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Although Leptospira interrogans is unable to utilize glucose
as its carbon/energy source, the LA_1437 gene of L. interro-
gans serovar Lai potentially encodes a group III glucokinase
(GLK). The L. interrogans GLK (LiGLK) heterogeneously
expressed in Escherichia coli was purified and proved to be a
homodimeric enzyme with its specific activity of 12.3 +
0.6 U/mg-protein determined under an improved assay con-
dition (pH 9.0, 50°C), 7.5-fold higher than that assayed
under the previously used condition (pH 7.3, 25°C). The
improved sensitivity allowed us to detect this enzymatic
activity of (5.0 + 0.6)x1073 U/mg-protein in the crude
extract of L. interrogans serovar Lai cultured in standard
Ellinghausen—McCullough—Johnson—Harris medium. The
keat and K, values for p-glucose and ATP were similar to
those of other group III GLKs, although the K, value for
ATP was slightly higher. Site-directed mutagenesis analysis
targeting the conserved amino acid residues in the potential
ATP-binding motif hinted that a proper array of Gly residues
in the motif might be important for maintaining the confor-
mation that was essential for its function. Gene expression
profiling and quantitative proteomic data mining provided
preliminary evidence for the absence of efficient systems
involved in glucose transport and glycolysis that might
account for the failure of glucose utilization in L. interrogans.
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Introduction

Species of the genus Leptospira are divided into two
groups: the pathogenic L. interrogans sensu lato and the
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saprophytic L. biflexa sensu lato [1]. Previous studies have
indicated that neither pathogenic nor saprophytic leptos-
pires are able to utilize glucose [2]. They only use fatty
acids as their main energy and carbon source when cultured
in vitro [3].

Baseman and Cox failed to detect any of the hexoki-
nase/glucokinase activity in crude cell extract of three
representative strains of Leptospira comprising a water
isolate and two pathogenic serotypes, Pomona and
Schueffneri. Therefore, he proposed that the absence of
hexokinase/glucokinase might account for the inability of
Leptospira to utilize glucose [2]. In 2003, initial annotation
of the genome of L. interrogans strain 56601 failed to
identify the gene encoding hexokinase/glucokinase, which
echoed the rationale accounting for incapable of utilizing
glucose as carbon or energy source in Leptospira species
[4]. Later, by comparative genomic analysis, Nascimento
et al. identified gene LA_1437 of strain 56601 potentially
encoding a glucokinase (GLK; EC 2.7.1.2), which may
function in the first step of glycolytic pathway as that of
hexokinase [5]. A gene potentially encoding GLK was also
annotated in the genome of L. biflexa strain Patoc 1 [6,7].
On the other hand, based on protein sequence similarity
comparisons, Bulach et al. proposed that LA_1437 could
more likely function as a regulatory protein rather than a
GLK [8]. Therefore, experimental characterization of
LA_1437 becomes critical in understanding the biology of
Leptospira species.

GLK is responsible for catalyzing the ATP/
ADP-dependent phosphorylation of glucose to form
glucose 6-phosphate. Based on their protein sequence vari-
ations, microbial GLKs can be divided into three families.
The group I is ADP-dependent GLK found in archaea
[9—12]. On the other hand, both groups II and III GLKs
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are ATP dependent. The difference is that group III GLKs
possess the so-called ROK (repressor, open reading frame,
sugar kinase) sequence signature [13,14]. A previous study
also found a conserved CXCGX(2)GCXE motif in group
III proteins, which is important for the enzymatic activity
of GLKs [15].

In this study, we experimentally characterized the GLK
of L. interrogans encoded by the gene LA_1437 of strain
56601. It showed similar biochemical properties as other
bacterial group III GLKs in vitro and its expression in L.
interrogans cells under laboratory culture condition was
detected. Site-directed mutagenesis analysis improved our
knowledge about the sequence content of the apparently
conserved ATP-binding domain. Combining the gene
expression and proteomic profiling data of L. interrogans
together, we formulated a hypothesis to account for the
failure of glucose utilization of the bacterium.

Materials and Methods

Bacterial strains, plasmids and culture conditions

The virulent strain 56601 of L. inferrogans serogroup
Icterohaemorrhagiae serovar Lai was grown in the
Ellinghausen—McCullough—Johnson—Harris (EMJH) liquid
medium [16,17] at 28°C. Escherichia coli was routinely
grown in Luria Bertani (LB) medium at 37°C [18] except
where indicated otherwise. Antibiotics, when required, were
used at the following concentrations: 100 pg/ml of ampicillin
and 50 wg/ml of kanamycin.

Bioinformatic analysis

To detect the candidate gene(s) possibly encoding hexoki-
nase or glucokinase, we used all of the in silico-predicted
3702 protein coding sequences (CDSs) of the updated
annotation of the Lai serovar type strain 56601 genome
composed of chromosome I (CI) and chromosome II (CII)
(GenBank accession number AE010300 for CI and
AEO010301 for CII) [19] to search against the local NCBI
non-redundant  database [20] and KEGG (Kyoto
Encyclopedia of Genes and Genomes) database (BLASTP
search, e < 10°) [21]. Multiple sequences were compared
using the software BioEdit (Tom Hall, Carlsbad, USA).
Conserved protein structural domains and motifs were
searched in the NCBI conserved domains database (CDD).
To analyze the phylogeny of ROK protein sequences in
relation to their domain characterizations, we blasted the
Swiss-Prot [22] database using LA_1437 as the query and
the resulted protein subjects for further analysis were
selected based on the criteria of alignment length >250
aa; identity >25%; and subject protein length <400 aa.
The phylogeny tree was built based on Neighbor-Joining
method using the MEGA4 software [23], and the reliability
of each branch was tested by 1000 bootstrap replications.

