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The Zymomonas mobilis gene (sacA) encoding a protein with sucrase activity has been cloned in Escherichia
coli and its nucleotide sequence has been determined. Potential ribosome-binding site and promoter sequences
were identified in the region upstream of the gene which were homologous to E. coli and Z. mobilis consensus
sequences. Extracts from E. coli cells, containing the sacA gene, displayed a sucrose-hydrolyzing activity.
However, no transfructosylation activity (exchange reaction or levan formation) could be detected. This sucrase
activity was different from that observed with the purified extracellular protein B46 from Z. mobilis. These two
proteins showed different electrophoretic mobilities and molecular masses and shared no immunological
similarity. Thus, the product of sacA (a polypeptide of 58.4-kDa molecular mass) is a new sucrase from Z.
mobilis. The amino acid sequence, deduced from the nucleotide sequence of sacA, showed strong homologies
with the sucrases from Bacillus subtilis, Salmonella typhimurium, and Vibrio alginolyticus.

The ethanologenic gram-negative bacterium Zymomonas
mobilis can grow only on glucose, fructose, or sucrose and
metabolizes these sugars with the production of ethanol and
carbon dioxide as main fermentation products (1, 22, 41).
Carbohydrate metabolism in Z. mobilis has been reviewed
recently (43). The monosaccharides glucose and fructose are
transported inside the cell by a facilitated diffusion system
mediated by a carrier (12), phosphorylated by a specific
kinase, and metabolized through the Entner-Doudoroff path-
way. The disaccharide, sucrose, is first hydrolyzed to liber-
ate glucose and fructose in the culture medium, and these
sugars enter the cell by using the transport system described
above. The number and nature of the enzymes involved in
sucrose catabolism are not clearly known in Z. mobilis.

Sucrose metabolism has been intensively studied in Bacil-
lus subtilis (15). Three saccharolytic enzymes are present: an
intracellular sucrase (sacA gene), an extracellular levansu-
crase (sacB gene), and a levanase (sacC gene). All enzymes
act as B-D-fructofuranosidases; in addition, levansucrase
catalyzes the formation of levan, a high-molecular-weight
polymer of fructose. The nucleotide sequences of sacA,
sacB, and sacC genes have been determined (13, 21, 39). A
strong homology of the N-terminal protein sequences of
sucrase, levanase, and yeast invertase (SUC2 gene) was
observed, while no similarity with levansucrase could be
detected (21).

Levan formation during growth of Z. mobilis on sucrose is
well known and the presence of levansucrase is generally
well accepted (22, 41). Furthermore, it has been demon-
strated that levan formation is cell linked (25), while a high
saccharolytic activity was detected in culture medium (28,
33). These results raised the question of the existence, in
addition to levansucrase, of a second enzyme, a sucrase,
which may be liberated in culture medium during cell growth
(41). More recently, two other polymers has been character-
ized: a cell-linked, high-molecular-mass polysaccharide,
identified as an a-fructofuranosyl-(2-1)-g-fructofuranosyl-(2-
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6)-polymer (2); and extracellular, low-molecular-mass oligo-
mers made of one glucose molecule linked to two or three
fructose units (43). Whether these polysaccharides are
formed by levansucrase, sucrase, or another enzyme is not
clear.

In an attempt to better understand sucrose metabolism,
we have cloned and sequenced the sacA gene from Z.
mobilis. The product of this gene was characterized as a
saccharolytic enzyme (EC 3.2.1.26) and showed high homol-
ogies with other well-known sucrases.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli RR1 AM15
[leu pro thi rpsL hsdR hsdM lacZ AMI15(F' lacI® lacZ AM15
pro*)] and XL1 Blue [endAl hsdRI7 (r~ m™) supE44 thi-1
N~ recAl gyrA96 relAl Alac(F' proAB lacl® AMI15 Tnl0)]
and Z. mobilis ZM1 (ATCC 10988) were used. The cloning
vector pUC19 (Pharmacia) was used for construction of the
genomic library, and plasmid Bluescript KS (Stratagene) and
helper phage R408 (Pharmacia) were used for DNA sequenc-
ing.

Growth conditions. Z. mobilis ZM1 was grown on RM
medium containing the following (per liter): 100 g of glucose,
10 g of yeast extract, 2 g of KH,PO,, 0.5 g of MgSO, -
7H,0, 0.1 g of (NH,),SO,. Inocula (5% in volume) were
grown for 18 h in stationary flasks. Cultures were run at 30°C
in a 2-liter fermentor containing 1.5 liters of medium with
mild agitation (200 rpm), and pH was controlled at 5.5 by
addition of 2 N KOH.

E. coli strains were grown on LB, 2xTY (20), or M63
medium (40). Cells were grown at 37°C under agitation and
harvested in the exponential growth phase.

