytase appA (PDB code:
1DKO). This analysis showed that the phytase His'’, the homologous residue to aG1Pase
His'®, is ideally positioned to act as the nucleophile [8]. Docking of aGlc 1-P into the active
site of the G1Pase crystal structure showed that Asp>* is positioned in close proximity to the
O1-P bond of aGlc 1-P [2]. This enables Asp®® to protonate the glucose leaving group in the
first reaction step (Figure 1A), a catalytic reaction usually supported by the action of a general
acid-base catalyst. To eliminate the functional side chain groups involved in catalysis, we

created a H18A and a D290A mutant.

In addition to the nucleophile and the acid-base catalyst, we were interested in factors
influencing the substrate specificity. Therefore we performed a detailed analysis of the
aG1Pase substrate binding tunnel using the software MOLE 2.0 [7]. We could identify two

tunnels originating from the active site (Figure 1B).
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Tunnel 1 is approximately 16 A long and involves Lys***, Asn“*, GIn**®, Asp®”, Lys™”’,
Tyr**, Leu®, Ser®®!, GIu™®, Asn®® and Asn?’. Around 14 A from the inner tunnel origin a
bottleneck can be found, in which the tunnel radius is decreased from 2.7 A to 2.4 A (Figure
1C). We identified Glu*® as an important participant in the formation of this bottleneck.
Because of its negative charge at physiological pH, it has the potential to repel negative
charged ligands. Therefore, we hypothesize that it might be a substrate determining factor,

which prompted us to create an E196A mutant.

Tunnel 2 is approximately 22 A long and involves Lys**, Asn**, GIn*® Asp®®*, Asn®®’,
Asp®t, Leu® Arg®, Asn®’, Leu®*, Ser’™, Pro®, Leu®! and Gly®®. Alongside tunnel 2, two
bottlenecks can be identified (Figure 1D). The first bottleneck (at approximately 10 A) is
characterized by a narrowing of the tunnel radius from 2.4 A to 1.5 A. The second bottleneck
(at around 18 A) is characterized by a decrease in radius from 2.0 A to 1.5 A. We do not
consider mutations alongside tunnel 2, because the two bottlenecks, with a minimal diameter
of 3.0 A, prohibit transport of aGlc 1-P, which has a diameter equal or greater 4.0 A
(measured in PyMOL). Due to the narrowness of tunnel 2 we conclude, that only very small
molecules can travel alongside this tunnel. Thus, we speculate that tunnel 2 might be involved
in the transport of a water molecule, which leads to hydrolysis of the covalent phospho-

histidine intermediate in the second half reaction of the proposed reaction mechanism.
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Figure 1. Structural analysis of the active-site and the binding pocket of aG1Pase. (A)
Overlay of the active-site of aG1Pase (white) and E. coli phytase (yellow). aGlc 1-P was
docked into the active site as described in chapter 1 of this thesis. (B) Two tunnels originate in
the active site. Yellow residues represent residues of the catalytic-core; green residues are

involved in building the bottleneck in tunnel 1. Glu*®

(represented in magenta) is involved in
building the bottleneck in tunnel 1 and represents a target for mutation to Ala. (C) Radius
distance plot for tunnel 1 elucidates the presence of a bottleneck. (D) Radius distance plot for

tunnel 2 elucidates the presence of two bottlenecks.
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3.2.2 Molecular cloning, expression and purification of aG1Pase
and mutants.

aG1Pase and mutants were expressed as N-terminal Strep-tag fusion proteins in E. coli
Origami B (DE3) [2]. Purification was achieved via a Strep-tag [3] affinity chromatography
and resulted in about 5.5 mg/L, 5.5 mg/L, 1.8 mg/L and 5.1 mg/L of pure H18A, D290A,
E196A and aG1Pase, respectively. Purity of the enzyme preparation was verified via SDS-
PAGE and silver staining (Figure 2). Protein preparations were stable and could be stored
frozen (>3 mg/mL in 50 mM MES buffer pH 7.0) for several weeks without substantial loss of

activity.

kbDa 1 2 3 4 kDa

170 170
130 130
100 100
70 | 70
55 55
40 40
35 35
25 25
15 15
10 10

Figure 2. Purification of aG1Pase and mutants was monitored by SDS-PAGE. (A) 1:
PAGE-ruler protein ladder; 2: purified H18A (2 pg); 3: purified E196A (1 ug); purified

D290A (2 ng). (B) 1: PAGE-ruler protein ladder; 2: purified aG1Pase (5 pug).
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3.2.3 Hydrolytic activity of aG1Pase.