The characteristic domains/motifs were identified by vision
observation based on sequence homology alignment.

DNA manipulation

Genomic DNA of L. interrogans was extracted using
Bacteria DNA Mini Kit (Watsonbiot, Shanghai, China).
Polymerase chin reaction (PCR) fragments were purified
from agarose gel with QIAquick Gel Extraction Kit
(Qiagen, Hilden, Germany). Restriction endonucleases
were purchased from local suppliers and were used accord-
ing to their specifications. Plasmids DNA from E. coli
were prepared using the Plasmid Mini Kit (Tiangen,
Beijing, China).

Overexpression and purification of recombinant
LiGLK protein

LA_1437 gene was amplified using Pfu polymerase. The
primers designed with Ndel and Nofl restriction sites incor-
porated are: P1, 5-GGCCAGCATATGAAAATGAAATC
CTTTCTTG-3" (Ndel, underlined) and P2, 5-AAAAAA
GCGGCCGCTCATTCTAAATTCTCCA-3" (Nofl, under-
lined). The PCR product was ligated to the pET28b
(Novagen, Gibbstown, USA) after digestion with Ndel and
Notl, creating the plasmid pET-LA_1437. This plasmid
was introduced into E. coli BL21 (DE3) [24]. The transfor-
mants were cultivated at 37°C and induced at 30°C by
I mM of isopropyl-B-p-thiogalactopyranoside (IPTG).
Cells were harvested by centrifugation for 10 min at 6000
g at 4°C and the supernatant was removed.

Cell pellets were resuspended in a lysis buffer [SO mM
Tris-HCI, pH 7.5, 300 mM NaCl and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF)] and disrupted by ultrasonication.
Cell debris and unbroken cells were removed by centrifu-
gation for 30 min at 13,000 g at 4°C. The recombinant
protein was purified using Ni**-NTA (nitrilotriacetic acid)
super flow column (Qiagen). The purity of the purified
protein was verified by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using
12% polyacrylamide gels followed by staining with
Coomassie brilliant blue R-250 according to standard pro-
cedures [25]. Protein concentrations were determined by
the method of Bradford [26] using bovine serum albumin
to generate a standard curve.

Analysis of the LiIGLK conformation with gel filtration
chromatography

Purified LiGLK was applied to gel filtration chromato-
graphy to measure its oligomeric state in solution. The
analysis was carried out on an AKTA FPLC workstation
(GE Healthcare, Wisconsin, USA). One hundred and
twenty microliters of the purified LiGLK samples (3 mg/
ml) were loaded into a 200-pl sample loop and injected
into a Superdex™ 200 10/300 GL chromatographic
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separation column (GE Healthcare). The High Molecular
Weight (mass) Calibration Kit (GE Healthcare) was used
to calibrate the molecular mass of LiGLK. The apparent
molecular mass of the protein sample was calculated
according to the protocol provided in this kit.

Glucokinase activity assay

The glucokinase activity was spectrophotometrically
measured by monitoring the reduction of NADP in a
glucose-6-phosphate  dehydrogenase (G6PDH) coupled
reaction [15,27]. Both the purified LiGLK protein and
L. interrogans crude cell extract were used to assay the glu-
cokinase activity. The standard assay mixture (500 wl) con-
tains 50 mM Tris-HCI (pH 9.0), 10 mM p-glucose, 5 mM
ATP and 10 mM MgCl,. After pre-incubation at 50°C for
30 min, the reaction was started with an aliquot of appropri-
ate amount of either the purified LiGLK protein (1-2.5 pg)
or L. interrogans crude cell extract (2—10 mg). The mixture
was then incubated at 50°C for 7 min, and the reaction was
stopped by adding EDTA to a final concentration of 10 mM
and cooling on ice for 2min. Then 2 U of G6PDH
(glucose-6-phosphate dehydrogenase from baker’s yeast,
purchased from Sigma, St. Louis, USA) and NADP™" (final
concentration of 1 mM, purchased from Sigma) was added
to the mixture with 50 mM Tris-HCI buffer (pH 7.5) sup-
plemented to a final volume of 1 ml and then incubated at
30°C for 30 min to ensure the total oxidation of glucose
6-phosphate to generate equal molar of NADPH measured
by the optical density at 340 nm. The GLK activity was
calculated by dividing the total wmol of NADPH generated
by complete consumption of glucose-6-phosphate in the
G6PDH catalyzed second reaction by the time used for the
first reaction and the unit of the GLK activity was defined
as wmol of NADP™ consumed per minute (first reaction) as
measured by the coupled reaction methodology [27]. This
procedure was used as the standard assay system for all
enzymatic measurements, except as otherwise stated.
Besides, we also used another condition (pH 7.3, 25°C),
which was used by Baseman and Cox to compare the
enzymatic activity assays [2].

