
JOURNAL OF BACrERIOLOGY, Sept. 1992, p. 5639-5646 Vol. 174, No. 17
0021-9193/92/175639-08$02.00/0
Copyright © 1992, American Society for Microbiology

Mechanism of Streptococcus mutans Glucosyltransferases:
Hybrid-Enzyme Analysis

YOSHIO J. NAKANO AND HOWARD K. KURAMITSU*
Department ofPediatric Dentistry, University of Texas Health Science Center, San Antonio, Texas 78284

Received 8 May 1992/Accepted 24 June 1992

Streptococcus mutans GS5 expresses three glucosyltransferases (GTFs): GTF-I and GTF-SI, which synthesize
water-insoluble glucans in a primer-independent manner, and GTF-S, which is responsible for the formation
of primer-dependent soluble glucan. The amino acid sequences of the GTF-I and GTF-S enzymes exhibit
approximately 50% sequence identity. Various hybrid genes were constructed from the structural genes for the
enzymes, and their products were analyzed. Three different approaches were used to construct the hybrid
enzymes: (i) ligation of DNA fragments containing compatible endonuclease restriction sites of the two genes at
homologous positions; (ii) in vivo recombination between the homologous regions of each gene; and (iii) random
fusion of DNA fragments from each gene generated following exonuclease III digestion of tandemly arranged
fragments corresponding to the two functional domains of each enzyme. Hybrid GTFs composed of the
sucrose-binding domain of one enzyme (GTF-I or GTF-S) with the glucan-binding domain of the other
synthesized insoluble glucan exclusively in the absence of primer dextran. Insoluble glucan synthesis by some,
but not all, of the GTF-S:GTF-I chimeric enzymes was stimulated by primer dextran T10 addition. In addition,
glucan binding by the former but not latter group of hybrid GTFs was demonstrated. These results suggest that
the glucan-binding domain alone does not solely determine primer dependence or independence or the
structure of the resulting glucan product, although this carboxyl-terminal domain containing direct repeating
units does appear to play a significant role in primer dependence.

Streptococcus mutans has been strongly implicated as the
principal etiological agent in human dental caries (18). One
of the important virulence properties of these organisms is
their ability to tenaciously colonize teeth in the presence of
dietary sucrose. This process is dependent on the synthesis
of water-insoluble glucans by the glucosyltransferases
(GTFs; EC.2.4.1.5) elaborated by S. mutans strains. Both
genetic and biochemical characterizations of the GTFs pro-
duced by the mutans group streptococci (principally S.
mutans and Streptococcus sobrinus) have suggested two
different classes of these enzymes: GTF-I, which catalyzes
the formation of ot-1,3-linked water-insoluble glucans, and
GTF-S, which synthesizes water-soluble glucans containing
primarily a-1,6-glucose linkages (18). Recent results have
suggested that S. mutans strains contain three gf genes (2,
10, 11). Two of these, the gtfR and gtfC genes, are tandemly
located on the chromosome of strain GS5 and express the
GTF-I and GTF-SI enzymes, respectively, which synthesize
primarily insoluble glucans. In addition, the gtfD gene codes
for the GTF-S enzyme responsible for soluble glucan syn-
thesis. Furthermore, the activity of the latter enzyme is
strongly stimulated in the presence of exogenous soluble
glucans (primer dependent), while the former two enzymes
are primer independent (2, 10, 11).

Nucleotide sequencing of the gtB and gtfD genes has
indicated that the GTF-I and GTF-S enzymes from strain
GS5 exhibit approximately 50% amino acid sequence iden-
tity and almost 64% similarity when conservative amino acid
replacements are considered (12, 26). Likewise, like all other
GTFs sequenced (1, 6, 7, 8, 32), the GTF-I and GTF-S
enzymes contain multiple highly homologous direct repeat-
ing units containing approximately 65 amino acids at their
carboxyl termini. Recent results have suggested that these
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regions of the enzymes constitute a glucan-binding domain
(GBD) which is required for GTF but not sucrase activity
(14). However, the isolated GBD exhibits neither sucrase
nor GTF activity. Therefore, it has been proposed that the
GTFs are composed of two functional domains: the amino-
terminal sucrose-binding domain (SBD), capable of binding
and hydrolyzing sucrose but not of synthesizing glucan, and
the carboxyl-terminal GBD. For the GTF-I enzyme, the
former would correspond to amino acid residues 1 to 1095,
while the latter would involve residues 1096 to 1475 (14).
To further investigate the mechanism of GTF action, it is

