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Streptococcus mutans, a common oral pathogen and the causative agent of dental caries, has persisted and
even thrived on the tooth surface despite constant removal and eradication efforts. In this study, we generated
a number of synthetic antimicrobial peptides against this bacterium via construction and screening of several
structurally diverse peptide libraries where the hydrophobicity and charge within each library was varied
incrementally in order to generate a collection of peptides with different biochemical characteristics. From
these libraries, we identified multiple peptides with robust killing activity against S. mutans. To further improve
their effectiveness, the most bactericidal peptides from each library were synthesized together as one molecule,
in various combinations, with and without a flexible peptide linker between each antimicrobial region. Many
of these “fusion” peptides had enhanced killing activities in comparison with those of the original noncon-
joined molecules. The results presented here illustrate that small libraries of biochemically constrained
peptides can be used to generate antimicrobial peptides against S. mutans, several of which may be likely
candidates for the development of anticaries agents.

Recently, antimicrobial peptides (AMPs) have come to the
forefront as potential antibiotic surrogates due to their robust
killing activity against a wide spectrum of bacterial species,
including drug-resistant strains. AMPs are genetically common
molecules of innate immunity that have been discovered in
single-cell and multicellular forms of life (7, 11, 25, 42). Al-
though they can differ dramatically by peptide sequence and
posttranslational modification (linear, circular, etc.), the ma-
jority of AMPs appear to kill bacteria by the disruption of lipid
membranes, although the details of this mechanism appear to
vary widely (6, 37). Previous observations have indicated the
critical role of the general hydrophobic and cationic character
of AMP function, including the significant contribution of ar-
omatic Trp and cationic Arg residues found in many AMPs (8,
44). Despite their small size (most are less than 50 amino
acids), secondary structure also appears to play an important
role in activity: certain linear AMPs can adopt an �-helical or
�-strand confirmation upon interaction with hydrophobic en-
vironments (such as detergents or lipid vesicles) that mimic
bacterial membranes, suggesting that these conformational
changes are necessary for antimicrobial function (22, 44, 45).
Additionally, the formation of a membrane-active �-helix (and
other structures) appears to require an amphipathic spatial
arrangement of residues, i.e., a gradient of hydrophobicity
across the surface of the peptide (22, 24, 37).

Previously, the rational design of AMPs has focused mainly
on variation of the existing natural sequences or development
of novel peptides from large combinatorial libraries (4, 19, 22,
35). These efforts have yielded valuable information on AMP
structure-activity relationships and design requirements for

constructing both wide-spectrum AMPs and peptides selective
for fungi and gram-negative or gram-positive organisms.

In this report, we aimed to develop AMPs against Strepto-
coccus mutans. This often overlooked pathogen of the oral
cavity is a major causative agent responsible for dental caries,
one of the most prevalent and costly bacterial infections world-
wide (2, 27, 31, 43). Additionally, new therapeutics against this
organism are sorely needed, as S. mutans is a persistent colo-
nizer of the tooth surface in the presence of dietary sugars and
can remain in the oral microflora (known as dental plaque)
despite dedicated mechanical removal (tooth brushing) and
general antiseptic efforts (21).

As we wished to avoid the synthesis of large combinatorial
libraries of random peptides, we chose instead to identify pep-
tides with anti-S. mutans activity by rationally designing several
small peptide libraries. Each library was limited to peptides of
a defined size and structural framework, while the sequences
within each library differed in aromatic/hydrophobic residue
content, net positive charge, and predicted amphipathic, �-he-
lix-forming character. Furthermore, we conjoined the active
sequences to construct new “fusion” peptides to further en-
hance activity. Here we report the successful utilization of
these approaches to construct AMPs active against S. mutans.

MATERIALS AND METHODS

Bacterial strains. S. mutans clinical isolates UA140 (32), UA159 (1), T8 (33),
ATCC 25175, GS5 (23), and all gram-positive strains listed below (see Table 4)
were grown under anaerobic conditions in brain heart infusion or Todd-Hewitt
(TH) broth (Difco) overnight at 37°C prior to use (14). Veillonella atypica
PK1910 was grown in Veillonella medium (16). All strains were grown in an
anaerobic atmosphere of 80% N2, 10% CO2, and 10% H2.

Peptide syntheses and purification. Peptides were synthesized using 9-fluore-
nylmethoxylcarbonyl (Fmoc) solid-phase methods on an Apex 396 peptide syn-
thesizer (AAPPTec, Louisville, KY). All amino acids, appropriately substituted
resins (Anaspec), and reagents (Fisher) were purchased at peptide synthesis
grade. The general synthesis of linear peptides involved the following procedure:
0.6 ml of 25% piperidine in dimethylformamide (DMF) was added to the resin
that had been loaded with the first amino acid, followed by agitation for 27 min
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and wash cycles of dichloromethane (one wash with 1 ml), and N-methylpyr-
rolidone (seven washes with 0.8 ml each time). For coupling, a 5 M excess of
Fmoc-protected amino acid, N-hydroxybenzotrazole, HBTU (O-benzotriazole-
N,N,N�,N�-tetramethyl-uronium-hexafluoro-phosphate), and diisopropyl ethyl-
amine (10 M excess) in DMF (0.1 ml) and N-methylpyrrolidone (0.2 ml) was
added, and the reaction mixture was agitated for 45 min. Following the coupling
of the last amino acid to the resin, the protected peptide was cleaved from the
resin with 1 ml of trifluoroacetic acid–thioanisole–water–1,2-ethanedithiol (10
ml:0.5 ml:0.5 ml:0.25 ml) for 2 h at room temperature and washed sequentially
with DMF, methanol, and dichloromethane and dried overnight under vacuum.