Cloning the gene encoding sucrase. Chromosomal DNA
from Z. mobilis was prepared by the method of Byun et al.
(6) and partially digested with Sau3A. Fragments of 5 to 10
kb were isolated by centrifugation on a sucrose gradient (5 to
40%, wt/vol) and were inserted into the dephosphorylated
BamHI site of pUC19. The ligation mixture was used to
transform E. coli RR1, and transformants were selected on
LB agar containing ampicillin (50 pg/ml), isopropyl-B-D-
thiogalactopyranoside (40 mg/liter), and X-Gal (5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside; 20 mg/liter).
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Transformants were replicated onto M63 agar plates (40)
supplemented with glycerol (10 g/liter), sucrose (10 g/liter),
and ampicillin (50 pg/ml). After 48 h at 37°C, GOD-perid

reagent (Boehringer, Mannheim, Federal Republic of Ger-

many) was sprayed onto the plates. The appearance of a
green halo zone around the clone indicated a sucrose-
hydrolyzing activity.

Minicell experiment. E. coli DS410 was transformed with
plasmid pZS11 and a transformant was used for minicell
preparation, using the method of Komai et al. (16). The
minicells, purified from the sucrose gradient, were sus-
pended in 0.4 ml of Davis medium containing all amino acids
except methionine and shaken vigorously at 30°C for 10 min.
A 20-p.Ci amount of [3S]methionine was added, and the
mixture was incubated at 37°C for 10 min. Then 0.5 ml of
stop buffer was added and the mixture was spun at 6,000 rpm
for 10 min to collect the minicells, which were washed twice
with electrophoresis buffer.

DNA sequencing. The gene coding for sucrase was se-
quenced by the dideoxy method of Sanger et al. (33) with the
Kilobase sequencing kit (Bethesda Research Laboratories)
and [**S]JATP (Amersham). Nested deletions were obtained
with exonucleases III and VII (44). The method of Russel et
al. (32) was used to prepare single-stranded plasmid DNA.
Sequencing was performed for the entire length of both
strands, and all ends of the DNA fragments which were
sequenced overlapped one another. The sequence data ob-
tained were analyzed with a computer, using the Microgenie
program (29) from Beckmann Instruments Inc. to arrange
the overlapping sequence determinations as contiguous units
and to perform homology comparisons.

DNA manipulations. Rapid preparation of plasmid DNA
from E. coli strains was carried out by using the modified
alkaline lysis method of Birnboim and Doly (4), and DNA
was further purified by CsCl-ethidium bromide gradient
centrifugation. The DNA fragments were separated by aga-
rose gel electrophoresis, recovered by electroelution, and
purified by passing through an Elutip-d column (Schleicher
& Schuell, Dassel, RFA). All cloning experiments were done
by using the standard methods described in Maniatis et al.
(20).

Determination of sucrase activity. The sucrase-positive E.
coli clones were grown in 100 ml of LB medium containing
50 pg of ampicillin per ml for 18 h at 37°C, and cells were
harvested by centrifugation (7,000 X g, 5 min, 4°C). The
pellet was washed with 10 mM Tris hydrochloride buffer (pH
7.0) containing 1 mM EDTA and resuspended in 10 ml of the
same buffer. Lysozyme was added at a final concentration of
1 mg/ml, and the mixture was incubated for 30 min at room
temperature. Ultrasonic disruption of cells was carried out
with a Branson Sonicator (three 15-s periods at 40 W, with
45-s intervals between periods). Extracts were clarified by
centrifugation (100,000 X g, 1 h, 4°C) and supernatant was
used as enzyme source. Proteins were determined by the
method of Lowry et al. (18).

Sucrase activity was measured by the rate of liberation of
reducing sugars from sucrose in the following mixture: 0.25
ml of enzyme solution, (.25 ml of 0.1 M sodium acetate
buffer (pH 5.0) containing 0.1 M sucrose. The reducing
sugars liberated after 10 min at 30°C were estimated by the
Somogyi-Nelson method (38). One unit is defined as the
amount of enzyme hydrolyzing 1 pmol of sucrose per min.

Determination of exchange activity. The exchange reaction
between [**Clglucose and sucrose was tested by the method
of Chambert and Gonzy-Treboul (7). The enzyme solution
was incubated at 30°C in a mixture (0.1 ml) containing 50 mM
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FIG. 1. Circular restriction map of plasmid pZS1. Restriction
sites are shown by letters: H, Hindlll; C, Clal; Ev, EcoRV; Sp,
Sphl; P, Pstl; S, Sall; Pv, Pvull; B, BamHI; Hp, Hpal; Sm, Smal,;
K, Kpnl; Sa, Sacl.

glucose, 50 mM sucrose, and 185 kBq of ['“Clglucose
(Amersham) per ml in 10 mM sodium acetate buffer, pH 5.0.
Aliquots of 10 pl were taken every 10 min and treated with
100 pl of 70% (vol/vol) ethanol at 65°C. The liquid was
evaporated under vacuum overnight. The samples were then
resuspended in 70% ethanol and applied to a Whatman 1M
paper. Elution was performed by using the solvent butanol-
acetic acid-water (4:1:1, vol/vol/vol). The spots were de-
tected by autoradiography, using Kodak X-Omat AR films.
For quantification, the spots were cut from the paper chro-
matogram and radioactivity was assayed by liquid scintilla-
tion. One unit is defined as the amount of enzyme incorpo-
rating 1 wmol of [**Clglucose into sucrose per min.

