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Background: Giardia lamblia is a pathogen of humans and other vertebrates. The synthesis of glycogen and of
structural oligo and polysaccharides critically determine the parasite's capacity for survival and pathogenicity.
These characteristics establish that UDP-glucose is a relevant metabolite, as it is a main substrate to initiate varied
carbohydrate metabolic routes.

Results: Herein, we report the molecular cloning of the gene encoding UDP-glucose pyrophosphorylase from ge-
nomic DNA of G. lamblia, followed by its heterologous expression in Escherichia coli. The purified recombinant en-
zyme was characterized to have a monomeric structure. Glucose-1-phosphate and UTP were preferred
substrates, but the enzyme also used galactose-1-phosphate and TTP. The catalytic efficiency to synthesize
UDP-galactose was significant. Oxidation by physiological compounds (hydrogen peroxide and nitric oxide)
inactivated the enzyme and the process was reverted after reduction by cysteine and thioredoxin. UDP-N-
acetyl-glucosamine pyrophosphorylase, the other UTP-related enzyme in the parasite, neither used galactose-
1-phosphate nor was affected by redox modification.

Conclusions: Our results suggest that in G. lamblia the UDP-glucose pyrophosphorylase is regulated by oxido-
reduction mechanism. The enzyme exhibits the ability to synthesize UDP-glucose and UDP-galactose and it
plays a key role providing substrates to glycosyl transferases that produce oligo and polysaccharides.

General significance: The characterization of the G. lamblia UDP-glucose pyrophosphorylase reinforces the view
that in protozoa this enzyme is regulated by a redox mechanism. As well, we propose a new pathway for UDP-

Keywords:

UDP-glucose pyrophosphorylase
Redox regulated
Glucose-1-phosphate
Galactose-1-phosphate
Carbohydrate metabolism

galactose production mediated by the promiscuous UDP-glucose pyrophosphorylase of this organism.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

UDP-glucose (UDP-GIc) is a key intermediate for carbohydrate me-
tabolism, mainly for the synthesis of oligo and polysaccharides in differ-
ent organisms [1]. UDP-Glc pyrophosphorylase (EC 2.7.7.29; UDP-Glc
PPase) catalyzes the production of the sugar-nucleotide (in presence of
Mg? ") according to the reaction: Glc-1P + UTP «— UDP-Glc + PPi.
Although it is ubiquitously distributed in nature (including animals,
plants and microorganisms) [1-3], the enzyme from eukaryotes is
remarkably unrelated with that found in prokaryotes and they are not
homologous proteins [2,4,5]. Recently [6], it has been demonstrated
that the UDP-Glc PPase from Entamoeba histolytica is finely regulated
by post-translational redox modification elicited by critical metabolites
of the intracellular environment. The regulation is determinant for the
distribution of carbohydrates into different metabolic fates. This former
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work opened the question if the kinetic and regulatory behavior of the
E. histolytica enzyme is common between UDP-Glc PPases from protozoa.

Giardia lamblia is a flagellated protozoan having a limited metabolic
repertoire in comparison with common parasites and exhibiting adap-
tation to microaerophilic environments [7,8]. It is the causative agent
of giardiasis, an intestinal dysenteric disease distributed worldwide
and affecting humans and other vertebrates. The parasite life cycle
is represented by the trophozoites that colonize the small intestines
and the infectious cysts, which are eliminated in the faeces to the
environment. The protective cystic wall comprises a characteristic N-
acetyl-galactosamine polysaccharide and the structure is responsible
for the parasite survival outside the host [9,10]. Furthermore,
G. lamblia accumulates glycogen, which serves as an energy reserve in
trophozoites [11] and also plays a critical role in their differentiation
to cyst forms [12].

Despite the relevance of polysaccharides for survival and pathoge-
nicity of the parasite, the complete characterization of the enzymes in-
volved in carbohydrates metabolism in Giardia is far from complete.
The pathway for cyst wall synthesis has been the more studied and
the kinetic properties of the UDP-N-acetyl-glucosamine pyrophos-
phorylase from G. lamblia (GlaUDP-GIcNAc PPase) were determined
with some detail, either for the enzyme purified from the source [13]
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or produced recombinantly [14,15]. Conversely, no report is available
concerning generation of UDP-Glc, the glycosyl donor for glycogen
elongation in this protozoan [16,17]. Herein, we present the molecular
cloning, heterologous expression, and purification the UDP-Glc pyrophos-
phorylase from G. lamblia (GlaUDP-Glc PPase). We performed the kinet-
ic characterization of the recombinant enzyme, which exhibited
promiscuity for using Gal-1P (besides its major activity with Glc-1P)
and sensitivity to modification by redox agents. The properties of
GlaUDP-GIc PPase are analyzed in comparison with those reported for
the homologous enzyme from other protozoa as well as for GlaUDP-
GIcNAc PPase. The results are discussed in relation with the metabolic
scenario for polysaccharides taking place in the microorganism.

2. Materials and methods
2.1. Chemicals

Glc-1P, Gal-1P, GIcN-1P, GaIN-1P, GIcNAc-1P, UTP, TTP, H,0,,
diamide, DTT, L-cysteine (Cys), L-cystine (CySS), sodium nitroprusside
(SNP), protein standards, antibiotics, isopropyl-B-thiogalactoside
(IPTG) and oligonucleotides were obtained from Sigma-Aldrich
(St. Louis, MO, USA). All other reagents were of the highest quality
available.

2.2. Bacteria and plasmids

Escherichia coli Top 10 F’ (Invitrogen, Carlsbad, CA, USA) cells and
pGEM®T Easy (Promega, Fitchburg, WI, USA) vector were used for
cloning purposes. Genes were expressed using pET19b (Novagen,
Madison, WI, USA) and pRSETA (Invitrogen) vectors and E. coli
BL21 (DE3) (Invitrogen) as host. DNA manipulations and E. coli
cultures as well as transformations were performed according to
standard protocols [18].