Analytical and preparative reverse-phase high-performance liquid chromatog-
raphies (ACTA purifier; Amersham) was conducted with a Source 15RPC col-
umn eluted with H2O and CH3CN with 0.1% trifluoroacetic acid in a linear
gradient as described previously (13). All peptides were purified to �90% (data
not shown). Peptide mass was confirmed by matrix-assisted laser desorption
ionization–mass spectrometry and conducted with samples dissolved in a 1:2
mixture of H2O-CH3CN. Measurements were made in the linear mode, with an
�-cyano-4-hydroxycinnamic acid matrix (Voyager system; ABI). The mass ob-
served corresponded in all cases with the calculated value (data not shown).

Estimation of peptide characteristics. Peptide average hydrophobicity per
residue (�H�) was calculated using the scale of Fauchere and Pliska (17),
available at http://us.expasy.org/tools/pscale/Hphob.Fauchere.html. This method
was selected for calculating the hydrophobicity of AMPs due to its agreement
with experimental evidence describing the membrane affinity of individual amino
acids in a host-guest system (41). The average �-helix-forming propensity per
residue (�Helix�) was estimated utilizing the scale developed by Liu and Deber
that defines the helical propensities of individual amino acids in nonpolar mem-
brane environments, such as those encountered by AMPs at the surface of the
target cell (26).

MIC assays. Antibacterial growth inhibition assays were performed using
sterile 96-well plates in a final volume of 100 �l TH or Veillonella medium as
described previously (32). Briefly, bacterial cells were grown overnight to an
optical density at 600 nm of 0.75 to 0.8 (corresponding to 1 � 108 CFU/ml) and
then diluted to 	1 � 105 CFU/ml in broth and aliquoted onto plates. An
appropriate volume of peptide stock solution (5 to 20 mg/ml, in water or meth-
anol, depending on solubility) was then added to the first column of the plate to
give 500 �g/ml or 512 �g/ml, followed by serial 1:2 dilutions across the plate to
give wells containing peptides ranging from 500 to 1.95 �g/ml or 512 to 2 �g/ml.
Methanol alone was also added to control for the effects of the solvent. The
plates were then incubated at 37°C under anaerobic conditions for 16 to 20 h
without shaking, and the MIC was determined as the concentration of peptide
present in the last clear well after visual inspection. Up to 5% (vol/vol) methanol
was found not to be antimicrobial (data not shown). MICs were determined in
triplicate for all bacteria.

Assessment of antimicrobial kinetics. The determination of killing kinetics for
fusion and parental peptides was conducted essentially as described previously
(15). Briefly, medium-diluted overnight UA159 cultures (	0.5 � 106 to 1 � 106

CFU/ml) were challenged with peptide at a concentration of 25 �g/ml, and at the
indicated time intervals (“0 min” indicates untreated samples), a 10-�l aliquot
was removed and the surviving CFU were rescued by dilution (1:50) into growth
medium and then spread on TH agar plates for quantitation. Where initial
experiments suggested few survivors (�3,000 CFU/ml), entire 1-ml samples were
plated without aliquots. Kinetics were determined by recording the average
number of surviving CFU/ml versus incubation time in the presence of peptide
(all assays were independently repeated three to five times). For Table 3, time to
bactericidal killing (TC) values were defined as the time required for the level of
surviving CFU/ml from peptide-treated cultures to fall 3 log10 below the levels of
recovered S. mutans CFU/ml from untreated samples.

RESULTS

Design of constrained peptide libraries. We hypothesized
that a series of small peptide libraries which contained gradi-
ents of incrementally varied hydrophobic and cationic charac-
ter, within constrained predicted conformational frameworks,
would contain AMPs with activity against S. mutans. Three
libraries were developed for this study: the binary, �-helix, and
RW libraries. Peptides within the binary and �-helix libraries
were designed from an amphipathic, �-helical sequence ar-
rangement framework (HCCHHCHHCCn, where H is a hy-

drophobic residue and C is a charged residue) that was devel-
oped from several published AMP amphipathic sequence
templates (4, 46) and was validated using helical-wheel projec-
tions (36) and the average helical propensity �Helix� (Table 1).
Figure 1 shows two representative projections from each li-
brary. The lengths of the peptides within the binary and �-helix
libraries were limited to 11 and 14 amino acids, respectively,
near the estimated number of minimal residues required to
form membrane-spanning pores (38). From within this struc-
tural framework, the binary library was constructed by reduc-
ing, in a stepwise manner, the hydrophobic/aromatic and cat-
ionic components within a baseline sequence, FKKFWKW
FRRF (B-33), via the substitution of less-hydrophobic/aromatic
or positively charged residues (B-33 has been published with
alternative nomenclature, S6L3-33 [14]). The resulting gradi-
ent of charge and hydrophobicity (�H�) within this library of
32 peptides is shown in Table 1. The �-helix library was de-
signed to be longer than the binary library (14 versus 11 amino
acids), and in a manner similar to that of the binary library, the
hydrophobicity and charge were varied incrementally through-
out the �-helix library (Table 1).