Two different substrates, aGlc 1-P (20 mM) and pNPP (5 mM), were used to determine the
enzymatic activity of aG1lPase. The results are summarized in (Table 1). The apparent
phosphate release rates of aGlPase are 44 s for oGlc 1-P and 6.7 s* for pNPP. Both
activities are at least 3-fold lower compared to the activity reported by Cotrill et al [9]. The
differences might be explained by the fact that Cotrill et al performed hydrolysis studies at pH
4.5, whereas we used pH 7.0. Interestingly, the determination of pNPP hydrolysis rates varied
up to a magnitude depending on the analytical method used. In general the discontinuous
(Saheki) phosphate release measurement resulted in lower activities as compared to the

continuous para-nitrophenyl (pNP) release measurement (405 nm).

Table 1. Apparent rate constants of aG1Pase and mutants (H18A, D290A, E196A) based

on phosphate released.

Protein Keat_app [57] residual activity mutant/WT
aGlc 1-P pNPP aGlc 1-P pNPP
aG1Pase 44 6.8 100% 100%
H18A 0.4 0.004" 1% 1%’
D290A 0.1 10 0.3% 150%
E196A 31 2.5 68% 36%

“Keat_app Was determined following release of pNP at 405 nm.
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3.2.4 Characterization of H18A.

Hydrolytic activity of H18A. Apparent turnover frequencies (Kcat app) for aGlc 1-P (20 mM)
and pNPP (5 mM) were determined from phosphate release rates, or from release of pNP,

respectively. The results are summarized in (Table 1).

H18A showed hydrolytic activities towards aGlc 1-P with a Kcat_app 0f 0.4 s™. The hydrolysis
rate for pNPP was 0.004 s™. Compared to aG1Pase, H18A showed only 1% residual activity
for both substrates. This drastic decrease of hydrolytic activity is consistent with the proposed
role of His™ as the nucleophile, however, detection of residual activity is in contrast to the
findings of Lee et al and Cortrill et al, which report complete loss of activity for their H18A
mutant [9,10]. Residual activity might be explained by a minor contamination of aG1Pase
resulting from co-purification of the WT-enzyme which might be expressed at a basal level by

289

the expression host. An alternative explanation would be that His” takes over the role as the

nucleophile and forms a covalent phospho-histidine intermediate.

Restoring hydrolytic activity of H18A applying chemical rescue. In an attempt to partially
restore the activity of H18A, we performed chemical rescue experiments introducing either
azide (20 — 50 mM), imidazole (20 mM) or acetate (20 mM) as alternative nucleophiles.
Apparent reaction rates were determined discontinuously measuring the decrease in aGlc 1-P
concentration. As shown in Figure 3A, chemical rescue with 20 mM of any rescue agent did
not restore the activity of H18A. A minor increase of activity, 15% compared to H18A

without rescue agent, was observed when 50 mM azide was used as rescue agent. This
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increase, however, may lie in the range of experimental failure, thus repetition of the

experiment is recommended.

Phosphoryl transfer activity of H18A. To investigate possible phosphoryl transfer activity,
we performed a conversion in 50 mM MES pH 7.0 supplemented with 50 mM azide and 200
mM glucose as phosphate acceptors. Interestingly, we observed phosphoryl transfer activity,
resulting in the production of Glc 6-P, independent on the presence of rescue agent. The
apparent reaction rate for the production of Glc 6-P and the consumption of aGlc 1-P were
identical for both performed reactions (Figure 3B). In both conversions the phosphate balance

was closed, thus indicating that no phosphate was transferred to azide.