2.3. Amplification and cloning of ugp and uap genes from G. lamblia

The genes ugp (Gene ID: 5699477) and uap (Gene ID: 5700112)
coding for GlaUDP-Glc and GlaUDP-GIcNAc PPases, respectively, were
amplified by PCR from genomic G. lamblia WB-assemblage A DNA
kindly provided by Dr. Hugo Lujan (Universidad Catélica de Cérdoba-
CONICET, Argentina). Specific sense primers, containing Ndel or BamHI
sites, and antisense primers, containing EcoRI site, were designed for
subcloning both enzymes. Primers for GlaUDP-Glc PPase were: ugpFow
(5’-CATATGTCCTATCAGGATCTGCTCAGCGC-3) and ugpRev (5-GAAT
TCTCACTGTCCCAGAGTGCAAT-3’); whereas primers for GlaUDP-
GIcNAc PPase were: (5-GGATCCATGCCAGGCCTGGAGGAGTTTCTT-3")
and UAPRev (5’-GAATTCCTAGACGGCCTTCACGCTAGA-3"). Restriction
sites are underlined.

All PCR reaction mixtures (50 pL) contained 100 ng of genomic DNA,
2 pg of each primer; 0.2 mM of each dNTP; 1.5 mM Mg?™ and 1 U Taq
DNA polymerase (Fermentas, St. Leon-Rot, Germany). Standard condi-
tions of PCR were used for 30 cycles: denaturing at 94 °C for 1 min; an-
nealing at 50 °C for 1 min and extension at 72 °C for 2 min, with a final
extension of 10 min at 72 °C. PCR reaction mixtures were electrophoret-
ically defined in 1% (w/v) agarose gel and purified with Wizard SV gel &
PCR Clean Up system (Promega), according to the manufacturer's in-
structions. Amplified genes were cloned into the T-tailed plasmid
pGEM-TEasy and identities were confirmed by DNA sequencing
(MacroGen, Seoul, Korea). The ugp gene was sub-cloned into pET19b
Ndel/EcoRI sites and uap into pRSETA BamHI/EcoRlI sites, to obtain
pUGP and pUAP expressing plasmids, respectively. These constructs
were used to transform E. coli BL21 (DE3) competent cells. By means
of these cloning strategies, both enzymes were produced with an N-
terminal His-tag to facilitate purification procedures.

24. Protein expression and purification

Cells of E. coli BL21 (DE3) transformed with either pUGP or pUAP
were grown at 37 °C in LB medium supplemented with 100 pg/ml am-
picillin until reach an ODggg ~ 0.6. Protein expression was induced with
0.4 mM IPTG at 25 °C for 20 h. Cells were harvested by centrifuging
15 min at 4 °C and 5000 xg, and the pellet was resuspended in 5 ml of
buffer A (25 mM Tris-HCl pH 8.0, 300 mM NaCl, 5% (v/v) glycerol,
10 mM imidazole) per g of cells. Cells were disrupted by sonication on
ice, eight pulses for 30 s with 60 s intervals and centrifugation at
16,000 rpm for 20 min at 4 °C.

Both GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase were purified by
ion metal affinity chromatography (IMAC), using 1 ml HisTrap™ HP
columns (GE Healthcare, Piscataway, NJ, USA). Briefly, supernatants
were loaded onto previously equilibrated Ni?>*-charged columns.
After extensively washing with buffer A, samples were eluted with a
10-300 mM imidazole lineal gradient (50 column volumes). Active frac-
tions were pooled, dialyzed to remove imidazole and supplemented
with 10% (v/v) glycerol, 2 mM DTT and 0.1 mM EDTA. All proteins
were stable for at least six months when stored at —80 °C under
these conditions.

2.5. Protein methods

Protein concentration was determined by the Bradford proce-
dure [19] using bovine serum albumin as a standard. Recombinant pro-
teins were defined electrophoretically in sodium dodecyl sulphate
polyacrylamide gels (SDS-PAGE) according to Laemmli [20] to check
for purity. Gels were stained with Coomassie Brilliant Blue.

2.6. Molecular mass determination

To determine the native structure of GlaUDP-Glc PPase and GlaUDP-
GIcNAc PPase, purified enzymes were subjected to gel filtration chro-
matography. Samples were loaded in a Superdex Tricorn 5/200 column
(GE Healthcare) in buffer B (50 mM HEPES-NaOH pH 8.0, 100 mM Nacl,
and 0.1 mM EDTA). The molecular mass was calculated using a cali-
bration plot constructed with protein standards from GE Healthcare,
including thyroglobulin (669 kDa), ferritin (440 kDa), aldolase
(158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa). The column
void volume was measured using a dextran blue loading solution
(Promega). To determine the effect of oxidation in the native structure
of GlaUDP-GIc PPase, the enzyme was incubated 40 min (25 °C) with
either 5 mM DTT or 2 mM H,0,. After treatment the samples were
analyzed by gel filtration.

2.7. Enzyme assay

GlaUDP-Glc PPase activity was assayed in the UDP-Glc synthesis way
measuring inorganic phosphate (P;) released after hydrolysis of pyro-
phosphate (PP;) by using the highly sensitive colorimetric method de-
scribed elsewhere [21]. Standard reaction mixtures contained 100 mM
MOPS-HCI (pH 8.0), 10 mM MgCl,, 1 mM UTP, 2 mM DTT, 0.2 mg/ml
bovine serum albumin, 0.5 mU/ul yeast inorganic pyrophosphatase
and a proper enzyme dilution. Assays were initiated by addition of
1 mM Glc-1P in a total volume of 50 pl. Reaction mixtures were incubat-
ed for 10 min at 37 °C and terminated by adding the Malachite Green
reactive. The complex formed with the released P; was measured at
630 nm with an ELISA EMax detector (Molecular Devices). Controls
were made to ensure the measurement of initial velocity (v,), that is
the rate where product formation was practically linear with time and
the total consumption of substrates was below 10% [22,23]. As shown
in Fig. S1, at 10 min of reaction it was assured linearity in the formation
of product with time for measurements of activity of GlaUDP-Glc PPase
and GlaUDP-GIcNAc PPase under the different conditions of substrates
concentrations. One unit (U) of enzyme activity is equal to 1 umol of
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product formed per minute under the respective assay conditions
specified above. For measurements of GlaUDP-GIcNAc PPase activity
reactions were conducted exactly as before and started with 1 mM
GIcNAc-1P. As well, the same procedure was followed for the analysis
of enzyme promiscuity towards sugar-1P, except that in this case, the
different monosaccharide-1Ps were included in the assay mixture and
reactions were started with UTP.