Many naturally occurring AMPs contain numerous Arg and
Trp residues (8), and previous reports have shown that a pre-
dominance of these amino acids appear in hexameric AMPs
generated via synthetic combinatorial, or similar, methods (3,
8). Therefore, we constructed the RW library to contain Arg-
and Trp-rich (R and W) heptamers that were varied in order of
basic (Arg or Lys) and Trp residues and in ratio of basic to
hydrophobic residues, as shown in Table 1. These sequences
were not designed to form conventional �-helix conformations,
as reflected in their low �Helix� values.

Activity of binary library peptides. The binary library was
evaluated for S. mutans activity against a collection of clinical
isolates by an MIC assay (Table 1). Two peptides that showed
the lowest MICs (range, 8 to 24 �g/ml), B-33 and B-34, were
also the most hydrophobic and cationic in the binary library.
Similarly, B-37, -38, -41, -53, -54, -57, and -58, peptides that
were active but to a lesser degree than B-33 or B-34, possessed
net charges of at least �3 and an �H� of �0.55. In contrast,
peptides with hydrophobicity values below 0.55 were not anti-
microbial, with two exceptions: B-61 and B-62 (MIC range, 16
to 32 �g/ml). Notably, these two peptides each had only one
aromatic residue but a net charge of �6 that may contribute to
their sustained activity.

The MIC results are consistent with the notion that net
positive charge and some hydrophobic content are critical pa-
rameters for designing active peptides (8, 9). Accordingly, the
addition of negatively charged residues, especially to the cen-
tral area of the peptide, appears to abolish AMP activity (for
example, B-43), likely due to the interruption of the positive
charge necessary for peptide attraction to the bacterial surface.
The data indicate two interesting exceptions, B-49 and B-50,
which are weakly active despite the lack of strong cationic
character. The exceptionally high �H� values (and therefore
likely rapid partition into host membranes) for these peptides
may explain this discrepancy. B-33, -34, and -38, three of the
more active peptides from this library, were selected for fur-
ther enhancement. Interestingly, as was the case throughout
this study, no strain of S. mutans appeared more susceptible or
resistant to the AMPs tested (data not shown).
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TABLE 1. Sequences and antimicrobial activities of binary, �-helix, and RW library peptides against clinical isolates of S. mutans

Peptide Sequencea MICb (�g/ml) Net
chargec �H� �Helix�

Binary library
B-33 FKKFWKWFRRF* 8–24 �6 0.61 0.71
B-34 LKRFLKWFKRF* 8–24 �6 0.55 0.94
B-35 KLFKRWKHLFR 31.25–125 �5 0.18 0.85
B-36 RLLKRFKHLFK 31.25–125 �5 0.35 1.05
B-37 FKTFLKWLHRF* 24 �4 0.77 1.06
B-38 IKQLLHFFQRF* 24 �3 0.75 1.21
B-39 KLLQTFKQIFR �250 �3 0.50 1.11
B-40 RILKELKNLFK �250 �3 0.32 1.23
B-41 LKQFVHFIHRF* 32 �3 0.74 1.20
B-42 VKTLLHIFQRF* 31.25–125 �3 0.56 1.32
B-43 KLVEQLKEIFR �250 �1 0.16 1.10
B-44 RVLQEIKQILK �250 �2 0.43 1.21
B-45 VKNLAELVHRF* �250 �2 0.35 1.25
B-46 ATHLLHALQRF* �250 �2 0.62 1.31
B-47 KLAENVKEILR �250 �1 0.25 1.12
B-48 RALHEAKEALK �250 �1 0.02 1.02
B-49 FHYFWHWFHRF* 125 �2 1.09 0.79
B-50 LYHFLHWFQRF* 125 �2 1.00 1.05
B-51 YLFQTWQHLFR �125 �1 0.83 0.95
B-52 YLLTEFQHLFK �125 0 0.74 1.13
B-53 FKTFLQWLHRF* 16–64 �3 0.84 1.06
B-54 IKTLLHFFQRF* 32–62.5 �3 0.79 1.26
B-55 KLLQTFNQIFR �125 �2 0.54 1.10
B-56 TILQSLKNIFK �125 �2 0.56 1.24
B-57 LKQFVKFIHRF* 24 �4 0.64 1.18
B-58 VKQLLKIFNRF* 32–62.5 �4 0.56 1.25
B-59 KLVQQLKNIFR �125 �3 0.38 1.11
B-60 RVLNQVKQILK �125 �3 0.33 1.17
B-61 VKKLAKLVRRF* 16–32 �6 0.27 1.21
B-62 AKRLLKVLKRF* 16–32 �6 0.31 1.25
B-63 KLAQKVKRVLR �125 �5 0.18 1.10
B-64 RALKRIKHVLK �125 �5 0.06 1.15

