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Enzymes such as lactoperoxidase and glucose oxidase (GOx) are used as antimicrobial agents in oral care
products. Their low specificities and substantiveness can be reduced by covalent coupling of antimicrobial
molecules to antibodies. Variable domains (VHH) derived from llama heavy-chain antibodies are particularly
suited for such an approach. The antibodies are composed solely of heavy-chain dimers; therefore, production
of active fusion proteins by using molecular biology-based techniques is less complicated than production by
use of conventional antibodies. In this study, a fusion protein consisting of VHH and GOx was constructed and
expressed by Saccharomyces cerevisiae. A llama was immunized with Streptococcus mutans strain HG982.
Subsequently, B lymphocytes were isolated and cDNA fragments encoding the VHH fragments were obtained by
reverse transcription-PCR. After construction of a VHH library in Escherichia coli and screening of the library
against mutans group streptococci and Streptococcus sanguinis strains, we found two VHH fragments with high
specificities for S. mutans strains. A GOx gene was linked to the two VHH genes and cloned into S. cerevisiae
yeasts. The yeasts expressed and secreted the recombinant proteins into the growth medium. The test of
binding of fusion proteins to oral bacteria through their VHH fragments showed that S. mutans had been
specifically targeted by GOx-S120, one of the fusion protein constructs. A low concentration of the fusion
protein was also able to selectively kill S. mutans within 20 min in the presence of lactoperoxidase and
potassium iodide. These findings demonstrate that the fusion protein GOx-VHH is potentially valuable in the
selective killing of target bacteria such as S. mutans.

The presence of specific microorganisms in dental plaque,
such as Streptococcus mutans and Streptococcus sobrinus, has
been highly correlated with the development of dental decay
(8, 25). Several different attempts have been made to eliminate
potential oral pathogens. One approach involves the enhance-
ment of the peroxidase system, part of the innate salivary
defense system, by applying a mixture of glucose oxidase
(GOx), lactoperoxidase (LPO), and iodide (I�) or thiocyanate
(SCN�). GOx catalyzes the oxidation of �-D-glucose to glu-
cono-�-lactone, concomitantly producing hydrogen peroxide.
Subsequently, in the presence of hydrogen peroxide, LPO de-
livers the antimicrobial agents by oxidation of iodide or thio-
cyanate. The bactericidal effect of this system has been shown
in various in vitro studies that have tested oral bacteria. It has
been shown that gram-positive bacteria, such as S. mutans and
Streptococcus rattus, are more resistant than gram-negative
bacteria, such as Actinobacillus actinomycetemcomitans, Fuso-
bacterium nucleatum, and Porphyromonas gingivalis. Moreover,
the antimicrobial effect of the peroxidase system is dependent
on the amount of hydrogen peroxide and an oxidizable sub-
strate, such as a halide (I� or Cl�) or a pseudohalide (SCN�)
(17, 18). Furthermore, many in vivo studies in which commer-
cial products have been tested have not confirmed the antimi-
crobial activity of the peroxide system either in saliva (22) or in
plaque (29), nor have they confirmed the activities of the sys-

tem against plaque development and gingivitis (1, 10, 31).
Therefore, it seems necessary to target the antimicrobials to
the pathogenic bacteria not only to avoid the killing of non-
cariogenic bacteria but also to increase the local antimicrobial
concentration.

One of the potential solutions for targeting of the antimi-
crobials is construction of a fusion protein composed of an
antimicrobial compound coupled to an antibody. Since the
GOx gene from Aspergillus niger has been successfully cloned in
the yeast Saccharomyces cerevisiae and the active protein has
been expressed and secreted into the growth medium, the
enzyme is a good candidate for the antimicrobial moiety of the
hybrid molecule (11). In the proposed system, we have chosen
the antigen-binding fragments of heavy-chain immunoglobulin
G as the specifically binding fragments. Unlike the conven-
tional immunoglobulins, these antibodies, which have been
found only in the family Camelidae, are devoid of the light
chains. The N-terminal variable domain of the heavy-chain
antibodies, referred to as VHH (13), has an overall sequence
and structure homologous to the variable domain (VH) of the
heavy chain of a classical human antibody (5). Although the
VHH domain comprises only one single-immunoglobulin do-
main with three antigen-binding loops, the specificity and af-
finity of heavy-chain antibodies are comparable to or higher
than those of conventional antibodies (2, 12, 35). Furthermore,
the variable-region fragments can easily be produced in large
quantities by fermentation by S. cerevisiae (12).