Assay of levan formation. Analysis of sucrose hydrolysis,
oligomer, and levan formation was performed at 30°C in a
mixture containing 0.1 M [**C]sucrose (740 kBqg/ml) in 10
mM sodium acetate buffer (pH 5.0) containing 10 g of B.
subtilis levans (average molecular mass, 15,000 daltons) per
ml and the enzyme solution. Aliquots of 10 ul were taken
every 30 min (for 2 h) and treated as above for the exchange
reaction. The following reaction products were separated by
paper chromatography: unreacted sucrose, glucose, fruc-
tose, oligomers containing three or four hexoses, and levans.

RESULTS

Cloning and localization of sucrase gene. Of 1,200 Amp"
transformants of E. coli RR1, 3 were sucrase positive on agar
plates. Plasmid DNA analysis of the recombinant derivatives
of pUC19 carrying inserts of chromosomal DNA from Z.
mobilis ZM1 revealed the presence of a 7-kb insert in pZS1
and 10-kb inserts in pZS2 and pZS3. Partial restriction
analysis of these three fragments indicated that they had
overlapping regions, One plasmid, pZS1 (Fig. 1), was stud-
ied further.

Deletion of a Clal fragment in pZS1 (approximate size, 1.4
kb) abolished the enzyme activity, indicating that the Clal
region is part of the sucrase gene (Fig. 2). Subcloning of the
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SUCRASE

ACTIVITY
pZS1 +
Hind @I fragments -
AClal -
pPZS11 or 12 +
pZS1229 ————— +
pZS1222 ————————— -
pZS1121 S — +
PpZS1125

FIG. 2. Linear maps of plasmids: deletion plasmids (sucrase activity of clones indicated). Restriction sites are shown by letters: H,
HindIll; C, Clal; E, EcoRV. The most probable open reading frame (ORF) is boxed.

two HindIII fragments (5.6 and 3.6 kb) from pZS1 did not
retain sucrase activity. However, the activity was retained
on a 3.2-kb EcoRV fragment which was subcloned in both
orientations with respect to the lac promoter at the Smal site
of pUC19 to produce pZS11 and pZS12 (Fig. 2). Plasmids
pZS11 and pZS12 were subcloned in Bluescript, and deletion
derivatives were generated to identify the coding region.
Approximately 0.8 kb was deleted from the left side of the
EcoRV fragment, resulting in plasmid pZS1121 (Fig. 2),
without affecting activity. Deletion of 0.8 kb from the right
side, resulting in plasmid pZS1229 (Fig. 2), did not abolish
the activity. Further deletions on both sides (plasmids
pZS1125 and pZS1222) resulted in loss of sucrase activity.
Therefore, it was concluded that the approximate size of the
coding region was 1.6 kb.

A Southern blot experiment was run with DNA from
plasmid pZS11 as a labeled probe and total chromosomal
DNA from Z. mobilis after digestion by HindIIl. As ex-
pected, two bands were visible (data not shown) at 2.0 and
3.5 kb, which confirmed that the cloned gene was of Z.
mobilis origin.

Analysis of the product of sacA in E. coli. The minicell-
producing strain of E. coli DS410 was transformed by
plasmid pZS11 as described in Materials and Methods. After
purification of the minicells and incorporation of [>*S]methi-
onine, the polypeptide synthesized were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and au-
toradiography (5). One major protein band of around 56-kDa
molecular mass was detected. This protein is likely the
product of the sacA gene, and the molecular mass agrees
reasonably with that (58.4 kDa) deduced from the nucleotide
sequence (see below). Thus, expression of the Z. mobilis
sacA gene was observed in E. coli.

Expression and localization of Z. mobilis sucrase gene in E.
coli. E. coli strains carrying plasmids pZS1, pZS11, pZS12,
and pZS1121, were grown in. either LB or M63 medium
containing 50 pg of ampicillin per ml, and cell extracts were
prepared as described in Materials and Methods. Sucrase
activity was detected in all clones (Table 1). Maximum
activity was found with plasmid pZS1121. Identical activity
for clones with plasmids pZS11 and pZS12 (containing the
3.2-kb EcoRYV fragment in both orientations with respect to
the lac promoter) suggested that the sucrase gene was
expressed from its own promoter. Addition of isopropyl-B-
D-thiogalactopyranoside (40 pg/ml) to the culture medium
showed no effect on sucrase activity.