2.8. Calculation of kinetic constants

Kinetic assays were performed using specified concentrations
and conditions for all reaction mixture components. For the kinetic
studies enzyme was fully reduced by maintenance, in the presence of
2 mM DTT and checked for full activity. Saturation curves were per-
formed by assaying the respective enzyme activity at saturating level
of a fixed substrate and different concentrations of the variable sub-
strate. The experimental data were plotted as enzyme activity (U/mg)
versus substrate concentration (mM), and kinetic constants were deter-
mined by fitting the data to the modified Hill equation: v, = Viyax [S]"/
(Sos" + [S]"), as described elsewhere [24], using the Levenberg-
Marquardt nonlinear least-squares algorithm provided by the computer
program Origin™ 8.0. Hill plots were used to calculate the Hill coeffi-
cient (n), measuring the interaction degree (cooperativity) between ki-
netically different binding sites per mole of enzyme [25,26]; the
maximal velocity (Vimax); and the kinetic constants that correspond to
the substrate concentrations giving 50% of the maximal velocity (Sos).
All kinetic constants are the mean of at least three sets of data, which
were reproducible within 4 10%.

2.9. Oxidation assay

Purified GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase were desalted
using Microcon spin columns (Millipore) to buffer C (100 mM MOPS-
HCI pH 8.0, 0.1 mM EDTA) to remove DTT. For oxidation, 0.5 uM of
each enzyme was incubated in buffer C at 25 °C with different concen-
trations of either diamide, H,0O, or SNP. Incubations with SNP were con-
ducted in presence of a direct environment light to induce reagent's
photolytic decomposition and generate nitric oxide and other reactive
nitrogen species [27]. After different incubation times, aliquots were
withdrawn, diluted and assayed for activity as above described.

Experimental data were plotted as log remaining activity versus ox-
idation time (min). For calculation of percentage of remaining activity,
100% was considered as the activity when the enzyme was incubated
under the same conditions but in the absence of oxidants. Oxidation ki-
netics was analyzed as described elsewhere [6,28]. Briefly, the first
order rate constant (kapp) for each oxidant concentration was calculated
by fitting the curves to the equation: log relative activity = 2 — kpp * t,
using Origin™ 8.0 software. Plots of k,p,;, values versus variable oxidant
concentrations allowed k; (maximum rate of inactivation achieved at an
infinite concentration of inactivator), K; (inhibitor concentration yield-
ing a rate of inactivation equal to half of the k;), and k" (k" = ki/K;, the
second-order rate, which is considered to be the best measure of rela-
tive inactivator potency) determination. Experimental points deter-
mined in redox modification studies are means of at least three
measurements reproducible within + 10%.

2.10. Reduction assay

To remove any oxidant excess, the oxidized enzymes (as specified
above) were diluted and extensively desalted/re-concentrated to
0.5 UM in 50 mM MOPS-HCI pH 8.0 by means of Microcon spin columns
(Millipore). The oxidized enzymes were incubated with different reduc-
ing agents: 2.5 mM DTT, 5 mM L-Cys, 50 uM Trypanosoma cruzi TRX
(TerTRX) or 50 uM T. cruzi tryparedoxin (TcrTXN) in buffer 50 mM
MOPS-HCI pH 8.0. After 30 min incubation, aliquots were withdrawn
from the incubation media and assayed for enzyme activity. Before

use, TcrTRX and TcrTXN were reduced by incubation in buffer 100 mM
MOPS-HCI pH 8.0, 5% (v/v) glycerol, 0.1 mM EDTA, and 0.5 mM DTT
during 30 min at 25 °C. Thiol proteins used for assays were purified
according to protocols previously specified [6,29].

2.11. Enzyme behavior at different redox potential

The medium reduction potential (E,) of a protein is defined as the
reduction potential in which the concentrations of its oxidized and re-
duced forms are equal [30]. The E,, of GlaUDP-Glc PPase and GlaUDP-
GIcNAc PPase were determined by redox titration with Cys/CySS, the
reduced and oxidized species of L-cysteine, respectively. Different reduc-
tion potential values (E},) were obtained varying the relative concentra-
tions of both species, maintaining the total concentration fixed at 1 mM,
with the addition of 100 mM MOPS-HCI pH 7.4. Values of E;, were calcu-
lated by using the Nernst equation: E, = E, — RT/nF In [Cys]?/[CySS],
where E, is the Ej, for Cys/CySS at pH 7.4 (—0.250 V) [31], R is the uni-
versal gas constant (8.314 ] K~ ! mol™ 1), T is the absolute temperature
(298 K), n is the number of moles of electrons transferred in the reaction
(2), Fis the Faraday constant (96,485 ] mol~! V~1), and [Cys]?/[CySS] is
the ratio between the concentrations of both redox species [32].

GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase were incubated in a
final concentration of 0.5 uM during 2 h at room temperature in differ-
ent redox buffers (to reach redox equilibrium). Aliquots of treated sam-
ples were taken and enzyme activity was assayed for both enzymes
under standard conditions (see above). Data were plotted as percentage
of activity versus Ey,, where the highest activity for each enzyme was set
as 100% of activity.

3. Results

3.1. Cloning and heterologous expression of G. lamblia genes encoding
UDP-Glc PPase and UDP-GIcNAc PPase

It has been reported that G. lamblia accumulates glycogen for storage
of carbon and energy [11,12]. To get a better picture of occurrence and
synthesis of the reserve polysaccharide in G. lamblia we approached
the study of UDP-Glc PPase, the enzyme that catalyzes synthesis of the
glycosyl donor (UDP-Glc) for glycogen elongation in heterotrophic eu-
karyotes [16,17]. Thus, G. lamblia ATCC50803 genome analysis showed
two genes linked to UTP-dependent pyrophosphorylases [8,33]: one
nucleotide sequence encoding a putative UDP-Glc PPase (ugp, Gene
ID: 5699477) and another gene coding for UDP-GIcNAc PPase (uap,
Gene ID: 5700112). The latter enzyme has already been studied in detail
[13,15,34]. The ugp gene sequence predicts a 450 amino acid protein
(GlaUDP-Glc PPase) with a theoretical 49.3 kDa molecular mass,
which shares ~30% identity with UDP-Glc PPases from other protozoa:
E. histolytica (EhiUDP-Glc PPase) [6], Trypanosoma brucei [35] and
Leishmania major [36]. In addition, the predicted GlaUDP-Glc PPase has
a similar identity degree with the homologous enzyme from other
non-protozoa eukaryotes: Saccharomyces cerevisiae (33.3%) [37] and
bovine liver (35.5%) [38]. Curiously, a higher identity (slightly above
40%) is found between the UDP-Glc PPases from G. lamblia and barley
[39]. On the other hand, uap encodes for a protein of 436 amino acids,
with a molecular mass of 48.3 kDa, according to previous reports deal-
ing with characterization of the UDP-GIcNAc PPase from G. lamblia
[13,15,34].