In the present study we examined combinations of the spe-
cific antibodies and enzyme-induced killing. The gene of the
single-chain antibodies of a llama immunized with S. mutans
was coupled to the GOx gene of A. niger and cloned into the
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yeast S. cerevisiae. After expression and secretion of the fusion
protein into the medium, the binding specificity of the protein
was investigated, as was the ability of the protein to kill S.
mutans.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli JM109 was used for
DNA manipulations, and S. cerevisiae was used for expression of the proteins.
For the binding specificity assay, the following oral bacteria were tested: A.
actinomycetemcomitans HG683 (NCTC 9710); Actinomyces naeslundii HG401
(ATCC 12104); Bacteroides gracilis HG853 (our own clinical isolate); Campy-
lobacter concisus HG348 (a gift from A. C. Tanner, The Forsyth Institute, Bos-
ton, Mass.); Lactobacillus acidophilus HG1112 (ATCC 4356); P. gingivalis HG184
(our own clinical isolate); Prevotella melaninogenica HG616 (our own clinical
isolate); Streptococcus anginosus HG1481 (SK52); Streptococcus gordonii HG222
(our own clinical isolate); S. mutans HG723 (our own clinical isolate), HG724
(SE11; a gift from W. H. van Palenstein Helderman, World Health Organization
Collaborating Centre, Nijmegen, The Netherlands), HG735 (OM7175; a gift
from A. L. Coykendall, University of Connecticut Health Center, Farmington),
HG748 (NCTC 10449), and HG982 (our own clinical isolate); Streptococcus
oralis HG1477 (SK23); Streptococcus rattus HG693 (BHT); Streptococcus saliva-
rius HG475 (our own clinical isolate); Streptococcus sanguinis HG1470 (SK1) and
HG1472 (SK150); and S. sobrinus HG200 (our own clinical isolate) and HG718
(50B4; a gift from W. H. van Palenstein Helderman). The SK strains were
obtained as a gift from M. Kilian, University of Aarhus, Aarhus, Denmark.

Strain JM109 was grown in 2� TY (16 g of Bacto tryptone, 10 g of yeast
extract, and 5 g of NaCl per liter [pH 7]) medium supplemented with 1% glucose
and 100 �g of ampicillin per ml. Oral bacteria were cultivated anaerobically in
Todd-Hewitt broth at 37°C without agitation. For expression of recombinant
proteins, S. cerevisiae was grown in selective minimal medium, which comprised
0.7% yeast nitrogen base without amino acids (291940; Becton Dickinson) and
2% glucose supplemented with 0.02 mg of histidine per ml, for 48 h at 30°C.
Subsequently, the cultures were washed in phosphate-buffered saline (PBS) and
diluted 10 times in YPGal medium, which comprised 1% yeast extract, 2% Bacto
Peptone, and 5% galactose. After 48 h of growth, the cells were pelleted and the
culture supernatants were split, placed into 1-ml vials, and stored at �20°C and
used for the subsequent experiments.

