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Sorbitol-6-phosphatase (EC 3.1.3.50) catalyzes
sorbitol production from sorbitol-6-phosphate in
certain organisms, but has not been identified un-
equivocally. We screened the activity of the haloacid
dehalogenase-like hydrolases (HAD) superfamily
and identified four HAD proteins from Escherichia
coli as sorbitol-6-phosphatase. Of these proteins,
HAD?2 (YfbT) exhibited catalytic activity (k,/K,)
that was better than that of the previously reported
“preferred” substrate. HAD1 (YniC) and HAD2
exhibited higher sorbitol-6-phosphatase activity
than that of HAD12 (YbiV) and HAD13 (YidA).
Therefore, genes of HAD may be useful for meta-
bolic engineering of effective sorbitol production.
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Sorbitol is one of the major sugar alcohols and has nu-
merous uses, such as its use as an industrial sweetener
and humectant. Biologically, sorbitol is a primary
photosynthate and translocated carbohydrate found in
Rosacea plants (Loescher, 1987) and a waste product of
anaerobic metabolism in lactic acid bacteria (Monedero
etal., 2010). In these organisms, sorbitol is produced from
glucose-6-phosphate or fructose-6-phosphate by a two-step
reaction mediated by NAD(P)-dependent sorbitol-6-phos-
phate dehydrogenase (S6PDH) and sorbitol-6-phosphatase
(Fig. 1): NADP-dependent S6PDH (EC 1.1.1.200) is en-

coded by the s6pdh gene in apple (Kanayama et al., 1992),
and NAD-dependent S6PDH (EC 1.1.1.140) is encoded
by srID2 in lactic acid bacteria (Kleerebezem et al., 2003).
However, a gene for the sorbitol-6-phosphatase has not
yet been identified in any organism, although its enzyme
activity has been detected in plant extracts (Grant and
Rees, 1981; Zhou et al., 2003). In metabolic engineering,
sorbitol production has been reported following the intro-
duction of only s6pdh or sriD2 into yeast, Escherichia coli,
and cyanobacteria (Chin et al., 2018; Shen et al., 1999).
In these cases, some intrinsic enzyme(s) must hydrolyze
the phosphate ester of the intermediate, sorbitol-6-phos-
phate, which is a non-natural metabolite. The sorbitol pro-
duction could still be improved by the introduction of an
additional sorbitol-6-phosphatase gene, although we do
not know whether the dephosphorylation step is rate-lim-
ited or not. Moreover, we noticed that the expression of
s6pdh in a cyanobacterium Synechocystis sp. PCC 6803
induced toxicity that affected the growth. Co-expression
of sorbitol-6-phosphatase may prevent such a defect.
Because E. coli cells produced sorbitol only when the
apple s6pdh is overexpressed, potential phosphatase genes
may be screened in its genome. We chose the haloacid
dehalogenase-like hydrolase (HAD) superfamily, which
includes numerous related proteins with phosphatase,
phosphonatase, dehalogenase, phosphoglucomutase, and
ATPase activities and a fairly broad specificity (Burroughs
et al., 2006; Koonin and Tatusov, 1994). These proteins
are widely distributed in almost all organisms, although
their physiological roles have remained unclear. There are
28 and 45 genes for the HAD enzymes in the genomes of
E. coli and the yeast Saccharomyces cerevisiae, respec-
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Fig. 1. Sorbitol biosynthesis by the two-step enzymatic reactions.

Sorbitol is produced by a yet unidentified phosphatase from sorbitol-6-phosphate, which is supplied
from glucose-6-phosphate or fructose-6-phosphate by NAD(P)-dependent S6PDH.
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Fig. 2. SDS-PAGE analysis of E. coli HADI expression and purifica-
tion.

The arrow indicates the His-tagged HAD1 (YniC) protein at 24.3 kDa.
M, marker; S, supernatant of cell extracts; P, pellet of cell extracts; F,
flow-through fraction of the Ni** chromatography; H, purified HADI
fraction.

tively. In particular, the specificity and kinetic parameters
of the phosphatase activity of the soluble HADs of these
organisms have been extensively characterized
(Kuznetsova et al., 2006, 2015). As a result, these HADs
have been grouped into several categories, depending on
their substrate specificity. However, the activity of E. coli
HAD:s for sorbitol-6-phosphate has not been reported. In
this study, we focused on six E. coli HADs, HAD1 (YniC),
HAD2 (YfbT), HAD4 (YihX), HAD6 (YqaB), HAD12
(YbiV), and HAD13 (YidA) for screening of the sorbitol-
6-phosphatase activity, because these enzymes exhibited
dephosphorylation (esterase) activity preferentially against
some sugar phosphates similar to sorbitol-6-phosphate
(Kuznetsova et al., 2006). We also prepared a single HAD-
like protein (SIr0953) of a cyanobacterium Synechocystis
sp. PCC 6803, which was reported to be a sucrose-phos-
phatase (Lunn, 2002).