The localization of sucrase activity in E. coli(pZS1121)

was investigated by using cells from the late exponential
growth phase. Cells were separated from the culture medium
by low-speed centrifugation (7,000 X g, 5 min, 4°C). The
sucrase activity was totally (>99.9%) recovered in the cell
fraction (specific activity, 0.043 IU/mg), as assayed after
ultrasonic disruption of cells. High-speed centrifugation
(100,000 X g, 1 h, 4°C) of the disrupted cell fraction resulted
in the recovery of >90% of sucrase activity in the superna-
tant. Thus, the sucrase activity was cell bound but not
associated with a membrane fraction of E. coli cells.

To differentiate further between a periplasmic or cytoplas-
mic localization, an osmotic shock was run on whole cells
(24). Only 16% of the sucrase activity was recovered in the
shock fluids; the remainder was found in the shocked cells.
A soluble, cytoplasmic localization for the product of sacA
in E. coli was deduced from these experiments.

The kinetics of sucrase activity production by E. coli
(pZS1121) was investigated on LB medium. No activity was
detectable during the exponential growth phase. Activity
appeared in the late growth phase, being maximum in early
stationary phase. These results suggested the existence of a
regulation of the expression of sacA in E. coli such as
repression by nutrients contained in LB medium.

Characterization of sucrase activity. The product of the
sacA gene was studied in E. coli XL1(pZS1121). To deter-
mine whether this enzyme is a levansucrase, the exchange
reaction described for the B. subtilis levansucrase (7) was
used. By incubation of [**Clglucose with unlabeled sucrose,
the formation of [**Clsucrose appeared according to the
reaction:

glucose-fructose + [“*Clglucose < [**Clglucose-fructose + glucose
(sucrose) ([**C]sucrose)

TABLE 1. Expression of sucrase activity in E. coli

Sucrase activity

E. cgli Plasmid (U/mg of protein)®
strain

LB M63
RR1 pUC19 <0.001 <0.001
RR1 pZS1 0.11 0.06
RR1 pZS11 0.17 0.08
RR1 pZS12 0.18 0.09
XL1 pZS1121 0.36 0.10

@ Cells were grown on LB or M63 medium as described in Materials and
Methods.
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TABLE 2. Comparison of reaction products after incubation with
[**Clsucrose of the product of the sacA gene in E. coli and
purified protein B46 from Z. mobilis

Reaction E. coli XL1(pZS1121) Protein B46*
product Rate? % Rate® %
Sucrose 124.4 100 2,766 100
Glucose 58.6 47.8 1,366 49.4
Fructose 55.8 45.5 1,187 43.0
Oligomer 1¢ 49 4.0 200 7.2
Oligomer 2¢ 33 2.7 9.1 0.3
Levans <5 x 1073 <0.004 3.6 0.18

“ Protein B46 is an extracellular sucrase with fructosyltransferase activity
7.

® Expressed as nanomoles of hexose reacting per minute per milliliter of
reaction mixture. For sucrose, the reaction rate is consumption, while it is
apparition for all of the other products.

¢ Oligomers 1 and 2 contained one glucose and two or three fructose
residues, respectively.

Cellular extracts of E. coli XL1(pZS1121) showed sucrose-
hydrolyzing activity (0.11 IU/mg), but no exchange activity
could be detected (<3 x 1073 IU/mg). Thus, the ratio of
exchange to sucrase activity was <0.0003. By comparison,
protein B46, a saccharolytic enzyme purified from the cul-
ture medium of Z. mobilis (27), showed a value 230-fold
higher for the same ratio (Preziosi et al., unpublished re-
sults). These results suggested that the product of sacA
displayed a different enzymatic activity than protein B46, the
former being a sucrase and the latter being a sucrase with a
transfructosylation activity.

Confirmation of the sucrase nature of the product of the
sacA gene was obtained by analysis of the reaction products
formed in vitro by incubation with [1*C]sucrose. The results
(Table 2) are expressed as reaction rates. With cell extracts
from E. coli XL1(pZS1121), the main reaction products were
glucose and fructose. Although low-molecular-mass oligo-
mers were present, levan formation could not be detected.
The pattern was significantly different for the purified protein
B46 of Z. mobilis: (i) high amounts of glucose and fructose
were found as well as fructo-oligomers; (ii) levan formation
was demonstrated at a low but reproducible level. Levan
formation was never detected with cell extracts from E. coli
XL1(pZS1121) with the same amount of sucrase units in the
incubation mixture.

The product of sacA is a sucrase. Given the differences
found in exchange activity and levan formation, it was
concluded that the product of sacA was a sucraselike en-
zyme (EC 3.2.1.2.6) and was different from protein B46
purified from Z. mobilis. However, both enzymes were able
to catalyze the formation of fructo-oligomers from fructose
(Table 2). Further evidence for the nonidentity of these two
proteins was seen by comparison of migration after gel
electrophoresis. Sucrase activity of cell extracts from E. coli
XL1(pZS1121) was detected after gel electrophoresis in
native conditions. In the conditions used, the active band
migrated with an R, of 0.08, while an R, of 0.38 was observed
for protein B46. For an unknown reason, sucrase activity
could not be detected, after sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, with E. coli XL1(pZS1121)
extracts. An antiserum, raised against protein B46 (27),
showed no reaction with E. coli(pZS121) extracts after
native or sodium dodecyl sulfate-gel electrophoresis and
immunoblotting in conditions in which a positive spot was
observed for protein B46 (results not shown).