�-Helix library
�-4 AQAAHQAAHAAHQF* �125 �1 0.26 1.13
�-5 KLKKLLKKLKKLLK 8 �8 0.16 1.13
�-6 LKLLKKLLKLLKKF* 8 �7 0.55 1.42
�-7 LQLLKQLLKLLKQF* 8 �4 0.72 1.42
�-8 AQAAKQAAKAAKQF* �125 �4 0.026 1.09
�-9 RWRRWWRHFHHFFH* 8 �5 0.61 0.55
�-10 KLKKLLKRWRRWWR 8 �8 0.28 0.68
�-11 RWRRLLKKLHHLLH* 8 �6 0.44 1.02
�-12 KLKKLLKHLHHLLH* 8 �5 0.48 1.18

RW library
1C-1 RRRRWWW 16 �4 0.39 0.24
1C-2 RRWWRRW 16 �4 0.39 0.24
1C-3 RRRWWWR 32 �4 0.39 0.24
1C-4 RWRWRWR 32 �4 0.39 0.24
2C-1 RRRFWWR 31.25–125 �4 0.32 0.41
2C-2 RRWWRRF* 12–24 �5 0.32 0.41
2C-3 RRRWWWF* 4–8 �4 0.79 0.46
2C-4 RWRWRWF* 4–8 �4 0.79 0.46
3C-1 RRRRWWK 125 �5 
0.076 0.19
3C-2 RRWWRRK 125 �5 
0.076 0.19
3C-3 RRRWWWK 31.25–125 �4 0.39 0.24
3C-4 RWRWRWK 32 �4 0.39 0.24
4C-1 RRRKWWK 250 �5 
0.073 0.19
4C-2 RRWKRRK 500 �6 
0.39 0.13
4C-3 RRRKWWK 125 �5 
0.51 0.19
4C-4 RWRKRWK 125–500 �5 
0.51 0.19

a An asterisk indicates an amidated C terminus.
b MIC range or value from all S. mutans isolates tested.
c Charge at pH 7.0, calculated as described previously (47).
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Activity of the �-helix library peptides. As shown in Table 1,
many of the �-helix library peptides had robust activities
against S. mutans, as evaluated by MIC: only two peptides with
low net positive charges or �H� values (�-4 and �-8, respec-
tively) were inactive. Though many �-helix library peptides
showed equally robust killing activities against S. mutans, �-11
alone was selected for further modification.

Activity of RW library peptides. As shown in Table 1, we ob-
served that 2C-3 and 2C-4 were the most active peptides
against S. mutans (MIC range, 4 to 8 �g/ml) from the RW
(Arg- and Trp-rich) library. These data indicate that a near 1:1
ratio of hydrophobic to charged amino acids (including the
amidated C-terminal Phe as a charged residue) is required for
robust antimicrobial activity, similar to the reported ratio of 4:3
observed by Blondelle and others examining Trp/Arg-rich
AMPs (5, 28). RW library peptides with a lower ratio of hy-
drophobic to charged amino acids (reflected in lower �H�
values) were not as active as 2C-3 or 2C-4. Due to their low
MICs, these peptides were selected for further enhancement.

Design of fusion AMPs. Previous studies have shown that
synthesizing AMPs as conjoined linear dimers or pentameric
bundles, in various arrangements, can increase peptide activity
compared to that of the single constituent AMP alone (10, 34).
In a similar manner, we hypothesized that the activity of the S.
mutans-active sequences shown in Table 1 could be improved
by synthesizing two AMPs together, head to tail, as a single

fusion linear peptide molecule. It was noted in our previous
studies that a linker region between peptide domains has an
impact on antimicrobial activity (15). Therefore, in the hopes
of generating peptides with greater activity against S. mutans,
we synthesized a library of fusion peptides (Table 2) that dif-
fered in the arrangement of constituent AMPs and the se-
quence of linker regions (or with no linker) between each.

In the binary-to-�-helix set, B-33 and B-38 were synthesized
with �-11 at the N or C terminus. A tri-Gly linker, which has
been shown previously to be effective in separating functionally
independent peptide regions within a linear sequence (15) and
may be critical for peptide secondary-structure transition in
model membranes (40), was employed to separate the two
AMP domains. The RW-to-RW set of fusion peptides con-
tained 2C-3 and 2C-4 as linear homodimers with or without
various linker regions in between. In the last group shown in
Table 2 (binary-to-RW set), 2C-4 was synthesized with B-33,
-34, or -38 at the N or C terminus, again separated by a Gly
linker region. These arrangements allowed us to investigate
the importance of linker composition (and presence) as well as
AMP subunit arrangement (N or C terminus within the fusion
peptide) on anti-S. mutans activity.

Antimicrobial activity of fusion AMPs. MICs revealed that
fusion AMPs were largely equally or less active than their
parent AMPs against S. mutans (Table 2). Exceptions included
FB�-20, which had a reduced MIC range compared to either

FIG. 1. �-Helix wheel projections for representative peptides from the binary and �-helix libraries. Residues are numbered consecutively from
the N terminus to the C terminus, with hydrophobic residues shaded.
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B-33 or �-11, and FBRW-22, which had a slightly reduced MIC
range compared with the parent peptide B-33. Overall, these
data indicate that fusing AMPs results, at best, in only modest
improvements in MIC. However, MIC assays can obscure dra-
matic differences in killing speed between comparable peptides
(15), suggesting that a more detailed analysis of peptide killing
kinetics was necessary to fully evaluate fusion AMPs.