Library construction and screening. Antibody fragments were obtained es-
sentially as described previously (12, 35). Briefly, a young adult male llama
(Lama glama) was immunized with a mixture of disrupted and intact S. mutans
HG982 cells. After isolation of RNA from lymphocytes and purification of the
RNA, the first cDNA was synthesized. DNA fragments encoding VHH fragments
and part of the long and short hinge regions were amplified by PCR with specific
primers (35). Subsequently, DNA fragments with lengths of between 300 and 450
bp were purified and ligated into the E. coli phagemid vector pUR4536 or the
episomal S. cerevisiae expression vector pUR4548. pUR4536 is derived from
pHEN (16) and contains the lacIq gene and unique restriction sites to allow
cloning of the llama VHH genes. pUR4548 is derived from pSY1 (14). The BstEII
site in the leu2 gene was removed from this plasmid by PCR, and the cloning sites
between the SUC2 signal sequence and the terminator were replaced in order to
facilitate the cloning of the VHH gene fragments. In order to facilitate the
detection of protein expression, the nucleotide sequence encoding the myc tag
(EQKLISEEDLN) was introduced before the terminator by a subsequent PCR.

On transformation, individual E. coli JM109 colonies were transferred to
96-well microtiter plates containing 150 �l of 2� TY medium supplemented with
1% glucose and 100 mg of ampicillin per liter. After growth at 37°C overnight,
the plates were duplicated in 2� TY medium supplemented with 100 mg of
ampicillin per liter and 0.1 mM isopropyl-�-D-thiogalactopyranoside. After an-
other overnight incubation, the cells were pelleted and the supernatant was used
in an enzyme-linked immunosorbent assay (ELISA).

Individual S. cerevisiae colonies were transferred to test tubes containing
selective minimal medium and were grown for 48 h at 30°C. Subsequently, the
cultures were diluted 10 times in YPGal medium. After 24 and 48 h of growth,
the cells were pelleted and the culture supernatant was analyzed by an ELISA.
Supernatants from two clones (clones S36 and S120) were reactive against S.
mutans HG982.

Construction of recombinant GOx specific for S. mutans. Episomal S. cerevi-
siae expression vectors were derived from pUR2741 (9). For the production of
GOx, the GOx gene from A. niger (11) was modified. A BspHI site was intro-
duced at the 5� end of the gene; this allowed a fusion between the GOx gene and
the GAL7 promoter. At the 3� end, a MluI site was introduced just before the

stop codon and a HindIII site was introduced just downstream of the stop codon.
The modified GOx gene was cloned into the pSY1 derivative, resulting in
pUR4504. For the production of GOx-VHH fusion proteins, the VHH genes
preceded by a linker sequence (which encodes a GSSGGSS linker peptide) were
introduced into pUR4504, downstream of the GOx gene. In this way pUR4572
(S36) and pUR4579 (S120) were obtained. The plasmids maps are presented in
Fig. 1. Expression of GOx or the GOx-VHH fusion protein was performed
essentially as described above.

GOx assay. GOx activity was determined with yeast culture supernatants
containing GOx or GOx-VHH. One hundred microliters of a staining mixture was
added to 100 �l of twofold serial dilutions of the yeast supernatants. The staining
mixture was composed of 125 mM phosphate-citrate buffer (pH 4.8), 2 �g of
horseradish peroxidase (P-8375; Sigma) per ml, 150 mM glucose, and 0.25 mM
3,3�,5,5�-tetramethylbenzidine (TMB; T-2885; Sigma). The reaction was stopped
after 20 min by the addition of 50 �l of 1 M H2SO4. The absorbances of the TMB
reaction products were determined at 450 nm.

Determination of c-myc tagged proteins. The presence and the amount of VHH

and GOx-S120 in yeast supernatants were determined by detection of the c-myc
tag. The assay was a modification of the method of de Soet et al. (7). Briefly, a
culture of S. mutans HG982 was prepared by inoculating Todd-Hewitt (TH)
broth. After 16 h of anaerobic growth at 37°C without agitation, the culture was
washed once in PBS and was resuspended to an optical density at 600 nm
(OD600) of 0.7 in coating buffer containing 18 mM Na2CO3 and 32 mM
NaHCO3. The bacterial suspension was added to each well of a microtiter plate
(F 655001; Greiner) and incubated at 4°C for 16 h. After blocking of the wells