We designed specific primers to amplify the genes ugp (1353 bp
lenght) and uap (1310 bp) from G. lamblia genomic DNA in single-
step PCR procedures. After confirming the identity by sequencing DNA
the amplified products were used to construct the pUGP and pUAP
vectors (see Materials and methods section), express them into E. coli
BL21 (DE3) cells and produce GlaUDP-Glc PPase and GlaUDP-GIcNAc
PPase, respectively. Both recombinant proteins were over-expressed
in the soluble fractions (Fig. 1, lanes 2 and 4), and they were purified
to a high degree using a single step of IMAC (Ni2™), as judged by the
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Fig. 1. SDS-PAGE of recombinant GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase. Lane 1:
Molecular mass markers; Lane 2: GlaUDP-Glc PPase over-expression in crude extracts;
Lane 3: Purified GlaUDP-Glc PPase; Lane 4: GlaUDP-GIcNAc PPase over-expression in
crude extracts; Lane 5: Purified GlaUDP-GIcNAc PPase. Purifications were conducted as
described under the Materials and methods section.

SDS-PAGE analysis (Fig. 1, lanes 3 and 5). In experiments of gel filtration
chromatography on Superdex 200 the GlaUDP-Glc PPase eluted as a sin-
gle peak corresponding to a 50 kDa molecular mass. No higher oligo-
meric conformations were observed, thus suggesting stability of the
monomeric form; according to previous reports for the enzyme from
E. hystolitica [6] and L. major [36]. GlaUDP-GIcNAc PPase also eluted in
a single peak with an estimated molecular mass of 50 kDa, which is in
good agreement with that found in previous studies [15].

3.2. Kinetic characterization and substrate specificity analysis of G. lamblia
UDP-Glc PPase

Since in non-photosynthetic eukaryotic organisms glycogen synthe-
sis occurs via UDP-Glc, the study of the kinetic properties of GlaUDP-Glc
PPase arises as relevant to understand metabolism of carbohydrates in
the protozoan. As expected, the enzyme exhibited a strict dependence
on Mg?™ to catalyze the synthesis of UDP-Glc and PP; from UTP and
Glc-1P, with the kinetic parameters that are summarized in Table 1.
The Viax determined for the enzyme is comparable to that reported
for UDP-GIc PPases from other eukaryotic sources that also exhibit
high specific activity [37,40,41]. Saturation plots for both substrates ad-
justed near to a hyperbolic behavior, with Sos values ~0.15 mM
(Table 1); which are similar to what has been reported for the enzyme
from other eukaryotes [35,36,41]. However, GlaUDP-Glc PPase has a
lower Sy 5 value for substrates when compared with homolog enzymes
from potato tuber [40], E. histolytica (this also showing a lower V.4 ) [6],
and the extensively characterized UDP-Glc PPase from barley [42].

To further study the GlaUDP-GIc PPase kinetic properties we ex-
plored the ability of the enzyme to use alternative substrates to synthe-
size different nucleotide-sugars. Concerning nucleotides, the enzyme
was able to utilize TTP, but not ATP, GTP, nor CTP (tested up to
2.0 mM). Enzyme kinetics for TDP-Glc synthesis showed lower value
of Vinax (30-fold) as well as a higher Sy 5 for substrates (6-fold for TTP
and 3-fold for Glc-1P); with a slight increase in the n value for both

Table 1
Kinetic parameters for GlaUDP-Glc PPase. Parameters were calculated from average data
from three independent experiments, as detailed under the Materials and methods
section.

Synthesis of Substrate So.5 (MM) n Vinax Vinax/(So5)"
(U/mg) (U/mg mM)
UDP-Glc Glc-1P 0.13 4+ 0.01 1.1 400 + 21 3773
uTpP 0.14 4+ 0.02 1.1 3478
TDP-Glc Glc-1P 0.36 4+ 0.04 12 1442 47
TTP 0.90 & 0.02 1.5 16
UDP-Gal Gal-1P 0.09 + 0.01 1.5 75+ 8 2778
uTP 0.08 4 0.01 19 9103

substrates when compared with the production of UDP-Glc (see
Table 1). Then, the catalytic efficiency (defined as Vinax/(So.5)", analo-
gous to Vinax/Kin for hyperbolic kinetics [25]) of GlaUDP-Glc PPase for
using UTP was about two orders of magnitude higher than for TTP.

In a same way, we analyzed specificity of GlaUDP-Glc PPase towards
Glc-1P by testing as alternative substrates Man-1P, Fru-1P, Gal-1P,
GIcNAc-1P, GIcN-1P or GalN-1P (each one added at 2 mM into the
assay mixture). The enzyme exhibited a poor activity (less than 1%)
using these sugar-1Ps, except for Gal-1P. Indeed, the activity measured
with 2 mM Gal-1P was ~30% of that determined with Glc-1P. After-
wards, saturation kinetics for Gal-1P were performed and analyzed in
comparison with Glc-1P, using 1 mM UTP. As shown in Fig. 2, GlaUDP-
Glc PPase exhibited a similar apparent affinity for using both hexose-
1Ps; although the V.« determined with Gal-1P was lower and the n
increased when compared to Glc-1P (Table 1). Thus, the catalytic effi-
ciency for the alternative substrate Gal-1P is similar when compared
with Glc-1P, whilst it is ~3-fold higher for UTP when the nucleotide is
utilized in combination with Gal-1P instead of Glc-1P. After these re-
sults, we analyzed for the possible use of different sugar-1Ps (as alterna-
tive substrate to Glc-1P) by the recently characterized EhiUDP-Glc PPase
[6]; but in our hands the entamoebic enzyme showed negligible activity
with any of the alternative substrates, including Gal-1P. A similar
behavior was observed for GlaUDP-GIcNAc PPase, which resulted highly
specific for GIcNAc-1P, in agreement with previous reports [15].