The killing kinetics of fusion AMPs against S. mutans were
analyzed by time-kill assays. As shown in Fig. 2A, the fusion
peptide FB�-21 had an obvious increase in killing kinetics
compared to either B-34 or �-11: more than 2 log10 fewer
CFU/ml were recovered from fusion peptide-treated cultures
than from parental peptide-treated samples after 30 min. This
trend was representative of all the FB� peptides (data not
shown).

An increase in killing kinetics for all binary-RW library con-
jugates (with the exception of FBRW-14 and -23) was also
conspicuous (Fig. 2B): fusion peptides with the binary library
AMP at the N or C terminus relative to 2C-4 were equally
effective in improving the level of S. mutans killing more than
3 log10 after 30 min of treatment, compared with samples
treated with either parent peptide. The results indicate that the
conjoined AMP domains may be exerting an enhanced killing
effect against S. mutans that is best observable after short
periods of peptide exposure.

As shown in Table 3, we also observed an increase in killing
kinetics for some RW-to-RW fusion peptides. In samples
treated with the 2C-4 homodimer without a linker region
(FRW-8), the surviving number of S. mutans CFU/ml dropped
3 log10 below that of untreated samples (defined as time to
bactericidal activity, or TC) by 50 min, while 2C-4 had a TC of
220 min. This trend, to a lesser extent, was also present when
samples exposed to the 2C-3 homodimer without a linker

FIG. 2. Comparative killing kinetics of binary-to-�-helix and binary-
to-RW fusion peptides. S. mutans was challenged with 25 �g/ml binary-
to-�-helix (A) or binary-to-RW (B) fusion peptides or parent AMPs,
and the surviving CFU were plated at various time points postaddition.
Samples at 0 min were plated prior to peptide treatment. All data
points represent the average of results of at least three independent
experiments � standard deviations.

TABLE 2. Sequence and activity of fusion library peptides

Peptide Sequencea MIC
(�g/ml)b

Binary-to-�-helical linker
FB�-12 FKKFWKWFRRF-GGG-RWRRLLKKLHHLLH* 16
FB�-13 IKQLLHFFQRF-GGG-RWRRLLKKLHHLLH* 16
FB�-20 RWRRLLKKLHHLLH-GGG-FKKFWKWFRRF* 4–8
FB�-21 RWRRLLKKLHHLLH-GGG-IKQLLHFFQRF* 16

RW-to-RW linker
FRW-2 RRRWWWFRRRWWWF* 16
FRW-8 RWRWRWFRWRWRWF* 16
FRW-3 RRRWWWF-ASASA-RRRWWWF* 32
FRW-4 RRRWWWF-PSGSP-RRRWWWF* 32
FRW-5 RRRWWWF-GGG-RRRWWWF* 16
FRW-9 RWRWRWF-ASASA-RWRWRWF* 16
FRW-10 RWRWRWF-PSGSP-RWRWRWF* 32
FRW-11 RWRWRWF-GGG-RWRWRWF* 16

Binary-to-RW linker
FBRW-14 FKKFWKWFRRF-GGG-RWRWRWF* 4–16
FBRW-15 IKQLLHFFQRF-GGG-RWRWRWF* 4–16
FBRW-16 LKRFLKWFKRF-GGG-RWRWRWF* 4–16
FBRW-22 RWRWRWF-GGG-FKKFWKWFRRF* 4–8
FBRW-23 RWRWRWF-GGG-IKQLLHFFQWRF* 8–16
FBRW-24 RWRWRWF-GGG-LKRFLKWFKRF* 8

a An asterisk denotes an amidated C terminus.
b MIC range or value from all S. mutans isolates tested, with a minimum of three independent trials.
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(FRW-2) were compared to samples treated with its parent
peptide (2C-3). Interestingly, the addition of a linker region of
flexible amino acids (either PSGSP, ASASA, or GGG) be-
tween 2C-3 domains did not result in an improvement in killing
kinetics (TC of �250 min for FRW-3 to -5), while 2C-4
homodimers FRW-9 and -11 had increased bactericidal speed
relative to that of the parent 2C-4 AMP despite the presence
of ASASA and GGG linker regions, respectively (Table 3).
These results suggest that RW-based peptide activity against S.
mutans can be enhanced by synthesizing peptides together
without a linker region, but when a linker region is utilized, the
data indicate that increased kinetics are likely sequence and
therefore secondary structure dependent, as 2C-4 could be
improved by conjugations with linker regions of flexible amino
acids (except PSGSP) and 2C-3 could not.

Peptide activity against other oral bacteria. A set of pep-
tides with the best anti-S. mutans activity (as measured by
MIC) were selected to investigate the activity of these AMPs
against several normally commensal oral streptococcal strains
and Lactobacillus casei, as well as the oral gram-negative or-
ganism V. atypica (Table 4). The MIC results indicate that
these sequences were active, but to a lesser degree than seen
with S. mutans, against Streptococcus gordonii, L. casei, and
Streptococcus sanguinis. All peptides examined were typically
only weakly active against Streptococcus mitis. V. atypica ap-
peared more susceptible to �-11 than the other bacteria tested
but was more resistant to the RW library peptides 2C-3 and
2C-4.