The product of sacA is present in Z. mobilis. Native gel
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FIG. 3. Sequencing strategy for the sacA gene. ORF, Open
reading frame; P, promoter; H, HindIll; C, Clal; EV, EcoRV.

electrophoresis was used to detect sucrase activity in Z.
mobilis ZM1 extracts (extracellular and cellular fractions).
The culture medium was concentrated by ultrafiltration and
dialyzed before use, while the cell fraction was ultrasonically
disrupted and centrifuged. Sucrase activity was detected on
native gels and showed two bands corresponding to proteins
B46 and AS51 (28) in the extracellular fraction and a weak
band, in the soluble cellular fraction, at the same level as the
product of sacA in E. coli (results not shown). This experi-
ment confirmed the presence of the product of sacA in the
cellular fraction of Z. mobilis.

Nucleotide sequence of sacA gene. The sequencing strategy
for the sacA gene is shown in Fig. 3, and the nucleotide
sequence of the 2,091-bp fragment containing the sucrase
gene is shown in Fig. 4. Two open reading frames were
found starting with an ATG codon at positions 93 and 212
and both ending with a TAA codon at position 1626. Several
arguments favored ATG 93 as the initiation codon. (i) ATG
93 is preceded, 8 bp upstream, by a putative ribosome-
binding site (see below); this sequence is not present for
ATG 212. (ii) The region near ATG 93 was sequenced from
a clone containing pZS1121 which exhibited a positive result
for sucrase activity, while a clone containing pZS1125 (lack-
ing this region, but containing the region with ATG 212)
showed no sucrase activity (Fig. 2).

Although uniquivocal proof is missing, it is likely that
ATG at position 93 is the real initiation codon. The open
reading frame would be 1,533 bp long and would encode a
polypeptide chain of 511 residues with a calculated molecu-
lar mass of 58,360 Da. The G+C content of the sacA gene
was 43.3%, a value lower than the reported 48.5% for the
whole DNA of Z. mobilis (22).

The coding region of sacA is preceded by the sequence
AAAGGCA, a probable ribosome-binding site (37) located 8
bp upstream from the start codon. This sequence matches
three bases, AGG, with the E. coli consensus sequence (36)
and adhB (10) and pgk (8) genes from Z. mobilis. The spacing
between the ATG and the ribosome-binding sequence was 8
bases, similar to the average for E. coli (7 = 1) (10) and
identical to the average for Z. mobilis (8 = 2) (26). The region
upstream from the translational start was rich in A+T (65
versus 56% for the phoC gene) and contained poly(A) (one
with seven, one with five, and two with four bases) and
poly(T) (one with five and two with three bases) regions. The
sequence TATAAT matches five bases of the E. coli con-
sensus for the —10 region and three bases with the proposed
Z. mobilis consensus (26). A similar homology was observed
with the sequence TTGTCTTTGGTC, which matches seven
bases with the E. coli consensus for the —35 region (26). The
putative —10 and —35 regions of the sacA gene showed more
similarity with those of phoC than any other well-expressed
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10 20 30 40 50 60 70 80 90 100 110 120
AAAAAAACAGCGTACTCTCTCCCAAAAGGAAAAATTTTTGTCTTTGGTCGTTACTCTTTATAATTCTTCCATCCGAATAAAAGGCAGCGATAATGGAATCCCCCTCTTATAAAAATTTAATC
--------------------------- MetGluSerProSerTyrLysAsnLeul le
ll-35|l ll-10ll S-D.
130 140 150 160 170 180 190 200 210 220 230 240
AAAGCCGAGGATGCACAGAAAAAAGCTGGAAAACGGCTTCTATCTTCTGAATGGTATCCTGGATTTCATGTAACGCCTTTAACTAGTTGGATGAATGACCCCAACGGGCTGATTTTTTTC
LysAlaGluAspAlaGlnLysLysAlaGlyLysArgLeuLeuSerSerGluTrpTyrProGlyPheHisVal ThrProLeuThrSerTrpMetAsnAspProAsnGlyleul LePhePhe

250 260 270 280 290 300 310 320 330 340 350 360
AAGGGGGAATACCATCTTTTTTATCAATACTATCCTTTTGCACCTGTCTGGGGGCCGATGCATTGGGGACATGCGAAAAGCCGTGATTTAGTTCATTGGGAAACACTCCCTGTTGCCCTT
LysGlyGluTyrHisLeuPheTyrGlnTyrTyrProPheAlaProVal TrpGlyProMetHisTrpGlyHisAlalysSerArgAspLeuvalHisTrpGluThrLeuProvalAlaleu