important to investigate the relative roles of the two pro-
posed functional domains in determining the nature of the
glucan product (soluble versus insoluble glucan) as well as
primer dependence or independence. Therefore, in this
investigation we used two different strategies to generate
hybrid GTF-I:GTF-S enzymes: in vitro fusions utilizing
appropriate restriction sites, and in vivo-generated hybrids
following homologous recombination. The latter strategy has
also been used to generate chimeric proteins in other micro-
organisms (21, 24, 30, 34). A comparison of the enzymatic
properties of the hybrid GTF molecules is discussed relative
to the mechanisms of action of these enzymes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The
bacterial strains and relevant plasmids used are listed in
Table 1. Escherichia coli strains were grown in Luria-
Bertani medium at 30°C as previously described (2). When
required, the antibiotics ampicillin (50 ,ug/ml), chloramphen-
icol (20 ,ug/ml), kanamycin (50 ,ug/ml), and erythromycin
(200 pug/ml) were added to the medium. Isopropyl-P-D-
thiogalactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-3-D-
galactoside (X-Gal) were each added at 40 j±g/ml where
indicated.
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TABLE 1. E. coli strains and plasmids used

Strain or plasmid Relevant characteristics' Reference or source

E. coli
C600 supE44 hsdR thi-J thr-I leuB6 lacYl tonA21 22
HB101 supE44 hsdS3(rB- mB-)recAl3 ara-14 proA2 lacYl galK2 rpsL20 xyl-5 mtl-l 22
JM109 recAl supE44 endAI hsdR17gyrA96 reLAl thi A(lac-proAB) F' (traD36proAB+ laclq lacZ 35

M15)
Plasmids
pACYC184 Cmr, Tcr, (M) 4
pUC118,119 Apr, phagemid cloning vector, (H) 33
pBluescript KS,SK Apr, phagemid cloning vector, (H) 27
pGD103 Kmr, (L) 5
pMCL18,19 Cmr, medium-copy-number vector containing MCS and lacZ of pUC18 and -19, This study

respectively
pMCL20,21 Cmr, medium-copy-number vector containing MCS and lacZ of pBluescript KS and SK, This study

respectively
pTSU5 Apr, a pUC119 derivative containing the intact gfB gene, GTF+, (H) 14
pCK41 Apr, 3.73-kb PstI-BamHI fragment from pTSU5 in pUC119, GTF-, (H) 14
pNH5 Emr, a pACYC184 derivative containing the intact g#D gene, GTF+, (M) 11
pYND7 Emr, pNH5 lacking the 0.92-kb DraI-SacI fragment downstream from g#D, (M) (Fig. 1) This study
pYNDB1 Emr, in vitro hybrid gtjDB, GTF+, (M) (Fig. 1) This study
pYNDB2 Emr, a precursor plasmid for in vivo recombination, GTF-, (M) This study
pYNBD1 Apr, a pBluescript KS derivative containing in vitro hybrid g#BD, GTF, (H) This study
pYNBD2 Apr, a pUC119 derivative containing in vitro hybrid gtfBD, a precursor plasmid for in vivo This study

recombination GTF-, (H) (Fig. 1)
pYNBD5 Kmr, a pGD103 derivative containing in vitro hybrid g#BD, GTF, (L) This study
pYNBD7 Cmr, a pMCL20 derivative containing in vitro hybrid g#BD, a precursor plasmid for in vivo This study

recombination, GTF+, (M) (Fig. 1)
pYNBD10 Cmr, inserted fragment from pYNBD1 into pMCL21, GTF-, (M) This study
pYNBD20 Cmr, inserted fragment from pYNBD2 into pMCL20, GTF-, (M) This study
pYNBD50 Cmr, inserted fragment from pYNBD5 into pMCL20, GTF, (M) This study
pYNBD201 Apr, an in vivo recombinant generated from pYNBD2, GTF+, (H) This study
pYNBD701 CmA , an in vivo recombinant generated from pYNBD7, GTF+, (M) This study
pYNBD725 Cmr, an in vivo recombinant generated from pYNBD7, GTF+, (M) This study
pYNBD742 Cmr, an in vivo recombinant generated from pYNBD7, GTF+, (M) This study
a (H), high copy number; (M), medium copy number; (L), low copy number; MCS, multiple cloning site; Cm, chloramphenicol; Tc, tetracycline; Ap, ampicillin;

Km, kanamycin; Em, erythromycin.