FIG. 1. Schematic representation of GOx-S36 (A) and GOx-S120
(B) expression vectors. Abbreviations: GAL7, promoter of the �-D-
galactose-phosphate uridyl transferase; GOx, glucose oxidase gene;
S-120 and S-36, genes encoding variable domains of llama heavy-chain
antibodies; 2U, 2 �m yeast replication sequence; LEU2, LEU2 gene
selection marker; ORI MB1, bacterial origin of replication; AMP,
�-lactamase gene.
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with 4% skim milk (L31; Oxoid) for 30 min at room temperature, the plate was
incubated with a serial dilution of yeast culture supernatants containing S120 or
GOx-S120 in 2% skim milk for 2 h at room temperature. Monoclonal antibodies
against c-myc (3800-1; Clontech) were added after a washing step and were
incubated for 2 h at room temperature. Subsequently, the monoclonal antibodies
were detected with secondary antibodies conjugated to horseradish peroxidase.
The substrate solution contained 125 mM phosphate-citrate buffer (pH 4.8), 0.25
mM TMB, and 0.06% H2O2. The reaction was stopped after 20 min by adding 50
�l of 1 M H2SO4. The absorbances of the TMB reaction products were deter-
mined at 450 nm.

Binding specificity. The specificities of the recombinant antibodies coupled to
GOx were determined by a method similar to the one used for determination of
c-myc-tagged proteins, but instead of using anti c-myc antibodies, the activity of
GOx was measured as described above for the GOx assay.

Bactericidal test. Bacterial cultures were grown anaerobically in 10 ml of TH
broth at 37°C overnight. After the bacteria were washed with PBS, they were
resuspended in PBS until the OD600 reached 1. One-half milliliter of the bacte-
rial suspension was mixed with 5 �l of 10% Tween 80 and 0.5 ml of a dilution of
the yeast culture supernatant in PBS. The mixtures of bacteria and growth media
were incubated for 1 h at room temperature with continuous shaking. After the
cells were harvested, the pellet was washed once with PBS and resuspended in
0.5 ml of PBS and then 0.5 ml of a killing mixture, which was made up of 10%
glucose, 2 mM KI, and 200 �g of LPO (batch 4300123; DMV International) per
ml in PBS, was added. After 20 min of incubation at room temperature, the
samples were serially diluted in PBS and plated onto blood agar. The plates were
incubated anaerobically at 37°C for 2 days, and the colonies were counted.

Survival was calculated as a percentage of the growth of each strain treated with
PBS instead of the yeast supernatant.

In order to determine the influence of the S120 and GOx moieties on bacterial
survival in comparison to the antimicrobial activity of fusion protein GOx-S120,
bactericidal tests were performed with the different dilutions of yeast growth
media but with equimolar concentrations of S120 and active GOx. The yeast
growth supernatant dilutions were chosen on the basis of determination of the
GOx activity and the presence of the c-myc tag.

RESULTS

Expression and binding specificities of the fusion proteins.
The screening of the E. coli and S. cerevisiae libraries resulted
in the selection of two clones which expressed different llama
VHH fragments able to bind to S. mutans and which are re-
ferred to as clones S120 and S36, respectively. Subsequently, a
modified GOx gene was cloned into the episomal S. cerevisiae
expression vector, followed by introduction of the S120 or S36
gene. The presence of the GAL7 promoter and the SUC2 sig-
nal sequence in the S. cerevisiae vectors enabled expression of
recombinant proteins in the presence of galactose and secre-
tion into the yeast growth medium. The levels of expression of
recombinant proteins GOx-S36, GOx-S120, and GOx were
checked by determining GOx activity by the GOx assay. We
used a commercially available GOx enzyme (G-6891; Sigma) as
a standard for that assay, in which the GOx activity was des-
ignated by the manufacturer. Yeasts carrying fusion protein
vectors were able to secrete comparable amounts of GOx-S36
and GOx-S120, and the GOx activities were 4 and 2.4 U/ml,
respectively. The activity of the enzyme in the yeast culture
supernatant, in which S. cerevisiae carried the GOx gene only,
was almost 20 times higher and was equal to 39 U/ml. This was
probably due to the fact that this molecule is smaller and
therefore easier to express and secrete than the larger fusion
proteins. The binding specificities of the recombinant proteins
were tested with S. mutans HG982, and the results are shown
in Fig. 2. On the basis of the results it was concluded that
GOx-S120 and GOx-S36 are specific for S. mutans, while GOx
is not able to bind specifically to the bacterial cells. Figure 3