370 380 390 400 410 420 430 440 450 460 470 480
GCTCCAGGGGATTCATTTGATCGCGACGGCTGTTTCTCAGGATGCGCTGTTGATAATAATGGCGTTTTGACTCTGATCTATACGGGGCATATCGTTTTATCTAACGATAGCCCTGATGCC
AlaProGlyAspSerPheAspArgAspGlyCysPheSerGlyCysAlaValAspAsnAsnGlyValLeuThrLeul lLeTyrThrGlyHisl levalleuSerAsnAspSerProAspAla

490 500 510 520 530 540 550 560 570 580 590 600
ATTCGTGAAGTGCAGTGTATGGCGACAAGCATAGACGGCATCCATTTTCAAAAAGAAGGCATCGTCCTTGAAAAAGCACCCATGCCACAGGTCGCCCATTTCAGAGACCCTCGCGTTTGG
IleArgGluvalGlnCysMetAlaThrSer!leAspGlyIleHisPheGlnLysGLuGLlyI levalLeuGluLysAlaProMetProGlnvalAlaHisPheArgAspProArgValTrp

610 620 630 640 650 660 670 680 690 700 710 720
AAGGAGAATGACCACTGGTTTATGGTGGTGGGCTATCGAACAGATGATAAGAAACATCAAGGAATCGGACATGTCGCTCTATACAGAAGCGAAAATCTAAAAGACTGGATTTTTGTCAAA
LysGluAsnAspHisTrpPheMetValValGlyTyrArgThrAspAsplysLysHisGlnGlylleGlyHisValAlaLeuTyrArgSerGluAsnLeulLysAspTrpl lePhevallys

730 740 750 760 770 780 790 800 810 820 830 840
ACACTGCTGGGTGATAATTCTCAATTACCGCTGGGAAAACGGGCTTTTATGTGGGAATGTCCTGATTTCTTCTCGTTAGGCAATCGTTCTGTTTTGATGTTTTCTCCACAAGGCTTGAAG
ThrLeuLeuGlyAspAsnSerGlnLeuProlLeuGlylLysArgAlaPheMetTrpGluCysProAspPhePheSerLeuGlyAsnArgServalleuMetPheSerProGlnGlyLeulys

850 860 870 880 890 900 910 920 930 940 950 960
GCAAGCGGTTACAAAAACCGGAATCTATTTCAAAACGGCTATATTCTTGGAAAATGGCAAGCACCTCAATTTACGCCGGAAACATCCTTCCAAGAACTAGACTATGGTCATGATTTCTAT
AlaSerGlyTyrLysAsnArgAsnLeuPheGLnAsnGlyTyrIleLeuGlyLysTrpGlnAlaProGlnPheThrProGluThrSerPheGLnGluLeuAspTyrGlyHisAspPheTyr

970 980 990 1000 1010 1020 1030 1140 1050 1060 1070 1080
GCAGCACAACGTTTGAAGCTAAAAGATGGTCGTCAAAATATTAATTGCATGGTTGATATGTGGAAATCAAAACCCAGCCAACGAGATGGATGGGCTGGCTGTATGACGT TGCCCCGCAAG
AlaAlaGlnArgLeulysLeulysAspGlyArgGlnAsni LeAsnCysMetValAspMetTrplLysSerLysProSerGlLnArgAspGlyTrpAlaGlyCysMetThrLeuProArglys

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CTTGATTTAATTGATAATAAAATTGTGATGACGCCTGTTAGAGAAATGGAGATTTTACGACAATCGGAAAAAATTGAATCTGTCGTAACGCTTTCGGATGCCGAGCATCCCTTTACGATG
LeuAsplLeul LeAspAsnLys] leValMetThrProvalArgGluMetGlul leLeuArgGinSerGluLyslleGluServalvalThrLeuSerAspAlaGluHisProPheThriMet

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
GACTCTCCCCTGCAAGAAATAGAGCTGATCTTTGACTTGGAAAAAAGCAATGCTTATCAAGCTGGTTTGGCTTTGCGCTGTAATGGCAAAGGGCAAGAAACGCTTCTTTATATCGATAGA
AspSerProLeuGtnGlul leGluLeul lLePheAsplLeuGluLysSerAsnAlaTyrGlnAlaGlyLeuAlaleuArgCysAsnGlyLlysGlyGInGluThrLeuLeuTyrIleAspArg

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
AGCCAGAATCGTATCATTCTTGACCGAAATCGCTCGGGGCAAAATGTAAAAGGGATTAGAAGCTGTCCGCTTCCGAACACCTCCAAAGTCAGACTGCATATATTCCTTGACCGATCATCT
SerGlnAsnArgl lel leLeuAspArgAsnArgSerGlyGlnAsnVallLysGlyl leArgSerCysProLeuProAsnThrSerLysValArgLeulisIlePheleuAspArgSerSer

