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Rapid assays for bacteria have been developed utilizing novel LysLysLys-isoluminol (14) and GluGlu-
isoluminol (16) probes that have been derived from peptides which potentially mimic bacteriophage
attachment protein binding regions. Compared to two conventional methods that are widely used,
namely nucleic acid probes and polymerase chain reaction (PCR) assays, these types of probes may even-
tually have certain advantages, such as high sensitivity, and short preparation and assay time.

� 2009 Elsevier Ltd. All rights reserved.
Many new rapid assays for bacteria have been developed during
the last decade. Two of the most sensitive tests on the market are
nucleic acid probes and polymerase chain reaction (PCR) assays.
Nucleic acid probes have been developed that contain 20–50 bases
and can be prepared after 30–60 min of hybridization. Detection
can be as low as 10 colony formation units (cfu)/ml after 48 h.1

PCR methods are better for identifying different types of organisms
rather than enumeration, but the detection limit may be as low as
one cell in purified media, even when other bacterial cells are pres-
ent. However, some compounds impede the amplification process
of PCR techniques and limit the sensitivity to greater than 104 cfu/
ml.1 Most other tests, such as radioimmunoassay and ELISA assays,
require even higher levels of specific bacteria for enumeration.
Therefore, if a rapid assay could be developed that had high sensi-
tivity and short preparation and assay time, it would find immedi-
ate commercial application.

The non-pathogenic Lacctococcus lactis ssp. lactis C2 (ATCC
11454) host and uc2 bacteriophage is one of the best characterized
host/phage systems in the literature.2 Therefore, C2 host and uc2
phage constitute an ideal model system for studying C2 host inter-
actions with uc2 phage protein, because the protein in the mem-
brane of the C2 host and its corresponding gene (pip) have been
identified. This 99-kDa membrane protein contains the receptor
configuration that the uc2 phage binds to irreversibly.3 Also, the
attachment protein (protein F) of the uc2 phage has been identified
and partially sequenced,3 and both the N-terminal and calcium
binding sites of the uc2 phage F protein have been determined.4
All rights reserved.
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ks).
Ustunol and Hicks5 theorized that whey peptides that blocked
immune protein receptors to reduce culture agglutination might
also be used to block bacteriophage adsorption and inhibit phage
proliferation. When whey peptides were added to an M17 medium,
it was observed that the whey peptides caused L. lactis ssp. cremoris
WWA culture to grow at a slower rate than when in normal M17
medium.6 However, time from phage inoculation to bacteriolysis
was extended when peptides were present. Extension of growth
time was thought to result from the peptides blocking the phage
attachment site on the lactic bacteria. It was concluded that the
whey peptides blocked receptors that phage bound to, as well as
those receptors used for metabolic processes.7 Therefore, it was
reasoned that peptides prepared from phage attachment proteins
might be a more effective blocker than the whey peptides.8 When
Hicks et al.8 tested phage peptides they were found to be more
effective in blocking phage attachment than whey peptides. Thus,
it was concluded that rapid assay probes might be developable
from the above sources if the specificity of these attachment pro-
teins could be maintained in the probe development.

As proof-of-principle, rather than using whole phage peptides,
two small model peptides LysLysLys and GluGlu were selected be-
cause of their importance as receptor binding inhibitors9 and as a
calcium binding point in the uc2 phage F protein.4 The rational
for using the GluGlu peptide was based upon the fact that this unit
is in the pocket of the F-protein that binds with calcium and forms
the initial reversible attachment between the uc2 phage and the
membrane (pip-gene protein) of the L. lactis ssp. lactis C2 bacte-
ria.3,4 GluGlu has two free carboxyl groups that can bind calcium
ion, and it seemed reasonable to hypothesize that the GluGlu pep-
tide would bind with receptors on L. lactis ssp. lactis C2. It was rea-
soned that the LysLysLys and GluGlu peptides might be more
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general in their binding characteristics, would bind to any Lys
receptor or calcium binding receptor, respectively, but would be
adequate to establish proof-of-concept that probes derived from
peptides which mimic bacteriophage attachment protein binding
regions could be utilized in rapid bacterial assays. An isoluminol
reporter was selected because the molecule could be patented,
and could be easily monitored using generally available fluores-
cence equipment; background fluorescence as determined from
controls could then be subtracted from fluorescence generated
from the prepared probes. Although many other reporter mole-
cules could have been chosen, an isoluminol probe was utilized
to allow for broad patent coverage of many other reporter
molecules.