FIG. 2. Binding of GOx, GOx-S36, and GOx-S120 to S. mutans
HG982 determined by the detection of GOx activities after incubation
of bacterium-coated microtiter plates with serial dilutions of yeast
growth medium containing GOx, GOx-S36, or GOx-S120.

FIG. 3. Binding of GOx, GOx-S36, and GOx-S120 to various oral bacterial species determined by the detection of GOx activities after
incubation of yeast growth medium diluted 64 times in bacterium coated microtiter plates. The bars for S. sobrinus, S. sanguinis, and S. mutans
represent the averages for two S. sobrinus strains, two S. sanguinis strains, and five S. mutans strains. The other bars represent the results for one
strain of each species.
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shows the binding capacities of the fusion proteins and GOx to
various oral bacterial species. Among those bacteria, S. mutans
and C. concisus were able to bind both of the fusions proteins.
However, C. concisus also interacted with GOx alone, indicat-
ing that GOx-S36 and GOx-S120 might attach to these bacteria
by its GOx moiety. In addition, S. gordonii bound GOx-S36 at
a higher ratio than the other bacterial species tested.

Bactericidal activities of immunotoxins. The antimicrobial
activity of one of the new constructed fusion proteins was
measured by detecting the minimal bactericidal concentration
(MBC), defined as the lowest concentration of an antimicro-
bial agent causing at least a 99.9% reduction in the number of
microorganisms, evaluated as the number of CFU (33). Since
GOx-S120 was more specific for S. mutans than the other
fusion protein, we chose to use GOx-S120 to examine its kill-
ing effects against three different bacterial strains: S. mutans
HG982, S. gordonii HG222, and S. sanguinis HG1472 (Fig. 4).
S. sanguinis was not affected by GOx-S120, whereas the MBC
for S. mutans was 32 times lower than that for S. gordonii and
was equal to the 19 mU of GOx activity per ml in the yeast
supernatant containing GOx-S120.

Since antibodies might reveal antimicrobial activity and GOx
alone at a low concentration could influence the growth of the
bacteria, we studied the effect of the yeast culture medium
containing S120 or GOx alone on bacterial survival. On the
basis of the estimate of the GOx activity in the yeast culture
medium containing GOx alone, we selected the dilutions of the
medium possessing GOx activity equal to the MBC of GOx-
S120 for S. mutans. The three bacteria tested were not affected
by yeast growth medium containing GOx alone with activity
equal to 9.5, 19, or 38 mU/ml (Fig. 5). To estimate the bacte-
ricidal activity of S120, we chose the dilutions of the S120-
containing medium which had the same amount of the c-myc
tag as the dilution of the growth medium containing GOx-S120
with GOx activity of 19 mU/ml. The results showed that at
about the MBC of GOx-S120, equimolar concentrations of
S120 did not affect the survival of the bacteria (Fig. 5).