1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
ATAGAAATTTTTGTCGGCGATGATCAGACCCAAGGCCTCTACAGCATAAGTAGTCGAATATTCCCCGATAAGGACAGCCTTAAAGGCCGTTTATTCGCTATCGAAGGCTATGCCGTTTTT
IleGlul lePheValGlyAspAspGLnThrGinGlyLeuTyrSerlleSerSerArgl lePheProAsplLysAspSerLeulysGlyArgLeuPheAlal leGLuGlyTyrAlavalPhe

1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
GATTCTTTTAAGAGATGGACATTACAGGATGCTAATCTAGCCGCTTTTTCAAGCGATGCCTGTTAAAAATGGT TGGGGCGGCAGGATTCGAACCTGCGCATGACGGGATCAAACCCGTTG
AspSerPhelysArgTrpThrLeuGinAspAlaAsnLeuAlaAlaPheSerSerAspAtaCys ------ >  eeeeeeee- > C-m--u-

1 2 2

1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

CCTTACCGCTTGGCTACGCCCCAATAGGCTTCTCGGTCGAGAATGATCTTCTATAACGACTGAAACGGGCTTGAAAGTCTGATTTCTAAAATTTTTCTTTTCTCGACCTCAATTCGGGGT

- Ce=mcemecnee

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
AGTTTTGCTGCAAAATCCCTTTTAGAAAGAGGCGAAGAAATAGTCGGGATAGATAATCCAATTCTCGAAAGGATCTCGATTATGGCTATTCTGATAACAGGCATTGCAGGCTTTATTGTA

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
AATGATTATTATGATCCGAGT TAAAGAAAAAACGTTTGGCAGAAT TAAAAAAGCCTCAAAACGGCAAACTGCATTTTCCTATCGATTTTCGGACGGAACTCTTCTCAATAACACTCTCGA

2050 2060 2070 2080 2090
GAAATTCGATTTGATCGCATTATCATTAGGATCTCAGGCGGTGTGCATATG

FIG. 4. Nucleotide sequence of the 2.1-kb fragment containing the sacA gene. Putative ribosome-binding site (S.D.), —10, and —35 regions
are underlined. Convergent arrows indicate two regions of dyad symmetry. The translated amino acid sequence is also shown.
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gene in Z. mobilis. The sequence TTGTCTT of the —35
region was identical in sacA and phoC, and four bases of the
TATAA sequence from the —10 region of sacA were iden-
tical in phoC. However, unlike phoC and three other Z.
mobilis genes, pdc (9), adhB (10), and gap (11), the coding
region of sacA was not preceded by a long, untranslated
leader sequence. The exact role of this untranslated se-
quence in four Z. mobilis genes is not known (26).

The sequences in regions 1635-1644 and 1660-1669 were
highly complementary to those at positions 1695-1706 and
1676-1683, respectively. A possible secondary structure for
mRNA could be speculated, from computer analysis, with a
two stems-two loops pattern with predicted energies of
—26.6 and —15.8 kcal/mol (ca. 111.2 and 66.0 kJ/mol),
respectively. This structure seemed characteristic of sites
recognized by RNase III and might be involved in mRNA
processing (30, 31).

Codon usage and bias. Table 3 shows a comparison of
codon usage for sacA, the average of five proteins of Z.
mobilis, and the average of 52 proteins of E. coli (26). The
pattern of codon usage in sacA showed differences. All
codons were used with the exception of AGG. Sixteen
codons showed a frequency of <1% (seven were also poorly
used in E. coli and in Z. mobilis combined). Frequencies of
>3% were observed for six codons in sacA; of them, two
were also highly used in E. coli or Z. mobilis combined.
However, codon bias was very low in sacA compared with
Z. mobilis combined. The average codon bias index (3) was
much lower for sacA (0.17) than for the average of Z. mobilis
(0.58) when calculated for all amino acids. In this respect,
sacA showed more similarity with phoC than with any other
highly expressed Z. mobilis gene (26). It has been suggested
that codon abundance might reflect the relative abundance of
tRNA species with a subsequent limitation of expression for
genes with low codon bias (14). In addition, the two codons
(CAT and TGT) clearly dominant in sacA were different
from the four dominant codons in Z. mobilis combined
(ATC, TAC, GAA, and TGC).

Comparison of sucrase with other B-fructosidases. The
deduced amino acid sequence of the sacA gene from Z.
mobilis was compared with those of the gram-positive B.
subtilis levansucrase, levanase, and sucrase (13, 21, 40), the
gram-positive Streptococcus mutans sucrase (34), the gram-
negative Vibrio alginolyticus (35) and Salmonella typhimu-
rium (scrB gene from plasmid pUR400; K. Jahreis, unpub-
lished results) sucrases, and the Saccharomyces cerevisiae
invertase encoded by the SUC2 gene (42). The best align-
ment of the Z. mobilis sucrase with that of other related
proteins showed the following percentages of homology with
respect to identical amino acids: B. subtilis sucrase, 34.4%;
Salmonella typhimurium sucrase, 34.0%; V. alginolyticus
sucrase, 33.5%; Streptococcus mutans sucrase, 29.8%; Sac-
charomyces cerevisiae invertase, 29.1%; B. subtilis levan-
ase, 26.4%; and B. subtilis levansucrase, 18.0%.