In vitro construction of GTF hybrid enzymes. Plasmid
pYNDB1 was constructed as indicated (Fig. 1) following
fusion of the GBD of GTF-I with the SBD of GTF-S. A
similar general strategy was used to construct other hybrid
GTFs in vitro. Plasmid pYNBD1 (structure not shown)
resulted from initial transfer of the GBD of GTF-S as a
2.0-kb HindIII-KpnI fragment into pBluescript KS. The
BglII-ScaI fragment from pTSU5 (Fig. 2) was then inserted
into the BamHI-EcoRV site of the resultant plasmid to
produce an in-frame fusion of the gfB and gtfD genes.
Plasmid pYNBD2 (Fig. 2) was constructed following inser-
tion of the 1.6-kb SacI-IKpnI fragment from pYND7 (con-
taining the intact gtfD gene) into the corresponding site in
plasmid pCK41, which contains the gtfB gene lacking se-
quences corresponding to its carboxyl-terminal GBD. To
construct plasmid pYNBD5 (structure not shown), a deriv-
ative of the low-copy-number plasmid pGD103 (5) was
modified by replacing the multiple cloning site from pUC8
with that from pUC18 to produce plasmid pGD103Xb. A
PstI-SacI fragment from pCK41 was then subcloned into the
corresponding sites of pGD103Xb. The resulting plasmid
was digested with SacI and Kjpnl, and the multiple cloning
site from pBluescript KS was ligated to the linearized
plasmid to generate plasmid pYNB2. The GBD of the GTF-S
enzyme coded by theXbaI-SacI fragment from pYND7 (Fig.
2) was introduced into pYNB2 following digestion of the
latter plasmid with XbaI and SacI and subsequent ligation.
The resulting plasmid, pYNBD5, contains an in-frame fusion
of the SBD of GTF-I with the GBD of GTF-S.

An additional GTF-I:GTF-S hybrid protein was expressed
from a construction beginning with plasmid pTSU5. In this
procedure, pTSU5 was digested with AcyI, the resulting
overhangs were filled in with the Klenow fragment, and the
linearized plasmid was digested with PstI. The 4.2-kb frag-
ment containing the SBD and one direct repeating unit of the
GBD from GTF-I was then inserted into the PstI-HincII sites
of pUC118. The inserted fragment was then reisolated fol-
lowing digestion with PstI and XbaI and inserted into the
PstI-XbaI sites of pMCL20 (Fig. 2). The resultant plasmid
was next digested with BamHI and XbaI and ligated to the
BamHI-XbaI fragment coding for the GBD of GTF-S from
pYND7. This latter construction, pYNBD7 (Fig. 2), resulted
in an in-frame fusion of the GTF-I and GTF-S enzymes.

Plasmids pYNBD1 and pYNBD2 appeared to be very
unstable when maintained in E. coli cells. Therefore, the
hybrid gtfB and gtfD genes were transferred to the medium-
copy-number plasmid pMCL20 to produce plasmids
pYNBD10 and pYNBD20, respectively. The latter plasmids
were demonstrated to be quite stable when grown at 30°C.

Construction of hybrid GTF enzymes following in vivo
recombination. To generate hybrid GTF-S:GTF-I enzymes,
plasmid pYNDB2 (Fig. 2) was initially constructed. Plasmid
pTSU5 was digested with EcoRI and SpeI, and the resulting
DNA fragment (containing the 3' end of the g#B gene) was
ligated into pBluescript SK. The resulting plasmid was
digested with KpnI and Sacl and ligated with similarly
digested pNH5 (containing the intact gfD gene). Plasmid
pYNDB2 contains the 5' region corresponding to the SBD of
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FIG. 1. Scheme for construction of the hybrid gtf genes. Closed and open bars indicate DNA fragments derived from the g#B and g#D

genes, respectively. pYNDB1 is a typical in vitro hybrid. DB204 is one of the in vivo recombinant hybrid GTFs. pYNBD201 was generated
from pYNBD2 by a similar procedure. pYNBD7 is a precursor plasmid for random fusion of fragments from each gene generated following
exonuclease III digestion. pYNBD701, pYNBD725, and pYNBD742 are derivatives from pYNBD7.

thegg#D gene separated from the 3' end of thegtfB gene coding
for the GBD by a short sequence containing unique KpnI,
ApaI, XhoI, and EcoRI restriction sites. Cleavage ofpYNDB2
with any combination of these latter restriction enzymes re-
sulted in a linearized plasmid with a low probability of religa-
tion. These linear DNA fragments (1 to 5 p,g) were then
transformed in E. coli C600 by standard procedures (22).
Erythromycin-resistant transformants were selected and
screened for the presence of plasmids as well as sucrase
activity. Intact plasmid pYNDB2 does not express sucrase or
GTF activity. Any transformant expressing GTF activity
would contain a plasmid harboring a hybrid g#DB gene pro-
duced following recombination of overlapping homologous
sequences from the two genes (Fig. 2). A similar strategy was
used to construct hybrid gtfBD genes from pYNBD7 (Fig. 2).
Enzyme assays. Sucrase activity was determined by the

Somogyi-Nelson procedure as previously described (28).
GTF activity was measured as routinely carried out in this
laboratory (15), using [U-14C]sucrose as a substrate. Protein
was determined as previously described (3), and insoluble
glucan formation on polyacrylamide gels was assayed as
described earlier (9).
PAGE and Western immunoblot analysis. Proteins were

analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) (6% polyacrylamide gel) essen-
tially as previously described (17). Western blot analysis
utilizing anti-GTF-I (16) or anti-GTF-S (obtained from K.