The results can be interpreted in two ways: On the one hand the residual phosphoryl transfer
to glucose as acceptor can be catalyzed by impurities of aG1Pase, originating from the
expression host. If we assume that the whole residual activity is caused by this contamination,
then the transfer activity of H18A should be roughly 1% of the aG1Pase transfer activity
(Table 1). The Keat app for Glc 6-P production using aG1Pase is 30 s [2], whereas for H18A it
is 0.15 s™*. Although 1% contamination with aG1Pase seems high, optimization of the
purification protocol or production of an E. coli OrigamiB Aagp expression strain is

recommended to eliminate the possibility of contamination after all.

On the other hand, the observed transfer activity could also be explained by His*®°, located in
the active core, taking over the role as an alternative nucleophile. This would allow
phosphoryl transfer without the presence of the original nucleophile His*® and independent of

rescue agents. In previous studies with the closely related E. coli phytase appA (30% sequence

110



3 Appendix: Analysis of active-site residues in aG1Pase: effects of site-directed substitutions of the nucleophile His18, the
general acid-base Asp290, and the putative “gating” residue Glu196

identity to aG1Pase) Ostanin et al could show that a phytase-H303A mutant exhibits a

tremendous decrease of hydrolytic activity (< 0.4% residual activity). Unfortunately, they

303 289

could not pin down the exact catalytic role of His™*, the homologues residue to His™™" in

aG1Pase [11].

The production of a H18A-H289A double mutant could elucidate the exact role of both
residues during catalysis. Although very interesting, further investigations of these questions

is beyond the scope of this master thesis.
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Figure 3. Chemical rescue of H18A. (A) Chemical rescue using different nucleophilic
reagents. Symbols indicate: (®) without rescue agent, (A) 50 mM azide, (<) 20 mM acetate,
(o) 20 mM azide and (V) 20 mM imidazole. (B) Non-hydrolytic phosphoryl transfer in H18A
is independent on the presence of rescue agent (50 mM azide). Symbols indicate: (o) Glc 6-P

concentration in the absence of azide, (o) Glc 6-P concentration in the presence of 50 mM
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azide, (m) aGlc 1-P concentration in the absence of azide and (o) aGlc 1-P concentration in

the presence of 50 mM azide.

3.2.5 Characterization of D290A.

Hydrolytic activity of D290A. D290A hydrolyzed aGlc 1-P with a Keat app 0f 0.1 s and pNPP
with a Keat_app Of 10 s (Table 1). As expected, D290A showed only very low residual activity
(0.3% compared to aG1Pase) for the hydrolysis of aGlc 1-P, however, activity towards pNPP
is increased by a factor of 1.5 compared to aGlPase. In contrast to the other produced
mutants, the replacement of Asp?®® by Ala leads to an increase of activity towards pNPP. As
the catalytic efficiency of D290A is highly dependent on the substrate used, we suggest that

the reason for this interesting catalytic behavior is mediated by the substrate.

Compared to aGlc 1-P, pNPP has a much better leaving group, thus protonation of the leaving
group is less important for efficient catalysis. In consistency, the replacement of the acid-base
catalyst, Asp*® by Ala, leads to a strong decrease in hydrolytic activity towards aGlc 1-P, but
not towards pNPP. This finding leads to the conclusion that Asp?*® might be involved in

leaving group protonation.

Activity of aG1Pase and D290A is dependent on the substrate leaving group pK,. A number
of phosphate esters were used as substrates for aG1Pase and D290A, in order to study
dependency of the apparent hydrolysis rate onto changes in the leaving group pK, (Table 2).
Both enzymes showed dependency of apparent phosphate release rates on changing leaving