The isoluminol probe molecule (12) was synthesized starting
from phthalic anhydride, utilizing a nine-step procedure. The key
steps in the synthesis of this probe molecule are shown in Scheme
1. Phthalic anhydride (1) was reacted with 6-aminohexanol (2) un-
der Dean–Stark conditions in anhydrous toluene at 120 �C for 12 h
to yield 2-(6-hydroxyhexyl)-isoindole-1,3-dione (3), which was
then brominated with PBr3 to afford 4. In a separate series of reac-
tions, 4-nitrophthalic acid (5) was converted into anhydride 6 in
refluxing acetic anhydride, followed by treatment of 6 with
CH3NH2/EtOH to afford 7; reduction of 7 with SnCl2/HCl yielded
aminophthalimide 8. Compound 8 was then reacted with 2-(6-bro-
mohexyl)-isoindole-1,3-dione (4) in anhydrous DMF to afford the
coupled product, N-methyl-4-N-[6-(N-phthalimido)hexyl]amin-
ophthalimide (9). Compound 9 was N-ethylated to 10, followed
by ring expansion of the phthalimide moiety in refluxing NH2NH2

to afford the dihydrophthalizine analogue 11, which was then re-
acted with diglycolic anhydride/triethylamine to afford the isolu-
minol probe molecule, 12.

The intermediates from each synthetic step were isolated and
their structure and purity verified by 1H and 13C NMR spectros-
copy, and mass spectrometric analysis.10 The synthesized isolumi-
nol probe was then coupled to LysLysLys (13) and GluGlu (15)
peptides in two separate reactions (see Schemes 2 and 3) using
N

O

O

H
N

DMF

Et2SO4

NH
2
NH

2

120°C

Ethanol
Reflux

Yield:52%

Yield:42%

O

O

O

H2N
OH N

O

O

Dean-Stork

DryToluene120°C
Reflux12hrs

H2N
N CH3

O

O

N

O

O

N
N CH3

O

O

COOH

COOH

O2N (Ac)2O
O

O

O

O2N

2hrsReflux

CH3NH2

2hrs

O

1 2

5 6

9

10

N
H

N

NH
NH

O

O

O
OHOOC

12

110°C2hrs
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the coupling reagent dimethoxytriazole methyl morphonium io-
dide (DMTMM) and methanol as solvent under ambient conditions
to afford isoluminol conjugated peptides 14 and 16, respectively.
The coupled products were then evaluated for their ability to bind
to the host surface of L. lactis spp. lactis C2 bacteria. The data ob-
tained was used to calculate the amount of probe retained by the
bacterial cell surfaces (see below for details).

Measurement of the binding of the isoluminol probe to L. lactis
spp. lactis C2 was carried out as follows: L. lactis spp. lactis C2 was
grown in M17 media (4% inoculation, v/v) for 18 hrs at 27 �C (cul-
tures were grown to 108 cfu/ml). 200 ll of the culture (in triplicate)
was accurately transferred to 1 ml microcentrifuge tubes and cen-
trifuged (9000g) at 2 �C for 10 min. The supernatant was separated
and transferred to a micro-plate (96-well) for fluorescence read-
ings. Supernatant background fluorescence was subtracted from
all other readings. The appropriate peptide conjugated isoluminol
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Figure 2. Comparison of concentration of the LysLysLys-isoluminol probe bound to
E. coli, S. typhimurium and L. lactis ssp. lactis C2 after repeated washing cycles in
phosphate buffer (0.1 ionic strength, 0.01 M, pH 6.4). Fluorescence excitation was at
360 nm and emission was at 430 nm.
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probe was dissolved in two drops of DMF and diluted to 200 ll
with phosphate buffer (0.1 ionic strength, 0.01 M, pH 6.4). The cul-
ture (pellet) remaining in the microcentrifuge tubes was then dis-
solved in the peptide-isoluminol probe solution and vortex-mixed.
The peptide-isoluminol probe was allowed to react with the cul-
ture pellet for 10 min at 27 �C and the mixture was then carefully
transferred to micro-plates for fluorescence readings (excitation
k = 360 nm and emission k = 430 nm). The mixture from each well
was carefully transferred to 1 ml microcentrifuge tubes and centri-
fuged (9000g) at 2 �C for 10 min and the supernatant separated for
fluorescence analysis. The culture pellet was again dissolved in
phosphate buffer (0.1 ionic strength, 0.01 M, pH 6.4) and the above
steps were repeated for four additional washings followed by fluo-
rescence measurements.

Cell numbers were determined at 103 cfu/ml dilutions. Fluores-
cence readings revealed that approximately 34% of the LysLysLys-
isoluminol probe was absorbed to the surface of the L. lactis, ssp.
lactis C2 bacteria and 66% remained in solution. After the first
and second washes with buffer (Fig. 1), approximately 23% and
10%, respectively, of the initial LysLysLys-isoluminol probe re-
mained on the surface of the L. lactis spp. lactis C2 bacteria
(solution).