Fukushima, Nihon University, Matsudo, Japan) serum was
carried out as recently described (31).

Glucan binding determinations. The abilities of various
GTFs to bind glucans were assessed as recently described (1)
except that Sephadex G-200 (Pharmacia-LKB) beads were
used. Crude extracts (10 pl) from E. coli cells containing
plasmids expressing GTF activity were incubated with 100 ,ud
of Sephadex G-200 beads in 50mM sodium acetate buffer (pH
6.0) for 20 min at room temperature. The beads were then
washed three times with the same buffer, using Ultrafree-MC
filters (Millipore). The proteins bound to the beads were
eluted twice with 10 ,ul of 2x SDS gel-loading buffer contain-
ing 100 mM Tris-HCl (pH 6.8), 10% 2-mercaptoethanol, 4%
SDS, 0.2% bromophenol blue, and 20% glycerol and analyzed
following SDS-PAGE and Western blotting.
DNA sequence analysis. The nucleotide sequences around

the fusion regions were determined by the dideoxy method
(23) with a Sequenase kit (Stratagene).

RESULTS

Construction of intermediate-copy-number vectors. To in-
vestigate the roles of the SBD and GBD of the GTFs in
determining the nature of the glucan product and depen-
dence of the enzymes on exogenous primer, hybrid GTFs
were constructed from the g#B and gtJD genes. Initially,
each of the genes was transferred to pUC-based plasmid
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FIG. 2. Structures of plasmids used in this study. pMCL2g is a new

medium-copy-number vector containing lacZ and the multiple cloning
sites (MCS) of pBluescript K.S (24). Closed arrows or bars indicate the

intact (pT'SU5) portion of the gtfB gene, and cross-hatched arrows or

bars indicate the intact (pYND7) portion of the gzfD gene.

vectors, but it was not possible to construct stable high-

copy-number plasmid vectors containing multiple cloning
sites for subsequent manipulation of the gtfD gene.

The medium-copy-number plasmid vector pACYC184 (4)
contains the p15A replicon and exists in 10 to 12 copies per

E. coli cell (22). To introduce multiple cloning sites into this

plasmid, the vector was digested with XbaI and BanI, blunt

ended with the Klenow fragment, and religated. The result-

ing plasmid was further digested with HaeII, and the 640-bp
HaeII fragment from pBluescript SK or KS encoding the

multiple cloning site (27) was ligated into the linearized

plasmid. Following transformation into E. ccli JM109, colo-

nies containing the correct constructs were identified, and

the corresponding plasmids were designated pMCL2O and

pMCL21, respectively (Fig. 2). The intact gtfD gene was

introduced into the former plasmid for use in generating
several of the hybrid gtf genes utilized in this investigation.

The 440-bp HaeII fragment containing the multiple cloning
site from pUC18 and pUC19 was similarly ligated to modi-
fied pACYC184 to produce plasmids pMCL18 and pMCL19,
which were used in sequencing the hybrid gtf genes. The
sequence of the restriction sites in the multiple cloning sites
in the latter plasmids was more convenient for isolating the
required DNA fragments.

In vitro construction of gaBD and gfDB hybrid genes.
From the known nucleotide sequences of the gtfB and gtfD
genes (12, 26), it was possible to use several existing
restriction sites of the two genes to construct in-frame hybrid
enzymes (Fig. 1 and 3). By this strategy, one DB hybrid (the
first letter corresponds to the amino-terminal SBD from
either the gtfB or gtfl gene, and the second letter corre-
sponds to the carboxyl-terminal GBD), DB1, and four BD
hybrid GTFs were constructed. However, only DB1 and
BD7 expressed GTF activity; the others (BD1, BD2, and
BD5) were enzymatically inactive. Assuming that the con-
structions did not alter the predicted nucleotide sequences of
the hybrids, it is likely that the resulting hybrid proteins of
the latter three constructs existed in protein conformations
which were incompatible with enzymatic activity. The gene
corresponding to the enzymatically inactive hybrid protein
BD5 was initially constructed in the low-copy-number vec-
tor pGD103 (5). However, transfer of the hybrid genes into
the medium-copy-number vector pMCL20 also did not result
in detectable sucrase activities.
To generate potential BD hybrid proteins, plasmid