Genes of the target HADs were amplified using a

Table 1.  Screening of phosphatase activities of several HADs from
E. coli and Synechocystis for sorbitol-6-phosphate and
pNPP.

HADs Sorbitol-6-P PpNPP

This study Kuznetsova et al. (2006)

HADI (YniC) 6.1 0.48 0.60

HAD2 (YfbT) 9.3 0.86 1.1

HAD4 (YihX) ND 0.50 0.22

HADG6 (YqaB) ND 0.65 0.84

HADI12 (YbiV) 2.9 3.8 2.4

HAD13 (YidA) 2.0 0.38 0.70

SIr0953 (SPP) ND 0.12 —

Phosphatase activities (umol-min~'-mg~! of protein) are shown. Assays
were performed in the presence of substrates (0.25 mM sorbitol-6-phos-
phate or 10 mM pNPP). Reference activities of pNPP (Kuznetsova et
al. (2006)) are also shown. S1r0953 is sucrose-6-phosphate phosphatase
(SPP), which is a sole member of the HAD superfamily in the
cyanobacterium Synechocystis sp. PCC 6803. ND indicates that activ-
ity was not detected even at higher concentrations of sorbitol-6-phos-
phate (0.25-10 mM).

polymerase chain reaction with the PrimeSTAR Max DNA
polymerase (TaKaRa Bio, Japan) and the genome DNA of
E. coli JIM109 or a glucose-tolerant substrain of
Synechocystis sp. PCC 6803, and then they were cloned
into the expression vector pET28a (Merck, Germany) us-
ing the In-Fusion HD cloning kit reagents (TaKaRa Bio,
Japan). N-terminal His-tag of HAD proteins was derived
from the pET28a vector. E. coli C41 (DE3) harboring
pET28a-HAD were cultured in 1 L of LB medium with
0.1 mM isopropyl B-p-1-thiogalactopyranoside at 37°C for
3 h for expression. After disrupting the cells using a French
press, each His-tagged protein was purified using nickel
affinity chromatography as described previously (Maeda
et al., 2014). The protein purity was confirmed by using
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), followed by Coomassie brilliant blue R-
250 staining. All six HADs of E. coli and the SIr0953 of
Synechocystis were successfully purified into homogene-
ous soluble proteins (Fig. S1). Figure 2 shows the typical
profile of the purified HADI1. Proteins were quantitated
using the method of Bradford (Bradford, 1976) with bo-
vine serum albumin as the standard.

The phosphatase activity was assayed as follows: 200
UL of the reaction mixture containing 50 mM HEPES-
KOH (pH 7.0), 2 mM MgCl,, 1 ug of each purified pro-
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Fig. 3. Lineweaver-Burk plots of phosphatase activity of HADs for sorbitol-6-phosphate.
Assays were performed using 1 ug each of purified HAD1 (A), HAD2 (B), HAD12 (C), or HAD13 (D) in the reaction mixture contain-

ing 50 mM HEPES-KOH (pH 7.0) and 2 mM MgCl,.

Table 2. Kinetic parameters of selected E. coli HADs for sorbitol-6-phosphate and the reported preferred substrates.
Sorbitol-6-P (present study) Preferred substrate (previous studies)

HADs K, (mM) kg, (s kK, (M) Compound K, (mM) k, () kK, s M
HADI1 (YniC) 1.8 21 1.2x10* 2-Deoxyglucose-6-P 0.61 33 5.4 x10*
HAD?2 (YfbT) 39 63 1.6 x 10* Glucose-6-P 1.8 13 7.1 x 10°
HAD4 (YihX) — ND — Glucose-1-P 0.24 1.4 5.9x10°
HADG6 (YqaB) — ND — Fructose-1-P 1.7 20 2.0 x 10*
HADI2 (YbiV) 23 12 53x10° Fructose-1-P 1.4 111 8.0x 10*
HADI13 (YidA) 4.5 14 3.2x10° Erythrose-4-P 0.019 19 1.0 x 10°
S1r0953 — ND — Sucrose-6-P 0.0075 21 2.8 x10°

Kinetic parameters were estimated from the data in Fig. 2. Parameters for the preferred substrates are from Kuznetsova et al.
(2006). S1r0953 is sucrose-6-phosphate phosphatase, which is the sole member of the HAD superfamily in the cyanobacterium
Synechocystis sp. PCC 6803. The kinetic parameters for sucrose-6-phosphate are from Lunn (2002). P, phosphate. ND, not de-

tected.