DISCUSSION

In the United States, the high financial burden associated
with treating dental caries, especially among underprivileged
and minority populations (2, 31, 43), could be alleviated by
dental hygiene regimens supplemented with more-effective
anti-S. mutans therapeutics. Accordingly, the results presented
here suggest that peptides with robust activity against S. mu-
tans can be identified by screening small rationally designed
libraries. Interestingly, the most-active peptides derived in this
study appear to have some activity against other gram-positive

oral bacteria, although more data are required to fully evaluate
whether the hydrophobic and amphipathic characteristics of
these sequences are indicative of general anti-gram-positive
bacterial activity. As S. mutans normally grows in a biofilm
state in vivo, we were encouraged to also find that all the
peptides in Table 4 had activity against in vitro S. mutans
biofilms grown on glass slides in the presence of sucrose (data
not shown).

For the binary and �-helix libraries, the results indicate that
maximal S. mutans activity occurred in peptides with both high
relative hydrophobicity and more than �3 net positive charge.
Intermediate levels of activity were observed for peptides
whose properties were dominated by either single trait. These
results are consistent with what is known of most synthetic and
natural AMPs with cationic amphipathic character and suggest
that B-33, �-7, and the other active peptide sequences in these
libraries may behave in a manner similar to that of other AMPs
within this structural class; i.e., the positive charge of the pep-
tide is thought to be required for the attraction of AMP to
anionic bacterial membranes, while the amphipathicity is nec-
essary for membrane interaction, helix transition, and cell kill-
ing (20, 38). These results also indicate that a high �Helix�
value, on its own, may not correlate with increased anti-S.
mutans activity for cationic amphipathic AMPs.

For the RW library, as was the case with the binary and
�-helix libraries, the most-hydrophobic and -cationic se-
quences were the most active (2C-3 and -4). Despite the dif-
ferences in length and periodicity compared with peptides in
the other libraries, RW peptides may also be capable of gain-
ing enhanced activity from improvements in initial peptide
binding or membrane insertion. This idea is supported by ev-
idence suggesting that Arg- and Trp-rich peptides, despite
their low �Helix� values, form stable helix-like amphipathic
arrangements upon membrane interaction which are stabilized
by electrostatic bonds between the Trp � elections and the Arg
functional group (20, 29). Thus, the unique sequence proper-
ties of the RW library peptides may allow them to obtain
secondary structures that are highly conducive to antimicrobial
activity.

Interestingly, our results indicate that fusion peptides, AMP
dimers synthesized as single linear molecules, often have in-

TABLE 3. Bactericidal kinetics of parent RW and fusion FRW
library peptides

Peptide Linker composition TC (min)a

Parental AMPs
2C-3 220
2C-4 230

2C-3 fusions
FRW-2 No linker 60
FRW-3 ASASA 480
FRW-4 PSGSP 420
FRW-5 GGG 270

2C-4 fusions
FRW-8 No linker 50
FRW-9 ASASA 45
FRW-10 PSGSP 270
FRW-11 GGG 90

a TC, time required to kill 3 log10 of recoverable CFU/ml.

TABLE 4. MICs of selected peptides against non-S. mutans
oral isolates

Peptide

MIC (�g/ml)

S. gordonii
Challis
DL1

S. mitis
ATCC

903

S. sanguinis
NY101

L. casei
ATCC
4646

V. atypica
PK1910

B-33 32 32 32 32 16
B-34 32 64 16 16 32
B-38 32 64 64 32 64
�-11 16 32 16 16 4
2C-3 32 32 16 16 64
2C-4 32 32 32 32 64
FB�-20 16 32 16 8 8
FBRW-14 32 64 16 8 8
FBRW-15 32 64 16 16 8
FBRW-16 64 64 16 16 8
FBRW-22 16 64 8 8 8
FBRW-24 32 64 16 8 16
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creased killing kinetics compared to their parental peptides.
Some fusion peptides may function by increasing the number
of helix-forming units per molecule at the membrane surface,
as has been described for bundled AMPs (35). The data are
unclear regarding the impact of linker regions between AMP
segments, though it does appear that linker regions may affect
individual peptides differently (see results for FRW-3 and
FRW-9 in Tables 2 and 3). Studies are under way to directly
investigate the impact of linker composition on AMP activity.
Furthermore, our results suggest that the effect of constituent
arrangement (which fusion peptide subunit goes at the C or N
terminus) is also difficult to predict (compare the MICs of
FB�-12 and FB�-20), though other work has demonstrated
that amphipathic and putative helix-forming AMPs appear to
be more tolerant of N-terminal additions for reasons that re-
main unclear (15, 39).

In conclusion, our results indicate that S. mutans appears to
be susceptible to peptides with relatively high hydrophobicity
and cationic charge, which were readily isolated from our con-
strained libraries. Additionally, fusion peptides constructed
from conjoining active sequences from within and between
these libraries improved the killing kinetics of these peptides.

ACKNOWLEDGMENTS

This work was supported by grants from NIH MD01831 to M.H.A.
and W.S. and from C3 Jian, Inc.

REFERENCES

1. Ajdic, D., W. M. McShan, R. E. McLaughlin, G. Savic, J. Chang, M. B.
Carson, C. Primeaux, R. Tian, S. Kenton, H. Jia, S. Lin, Y. Qian, S. Li, H.
Zhu, F. Najar, H. Lai, J. White, B. A. Roe, and J. J. Ferretti. 2002. Genome
sequence of Streptococcus mutans UA159, a cariogenic dental pathogen.
Proc. Natl. Acad. Sci. USA 99:14434–14439.