Salmonella typhimurium (ATCC 14028) and Escherichia coli (ATCC
47076) were also placed in LysLysLys-isoluminol probe solutions
under the same conditions, washed, and the amount of the trily-
sine probe that was absorbed onto the bacterial cell surface deter-
mined. The data from E. coli and S. typhimurium were compared to
the C2 lactis data, as presented in Figure 2.

Initial amounts of absorbed LysLysLys-isoluminol probe were
slightly higher on L. lactis ssp. lactis C2 bacteria. However, after
the fourth washing, similar amounts remained on all three bacte-
ria, suggesting that the LysLysLys-isoluminol probe was non-spe-
cific and would bind to both gram positive and gram negative
bacterial membranes.

The GluGlu-isoluminol probe produced via the synthetic proce-
dure illustrated in Scheme 3 was also evaluated for its ability to
bind to L. lactis ssp. lactis C2, S. typhimurium, E. coli and Staphylococ-
cus aureus (ATCC 25923) with and without calcium ion added to
the medium. No differences were observed in the amount of Glu-
Glu-isoluminol probe bound to the cells when calcium was absent
or present in the medium. Figure 3 shows the amount of probe
binding to four different bacterial strains. Fluorescence readings
indicated that only 15–20% of the GluGlu-isoluminol probe was ab-
sorbed to the surface of the bacteria; this percentage decreased on
subsequent washings. As expected, L. lactis ssp. lactis C2 bound
more probe initially than either S. aureus or E. coli (Fig. 3), and
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Figure 1. Binding of the LysLysLys-isoluminol probe to L. lactis ssp. lactis C2. (�).
LysLysLys in wash solution (j) after repeated washing cycles in phosphate buffer
(0.1 ionic strength, 0.01 M, pH 6.4). Fluorescence excitation was at 360 nm and
emission was at 430 nm.

0

10000

20000

Washing Step

R
ef

le
ct

iv
e 

F
lu

0 1 2 3 4 5 6 7

Figure 3. Binding of the GluGlu-isoluminol probe to E. coli, S. typhimurium, L. lactis
spp. lactis C2 and S. aureus after repeated washing cycles in phosphate buffer (0.1
ionic strength, 0.01 M, pH 6.4). Fluorescence excitation was at 360 nm and emission
was at 430 nm.
bound significant amounts of probe, even after the second and
third washings. No additional amounts of probe were washed off
the surfaces of either E. coli, S. aureus or S. typhimurium after the
second washing.