DISCUSSION

Several studies have indicated that inhibition of early colo-
nization by S. mutans inhibits the dental caries process at a

later age. Dental caries can therefore be prevented by reducing
the load of cariogenic bacteria. Kohler et al. (20) proved that
the passage of S. mutans colonization from mother to child can
be inhibited by improving oral hygiene, reducing sugar con-
sumption, and applying chlorhexidine gel. In general, a reduc-
tion in the levels of sugar intake is thought to have the best
results (36). It is doubtful the chlorhexidine has an effect in an
environment in which sugar is used abundantly. A recent study
has shown that chlorhexidine is unable to reduce mutans group
streptococci significantly in situations with a high frequency of
sucrose consumption (6, 34). It therefore seems to be impor-
tant to use an agent that, on the one hand, will decrease the
amount of sugar in saliva and that, on the other hand, will be
involved in killing the pathogenic bacteria or at least inhibiting
their growth. GOx may be a good candidate not only because
it is an enzyme that catalyzes the oxidation of glucose but also
because it is an H2O2 -generating system (19) and may there-
fore support the peroxidase system, one of the innate salivary
defense systems. Moreover, because the iodide was shown to
be a much more potent antimicrobial agent against periodontal

FIG. 4. Survival of S. mutans HG982 (black bars), S. gordonii
HG222 (grey bars), and S. sanguinis HG1472 (white bars) after 1 h of
incubation with yeast growth medium containing GOx-S120, followed
by incubation with a killing mixture containing 10% glucose, 2 mM KI,
and 200 �g of LPO per ml.

FIG. 5. Survival of S. gordonii HG222 (A), S. sanguinis HG1472
(B), and S. mutans HG982 (C) after incubation with yeast supernatants
containing equimolar concentrations of GOx-S120 (white bars), GOx
(grey bars), and S120 (black bars), followed by incubation with the
killing mixture.
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and cariogenic pathogens than other halides and pseudoha-
lides (17, 18), the combination of GOx with LPO and iodide is
beneficial. Although various in vitro experiments have shown
the effectiveness of the peroxidase system against pathogens, in
vivo studies do not generally support these findings (22, 37).
This problem may be solved by increasing the iodide level in
saliva because its concentration in general is very low (13.8 	
8.5 �M) (4), as has been suggested by Ihalin et al. (18). The
concentration of hydrogen peroxide also influences the sensi-
tivity of bacteria to the peroxidase system. Therefore, a local
increase in the H2O2 level may result in selective killing of the
target microorganism and protect nonpathogenic bacteria
from the bactericidal effects of the peroxidase system.

In the present study a hybrid molecule consisting of GOx
and the variable domain of a llama heavy-chain antibody
(VHH) was constructed. Although significant progress has been
made with the production of monoclonal and recombinant
immunoglobulins against S. mutans (21, 26, 27), the creation of
the active fusion proteins consisting of these antibodies and an
antimicrobial agent is uncertain. The antibodies are based on
conventional immunoglobulins; thus, the recognition of anti-
gen requires proper folding of variable domains of light and
heavy chains (12). To avoid potential difficulties, we applied
the recently developed single-chain antibody technology. In
the early 1990s, the novel class of immunoglobulin G antibod-
ies was discovered in the family Camelidae (camels and llamas)
(13). Because these antibodies lack light chains, their binding
domains consist only of the variable domains of the heavy
chains. An additional advantage is the possibility of the pro-
duction of active VHH in E. coli (2) and S. cerevisiae (12). Not
only can both of these organisms be easily modified genetically,
but S. cerevisiae is also generally regarded as safe. Moreover,
the combined findings from immunization of the llama (L.
glama) with S. mutans and the determination of two heavy-
chain fractions (the long hinge and the short hinge) with ac-
tivities against S. mutans (35) facilitated the acquisition of
DNA fragments encoding VHH, which were subsequently
cloned into E. coli and S. cerevisiae. Screening of libraries
enabled the detection of two clones expressing VHH against S.
mutans. The subsequent joining of VHH genes to the GOx gene
of A. niger (11) resulted in the formation of two hybrid mole-
cules, GOx-S120 and GOx-S36, which were expressed by bak-
er’s yeast and secreted into the growth medium. Usually, the C
terminus of single-chain Fv fragments is connected to large
foreign protein domains, since joining to the N terminus re-
sulted in the loss of binding activity (28, 32). However, using a
flexible linker, we were able to isolate active fusion proteins in
which the C terminus of GOx was coupled to the N terminus of
VHH. Moreover, the binding specificity assay showed that both
moieties maintained their biological activities.