group pK,. The correlation was clearly negative for D290A, whereas increase of the leaving
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group’s pK, resulted in a decrease of hydrolytic activity (i.e. phenylphosphate < 1 % activity
relative to pNPP). aG1Pase shows moderate sensitivity to increased leaving group pK,, as
shown with phenylphosphate (37% activity relative to pNPP). Contrary to the trend of D290A,
aG1Pase showed the highest activity with aGlc 1-P, which possesses a high leaving group
pK, of 12.46 (Figure 4). An exception of this trend represents the hydrolysis of PPi (Table 2).
Both enzymes show low apparent turnover rates for this substrate (0.21 s* D290A, 0.11 s™
aG1Pase) although the pK, of the leaving group is the highest of the tested substrates. This
indicates that PPi is a poor substrate. Interestingly, D290A shows a higher turnover compared
to aG1Pase, as observed with pNPP. PPi and pNPP have a good leaving group and thus
leaving group protonation is less important for efficient hydrolysis. However, this does not
fully explain why substrates with a good leaving group are more efficiently hydrolyzed by
D290A. A tentative explanation of enhanced turnover by D290A would be, that elimination of
a negatively charged amino acid in the active center would facilitate entry of a negatively

charged substrate and thus enhance the apparent turnover compared to aG1Pase.

Altogether the results support the hypothesis that Asp®®

, the homologue residue to phytase
Asp®™  is the acid-base catalyst in aG1Pase (Figure 1A). Furthermore, our results suggest that
the formation of the phospho-enzyme intermediate and release of the leaving group is rate
limiting in D290A. However, in aG1Pase, breakdown of the phospho-histidine intermediate is
facilitated by protonation of the leaving group, which is mediated by the general acid-base

catalyst. Thus, turnover in aGlPase is less dependent on the pK, of the leaving group, as

compared to D290A.
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Table 2. Kinetic parameters of aG1Pase and D290A towards various phosphate esters.

kcat_app [S-l]
Leaving group

Substrate

pKa D290A aGl1Pase
Pyrophosphate 6.82 12 0.21 0.11
pNPP 7.14 13 10 6.8
2-Naphtylphosphate  9.63 [** 0.33 n.d.
pPhenylphosphate ~ 9.99 (314 0.08 1.7
oGlc 1-P 12.46 1 0.09 44
Phytate 0.94 2.07

4 n.d. not determined

2.0
1.5 1
1.0 1

0.5 +==<__

0.0 1

IOQ (kcat_app)

Figure 4. Brgnsted plots for aG1Pase and D290A. Symbols indicate: (o) aG1Pase and (e)

D290A.
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Phosphoryl transfer activity of D290A. To study possible non-hydrolytic phosphoryl transfer,
catalyzed by D290A, a standard conversion was performed adding 15 mM oGlc 1-P as

phosphoryl donor and 200 mM glucose as phosphoryl acceptor.

As shown in Figure 5, D290A was able to perform non-hydrolytic phosphoryl transfer,
resulting in the production of 2.1 mM of Glc 6-P after 75 min of incubation. The aGlc 1-P
consumption rate was reduced by a factor of 2 compared to the same reaction performed
without addition of glucose. This apparent rate retardation might be caused by an enhanced
back reaction, producing aGlc 1-P, instead of Glc 6-P [2]. The phosphate release rate is
decreased by a factor of 10, which is also observed for aG1Pase and represents the suppressed
substrate hydrolysis by the presence of an alternative phosphate acceptor substrate [2]. The
overall reduced reaction rates, compared to aG1Pase, can be explained mechanistically due to
the fact, that in D290A, catalysis rates are limited by the formation of the phospho-enzyme
intermediate. The second half reaction, however, is not limiting and therefore proceeds with
the same rate as in aGlPase, thus, the transfer over hydrolysis ratio is identical to that
observed in aGlPase. Unfortunately, the observed transfer activity could be an artifact

produced by minor contaminations of aG1Pase.
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Figure 5. Time-course of phosphoryl transfer reactions catalyzed by D290A in the
presence of 200 mM glucose as acceptor substrate at pH 7.0. Symbols indicate: (m) aGlc 1-

P, (e) Glc 6-P and () free phosphate.