pYNBD7 (Fig. 2) was initially constructed in vitro and
displayed significant GTF activity (Fig. 3). Cleavage of the
plasmid near the fusion junction between the gfB and gtfD
domains, followed by controlled exonuclease digestion and
religation, would be expected to generate additional novel
hybrid proteins. Therefore, the plasmid was digested with
XbaI, incubated with exonuclease III for various time peri-
ods, and then treated with mung bean nuclease and Klenow
fragment. The linearized plasmid fragments were then reli-
gated and transformed into E. coli HB101. Of 78 transfor-
mants containing plasmid, three, pYNBD701 (Fig. 1),
pYNBD725, and pYNBD742, expressed sucrase activity.
However, nucleotide sequencing of these plasmids indicated
that all three were generated following homologous recom-
bination of the overlapping gtB and gtfD sequences (see
below). The majority of the plasmids contained deletions in
the gtf hybrid genes, leading to inactive GTFs.

In vivo generation of GTF hybrid enzymes. An alternate
strategy for generating hybrid GTFs was based on previous
results indicating that g#B and gtfD shared more than 50%
nucleotide and amino acid sequence similarities (12, 26).
Therefore, transformation ofE. coli with a plasmid containing
overlapping tandem DNA fragments from each of the two
genes linearized in the overlapping regions should generate
circularized recombinants following homologous recombina-
tion (Fig. 1). Plasmid pYNDB2 (Fig. 2) was initially con-
structed to generate DB hybrid proteins. The plasmid was
cleaved at the unique KpnI and EcoRI sites, and the linear-
ized plasmid was transformed into E. coli C600 (recA+); 70
erythromycin-resistant colonies were screened for GTF ac-
tivity. Only one transformant containing plasmid pYNDB204
expressed detectable sucrase and GTF activities.
To isolate potential BD hybrid proteins, plasmid pYNBD2

(Fig. 1), which was constructed following in vitro ligation
and expressed an enzymatically inactive GTF, was linear-
ized with KjpnI and SmaI and transformed into strain C600.
Screening of 75 transformants yielded 1 sucrase-positive
transformant containing plasmid pYNBD201.

J. BACTRIOL.
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FIG. 3. Structures of the parental and hybrid genes and their enzymatic properties. The restriction maps of gtB and giJD are shown.
Closed and open bars indicate DNA fragments derived from the g#B andg#D genes, respectively. Arrows under the bars denote the direct
repeating units. ND, not determined.

Expression of the hybrid GTF enzymes. To ensure that
expression of the hybrid gtfgenes was not altered during the
in vitro or in vivo constructions, Western blot analysis of the
hybrid proteins was carried out (Fig. 4B and C). The approx-
imate molecular sizes of the hybrid GTFs corresponded well
with the predicted sizes based on the known amino acid
sequences of the GTF-I and GTF-S enzymes. All of the
hybridgfgenes expressed similar levels ofenzyme except for
the hybrid enzyme coded by plasmid pYNBD201. For unex-
plained reasons, this plasmid expressed very high levels of the
hybrid GTF. Several of the enzymatically inactive GTFs
(BD2 and BD5) were detectable with anti-GTF-I serum and
exhibited sizes compatible with the predicted sizes of the
hybrid proteins (data not shown). Therefore, the lack of
enzymatic activity displayed by these latter hybrid proteins
was not the result of premature truncation of the enzymes.

Enzymatic properties of the hybrid GTFs. To determine
whether GTF domain shuffling significantly altered the prop-
erties of the hybrid enzymes, both the solubility of the
glucan products and the dependence of the enzymes on

exogenous primer dextran were analyzed (Table 2). Al-
though the specific activities of the hybrid GTFs were much
lower than those of the GTF-I and GTF-S enzymes, most of
these activities were relatively strong and reproducible.
When the GBD of the GTF-I enzyme was fused to the SBD
of the GTF-S protein (proteins DB1 and DB201), the result-
ing enzymes behaved identically with the GTF-I enzyme,
producing water-insoluble glucan in a primer-independent

manner. Furthermore, like the GTF-I enzyme, the hybrid
enzymes produced water-soluble glucan only in the presence
of exogenous dextran T10. These results initially suggested
that the GBD of the GTFs alone determines the nature of the
glucan product. To further test this hypothesis, the BD
fusions constructed both in vitro and in vivo were analyzed
(Table 2). In all cases, fusion of the GBD from the GTF-S
enzyme to the SBD of the GTF-I enzyme resulted in an

enzyme which produced insoluble glucan in the absence of
primer. Therefore, the GBD of the GTFs cannot be the sole
determinant of the nature of the glucan product synthesized.
Furthermore, in contrast to the GTF-I enzyme, insoluble
glucan synthesis by several of the hybrid GTFs (BD701,
BD725, and BD201) was significantly stimulated in the
presence of exogenous dextran T10. However, insoluble
glucan synthesis by hybrid BD7 was not affected by dextran
T10. Likewise, soluble glucan formation by the former
enzymes, but not BD7, was also stimulated in the presence
of the acceptor molecule. These results suggested that the
GBDs of the GTFs are important but not the sole determi-
nants of whether or not glucan synthesis will be stimulated in
the presence of soluble glucan acceptors.