3.3. Redox modification of GlaUDP-GIlc PPase and GlaUDP-GIcNAc PPase

Recently, it was demonstrated that the EhiUDP-Glc PPase is regulated
by a redox mechanisms [6]. The enzyme is reversibly inactivated by ox-
idation with reactive oxygen and nitrogen species (ROS and RNS, re-
spectively) and the activity is restored by the action of reducing
agents. It is known that amino acids containing sulfur are modified by
redox mechanisms and are consequently involved in modulation of
the enzyme activity. Supplemental Fig. 2 depicts an amino acids align-
ment between the entamoebic enzyme and the two
pyrophosphorylases from G. lamblia, allowing the identification of criti-
cal residues responsible for redox modification. EhiUDP-Glc PPase con-
tains five cysteine and eleven methionine residues but it was shown
that only Cys'%8, Cys’® and Met!°® are critical for redox modulation of
the enzyme activity. In comparison, GlaUDP-Glc PPase (sharing 33%
identity with the entamoebic homolog) contains fourteen cysteine and
nine methionine residues. Fig. 3 shows critical regions of the alignment
between enzymes, detailing that the key residues involved in the redox
regulation of EhiUDP-GIc PPase are strictly conserved in GlaUDP-Glc

400 1
320 4 Gle-1P
240 ~

160 1

Activity (U/mg)

=]
=]
M

Gal-1P

0,0 0,2 0,4 0,6 0,8 1,0
Sugar-1P (mM)
Fig. 2. Saturation plots for Glc-1P (squares) or Gal-1P (circles) of GlaUDP-Glc PPase.

Activity was measured as detailed under the Materials and methods section. Values are
average data of three independent measurements.
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EhiUDPGlcPPase
G1aUDPGlcPPase

G1aUDPNAcGlcNPPase

Met!6 l 1 Cys'®

EEIIELLKKTCIIKINGGLGT SMGC TGPKSVIEVRNGLTFLDIIIL (129)
PSLTKAMQOKVAVLKLNGGLGT SMGC TGPKTLIPVKNQMSFLEIIVR (113)

GKKLLEEGKVAALIMAGGQATRLGASVPKGVFPINFGERAGCLLE I(136)

EhiUDPGlcPPase

GlaUDPGlcPPase

GlaUDPNAcGlcNPPase

l Cys378

RDVIQLEIAVGCAVSAFEHTTAY IVPRSRFLPVKA—CNDLFI IQST (387)

KRVIQLEQAVGAGITFFK—SEGLLVSRDRFIPVKKTCDLL—TVQSD (370)

Fig. 3. Alignment between E. histolytica UDP-Glc PPase (EhiUDP-GlcPPase), G. lamblia UDP-Glc PPase (GlaUDP-Glc PPase) and UDP-GIcNAc PPase (GlaUDP-GIcNAc PPase). Conserved Cys
and Met residues involved in redox regulation (according to [6]) are marked and indicated with arrows.

PPase (Cys“?, Cys®%2 and Met®, respectively). On the other hand, the in
silico analysis in Fig. 3 also shows that GlaUDP-GIcNAc PPase (sharing
only 13% identity with EhiUDP-Glc PPase) lacks these residues.
GlaUDP-GIcNAc PPase has eight Cys residues albeit they are not con-
served in the other two pyrophosphorylases (see details in Supplemen-
tal Fig. 2).

Based on these analyses and to evaluate the effect of redox com-
pounds on the activity of the enzymes under study, we incubated
GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase with H,0, or SNP
(0.5 mM and 2 mM each). The former enzyme was inactivated by
both oxidants in a time dependent manner (Fig. 4) with a slightly stron-
ger effect of H,O, in comparison to SNP; and both reagents modified
GlaUDP-Glc PPase to produce a complete loss of the activity after
30 min. The oxidation of GlaUDP-GIc PPase produced no change in
its oligomeric structure, since fully active (reduced) and inactive
(oxidized) enzyme eluted as a single peak of molecular mass 50 kDa
when were analyzed by size exclusion chromatography. As shown in
Fig. 4, GlaUDP-GIcNAc PPase was practically insensitive to both oxidants
when incubated under similar conditions. The inactivation of this en-
zyme required a substantially higher concentration (10 mM) of H,0,
or SNP to decrease its activity by 60% or 40%, respectively (data not
shown).

Given that the pair Cys/CySS could work as redox buffer in Giardia
[43] and considering the marked difference in sensitivity to oxidant re-
agents exhibited by GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase, we
conducted a redox titration related with catalytic capacity. The activity

100 4

GlaUDP-GIcNAc PPase

75

50 +

25+

Relative activity (%)

0 5 10 15 20 25 30
Time (min)

Fig. 4. Oxidation of GlaUDP-Glc PPase (open symbols) or GlaUDP-GIcNAc PPase (filled
symbols). Each enzyme was oxidized with 0.5 (squares) and 2 (circles) mM of H,0, or
0.5 (up triangles) and 2 (down triangles) mM of SNP. At the beginning of oxidation assays
both enzymes were fully active (100%) with values of 400 U/mg and 75 U/mg for GlaUDP-
Glc PPase and GlaUDP-GIcNAc PPase, respectively. Results are means of three independent
assays.

of each enzyme was determined at different redox potentials (Ey)
reached by specific ratios of Cys to CySS into the assay media. As
depicted in Fig. 5, the activity of GlaUDP-Glc PPase decreased as the Ej,
became more oxidizing, being the enzyme almost completely inactive
at — 64 mV, with an E,, (potential where it is reached a 50% of activity)
calculated at —84 mV. As expected, the enzyme showed the same redox
sensitiveness when assayed for activity with Gal-1P. In good agreement
with the above results, it was observed a partial loss of GlaUDP-GIcNAc
PPase activity at higher oxidizing potentials, and the enzyme reached a
maximal inhibition of 75% at positive E}, values (Fig. 5).