Biochemical properties of LIGLK
In order to determine the optimum reaction temperature,
the enzymatic activity assay was carried out under different
temperatures ranging from 4 to 60°C. For the determination
of thermal stability, the purified enzyme was pre-incubated
for 30 min at various temperatures from 4 to 60°C. After
cooling down on ice for 10 min, the remaining enzymatic
activity was assayed using a standard assay condition
at 50°C.

The optimum pH was determined at 50°C in 50 mM
citric acid buffer covering a pH range of 3.6—6.0, 50 mM
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Tris-HCl buffer covering a pH range of 7.0-9.1 and
50 mM CAPS buffer covering a pH range of 9.7—-11.0. All
the pH levels are measured at 50°C. The enzyme activity
was tested using a standard assay system at 50°C. In order
to determine the pH stability, the purified enzyme was
exposed to different pH buffer at room temperature for 1 h
and then supernatant was assayed using a standard assay
system at pH 9.0/50°C after proper centrifugation.

To test the specificity of LiGLK for sugars, the substrate
was substituted with fructose, mannose and galactose. ATP
is replaced by ADP to test the phosphoryl donor. The
enzyme activities were defined as above.

Kinetic studies of LiGLK

Kinetic studies for glucokinase were carried out in a stan-
dard assay system described above. To determine the effect
of glucose, the concentration of ATP was fixed at 10 mM
(about 10 folds of K,) and the concentration of glucose
was varied from 0.05 to 3 mM. To determine the effect of
ATP, the concentration of glucose was fixed at 10 mM
(about 25 folds of K,;,) and the concentration of ATP was
varied from 0.2 to 12 mM. All of the kinetic measurements
were repeated at least twice under the same conditions. The
kinetic data were analyzed using Prism 4.0 for Windows
(GraphPad) and the parameters (Vax, Km and k.,) were
calculated from the Michaelis—Menten plot.

Glucokinase mutants

Two single mutants A11G, G12T, and a double mutant
A11G-GI2T of the LiGLK were introduced in the
cloned LA_1437 gene (pET-LA_1437) employing the
QuickChange® site-directed mutagenesis kit (Stratagene,
Cedar Creek, USA). The constructed plasmids containing
the corresponding mutated genes were designated
pET-LA_1437 [A11G], pET-LA_1437 [GI11T] and
pET-LA_1437 [A11G—-GI12T], respectively. All of the
mutations were confirmed by sequencing. The mutant
clones were transformed into E. coli BL21 (DE3) individu-
ally for protein expression and purification as that of the
wide-type enzyme described above.

Microarray and quantitative proteomic data mining

The potential glucose transmembrane transporters were pre-
dicted by TransportDB [28]. The genes encoding metabolic
enzymes involved in the glycolysis pathway were identified
by homologous search against KEGG database. All these
candidate genes were subsequently analyzed for their
expression and translation profiles by using our microarray
[29] and LC-MS/MS [19] data. The average expression
values for each gene detected by microarray were calcu-
lated from the data derived from three independent biologi-
cal samples. In mass spectrometry analysis of protein
profiling, all the available MS/MS spectra were searched
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against the database containing the candidate glucose-
utilizing proteins using the TurboSEQUEST program and
the protein abundance were evaluated by calculating the
APEX-index [30] using data derived from two independent
biological samples.

Results

Bioinformatic analysis indicated that LA_1437

encoded a bacterial group III GLK

Aligning all the CDSs of L. interrogans strain 56601 with
the local NCBI NR database [20] and the KEGG database
[21], we found that, as indicated by Nascimento et al. [5],
LA_1437 was the only candidate gene which likely
encodes a potential sugar kinase. By searching the
Swiss-Prot database [22] employing the same set of par-
ameters, LA_1437 protein exhibited a great sequence simi-
larity to the group III GLK with ROK family protein
sequence signature and a conserved CXCGX(2)GCXE
motif. On the other hand, it is clearly distinct from that of
the ROK family regulators. It is particularly significant that
the characteristic N-terminal DNA binding domain is
missing in LA_1437 but is exhibited in all of the seven
homologous ROK family regulators (Fig. 1). Therefore,
LA_1437 protein is designated L. interrogans glucose
kinase (LiGLK).

Biochemical assay for glucose kinase activity of the
heterogeneously purified LIGLK and detection of its
activity in the in vitro cultured L. interrogans cells

The LiGLK heterogeneously expressed in E. coli was puri-
fied and its molecular mass was determined to be about
35 kDa [Fig. 2(A)], which is consistent with the molecular
weight (34,084 Da) calculated from the protein sequence
including the Hisq tag residues. Gel filtration chromato-
graphic analysis showed that the heterogeneously expressed
and purified LiGLK is a homodimeric protein with its
apparent native molecular weight calculated to be
67.143 kDa [Fig. 2(B)].

Several assay conditions that may affect the enzymatic
activity of LiIGLK were tested. Although the thermal stab-
ility analysis showed that with a 30-min pre-incubation
condition, the enzyme was stable only up to 42°C and
about 20% of the activity was lost at 50°C [Fig. 3(B)], the
enzyme was stable and presented its most optimal activity
at 50°C as long as the incubation time was <15 min
[Fig. 3(A,C)]. Therefore, the condition of 50°C with 7 min
reaction was adapted for the standard assay.