In summary, we were able to show that Asp290 is involved in leaving group protonation and
thus, can be considered as the general acid-base catalyst in aG1Pase. Observed phosphoryl
transfer activity, however, needs further investigation. It is not clear if it results from aG1Pase
contamination, or if it is an intrinsic property of D290A. To clarify this open question re-
expression of the D290A variant in an E. coli OrigamiB Aagp expression strain and
subsequent characterization would be necessary. An alternative would be optimization of the
purification process, where elimination of periplasmic aG1Pase would be the main goal. This
can be archived by introducing a pre-purification step which specifically releases

periplasmatic protein by cold osmotic shock [15], prior to cell disruption.
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3.2.6 Characterization of E196A.

Hydrolytic activity of E196A. The hydrolysis rate of the gating residue, E196A, was
determined with 31 s for aGlc 1-P and 2.5 s™ for pNPP (Table 1). Both activities are in the
same order of magnitude compared to aGlPase activities. Lee et al proposed, based on

196

docking studies, that Glu™ might hinder the entrance of pNPP into the active site at elevated

pH. They postulate that entry into the active site is denied by the negatively charged Glu*®

carboxyl side chain, which repels pNPP. Exchange of Glu'®®

to Ala, however, did not promote
hydrolysis of pNPP at pH 7.0 compared to aG1Pase. Contrary we found decreased hydrolytic
activities towards both substrates (aGlc 1-P and pNPP), which might be explained due to
slight alterations in the binding tunnel and thus less optimal substrate binding. An alternative
hypothesis would be increased phosphate inhibition resulting from the lack of negative charge

repulsion in the binding pocket, which is usually mediated by Glu*®. Further investigation of

both hypotheses was beyond the scope of this master thesis.

Analysis of the substrate spectrum of E196A. As a result of Glu'®®

exchange to Ala we
expected an enlargement of the binding pocket and thus an enhanced acceptance for bulkier
phosphoryl acceptor substrates. To test this hypothesis, we performed phosphoryl transfer
reactions at pH 7.0 using either 200 mM guanosine, or 200 mM L-ascorbic acid as acceptor
substrate and 20 mM aGlc 1-P as donor substrate. Incorporation of phosphate into the

acceptor substrate was accessed towards the phosphate balance, whereas a not closed balance

was interpreted as phosphoryl transfer activity towards the offered acceptor substrate.
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Both performed reactions showed a closed phosphate balance and thus we can conclude that

neither guanosine nor L-ascorbic acid are suitable acceptor substrates.

Structural analysis of E196A. Lee et al proposed that Glu'®® interacts with the C4-OH of
aGlc 1-P. The crystal structure analyzed by Lee et al contained a BGlc 1-P instead of aGlc 1-
P. The distance between Glu*® and the C4-OH of the BGlc 1-P is indeed very short (2.3 A),
representing a strong hydrogen bond. Analysis of the aG1Pase crystal structure docked with
aGle 1-P shows, that the distance between Glu'*® and the C4-OH is roughly doubled (4.5 A)
and thus hydrogen bonding is unlikely to occur. Instead, analysis of the polar interactions of
C4-OH and the C5-OH of the glucose ring revealed Ser® as a possible interaction partner.
The distance between the Ser®®* hydroxyl group and the C4-OH and the C5-OH is < 3 A,

representing possible hydrogen bonds that orientate the sugar ring in the active site.

E196

L—s

29A 2k \ A18

ﬁzaA

8291
0290

Figure 5. Interactions of gating residues with the glucose ring. (A) Interactions of the
gating residue Glu'®® with the C4-OH of aGlc 1-P (green) or the C4-OH of BGlc 1-P (cyan).

(B) Interactions of Ser®** with the C4-OH and the C6-OH of aGlc 1-P.
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196

In summary, we were able to show that the exchange of Glu™ to Ala did not result in

enhanced activity towards pNPP at pH 7.0 and that it did not enhance the promiscuity towards

alternative phosphoryl acceptor substrates such as L-ascorbic acid and guanosine.

196

Furthermore, structural analysis revealed that Glu™ is unlikely to interact with the glucose

291

ring of aGlc 1-P, however Ser®" seems to be involved in substrate binding. A more detailed

characterization of E196A was beyond the scope of this master thesis.
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