As has been described [6], redox modulation of EhiUDP-Glc PPase in-
volves not only the inactivation of the enzyme by oxidation but also the
recovery of its activity by reducing agents. In our hands a similar behav-
ior was exhibited by GlaUDP-Glc PPase; since different chemical and bi-
ological agents such as DTT, 1-Cys, thioredoxin (TcrTRX) and
tryparedoxin (TcrTXN) from T. cruzi were effective to rescue the enzyme
from its inactive oxidized state. As shown in Fig. 6, the enzyme from
G. lamblia that has been inactivated by more than 90% by H,0, (similar
results were obtained when SNP was the oxidant) was completely
reactivated by treatments with DTT, L-Cys or TcrTXN; whilst TcrTRX
only partially recovered the enzyme activity to a maximum of ~70% of
the original value. Thus, results support the regulation of the synthesis
of UDP-GIc by a posttranslational redox mechanism in G. lamblia, adding
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Fig. 5. Activity of GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase determined at different
redox states. Each enzyme was incubated at varying Ej, potentials established by different
Cys/CySS ratios (Cys/CySS Ey) until redox equilibrium. Then, the respective activity in the
direction of UDP-sugar synthesis was assayed. Relative activity for GlaUDP-GIcPPase
(squares) was measured using 1 mM UTP and 1 mM Glc-1P as substrates; while for
GlaUDP-GIcNAc PPase (circles) 1 mM UTP and 1.5 mM GlcNAc-1P was employed. One
hundred percent of activity corresponds to 400 U/mg (GlaUDP-GlcPPase), or 75 U/mg
(GlaUDP-GIcNAc PPase).
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Fig. 6. Effect of reducing agents on inactivated GlaUDP-Glc PPase. The enzyme was oxi-
dized for 30 min with 0.5 mM H,0- and then treated during the specified times with
2.5 mM DTT (squares), 5 mM L-Cys (circles), 50 pM reduced TcrTRX (up triangles) or
50 uM reduced TcrTXN (down triangles).

a new example to what could be a characteristic taking place in proto-
zoa [6].

4. Discussion

In the present study, a functionally active UDP-GlcPPase from
G. lamblia has been biochemically characterized. We cloned the
only nucleotide sequence encoding a UTP-glucose-1-phosphate
uridylyltransferase (ugp), reported in the G. lamblia database, and
followed with its heterologous expression in E. coli. The purified recom-
binant enzyme presented a monomeric structure and it exhibited dis-
tinctive characteristics, mainly for the ability to use TTP and Gal-1P as
substrates, besides the use of UTP and Glc-1P. Oxidation by physiologi-
cal compounds (hydrogen peroxide and nitric oxide generated by SNP)
inactivated the enzyme and the process was reverted after reduction by
cysteine and thioredoxin. Results are of relevance in the framework of

Galactose

A

Galactokinase j

uTp Gal-1P UDP-Glc +——
UDP-Gal PPase
UDP-sugar PPase Sall,

PPi UDP-Gal Gle-1P
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. UDP-Glc
PPi
UDP-Glc PPase
uTpP
Glc-1P +——————
I PGM
Glc-6P
Hexokinase
Glucokinase
Glucose

the role played by NDP-sugars (in general) and by UDP-Glc/UDP-Gal
(in particular) for the Giardia physiology and considering the scarce in-
formation currently available on the subject.

In parasitic organisms, the formation of NDP-sugars followed by
their use by specific glycosyl transferases are critical processes, since
synthesis of certain structural oligo and polysaccharides determines
the capacity of interaction with other cells [44]. Therefore, glycosidic
compounds in these organisms play an important role in attachment
and invasion to host cells and also for induction and modulation of the
host immune response [45]. Besides, the involvement of UDP-Glc and
UDP-Gal as key metabolites in G. lamblia is supported by: (i) the parasite
ability to accumulate glycogen (for storage of carbon and energy, which
determine survival and pathogenic capacity) [11,12]; and (ii) Gal repre-
sents a 14 and 26% of total sugars present in glycosidic structures of tro-
phozoites and cyst membranes, respectively [45].

The Leloir pathway is considered as a route connecting Gal and Glc in
3 steps: phosphorylation of Gal by galactokinase (EC: 2.7.1.6), then acti-
vation of Gal-1P into UDP-Gal mediated by UDP-glucose:c-p-galactose-
1-phosphate uridylyltransferase (GalT; EC 2.7.7.12), and a last reaction
involving epimerization of the sugar at C4 by UDP-Glc 4-epimerase
(EC-5.3.1.2) [46] (Fig. 7A). GalT is absent in most of protozoa, but
(interestingly) alternative pathways for UDP-Gal synthesis exist [47-49]
(Fig. 7A). For example, in L. major a UDP-sugar PPase (EC: 2.7.7.64) with
broad specificity toward sugar-1P has been reported [47]; the enzyme
preferentially activates Glc-1P and Gal-1P to UDP-Glc and UDP-Gal, re-
spectively, with a 2.4-fold higher catalytic efficiency for the latter sub-
strate. Similarly, a UDP-sugar PPase from T. cruzi uses Gal-1P and Glc-1P
as principal substrates, exhibiting a catalytic efficiency 3.8-fold lower to-
ward Gal-1P in comparison to Glc-1P [49].