Three types of buffer were used to test the pH depen-
dence of the enzyme. As shown in Fig. 3(D), LiGLK
exhibited its maximal GLK activity at pH 9.0 in Tris-HCI
buffer. The pH stability analysis showed that the enzyme
was stable under the pH values ranging from 5.0 to 10.0.

However, pre-incubating the enzyme at pH 11.0 for 1h,
the loss of activity was obvious [Fig. 3(E)].

The LiGLK was shown to be strictly specific to
D-glucose as its substrate and exhibited no activity against
other sugars, such as fructose, galactose or mannose
[Fig. 3(F)]. Replacement of ATP by ADP revealed
undetectable activity (data not show), which means that the
LiGLK only uses ATP rather than ADP as the phosphoryl
donor.

The enzyme-specific activities were assayed with puri-
fied LiGLK or L. interrogans strain 56601 crude extract
under either of the two conditions, i.e. pH 9.0, 50°C
defined by this work or pH 7.3, 25°C defined by Baseman
and Cox [2]. The ATP-dependent GLK-specific activity of
the purified enzyme was 12.3 + 0.6 U/mg-protein and
1.6 £+ 0.2 U/mg-protein, respectively [Fig. 3(G)]. The
LiGLK-specific activity in the crude cell extract of L. inter-
rogans strain 56601 [Fig. 3(H)] was (5.0 + 0.6)x 10> U/
mg- protein under the pH 9.0 at 50°C, while no GLK
activity was detected under the assay condition as pre-
viously illustrated [2].

Kinetics analysis of LIGLK

The kinetic parameters of LiGLK were determined employ-
ing the purified enzyme assayed under our optimized con-
dition. The k., values for glucose and ATP were 17.8 +
1.1 and 17.5 + 1.4s™ ", respectively. The K,, values for
glucose and ATP were 430 + 79 and 1011 + 230 uM,
respectively (Table 1).

Mutational analysis for the potential ATP-binding
motif

In group III GLKs, the ATP-binding motif D[I/L/V]GG[S/
T] was known to be located near the N-terminus [31]. We
noticed that LiGLK possessed a potential ATP-binding
motif, 8DIGAGI12 (Fig. 1), which differed from the pro-
posed conserved ATP-binding motif with the second Gly
of the conserved ‘GG’ being replaced by an Ala while the
last ‘S/T’ residue being replaced by a Gly.

Single mutations of A11G, G12T, and a double mutation
of A11G—-GI12T were constructed in the LiIGLK. All three
purified mutated LiGLKs were soluble and, therefore, their
kinetic properties were determined and compared with
those of the wild type. As shown in Table 1, the kinetic
data indicated that both the G12T single mutant and the
double mutant only resulted in minor variations on K, and
kear. The A11G mutant, on the contrary, showed a decrease
in the affinity for LIGLK toward ATP.

The LIiGLK can be detected by MS with low
abundance in L. interrogans

MS/MS technology-based proteomic analysis employing the
crude cell extracts of L. interrogans cultured in EMJH
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Figure 1 Phylogenetic analysis of LiIGLK and its homologous proteins collected in Swiss-Prot database The abbreviations for the proteins are:
GLK, glucokinase; NAMK, N-acetylmannosamine kinase; NAGK, N-acetyl-p-glucosamine kinase; BGSK, B-glucoside kinase; FRK, fructokinase;
PFRK, phosphofructokinase; XR, xylose operon repressor; NAGR, N-acetylglucosamine operon repressor. The sequence accession numbers were labeled
at the end of each protein. The domain information for each protein was indicated by the color-filled circles: orange, ROK-conserved sequence; green,
ATP-binding site; pink, CXCGXXGCXE motif; brown, N-terminal residue of repressor. Hollow circles represent the domains do not exist in the
corresponding proteins, whereas the half solid circles represent the cases where conserved amino acid(s) were replaced by others. Examples of group I
sugar kinases were used as the out group of the phylogenetic tree. Bootstrap values are labeled on the major nodes of the branches.

medium at 28°C [19] totally detected 15 peptides from
LA_1437, which can be grouped into six unique peptides
(Table 2) covering 33.89% of the protein coding region. This
result confirmed that LiGLK was indeed expressed in the lab-
oratory culture. Furthermore, by wusing the simplified
APEX-index approach [30] to evaluate the protein quantity,
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the abundance for LiGLK is 0.1419. It is a relative low value
comparing with the average abundance (1.0877) for whole
cell extracts. The same strategy was also used to calculate
other enzymes involved in glycolysis pathway as well as the
candidate glucose transporters predicted by TransportDB
[28]. Notably, we could not find the gene encoding
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Figure 2 Purified LiGLK protein and the determination of its native molecular weight (A) SDS-PAGE of purified LiGLK was shown to have
molecular weight of 35 kDa, with the standard molecular size marker. (B) The native molecular weight of purified LiGLK was determined by gel
filtration chromatography on a platform of Superdex™ 200. The marker proteins used for molecular weight calibration are as follows: A, thymoglobulin
(669 kDa); B, ferritin (440 kDa); C, aldolase (158 kDa); D, conalbumin (75 kDa); E, ovalbumin (43 kDa); F, chymotrypsinogen A (25 kDa); G,
ribonuclease A (13.7 kDa). The MW/ i, x=10*%*7=67,143 Da. MW, molecular weight.