tein, and a predetermined concentration of p-sorbitol-6-
phosphate barium salt (Sigma-Aldrich, Germany) or 10
mM p-nitrophenylphosphoric acid disodium salt (pNPP)
(Nacalai Tesque, Japan) was incubated at 30°C for 10 min.
The liberated inorganic phosphate was determined using
a Malachite Green phosphate assay kit (BioAssay Systems,
USA), which is based on color development at 620 nm.
Interestingly, HAD1, HAD2, HAD12, and HAD13 but

not HAD4 and HADG6 showed phosphatase activity for the
fixed concentration (0.25 mM) of sorbitol-6-phosphate
(Table 1). The phosphatase activities against pNPP, which
is a general phosphatase substrate, were also confirmed
in all purified E. coli HADs at levels comparable to those
reported in a previous study (Kuznetsova et al., 2006). To
further evaluate the sorbitol-6-phosphatase activity, the
enzyme kinetic parameters of HAD1, HAD2, HAD12, and
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HADI13 were determined (Fig. 3). The K,,, values and the
maximal activities of the four HADs were in the range of
1.8—4.5 mM and 24158 umol-min~'-mg~! of protein, re-
spectively. It is also noteworthy that no phosphatase ac-
tivity was detected for HAD4 and HADG even at higher
concentrations of sorbitol-6-phosphate, which attributed
the near maximal activity to the other E. coli HADs (Fig.
3). The HAD member of Synechocystis (S1r0953) exhib-
ited low activity for pNPP but showed no activity for sorbi-
tol-6-phosphate (Table 1). This finding eliminates the pos-
sibility that the sorbitol production was assisted by S1r0953
in the s6pdh-expressing cyanobacteria.

Table 2 summarizes their kinetic parameters for sorbi-
tol-6-phosphate as well as the “preferred” substrates that
showed the highest catalytic efficiencies (k. /K,,) in the
previous report (Kuznetsova et al., 2006; Lunn, 2002). The
K, value of HAD1 was the lowest, but somewhat compa-
rable to those of HAD12, HAD2, and HAD13. The k_,
value of HAD2 was highest, followed by that of HADI,
which was low, and those of HAD12 and HAD13 were
even lower. The results indicated that the &_,/K,, values
of HAD2 and HAD1 were high while those of HAD12
and HAD13 were low. When these values were compared
with those in the literature, the k_,,/K,, value of HAD2 for
sorbitol-6-phosphate was higher than that for glucose-6-
phosphate, while the values of HAD1, HAD12, and
HAD13 were lower than those for the preferred substrates.
The k., /K, values of HAD13 and SIr0953 for the preferred
substrates were much higher than those for sorbitol-6-
phosphate, showing their high specificity for the preferred
substrates.

Thus, we identified the following four HADs of E. coli
as sorbitol-6-phosphatases: HAD1 (YniC), HAD2 (Y{bT),
HADI12 (YbiV), and HAD13 (YidA). The sorbitol-6-phos-
phatase activity was also detected for yeast HADs, but
the best k_,/K,, value was exhibited by YNLOIOW and
was only 2.7 x 10° (Kuznetsova et al., 2015), which is
lower than those of the four HADs of E. coli (Table 2).
Therefore, HAD1 and HAD?2 are currently the most plau-
sible candidates for overexpression to enhance the dephos-
phorylation of sorbitol-6-phosphate in the engineered or-
ganisms for sorbitol production. It might also be worth
expressing HAD12 and HAD13 to improve the sorbitol
production, although they may also exhibit other promis-
cuous activities.

The physiological roles of numerous HADs that have
phosphatase activity with broad specificity have not yet
been fully elucidated. These include HAD1 of E. coli and
DOGT1 and DOG2 of yeast, which are both known to be
essential for acquiring resistance against the toxic sub-
stance 2-deoxyglucose (Kuznetsova et al., 2006; Randez-
Gil et al., 1995; Sanz et al., 1994). The discovery that these
HADs exhibit phosphatase activity with 2-deoxyglucose-
6-phosphate as the preferred substrate strongly suggest that
the generation, or accumulation, of non-natural 2-
deoxyglucose-6-phosphate is similarly toxic to E. coli and
yeast. The broad substrate specificity of such HADs could
be profitable if they are prepared for certain non-natural
compounds. Indeed, we observed that the co-expression
of E. coli HADI1 reduced the growth toxicity induced by
sorbitol production in cyanobacteria (unpublished results).

HADI1 may be a multifunctional scavenger that reduces
the accumulation of phosphate esters of non-natural com-
pounds in E. coli. In this context, it is strange that E. coli
HAD?2 acts preferentially on the important metabolite, glu-
cose-6-phosphate. However, our data demonstrated that
HAD?2 could serve as a sorbitol-6-phosphatase rather than
a glucose-6-phosphatase, which is consistent with the pre-
sumed dogma of scavenging toxic non-natural compounds.
Moreover, we observed that the growth of E. coli was not
markedly retarded by the overexpression of HAD2. These
results suggest that HAD2 may also serve as a scavenger,
implying that its overexpression might also facilitate the
detoxification of the side effects of sorbitol production in
recombinant cyanobacteria. Co-expression of HAD2 in
cyanobacteria is now in progress.
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