An in silico analysis of the genome from G. lamblia shows that genes
encoding galactokinase and GalT are absent. Instead, a gene coding for
UDP-Glc epimerase, a putative protein that shares 26% of identity with
the homologous enzyme from T. cruzi, is found. In addition, G. lamblia
lacks a gene encoding an UDP-sugar PPase and it only presents two
genes linked to UTP-dependent pyrophosphorylases: those that encode
the UDP-GIc PPase and the UDP-GIcNAc PPase. The latter enzyme
has been extensively characterized; its behavior concerning kinetic

HOOH OH B
0 HO 0
HO HO
OH OH
OH OH
Galactose Glucose
' ? Glucokinase
v
Gal-6P Glc-6P
4
b? PGM
v
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UDP-Glc
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Fig. 7. Metabolic pathways for UDP-Glc and UDP-Gal. (A) Alternative metabolism for the synthesis of Gal. The Leloir pathway connects Gal and Glc involving the steps catalyzed by
galactokinase, GalT and UDP-Glc 4-epimerase. An alternative pathway for UDP-Gal synthesis is the activation of Gal-1P into UDP-Gal by UDP-Gal PPase [48] or by UDP-sugar PPase.
(B) Scheme proposed for the metabolism taking place in G. lamblia. The scheme is based on the absence of GalT, UDP-Gal PPase and UDP-sugar PPase, as well as on the properties herein
determined for GlaUDP-Glc PPase related with its ability to catalyze synthesis of UDP-Gal from Gal-1P and UTP. The proposed metabolism involves two steps to convert Gal into Gal-1P
mediated by glucokinase [50] and PGM [51], which could exhibit some degree of promiscuity.
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parameters and high specificity toward GIcNAc-1P gave results that are
in good agreement with previous reports [15,34]. Conversely, GlaUDP-
Glc PPase showed ability to use Gal-1P as an alternative substrate to
synthesize UDP-Gal with apparent affinity and catalytic efficiency prac-
tically similar to the production of UDP-Glc from Glc-1P and UTP.

In this scenario, functional roles for synthesis of UDP-Glc/UDP-Gal
and salvage of monosaccharide could be ascribed to the unique
GlaUDP-Glc PPase that was characterized herein (Fig. 7B); while UDP-
GlcNAc PPase would be involved in the metabolism of UDP-GIcNAc
(and perhaps other UDP-sugarNAc) [34]. The possible metabolism of
Gal in G. lamblia via the reaction catalyzed by GlaUDP-Glc PPase has as
a major problem the absence of galactokinase in the parasite. Previous
works reported that glucokinase (EC 2.7.1.2) [50] and phosphogluco-
mutase (PGM; EC 5.4.2.2) [51] present in this organism exhibit deeply
distinctive functional properties. Also, it is worth to consider that
Giardia is an early diverging eukaryote with many unusual features of
ultrastructure, metabolism and gene sequence [7]. Thus, it is tempting
to speculate that the odd characteristics of these enzymes also include
some degree of promiscuity toward sugars (not yet proven for Gal),
thus setting up a two steps path to convert Gal into Gal-1P (Fig. 7B).

Synthesis of UDP-sugars in Giardia seems to present singular differ-
ences regarding other protozoa. For example, G. lamblia lacks a broad
spectrum UDP-sugar PPase, such as was found in Trypanosoma and
Leishmania [47,49]. The occurrence of a unique GlaUDP-Glc PPase pro-
ducing UDP-Glc and UDP-Gal also appears different to the characteris-
tics of homologous enzymes in E. histolytica. We found that the
amoebian UDP-Glc PPase recently characterized [6] exhibits less than
1% of activity with Gal-1P and it is highly specific towards Glc-1P.
These results are in good agreement with previous work [48] reporting
that an enzyme with activity of UDP-Gal PPase (EC 2.7.7.10) could be
separated from UDP-Glc PPase in extracts obtained from the microor-
ganism. On the other hand, mammalian UDP-Glc PPases can use UDP-
Gal, but with significantly lower capacity when compared to UDP-Glc
[52]. This occurs even in barley, since it has been recently reported
that the UDP-GIc PPase from this source is able to catalyze Gal-1P
consumption but with a very low efficiency compared to Glc-1P
[42].

The use of TTP by UDP-Glc PPase has been reported for the enzyme
from some bacteria [1,4,53,54], which is structurally different from
that of eukaryotes, sharing no more that 8% identity at the amino acid
level between them [2,55]. The results regarding the capacity of
GlaUDP-Glc PPase for the use of TTP as an alternative substrate to UTP
also constitute a singular behavior, since homologous enzymes from
plants, fungi and particularly protozoan were reported highly specific
for UTP [6,36,37,39]. An exception was stated with a mammalian UDP-
Glc PPase that catalyzes the pyrophosphorolysis of TDP-Glc but with
low efficiency [52]. As a whole, the comparison regarding substrate
specificity exhibited by GlaUDP-Glc PPase and GlaUDP-GIcNAc PPase
suggests that the former would be the only enzyme mainly involved
in synthesis of UDP-Glc and UDP-Gal in Giardia.

G. lamblia UDP-Glc PPase presents clear homology with eukaryotic
UDP-Glc PPase (~30-40% identity, as mentioned above), and a lower
identity to UDP-sugar and UDP-GIcNAc PPases (lower than 15%).
Analysis of these pyrophosphorylases showed that the enzymes had
maintained a conserved fold throughout evolution [49]. In particular,
the glycine-rich consensus motif essential for the catalysis is highly con-
served and additional residues involved in the uridine and phosphate
binding [47,49]. However, residues interacting with the glucose moiety
in UDP-GIc PPases are not conserved in UDP-sugar PPase, and it is likely
that insertion of loops between the conserved structural domains gen-
erated many changes during evolution to allow the specific enzyme to
be either strict to the substrate or to accept different substrates [47,49].

To explore for possible relationships between protein structure and
the ability to use of alternative substrates by GlaUDP-GIc PPase, we
made an amino acids alignment with other UDP-Glc PPases, highly spe-
cific for UTP and Glc-1P. Supplemental Fig. 3 pinpoints the nucleotide-

binding loop (region K80-K95), the sugar-binding loop (region R249-
R261), and the residues identified as critical for binding of substrates
to the L. major enzyme (which crystal structure has been solved [3,
56]): for Glc-1P residues Asn®!®, Glu?®4, Asn3°®, Thr3??, Asn%®, and
Phe3’: and for UTP-binding residues Met'3°, GIn'®2, Gly'®°, His'®!,
Asn?'®, Asp??!, It is shown that all these residues are strictly conserved
in the alignment, except for Asn?!® and Thr®®’ that only in GlaUDP-Glc
PPase are different and replaced by Ser and Val, respectively.