6-phosphofructokinase either. However, the diphosphate-
fructose-6-phosphate 1-phosphotransferase (LB_111), which
can also convert p-fructose 6-phosphate to D-fructose
1,6-biphosphate in certain species [32], existed in the L. inter-
rogans genome. For each protein involved in glucose utiliz-
ation, the calculated abundance and the expression data from
previous microarray result [29] were listed in Table 3. It
demonstrated that the transporter candidates and the genes
encoding enzymes responsible for the first three steps
(LA_1437, glucose-6-phosphate isomerase LA_3888 and
LB_111) as well as the last step (pyruvate kinase LA_2924)
in glycolysis were expressed low compared with the average
amount. Other genes involved in this pathway are functionally
shared with gluconeogenesis, and thus maintained relatively
high-expression levels (Table 3).

Discussion

As designated, the ROK family proteins include not only
sugar kinases but also transcription repressors and yet
uncharacterized open reading frames. Although these three
kinds of functionally distinct proteins share high similarity
in their protein sequences [33], the repressors so far have
always been found to bear the characteristic N-terminal
helix-turn-helix motif related to DNA binding [34-36]
while the GLKs should bear an ATP-binding motif [31].
As re-annotated by Bulach et al. [8] and in our recently
revised NCBI genome sequence registry (GenBank acces-
sion number AE010300) [19], the N-terminal amino acid
sequence of LA_1437 of L. interrogans strain 56601 does
not contain the DNA-binding motif but has the
ATP-binding motif (Fig. 1), which is validated by three
peptides detected in our MS data (Table 2). Therefore, we
infer that LA_1437 is more likely an enzyme rather than a
regulatory protein albeit it requires further investigation

about whether it might simultaneously bear the functions
of both.

LiGLK is a homodimeric protein (Fig. 2), same as most
of the ATP-GLKs of group III except that from Bacillus
subtilis, which occurs in both monomeric and homodimeric
forms or those from Streptomyces coelicolor and
Streptomyces peucetius var. caesius, which constitute tetra-
meric forms [15,27,37]. The spectrum of sugar substrates
for the bacterial GLK was known to be narrow [27], which
was also shown in the case of LiGLK [Fig. 3(F)]. It used
only ATP rather than ADP as the phosphoryl donor (data
not shown), consistent with the known properties of the
bacterial GLKs [27].

The LiGLK showed some special biochemical proper-
ties. In addition to its optimal reaction pH of 9.0 in
Tris-HCI buffer, at the highest pH margin for GLKs from
other bacteria is ranging from 6.2 to 9.0 [27,37,38]; its
optimum reaction temperature (about 50°C) is higher than
most of the GLKs from mesophilic bacteria, ranging from
30 to 42°C [37—39]. Although higher optimal temperature
(60—-93°C) was detected for those from thermophilic bac-
teria [40—42], high sequence similarity between LA1437
and the GLKs from mesophilic bacteria (data not shown)
was observed, inferring that this property merely sets up a
new top margin of the optimal reaction temperature for this
kind of GLKs evolved via adapting to the living environ-
ment of the bacteria.

Previously, the GLK activity in Leptospira crude extracts
was undetectable under the assay condition of pH 7.3,
25°C with direct coupling to the G6PDH-catalyzed oxi-
dation—reduction reaction [2]. However, we showed that, it
was about 7.5-fold decrease of the sensitivity comparing
with that assayed under our improved condition (pH 9.0,
50°C) [Fig. 3(G)]. Although the temperature we used for
assay, 50°C is within the sharp transition region of the
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Figure 3 Biochemical characteristics of LIGLK All of the assays were carried out as described in Materials and Methods. (A) Optimum reaction
temperature assayed under the standard condition with varied reaction temperatures. (B) Thermal stability under different temperature with 30 min
pre-incubation. (C) Thermal stability at S0°C with different length of pre-incubation periods as indicated. (D) Optimum reaction pH assayed under three
buffer systems (H: citric acid buffer; e: Tris-HCI buffer; A: CAPS buffer). (E) pH stability assayed under three buffer systems (B: citric acid buffer; o:
Tris-HCI buffer; A: CAPS buffer). (F) Substrates specificity tests. (G) Specific activity comparison of purified LiGLK under the two assay conditions
(M: 50°C, pH 9.0, two-step assay; : 25°C, pH 7.3, two-step assay; A: 25°C, pH 7.3, one-step assay.). (H) Comparison of specific activities of LiGLK in

L. interrogans crude extracts under the two assay conditions as illustrated.

temperature stability profile. We noticed that the enzyme
activity assayed under the condition of pH 9.0, 50°C
within 7 min was generally stable with much higher
activity than that assayed under the condition of pH 7.3,
25°C. We should emphasize that the 50°C optimal reaction
temperature for LiGLK, observed for both purified recom-
binant protein and the crude cell extracts of L. interrogans
cultured under laboratory condition, was achieved by
employing a shortened reaction time to compromise its
thermal instability at 50°C. Therefore, it is unlikely related
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to better folding of the recombinant protein at 50°C but is
simply an improved condition to enhance the sensitivity of
the assay. In addition, because of the G6PDH used in this
experiment not being stable at 50°C, we performed the
coupled oxidation reaction after the GLK-catalyzed phos-
phorylation was terminated. On careful comparison of the
two methods under the 25°C condition, no significant
difference could be observed [Fig. 3(G)]. Thus, there is no
surprise that this kind of two-step reaction methodology
has been widely accepted for GLK assays [27]. The
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Table 1 Kinetic data of wild-type and mutant LiGLKs