Additional evidence for the formation of insoluble glucans
by the hybrid GTFs was demonstrated following SDS-PAGE
analysis (Fig. 5). Direct demonstration of water-insoluble
glucan synthesis by GTFs can be obtained after washing of
the gels with detergents and incubation with sucrose (9). In
addition to the GTF-I enzyme, the hybrid enzymes BD701

GTF-I
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BD725
BD742

DB204
BD201

BD1
BD2

0
-,.-
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I M
-1 I
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TABLE 2. Insoluble and soluble glucan synthesis catalyzed by
the hybrid gtf gene products

Glucan synthesis (103 cpm/mg of protein)

Enzyme Insoluble glucan Soluble glucan

Without DT10 With DT10 Without DT10 With DT10

GTF-I 155 159 0 24
GTF-S 5 0 54 422
DB1 1.77 1.72 0 0.58
DB204 2.99 2.98 0 1.02
BD7 1.12 1.08 0 0
BD701 5.94 11.1 0 3.63
BD725 1.00 1.34 <0.1 0.13
BD742 0.52 0.34 0 <0.1
BD201 <0.1 0.34 <0.1 0.22

7 8

200-

97.4-

69.0-

30.0-

FIG. 4. Western blot analysis of gene expression and binding of
GTFs to glucan. Procedures are described in Materials and Methods.
(A) Glucan binding of GTF-S (lanes 1 to 3) and GTF-I (lanes 4 to 6)
was detected with anti-GTF-S and anti-GTF-I sera, respectively.
Lanes: 1, crude extract of cells containing pYND7 (10 pJ); 4, crude
extract of cells containing pTSU5 (10 pl); 2 and 5, glucan-bound
protein when 100 pl of crude extracts was used; 3 and 6, glucan-
bound protein when 10 IlI of crude extracts was used. (B) Gene
expression (lanes 1, 3, and 5) and glucan binding (lanes 2, 4, and 6) of
BD7 (lanes 1 and 2) and its derivatives BD701 (lanes 3 and 4) and
BD725 (lanes 5 and 6). GTF proteins were detected with anti-GTF-S
serum. (C) Gene expression (lanes 1, 3, 5, and 7) and glucan binding
(lanes 2, 4, 6, and 8) of DB1 (lanes 1 and 2), DB204 (lanes 3 and 4),
BD201 (lanes 5 and 6), and BD1 (lanes 7 and 8). GTF proteins were
detected with anti-GTF-S serum. Ten microliters of crude extract was
used in panels B and C. Protein concentrations of the crude extracts
were 12 to 15 mg/ml except for BD201 (1.2 mg/ml).

and BD725 demonstrated insoluble glucan bands after SDS-
PAGE. However, although the hybrid enzyme DB204 syn-
thesized significant amounts of insoluble glucan (Table 2), a

similar insoluble glucan band could not be detected on the
gels. This apparent contradiction was explained by the
subsequent observation that the DB204 enzyme, unlike
GTF-I and BD7, was irreversibly inactivated in the presence
of 1% SDS.
Glucan binding by the hybrid GTFs. Since recent results

have suggested that the S. mutans GS5 GTF-S displays
higher affinity for a-1,6-linked glucans than does GTF-I (18)
and that this binding is mediated by the GBD of the GTFs (6,
14), it was of interest to assess the ability of the hybrid GTFs
to bind soluble glucans. Representative BD and DB hybrids
as well as the GTF-I and GTF-S enzymes were examined for
their relative abilities to bind to Sephadex G-200 (containing
ot-1,6-linked glucan) by using anti-GTF-I and anti-GTF-S
antibodies (Fig. 4). Under the conditions used, binding of
GTF-S to Sephadex was much more apparent than binding
of GTF-I (Fig. 4A). However, since the reaction of GTF-I
with anti-GTF-I was much weaker than that of GTF-S with

anti-GTF-S, it is difficult to compare the relative affinities of
the two enzymes for Sephadex on the basis of these results.
However, except for hybrid BD201, when the GBD of
GTF-S was fused with the SBD of GTF-I, the anti-GTF-I
antibody detected significantly more hybrid GTF binding to
Sephadex than for GTF-I. This was the case even when the
BD hybrid, BD1, was enzymatically inactive. By contrast,
hybrids DB1 and DB204, containing the GBD of GTF-I, did
not bind to Sephadex. These results support the hypothesis
that the carboxy-terminal GBD of the GTFs plays a signifi-
cant role in determining the glucan-binding capacity of the
enzymes.