2. Anderson, M. H., and W. Shi. 2006. A probiotic approach to caries manage-
ment. Pediatr. Dent. 28:151–153, 192–198.

3. Blondelle, S. E., and R. A. Houghten. 1996. Novel antimicrobial compounds
identified using synthetic combinatorial library technology. Trends Biotech-
nol. 14:60–65.

4. Blondelle, S. E., and K. Lohner. 2000. Combinatorial libraries: a tool to
design antimicrobial and antifungal peptide analogues having lytic specific-
ities for structure-activity relationship studies. Biopolymers 55:74–87.

5. Blondelle, S. E., E. Perez-Paya, and R. A. Houghten. 1996. Synthetic com-
binatorial libraries: novel discovery strategy for identification of antimicro-
bial agents. Antimicrob. Agents Chemother. 40:1067–1071.

6. Brogden, K. A. 2005. Antimicrobial peptides: pore formers or metabolic
inhibitors in bacteria? Nat. Rev. Microbiol. 3:238–250.

7. Brogden, K. A., M. Ackermann, P. B. McCray, Jr., and B. F. Tack. 2003.
Antimicrobial peptides in animals and their role in host defences. Int. J.
Antimicrob. Agents 22:465–478.

8. Chan, D. I., E. J. Prenner, and H. J. Vogel. 2006. Tryptophan- and arginine-
rich antimicrobial peptides: structures and mechanisms of action. Biochim.
Biophys. Acta 1758:1184–1202.

9. Deslouches, B., S. M. Phadke, V. Lazarevic, M. Cascio, K. Islam, R. C.
Montelaro, and T. A. Mietzner. 2005. De novo generation of cationic anti-
microbial peptides: influence of length and tryptophan substitution on anti-
microbial activity. Antimicrob. Agents Chemother. 49:316–322.

10. Devi, A., N. Sitaram, and R. Nagaraj. 1998. Structural features of helical
aggregates of antibacterial peptides via simulated annealing and molecular
modeling. J. Biomol. Struct. Dyn. 15:653–651.

11. Diamond, G. 2001. Natures antibiotics: the potential of antimicrobial pep-
tides as new drugs. Biologist (London) 48:209–212.

12. Reference deleted.
13. Eckert, R., K. M. Brady, E. P. Greenberg, F. Qi, D. K. Yarbrough, J. He, I.

McHardy, M. H. Anderson, and W. Shi. 2006. Enhancement of antimicrobial
activity against Pseudomonas aeruginosa by coadministration of G10KHc and
tobramycin. Antimicrob. Agents Chemother. 50:3833–3838.

14. Eckert, R., J. He, D. K. Yarbrough, F. Qi, M. H. Anderson, and W. Shi. 2006.
Targeted killing of Streptococcus mutans by a pheromone-guided “smart”
antimicrobial peptide. Antimicrob. Agents Chemother. 50:3651–3657.

15. Eckert, R., F. Qi, D. K. Yarbrough, J. He, M. H. Anderson, and W. Shi. 2006.
Adding selectivity to antimicrobial peptides: rational design of a multido-
main peptide against Pseudomonas spp. Antimicrob. Agents Chemother.
50:1480–1488.

16. Egland, P. G., R. J. Palmer, Jr., and P. E. Kolenbrander. 2004. Interspecies
communication in Streptococcus gordonii-Veillonella atypica biofilms: sig-
naling in flow conditions requires juxtaposition. Proc. Natl. Acad. Sci. USA
101:16917–16922.

17. Fauchere, J. L., and V. E. Pliska. 1983. Hydrophobic parameters p of amino-
acid side chains from the partitioning of N-acetyl-amino-acid amides. Eur.
J. Med. Chem. 18:369–375.

18. Hancock, R. E., and R. Lehrer. 1998. Cationic peptides: a new source of
antibiotics. Trends Biotechnol. 16:82–88.

19. Hong, S. Y., T. G. Park, and K. H. Lee. 2001. The effect of charge increase
on the specificity and activity of a short antimicrobial peptide. Peptides
22:1669–1674.

20. Jing, W., H. N. Hunter, J. Hagel, and H. J. Vogel. 2003. The structure of the
antimicrobial peptide Ac-RRWWRF-NH2 bound to micelles and its inter-
actions with phospholipid bilayers. J. Pept. Res. 61:219–229.

21. Keene, H. J., and I. L. Shklair. 1974. Relationship of Streptococcus mutans
carrier status to the development of carious lesions in initially cariesfree
recruits. J. Dent. Res. 53:1295.

22. Kiyota, T., S. Lee, and G. Sugihara. 1996. Design and synthesis of amphiphi-
lic alpha-helical model peptides with systematically varied hydrophobic-hy-
drophilic balance and their interaction with lipid- and bio-membranes. Bio-
chemistry 35:13196–13204.

23. Kuramitsu, H., and L. Ingersoll. 1977. Molecular basis for the different
sucrose-dependent adherence properties of Streptococcus mutans and Strep-
tococcus sanguis. Infect. Immun. 17:330–337.

24. Lee, K. H. 2002. Development of short antimicrobial peptides derived from
host defense peptides or by combinatorial libraries. Curr. Pharm. Des.
8:795–813.