LiGLK LiGLK-A11G LiGLK-GI2T LiGLK-A11G-G12T
ATP Ko (M) 1011 +229 1572 + 347* 806 + 142%* 807 + 173%*
Feae (571 175+ 1.4 14.1 +1.3% 18.4 + 1.6%* 17.5 4+ 1.2%*
Glucose K (LM) 430479 483 + 87** 531+ 102%* 504 + 134%*
ke (51 17.8 4+ 1.1 16.4 + 1.0%* 18.6 + 1.4%* 19.3 4 2.0%*

The kinetic analysis experiment was described in Materials and Methods. The kinetic parameters were calculated with the computer program
Graphpad Prism 4.0 and the values shown are mean + SD. The statistic significance of the differences in the values of kinetic parameters between the
wild-type and the mutated enzymes are indicated by P values. *P < 0.05; **P > 0.05.

Table 2 The information of MS-detected peptides for LIGLK

Sequence® MH*? Charge®  Xcorr®  DeltaCn®  Sp’ RSpe  lons" Position'
K.ASLIDSNGNVLK.S* 1231.381 2 2.0539 0.1404 692.5 1 14|22 15
K.GSPNLVILTLGTGLGGGWVYQGK.L 2288.6307 2 2.8124 0.6146 228.2 1 15|44 122
K.GSPNLVILTLGTGLGGGWVYQGK.L 2288.6307 2 1.9554 0.2141 87.4 20 9|44 122
K.QFLDSICDIVSEMK.N* 1685.9142 2 1.9466 0.2468 258.1 1 11]26 40
K.QFLDSICDIVSEMK.N* 1685.9142 2 2.208 0.2523 249.1 2 10]26 40
K. TASILLNEGIDALAQLCR.N 1959.2272 2 4.2836 0.7031 1819.1 1 22|34 213
K.TASILLNEGIDALAQLCR.N 1959.2272 2 3.3339 0.6302 1067.8 1 20|34 213
K. TASILLNEGIDALAQLCR.N 1959.2272 3 4.5751 0.5742 2020.2 1 33168 213
K. TASILLNEGIDALAQLCR.N 1959.2272 2 3.1942 0.575 653.9 1 16|34 213
K. TGEVLDSAEEFFEK.T 1601.6925 2 3.4888 0.6257 1416.6 1 1926 193
K. TGEVLDSAEEFFEK.T 1601.6925 2 3.7179 0.5478 1740.6 1 1926 193
K. TGEVLDSAEEFFEK.T 1601.6925 2 1.9309 0.2684 379.4 2 12|26 193
K. TGEVLDSAEEFFEK.T 1601.6925 2 2.2277 0.389 248.6 4 12|26 193
K. TGEVLDSAEEFFEK.T 1601.6925 2 1.9663 0.2227 81.6 49 9|26 193
R.ELIFPIFR.T 1035.2633 2 2.1056 0.333 375.4 1 10|14 264

“Peptides labeled with asterisks are those mapped onto the ATP-binding motif.

"MH™*, the molecular weight of the peptide.

“Charge, the charge state of the parent ion.

9Xcorr, the cross-correlation score for candidate peptides.
“DeltaCn, [Xcorr(top hity—Xcorr(n)]/Xcorr(top hit).

ISp, the preliminary score for each candidate peptide.

€RSp, the preliminary score rank for each candidate peptide.
"ons, the number of ions for each peptide.

'Position, the position of the first amino acid of the peptide on the LiGLK protein.

LiGLK-specific activity of (5.0 +0.6) x 10~° U/mg:
protein in the crude protein was estimated to account for
~0.4%0 of the total crude extract proteins. We can further
estimate that, if assayed under the condition of pH 7.3,
25°C, the LiGLK-specific activity in crude cell extract
would be (6.5 + 0.6) x 10~* U/mg- protein. It is so close
to the lower detection limit (2 x 10~* U/mg. protein) pro-
vided by Baseman and Cox [2] that might account for their
failure of detecting any glucokinase activity in the cell
extract.

Thus, the ATP-dependent glucose kinase activity of L.
interrogans serovar Lai strain 56601 (LiGLK) was

detected, not only for the purified exogenously expressed
enzyme but also in the crude cell extracts prepared from
the EMJH culture of the bacterium. In addition, we also
detected the glucokinase activities in the crude cell extracts
from both the pathogenic Leptospira species (such as L.
Javanica, L. canicola, L. pyrogenes and L. grippotyphosa,
etc.) and the saprophytic Leptospira species (such as L.
semaranga, L. pulpudeva and L. anhui, etc.) under our
assay conditions (data not shown).