Analysis of the fusion regions of the GTF hybrids. In-frame
fusions of the hybrid proteins generated by using restriction
sites should lead to predictable fusion points. However, the
fusions generated by recombination had unknown fusion
junctions. To determine the junctions for the in vivo fusion
BD201, it was necessary to determine the nucleotide se-
quence of the junction region. Following sequencing, it was
confirmed that this fusion appeared to result from homolo-
gous recombination between sequences of thegjB and gtfJ
genes which were similarly positioned in the genes (Fig. 6).
Likewise, sequencing of BD204 indicated that homologous
recombination within a 5-bp identical sequence resulted in
an in-frame hybrid GTF. Surprisingly, nucleotide sequenc-
ing of the plasmids generated by the exonuclease III-religa-
tion strategy (Fig. 1) revealed that all three GTF-positive
constructs (pYNBD701, pYNBD725, and pYNBD742) were
also generated following homologous recombination be-
tween gtfB and gtfD identical sequences (Fig. 6). However,
recombination in plasmid pYNBD742 resulted between iden-

1 2 3 4 5 6 7 8

200-

1 16-
97-

66-

43-

FIG. 5. Assay for insoluble glucan synthesis following SDS-
PAGE. Lanes: 1, GTF-I; 2, BD7; 3, BD701; 4, BD725; 5, BD201; 6,
DB1; 7, DB204; 8, negative control (pACYC184).
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A
925V M A D W V P D Q M Y A F P E K E 941

gtfB GTAATGGCTGAC rGGG CCTGATCAAATGTATGCTTTCCCTGAAAAAGAA
** ** ** ** ************ *** * * ** * ******

gtfD GTTATTGCGGA GG CCAGATCAAATCTATAATCTTCCGGGCAAAGAA
957V I A D W V P D Q I Y N L P G K E 972

DB204 KpnI

BD201
976Q Q A K Y G G A F L E E L Q A K Y 992

gtfB CAACAAGCCAAGTATGGGGGCT AGAGGAGCTGCAAGCGAAGTAT
* ***** ******** ** I******1 * ** ** ** *****

gtfD TATCAAGCGAAGTATGGCGG TG CTTAGTGAACTCGCTGCTAAGTAC
1007Y Q A K Y G G A F L S E L A A K Y1039

BD725 BstEll
1074G Y V Y Y S T S G Y Q A K N T F I1090

gtfB GGTTATGTTTA CAGAGTGGTTACCAAGCCAAAAATACTTTCATC
** ** I********I ******** ******** ** * ** *

gtfD GGGATGACTTTCTATTCAAAGTGGTTATCAAGCCAAGAACAGCTTTGTT
1102G M T F Y S T S G Y Q A K N S F V1118

BD701
1091S E G D - K ( Y Y F D N N G Y M V1106

gtfB AGCGAAGGTGAT---MAAATGGTATTA TTGATAAT GGTTATATGGTC
** * * ** ******** I***********i ******

gtfD CAAGATGCCAAAGAAAACTGGTATTACTTGAAT GGCCATATGGTT
1119Q D A K G N ®W Y Y F D N N G H M V1135

B
BD742

1131Y E N LG YC G L G T R S N P *
gtfB TATGAAAATGGTTATT
gtfD TTT CGGATTGGGTACCAGATCAAATCTATAATCTT

957 V I A D W V P D Q I Y N L 969
K>pnl

C
1 2 3

FIG. 6. (A and B) Nucleotide sequences around the fusion sites
in thegtfBD andgtDB hybrid genes. The corresponding amino acid
sequences are shown above and below. The regions in which in vivo
recombination took place in the hybrid genes are boxed. The
repeating units begin at the circled tryptophan. Residues are num-

bered from the amino termini of the proteins. (C) Western blot
analysis of BD742. Lanes: 1, BD742; 2, BD201; 3, GTF-I. Proteins
in crude extracts were detected with anti-GTF-I serum.

tical 6-bp sequences, which did not occur in regions of the
two genes that were similarly aligned. This latter recombi-
nation event resulted in an out-of-frame fusion whose trans-
lation was prematurely terminated 10 amino acids from the
recombination region. Western blot analysis of hybrid
BD742 confirmed the smaller molecular size of the GTF
relative to GTF-I and BD201 (Fig. 6C). In addition, this
truncated GTF displayed lower activity than did BD701 and
BD725, and the activity was not stimulated by dextran T10
(Table 2).