Furthermore, maximal homology was found in the NH,
terminal region of these seven proteins, which showed six
well-conserved regions (A to F) with identical or similar
amino acids (Fig. 5). Boxes A, C, and F had the highest
number of identical amino acids, with box A containing
almost the same amino acids in all seven proteins. Boxes B
and D contained no identical but a high proportion of similar
amino acids, while box E contained both identical and
similar amino acids. These regions might be important for
expression of enzyme activity.

In addition, the amino acid sequence Met-Trp-Glu-Cys-Pro-
Asp around cysteine 231 in Z. mobilis sucrase (MWECPD in
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TABLE 3. Comparison of translated codon usage
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Codon

Frequency (mol%)

Z. mobilis
combined®

E. coli
combined®

Phe

Leu

Ile

Met
Val

Ser
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Gin
Asn
Lys
Asp
Glu
Cys

Trp
Arg

Gly
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TTC

TTA
TTG
CTT

CTC
CTA
CTG
ATT
ATC
ATA
ATG
GTT
GTC
GTA
GTG
TCT

TCC

TCA
TCG
AGT
AGC
CCT
CCC
CCA
CCG
ACT
ACC
ACA
ACG
GCT
GCC
GCA
GCG
TAT
TAC
CAT
CAC
CAA
CAG
AAT
AAC
AAA
AAG
GAT
GAC
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GAG
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TGC
TGG
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“ Average of Z. mobilis including gap (11), pgk (8), adh (9), pdc (9), and
phoC (26).

b Average of 52 proteins from E. coli (26).
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FIG. 5. Comparison of amino acid sequences of Z. mobilis sucrase (ZS), B. subtilis sucrase (BS) and levanase (BL), yeast invertase (YI),
Streptococcus mutans sucrase (SM), Salmonella typhimurium (plasmid pUR400) sucrase (PU), and V. alginolyticus sucrase (VB).
Well-conserved regions are boxed. Arrow indicates the putative cysteine residue of the active site. X’s and squares indicated identical and
similar amino acids, respectively.

box E) was also found in B. subtilis sucrase and levanase and DISCUSSION
in Salmonella typhimurium and V. alginolyticus sucrases N . )
and was very similar to that found in yeast invertase and The sacA gene from Z. mobilis was cloned in E. coli and

Streptococcus mutans sucrase. This sequence might contain its nucleotide sequence was determined. The open reafiing
the catalytic sulfhydryl group as postulated by Martin et al. frame could encode a polypeptide of 511 amino acids with a
(21). calculated molecular mass of 58,360 Da. This is in agreement
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with the value determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis for the polypeptide synthe-
sized by minicells. There was no apparent signal sequence in
the N-terminal part of the product of sacA, and the hydro-
phobicity plot showed no special region rich in hydrophobic
residues. These observations together with the detection of
sucrase activity after gel electrophoresis in cellular extracts
strongly suggested that the product of sacA is an intracellu-
lar protein in Z. mobilis similar to the corresponding sucrase
in B. subtilis (17).

The sacA gene was expressed in E. coli as shown by
minicell experiment and detection of sucrase activity in E.
coli extracts. A putative ribosome-binding site and —10 and
—35 regions were identified by comparison with those of
other Z. mobilis genes. These regions showed homology
with the corresponding E. coli consensus, which may ex-
plain the expression of sacA in E. coli from its own pro-
moter.

The saccharolytic activity of the product of sacA was
studied in cell extracts of E. coli carrying plasmid pZS1121.
The activity was intracellular in this bacterium, and no
levansucrase-like activity could be detected by either the
exchange reaction (7) or levan formation. Therefore, it was
concluded that sacA encoded a true sucrase which was
different from levansucrase (19) and from protein B46 puri-
fied from the culture medium (Preziosi et al., unpublished
results). The gene was called sacA by analogy with the B.
subtilis sucrase gene. The protein sequence of the sucrase
from Z. mobilis showed a high homology with other well-
characterized sucrases.

The exact role of this new enzyme in sucrose metabolism
by Z. mobilis is not clear. It is well known that sucrose is
hydrolyzed by an extracellular saccharolytic enzyme and
that glucose and fructose enter the cell by a specific trans-
port system. Thus, there is no need for an intracellular
sucrase. In B. subtilis the sucrase showed a higher affinity
for sucrose-phosphate than for sucrose. It was concluded
that this sucrase acts more as a sucrose-phosphate hydrolase
than a true sucrase (17). Assuming a similar function for the
Z. mobilis sucrase, the presence of an active transport for
sucrose (through a phosphotransferase-like system) would
be necessary. No evidence for existence of such a transport
system in Z. mobilis has been published.

Further work is needed to better understand the specific
functions of levansucrase, protein B46, and sucrase in su-
crose metabolism.
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