In addition, UDP-Glc PPases found in fungi and animals are active
as octamers [37,38] but the enzymes from plants and protozoa were
observed in an active monomeric form [6,35,36,39,57]. In this work,
we showed that GlaUDP-Glc PPase is active as a monomer, as also is
the case for GlaUDP-GIcNAc PPase. Although it has been demonstrat-
ed that the enzyme from barley can adopt different oligomeric struc-
tures strongly affecting its catalytic capacity [57], no other
conformation (besides the monomer) was detected for the
G. lamblia enzyme, even in its oxidized state. This agrees with results
described for the enzyme from E. hystolitica [6] and L. major [36],
which support that regulation of UDP-Glc PPase activity in protozoan
organisms by oligomeric sequestration would not be as relevant as in
plants [57].

It is worth to note that in spite of its monomeric structure GlaUGP-
Glc PPase showed positive cooperativity for the use of substrates
(especially for alternative ones). Traditionally, cooperativity is viewed
as requiring the participation of multiple, spatially distinct binding
sites related with oligomeric proteins. Albeit, it has been reported a
few examples of monomeric enzymes exhibiting cooperative effects
[23,24], and there has been described different models that could ex-
plain this non-Michaelis-Menten kinetic behavior [26]. An extensively
studied example is mammalian glucokinase [58]. This enzyme is able
to use different sugars and phosphoryl donors as substrates depicting
distinctive kinetic behavior. Glucokinase displays a sigmoidal saturation
curve for glucose, but it was observed that cooperativity is lost when it
uses a poor nucleotide substrate (ITP) as phosphoryl donor. Further-
more, when the enzyme uses the analogue substrate 2-deoxyglucose
the saturation curve becomes hyperbolic [58]. Several models for the ki-
netic behavior of glucokinase have been proposed [59,60]. The elucida-
tion of the protein structure [59] allowed to propose a mechanism
explaining the positive cooperativity exhibited by this monomeric en-
zyme with one substrate and not with the other. In addition, different
studies demonstrated that the distinctive kinetic behavior with alterna-
tive substrates would be the consequence of differences in the velocities
of the conformational transitions induced by them [58,60,61]. Thus, the
model proposed for glucokinase seems a good example to explain the
occurrence of cooperativity in the kinetics for the use of Gal-1P and
TTP by monomeric GlaUDP-Glc PPase.

Regarding regulation of UDP-Glc PPases, different posttranscriptional
[62] and posttranslational [2,6,63,64] modifications have been reported.
In particular, we focus this study on the redox mechanism of regulation.
It is widely known that a major posttranslational regulation mechanism
involves inactivation/activation of this enzyme via oxidation-reduction
reactions [28,29]. Certainly, the E. hystolytica UDP-Glc PPase was the
first reported to be subjected to redox regulation in protozoa [6] and in
the current study we further explored this issue on both enzymes in-
volved in UDP-sugar metabolism in G. lamblia. Results showed that the
redox modulation of the GlaUDP-GIcPPase activity seems to be mediated
by a mechanism involving oxidative and reductive agents normally
found in vivo. The enzyme is sensitive to oxidative inactivation by phys-
iological redox compounds (H,0,, SNP), as well as to low molecular
weight metabolites and redox proteins (L-Cys, TcrTRX) that can reduce
the oxidized enzyme with complete recovery of its activity. Such a
redox regulation of the activity was not observed for GlaUDP-GIcNAc
PPase. This enzyme was less sensitive to redox changes, since besides
the high oxidizing conditions required to reduce its activity, the follow-
ing incubation with different reducing agents was ineffective to revert
the process (data not shown).
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It is known that hydrogen peroxide and nitric oxide act as key redox
metabolites involved in different intracellular signaling under physio-
logical and stress conditions [65-67]. Parasitic protozoa not only have
to eliminate their endogenous toxic metabolites but they must also
cope with the oxidative response of the host immune system [43].
Therefore, antioxidant and detoxification systems, such as L-Cys and
TRX, play critical role in degradation of reactive oxygen species and
they participate in mechanisms for regulating the activity of enzymes
through posttranslational modification [43,68]. Thus, in G. lamblia
(as in E. hystolytica [6] and probably other protozoa) these oxidant/
reducing cell mediators could be involved in modifying specific
proteins, being UDP-GIcPPase one of the targets.

In addition, redox titration experiments determined that the activity
of GlaUDP-GIc PPase decreased as the Ej;, turned to oxidizing conditions,
with a complete inhibition at — 60 mV. This Ej, value and the presence of
a Cys/CySS redox buffer is functional in the organism [43], thus giving
support to the physiological significance of the redox regulation of
UDP-sugar synthesis in G. lamblia. In contrast, under this condition
GlaUDP-GIcNAc PPase remained fully active, as the enzyme required
higher E,, values (out of the expected physiological range) to become
inhibited in its catalytic capacity. It is known that G. lamblia is a
microaerophilic parasite having a limited capacity to detoxify O, and
its reactive species [69] and differing from other eukaryotes in that it
lacks of glutathione as a redox buffer. Nevertheless, it has been speculat-
ed that Cys itself could act as the key antioxidant and/or redox buffer
[43], and a thioredoxin reductase using Cys as primary electron acceptor
has been identified in the microorganism [70].

As a whole, our results suggest that G. lamblia could efficiently man-
age the pool of hexose-1P to produce diverse sugar-nucleotides that
serve for synthesis of different saccharides (glycogen as well structural
oligo and polysaccharides) determining survival and pathogenesis of
the parasite. The properties of GlaUDP-Glc PPase characterized in the
present work strongly support that the metabolism of carbohydrates
utilizing UDP-Glc and UDP-Gal could be strictly controlled with a de-
pendence on the levels of redox metabolites in the intracellular environ-
ment. Also, the sensitivity to redox agents found for GlaUDP-Glc PPase
(similar to that reported for the enzyme from E. histolytica [6]) consti-
tute a new example on the possible occurrence of a redox mechanism
to regulate carbohydrate metabolism in protozoa. On the other hand,
the capacity of the enzyme to use Gal-1P and produce UDP-Gal opens
the view that the monosaccharide would be particularly metabolized
in G. lamblia. Further studies are necessary to establish the complete pic-
ture of such a specific metabolism, mainly to determine which enzymes
are specifically involved in the conversion of Gal into Gal-1P. The better
understanding of the metabolism of Gal in G. lamblia is critical, because
of the involvement of the sugar as a main component of certain cellular
structures that are vital for the parasite physiology.
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