As we were particularly interested in the delivery of GOx to
S. mutans, we tested the specificities of the fusion proteins.
Most of the oral bacteria examined did not interact with any of
the recombinant molecules. Only S. mutans and C. concisus
were bound by GOx-S120, as well as by GOx-S36. The recog-
nition of the S. mutans antigens by VHH was not surprising,
since the llamas were immunized with these bacteria. However,
the binding of C. concisus by hybrid molecules was probably
due to an interaction of the GOx moiety, since GOx alone was
able to bind to these bacteria. A similar phenomenon of non-

specific binding of an enzyme to bacteria was previously re-
ported (24) for galactose oxidase and S. sanguinis. Addition-
ally, GOx-S36 recognized S. gordonii. Since the antigens for
S120 and S36 are still not known, it is difficult to assess which
bacterial epitopes are responsible for this cross-reaction. How-
ever, it has been shown that cross-reactions between S. mutans
and S. gordonii occur with monoclonal antibodies (23, 38),
rabbit anti-SR antibodies, and sera from patients with rheu-
matoid arthritis (30). Therefore, we suspect that the resem-
blance of the antigens on the surfaces of both bacteria can be
responsible for the cross-reaction in the case of GOx-S36.
Since the S120 moiety was not responsible for the binding to
the bacteria tested, GOx-S120 is considered more specific than
GOx-S36.

Bactericidal test data showed that the killing effect of GOx-
S120 is dependent on the binding of the hybrid molecule to the
bacteria. S. sanguinis was not affected by GOx-LPO-I�, since
this species was not able to bind GOx-S120 at all. The amount
of GOx-S120 required to coat S. gordonii and to finally kill the
bacteria was much higher than the amount required for S.
mutans. This suggests that the affinity of GOx-S120 to S. mu-
tans is higher than that to S. gordonii. Because some antibodies
have antimicrobial activities (3) and GOx alone might also
contribute to bacterial death, we tested VHH and GOx sepa-
rately with the MBC of GOx-S120. Neither of the molecules
affected the growth of S. mutans, S. sanguinis, or S. gordonii.

So far, only a few target systems against oral bacteria have
been investigated. Hill et al. (15) proposed one of them, in
which GOx was encapsulated with horseradish peroxidase in
liposomes. In order to target S. gordonii biofilms, Hill et al. (15)
chose the optimum polyhydroxy lipid level. Although the re-
active liposomes had antimicrobial effects on monoculture bio-
films, it is difficult to assess whether more complex and diverse
biofilms are targets for the liposomes. As another delivery
system, the fusion protein composed of galactose oxidase
(GAO) joined with the glucan binding domain (GBD) was
suggested (24). As in our system, the bacteria were more sus-
ceptible to the hybrid molecule than to the antimicrobial agent
alone. Nevertheless, all the bacteria tested were affected by
GAO-GBD, and S. mutans seemed to be more resistant than
S. gordonii and S. sanguinis. The application of the VHH frag-
ment instead of the less specific GBD made it possible to kill
the target bacteria by increasing the local concentration of
antimicrobials: consequently, this may protect other microor-
ganisms in the oral cavity against the activities of broad-spec-
trum antimicrobial agents. Of course, although we should not
ignore the nonspecific binding of the hybrid molecules, the
application of relatively low concentrations of the fusion pro-
tein may solve the problem.

It can be concluded that the active fusion protein composed
of an antimicrobial moiety, such as GOx, and a target moiety,
such as anti-S. mutans VHH antibody fragments, can be ex-
pressed and secreted into the medium by S. cerevisiae. Further-
more, the hybrid molecule specifically binds to the target bac-
teria and leads to a local increase in antimicrobial activity. In
addition, such a construct needs to be tested with mixed bio-
film cultures and in an animal model system to assess its ef-
fectiveness under more complex conditions.
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