MS/MS technology-based proteomic analysis employing
the crude cell extracts of L. interrogans strain 56601 cul-
tured in EMJH medium at 28°C detected 15 peptides
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Table 3 Semi-quantitative assessment of enzymes and the corresponding mRNAs of the encoding genes involved in the glucose utilizing pathway

via microarray and mass spectrometry data mining

Gene Annotation EC number Gene COGs Microarray ~ MS
ID data® data®
Candidates for Glc LA0694 Na'/glucose symporter 349.57 ~0
transport LA2133  Sodium:solute symporter family protein putP - COGO591ER  502.88 ~ 0
LB245 Probable sodium:solute symporter putP COGO591ER  294.77 ~0
Glycolysis and/or LA1437 ROK family protein/glucose kinase EC:2.7.1.2  glk COG1940KG  419.87 0.1419
Gluconeogenesis LA3888  Glucose-6-phosphate isomerase EC:53.19  pgi COG0166G NA 0.1950
LBI111°  Diphosphate-fructose-6-phosphate EC:2.7.1.90 pfk COG0205G 384.87 0.1073
1-phosphotransferase
LA1532  Fructose-bisphosphate aldolase class I EC:4.1.2.13  fbaB COGI1830G 3517.33 6.6277
LA1696 Triose phosphate isomerase EC:5.3.1.1 tpiA  COG0149G 445.77 1.6582
LA1704 Glyceraldehyde 3-phosphate EC:1.2.1.12  gap4 COGO0057G 1971.67 4.8279
dehydrogenase
LA1703  Phosphoglycerate kinase EC:2.723  pgk  COGO126G 1873.00 2.0537
LA0439 Phosphoglycerate mutase EC:542.1  gpml COG0696G 566.27 0.2707
LA1951 Phosphopyruvate hydratase/enolase EC:4.2.1.11 eno COG0148G 2426.33 3.2029
LA2924 Pyruvate kinase EC:2.7.1.40 pykFF  COG0469G NA 0.3855
LA2226 Fructose-1,6-bisphosphatase EC:3.1.3.11 fbp COGO0158G 376.40 1.6549
LA0251 Phosphoenolpyruvate carboxykinase EC:4.1.1.49 pck COG1866C 4666.67 4.8346
TCA LAO0671 Citrate synthase EC:2.33.1 gltdA  COG0372C 1200.50 1.3157
LAO0790 Citrate synthase EC:233.1 gltd  COGO0372C 1735.50 3.3318

“The numbers in microarray and MS data column are the transcriptional signals and the calculated protein abundance, respectively. The average
expression signal of all the genes on the microarray was 817.53, and the average protein abundance of whole cell extracts was 1.0877. NA, not available
due to lack of oligonucleotide probes for the corresponding genes on the microarray. Citrate synthase, the rate-limited enzyme in TCA cycle, were used

as the positive control for expression levels.

"The 6-phosphofructokinase (EC 2.7.1.11) is absent in Leptospira interrogans. The conversion of fructose 6-phosphate to fructose 1,6-bisphosphate is
presumably catalyzed by diphosphate-fructose-6-phosphate 1-phosphotransferase (EC 2.7.1.90).

derived from the LA_1437 protein (Table 2). This also
demonstrates that LiGLK is expressed in L. interrogans
strain 56601 in the laboratory culture.

The k., values for glucose and ATP of the LiGLK
(Table 1) were similar to other group III GLKs [27]. The
K., values of LIGLK for glucose were also similar to
those of other GLKs in group IIIl. However, the K, value
for ATP (1.0 mM) was slightly higher than that reported
for other group III GLKs (0.13—0.78 mM) [15,37,38,43—-46],
indicating a weaker affinity of LiGLK toward ATP than
that of other members of the family. We noticed that
LiGLK possessed a potential ATP-binding motif: DIGAG
(Fig. 1), which is different from the conserved
ATP-binding motif D[I/L/V]GG[S/T] as the DIGGT
sequence identified in the E. coli group III GLK, located
in the conserved [(-strand-loop-B-strand motif with the
conserved continuous two Gly residues contributing to the
formation of a loop and to form the main chain hydrogen
bonds with the ATP phosphates [13]. We thus hypoth-
esized that the weak affinity of LiGLK toward ATP might
result from the variation of the amino acid residues in this
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proposed ATP-binding motif. The kinetic properties of
three recombinant enzymes with single or double
mutations to match with the consensus sequence in the
motif were compared with that of the wild-type enzyme
(Table 1). It was unexpected that both the G12T single
mutant and the A11G—GI12T double mutant resulted in
slight decrease of their K, values without statistical sig-
nificance, while the A11G mutant showed a significant
decrease in the affinity for LiGLK toward ATP (Table 1).
In contrast to other variants with one or two Gly residues
in the motifs, including the wild-type LiGLK (DIGAG),
the GI12T mutant, and the A11G-GI12T double mutant
(DIGGT, identical to the ATP-binding motif of the E. coli
GLK), there were three glycine residues in a row in the
AllG mutant motif. It has been known that the
glycine-rich sequences of protein kinases participate in
nucleotide binding, substrate recognition, and enzyme cat-
alysis [13,47]. Although the glycine residues were shown
to be very important for the recognition or binding of the
phosphoryl moiety [47], the number of glycine residues
critical for maintaining the conformation of the motif was
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never studied in the group II GLKs. In the study of the
homodimeric protein Rop from E. coli with typical
helix—loop—helix motif, Nagi et al. [48] noticed that
when the native ‘Asp—Ala’ loop was mutated to ‘Gly—
Gly’, it gained much more flexibility that could make the
transition state more accessible and lower the energy
barrier for the protein unfolding and folding processes.
However, after the loop length was systematically
increased to three glycine residues and beyond, the refold-
ing rates decreased while the unfolding rates increased. It
was shown that the longer loops had more degrees of
freedom, and thus required more energy to constrain them
on protein folding. The presence of a flexible loop desta-
bilizes the folded native state and stabilizes the unfolded
state, without a substantial change in the transition state
[49]. Similarly in this case, we may hypothesize that in
order to maintain the proper conformation of the loop
[13], the number of Gly in the motif is critical. Three Gly
residues in a row may significantly alter the conformation
of the loop (e.g. to make it more flexible than the wild-
type enzyme) and thus account for the decrease in the
binding affinity of the enzyme against ATP.