25. Lehrer, R. I., and T. Ganz. 2002. Defensins of vertebrate animals. Curr.
Opin. Immunol. 14:96–102.

26. Liu, L.-P., and C. M. Deber. 1998. Uncoupling hydrophobicity and helicity in
transmembrane segments. Alpha-helical propensities of the amino acids in
non-polar environments. J. Biol. Chem. 273:23645–23648.

27. Loesche, W. J. 1986. Role of Streptococcus mutans in human dental decay.
Microbiol. Rev. 50:353–380.

28. Marr, A. K., W. J. Gooderham, and R. E. Hancock. 2006. Antibacterial
peptides for therapeutic use: obstacles and realistic outlook. Curr. Opin.
Pharmacol. 6:468–472.

29. Mecozzi, S., A. P. West, Jr., and D. A. Dougherty. 1996. Cation-pi interac-
tions in aromatics of biological and medicinal interest: electrostatic potential
surfaces as a useful qualitative guide. Proc. Natl. Acad. Sci. USA 93:10566–
10571.

30. Reference deleted.
31. National Institutes of Health. 2000. Oral health in America: a report of the

Surgeon General. Department of Health and Human Services, National
Institute of Dental and Craniofacial Research, National Institutes of Health,
Bethesda, MD.

32. Qi, F., J. Kreth, C. M. Levesque, O. Kay, R. W. Mair, W. Shi, D. G.
Cvitkovitch, and S. D. Goodman. 2005. Peptide pheromone induced cell
death of Streptococcus mutans. FEMS Microbiol. Lett. 251:321–326.

33. Rogers, A. H. 1975. Bacteriocin types of Streptococcus mutans in human
mouths. Arch. Oral Biol. 20:853–858.

34. Sal-Man, N., Z. Oren, and Y. Shai. 2002. Preassembly of membrane-active
peptides is an important factor in their selectivity toward target cells. Bio-
chemistry 41:11921–11930.

35. Sawai, M. V., A. J. Waring, W. R. Kearney, P. B. McCray, Jr., W. R. Forsyth,
R. I. Lehrer, and B. F. Tack. 2002. Impact of single-residue mutations on the
structure and function of ovispirin/novispirin antimicrobial peptides. Protein
Eng. 15:225–232.

36. Schiffer, M., and A. B. Edmundson. 1967. Use of helical wheels to represent
the structures of proteins and to identify segments with helical potential.
Biophys. J. 7:121–135.

37. Shai, Y. 1999. Mechanism of the binding, insertion and destabilization of
phospholipid bilayer membranes by alpha-helical antimicrobial and cell non-
selective membrane-lytic peptides. Biochim. Biophys. Acta 1462:55–70.

38. Shai, Y. 2002. Mode of action of membrane active antimicrobial peptides.
Biopolymers 66:236–248.

39. Szynol, A., J. J. de Haard, E. C. Veerman, J. J. de Soet, and A. V. van Nieuw
Amerongen. 2006. Design of a peptibody consisting of the antimicrobial
peptide dhvar5 and a llama variable heavy-chain antibody fragment. Chem.
Biol. Drug Des. 67:425–431.

40. Tack, B. F., M. V. Sawai, W. R. Kearney, A. D. Robertson, M. A. Sherman,
W. Wang, T. Hong, L. M. Boo, H. Wu, A. J. Waring, and R. I. Lehrer. 2002.
SMAP-29 has two LPS-binding sites and a central hinge. Eur. J. Biochem.
269:1181–1189.

41. Thorgeirsson, T. E., C. J. Russell, D. S. King, and Y. K. Shin. 1996. Direct
determination of the membrane affinities of individual amino acids. Bio-
chemistry 35:1803–1809.

42. Tossi, A., L. Sandri, and A. Giangaspero. 2000. Amphipathic, alpha-helical
antimicrobial peptides. Biopolymers 55:4–30.

43. Washington State Department of Health. 2002. Infectious diseases—dental
caries. Washington State Department of Health, Olympia, WA.

VOL. 51, 2007 NOVEL SYNTHETIC AMPs AGAINST S. MUTANS 1357



44. Wei, S. Y., J. M. Wu, Y. Y. Kuo, H. L. Chen, B. S. Yip, S. R. Tzeng, and J. W.
Cheng. 2006. Solution structure of a novel tryptophan-rich peptide with
bidirectional antimicrobial activity. J. Bacteriol. 188:328–334.

45. Wimmer, R., K. K. Andersen, B. Vad, M. Davidsen, S. Molgaard, L. W. Nesgaard,
H. H. Kristensen, and D. E. Otzen. 2006. Versatile interactions of the antimi-
crobial peptide novispirin with detergents and lipids. Biochemistry 45:481–497.

46. Zelezetsky, I., U. Pag, H. G. Sahl, and A. Tossi. 2005. Tuning the biological
properties of amphipathic alpha-helical antimicrobial peptides: rational use
of minimal amino acid substitutions. Peptides 26:2368–2376.

47. Zhang, L., A. Rozek, and R. E. Hancock. 2001. Interaction of cationic
antimicrobial peptides with model membranes. J. Biol. Chem. 276:35714–
35722.

1358 HE ET AL. ANTIMICROB. AGENTS CHEMOTHER.