DISCUSSION

Previous results have demonstrated that the GTF-I and
GTF-S enzymes from S. mutans GS5 exhibit approximately
50% amino acid sequence identity (12, 26). Nevertheless, the
GTF-I enzyme synthesizes a water-insoluble glucan product
containing approximately 77% a-1,3 glucose linkages in the
absence of primer (20). By contrast, the GTF-S enzyme
synthesizes a soluble glucan containing 89% a-1,6 glucose
linkages and is highly primer dependent (11, 20). The present
study using hybrid enzymes has examined the relative impor-
tance of the two functional domains of the GTFs, SBD and
GBD, in determining the structure of the glucan products as
well as their dependence on exogenous primer dextrans.
Two different strategies were successfully used to gener-

ate hybrid GTFs: in vitro construction utilizing appropriate
restriction sites, and in vivo generation of hybrid proteins
following homologous recombination. The third strategy
attempted (ligation following exonuclease III treatment of
tandemly positioned gjB and g#D fragments; Fig. 1) actu-
ally generated hybrids following homologous recombination
(Fig. 6). As previously reported (13), the homologous recom-
bination events were not dependent on recA function, since
hybrid formation occurred in E. coli HB101. The recombi-
nation event generating hybrid BD742 was demonstrated to
result from homology of a 6-bp sequence in both the gtfB and
gtfD genes (Fig. 6). This finding is consistent with a previous
suggestion that a 5-bp homologous sequence is sufficient to
generate recombination between single-stranded plasmid
DNA fragments (29). Hybrid proteins BD701, BD725, and
BD742 were apparently generated following homologous
recombination of linearized plasmid molecules which were
not ligated prior to transformation.
The in vivo hybrid constructions used plasmid pYNDB2

(Fig. 1), which contained 1.57 kb of overlapping sequences
between the gfB and gtD genes that had apparently gener-
ated many hybrid genes. However, only one recombinant,
pYNDB204, expressed significant GTF activity (Table 2).
Some of the inactive hybrid GTFs may have been out of
frame, while others may have been in frame but yielded
inactive enzymes. Enzymatically active hybrid BD proteins
(BD701, BD725, and BD742) were unexpectedly generated
in vivo from plasmid pYNBD7 (Fig. 2). With the exception
of BD742, all of the hybrid proteins resulted from fusions of
the large carboxyl-terminal domain (equivalent to the GBD)
of one protein with the even larger amino-terminal domain
(equivalent to the SBD) of the other GTF. These results are
consistent with previous suggestions (1, 6, 14) that GTFs are
composed of two functional domains, SBD and GBD. BD742
was constructed from a fusion of a DNA fragment equivalent
to the SBD of GTF-I together with a small portion of its GBD
(containing one of the six direct repeating units) and a small
fragment equivalent to no more than 11 amino acids from the
GBD of the GTF-S enzyme. The weak GTF activity of this
hybrid enzyme containing essentially only one direct repeat-
ing unit, together with its lack of stimulation by exogenous
dextran T10 (Table 2), is consistent with recent suggestions
that at least two of the direct repeating units are required for
significant GTF activity (14) and primer stimulation (25).
These results also confirm a recent suggestion that the

GTF-S enzyme from strain GS5 binds a-1,6-linked glucans
better than the GTF-I enzyme does (19). Fusion of the GBD
of GTF-S to the SBD of GTF-I generally resulted in signif-
icant binding of the hybrid proteins to Sephadex (Fig. 4). By
contrast, replacement of the GBD of GTE-S with the com-
parable domain from GTF-I yielded no detectable binding of
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the hybrid proteins despite the fact that intact GTF-S binds
very well to Sephadex. However, one of the BD hybrids,
BD201, bound very weakly to Sephadex. This finding sug-
gests that the conformation of the enzymes also plays a
significant role in modulating enzyme binding to glucan. That
the overall conformation of the enzymes is important was
also illustrated by the observation that the GTF activity of
hybrid BD7, although binding glucan very well (Fig. 4), was
not stimulated by exogenous dextran T10 (Table 2).
These results suggest that the GBD alone does not solely

determine primer dependence or independence or the struc-
ture of the resulting glucan product. However, this carboxyl-
terminal domain and its direct repeating units do appear to
play a significant role in these enzymatic properties. These
results taken together provide additional information to
support the concept of two functional domains in the GTFs.
Additional investigations altering individual amino acids will
be required to further define the structural determinants of
GTF specificity. In addition, it will be of interest to examine
the chemical structures of the glucans synthesized by the
hybrid GTFs to determine whether unique water-insoluble
glucans are produced by these enzymes and whether these
novel enzymes also modulate sucrose-enhanced coloniza-
tion of teeth (18).
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