In this study, we have biochemically characterized a
GLK (LA_1437) belonging to the ROK family in L. inter-
rogans serovar Lai strain 56601. Therefore, the failure of
L. interrogans in utilizing glucose as its carbon/energy
source [3] cannot be explained simply by the hypothesis of
missing hexose kinase that we once proposed [3—5]. To
further explore the hypothesis of limited glucose transpor-
tation [5], TransportDB, a database of cellular membrane
transport systems [28], was used to analyze all types of
possible glucose transport systems of L. inferrogans. First,
for the type of Secondary Transporter, although the solute:-
sodium symporter (SSS) family protein, LA_0694, may act
as a Na'/glucose symporter, its expressed protein detected
in the in vitro cultivated cells was quite low according to
our microarray and MS data (Table 3). Low transcription/
expression was also observed in other two orthologous
transporters of the SSS family (LA_2133 and LB_245),
with their substrate specificities yet to be determined.
Second, for the only possible phosphoenolpyruvate-
dependent phosphotransferase system (PTS) encoded by
L. interrogans, the LA_0632-encoded membrane binding
permease EIIA component was obviously incomplete,
lacking the EIl B/C component for specific sugar-uptake,
and thus it ought to be functionally deficient. Finally, due
to the lack of experimental or bioinformatic evidence, it is
uncertain as to whether any protein of the ATP-binding
cassette (ABC) transporters in L. interrogans strain 56601
may function as glucose transporters. Therefore, limited
glucose transportation hypothesis might be the first prob-
able but uncertain scenario accounting for the failure of
glucose utilization of L. interrogans [5].

Another possible scenario attributable to the failure of
glucose utilization in L. interrogans is its potential lack of
existence of Embden—Meyerhof pathway (glycolysis). First
of all, the optimal in vitro assay condition of LiGLK (pH 9.0,
50°C) that we used to detect its activity in L. interrogans dif-
fered significantly from the physiological growth condition of
the bacterium, particularly in the natural environment rep-
resented by the laboratory culture in EMJH at 28°C, pH 7.0.
Although it is close to that of the parasitic host (e.g. human
or pig and rodents, 37-40°C, pH 7.0), the real total enzy-
matic activity of LiGLK in vivo should be lower than what
we calculated based on its in vitro assays. In addition, com-
paring the K, value of LiGLK toward ATP with that of other
GLKs of the ROK family, it is the highest, which might
further infer its lower catalytic activity under physiological
conditions. Second, although we failed to identify, by hom-
ology search, the gene encoding 6-phosphofructokinase (EC
2.7.1.11), a generally rate-limiting step in glycolysis [50],
L. interrogans harbors a diphosphate-fructose-6-phosphate
1-phosphotransferase (LB_111, EC 2.7.1.90). In several
species such as Entamoeba histolytica, this enzyme catalyzes
the formation of p-fructose 1,6-bisphosphate from p-fructose
6-phosphate with the phosphate donor diphosphate instead of
ATP used by 6-phosphofructokinase [32]. However, this
putative function of LB_111 is yet to be confirmed biochemi-
cally. Finally, given LB_111 could be responsible for this
reaction in L. interrogans, another rate-limited enzyme
involved in glycolysis, pyruvate kinase LA_2924, together
with the GLK (LA_1437), the diphosphate-fructose-6-
phosphate 1-phosphotransferase (LB_111), all presented low
transcription/expression levels in comparison with other
reversible enzymes also responsible for gluconeogenesis
(Table 3). In summary, both the limited glucose transpor-
tation and the deficiency in enzymes catalyzing glycolysis of
L. interrogans are likely the multiple factors accounting for
the incapability of glucose utilization.

Leptospira belongs to the order of Spirochaetales, which
is primitive in prokaryotes’ phylogeny [51]. The genome of
L. interrogans bears a few genetic characters similar to
either Archea or Eukaryota, signifying its close relationship
with these distinct domains of life [4]. However, it is still
unclear as to how this seemingly complete but actually
silent glucose-utilization pathway (both transport and gly-
colysis) that we observed in L. interrogans today was
evolved away from the glucose dominated catalytic physi-
ology that we observed in most of the bacteria. This open
question should be an interesting research topic for future
studies.
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