The data obtained indicate that the LysLysLys-isoluminol probe
was absorbed onto the surface of all the bacterial strains tested.
Washing of the bacteria removed a proportional amount of the
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LysLysLys-isoluminol probe from all bacteria equally. However,
sufficient probe remained after the second or third washings to al-
low bacterial estimates to be observed. A second isoluminol probe
containing GluGlu as the active binding moiety appeared to be
slightly more specific than the LysLysLys-isoluminol probe, in that
it had a greater affinity for L. lactis ssp. lactis C2 than for either S.
typhimurium, S. aureus, or E. coli. This specificity was most notice-
able after the second and third washings, which would be the ex-
pected clean-up procedure for a commercial test. These data
suggest that reporter probes derived from peptides which mimic
bacteriophage attachment protein binding regions can be synthe-
sized using the chemistry described. As more complex peptide se-
quences are utilized in the synthesis and design of second
generation probes, the specificity is expected to improve. Thus,
specific probes suitable for a rapid assay procedure might be pro-
duced using these procedures, and these could be utilized to iden-
tify a particular genus of bacteria, such as Listeria and E. coli, which
are known to be problematic pathogens in foods.
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2,3-dihydro- phthal-azine-l,4-dione (11); yield: 220 mg (18%) mp 151–152 �C.
1H NMR (DMSO-d6, 300 MHz): d 7.80 (1H, m), 7.1 (2H, m), 3.45 (2H, m), 3.34
(2H, t, J = 9.0 Hz), 2.73 (2H, t, J = 7.0 Hz), 1.54 (4H, m), 1.34 (4H, m), 1.14 (3H, t,
J = 12.0 Hz) ppm. 13C NMR (DMSO-d6, 75 MHz): d 156.3, 155.5, 149.8, 129.8,
126.9, 116.0, 103.6, 49.4, 44.3, 29.9, 26.3, 25.9, 25.8, 12.0 ppm. MS: m/z 304
(M+). ({6-[(1,4-Dioxo-1,2,3,4-tetrahydrophthalazin-6-yl)-ethylamino]-hexylcarb-
amoyl}-methoxy)-acetic acid (12): to 6-[N-(6-aminohexyl)-N-ethylamino]-2,3
dihydrophthalazine-l,4-dione (11) (608 mg, 2 mmol) in 10 ml of anhydrous
DMF under nitrogen was added diglycolic anhydride (232 mg, 2 mmol) and
triethylamine (205 mg, 2 mmol). The reaction mixture was stirred under
nitrogen for 18 h. The solvent was removed under vacuum and the resulting oil
was dissolved in anhydrous methanol and kept at 4 �C. The product crystallized
from the solution after 18 hours and was filtered and dried under vacuum;
yield: 420 mg (50%) mp 170–171 �C. 1H NMR (DMSO-d6, 300 MHz): d 7.82 (1H,
m), 7.16 (1H, m), 7.10 (l H, s), 4.04 (2H, s), 3.94 (2H, s), 3.46 (2H, m), 3.36 (2H, t,
J = 9.0 Hz), 3.14 (2H, t, J = 7.0 Hz), 1.56 (2H, m), 1.44 (2H, m), 1.32 (4H, m) ppm.
13C NMR (DMSO-d6, 75 MHz): d 176.0, 170.9, 156.3, 155.5, 149.8, 129.8, 126.9,
116.0, 103.6, 74.7, 73.6, 49.4, 44.3, 29.9, 26.3, 25.9, 25.8, 12.0 ppm. MS: m/z 420
(M+), 402 (loss of H2O), 218 (base peak). 2,5,8-Tris-(4-aminobutyl)-22-(1,4-
dioxo-1,2,3,4-tetrahydrophthalazin-6-yl)-4,7,10,14-tetraoxo-12-oxa-3,6,9,15,22-
pentaazatetracos- an-1-oic acid (14): to the isoluminol probe (12) (0.042 g,
0.01 mmol) in 5 ml of anhydrous methanol was added the coupling agent
DMTMM (0.041 g, 0.015 mmol) and the resulting mixture stirred under
ambient conditions for 30 min followed by addition of LysLysLys (13)
(0.040 g, 0.01 mmol). The reaction mixture was stirred for 5 h under ambient
conditions and then solvent was removed under vacuum. Flash
chromatography of the residue utilizing a Sephadex G-25 column under
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nitrogen gas afforded compound 14 as cream colored solid; yield: 39.0 mg
(48%) mp 162–163 �C. 1H NMR (CD3OD, 300 MHz): d 8.01 (1H, m), 7.25–7.16
(2H, m), 4.36–4.32 (1H, m) 4.22 (2H, s), 4.20–4.18 (1H, m), 4.07 (2H, s), 3.60–
3.24 (7H, m), 2.98–2.88 (6H, m), 1.96–1.08 (26H, m), 1.22 (3H, t, J = 12.0 Hz)
ppm. 13C NMR (CD3OD, 75 MHz): d 173.1, 172.0, 170.2, 166.3, 152.4, 128.4,
126.2, 117.2, 114.1, 108.1, 68.4, 54.1, 53.3, 52.0, 50.9, 41.8, 31.5, 30.2, 29.6,
29.0, 28.2, 27.0, 26.3, 22.4, 12.9 ppm. MS: 805 MH+ (positive ion Maldi). 2-(2-
(2-Carboxyethyl)-16-(1,4-dioxo-1,2,3,4-tetrahydrophthalazin-6-yl)-4,8-dioxo-6-
oxa-3,9,16-triazaoctadecanamido)pentane dioic acid (16): to the isoluminol
probe (12) (0.042 g, 0.01 mmol) in 5 ml of anhydrous DMF was added the
coupling agent DMTMM (0.041 g, 0.015 mmol) and the mixture stirred under
ambient conditions for 30 min followed by addition of GluGlu (15) (0.027 g,
0.01 mmol; note: a few drops of DMF was added to solubilize the GluGlu). The
reaction mixture was stirred for 5 h under ambient conditions and then solvent
was removed under vacuum. Flash chromatography of the residue obtained
utilizing a Sephadex G-25 column under nitrogen afforded 16 as a sticky mass;
yield: 18.1 mg (27%). Compound 16 was found to undergo some decomposition
when allowed to stand overnight in solvents such as methanol and dimethyl
sulfoxide. 1H NMR (DMSO-d6, 300 MHz): d 8.70 (2H, broad), 8.22 (1H, broad),
8.15 (1H, s), 7.81 (1H, m), 7.18 (1H, m), 7.02 (1H, s), 4.38–3.05 (17H, m), 2.43–
1.20 (12H, m), 1.12 (3H, t, J = 12.0 Hz). 13C NMR (CD3OD, 75 MHz): d 176.4,
172.3, 166.2, 164.6, 128.1, 117.1, 115.3, 108.4, 126.2, 67.6, 67.2, 53.8, 53.4,
49.1, 43.7, 37.2, 29.6, 29.0, 28.4, 26.2, 25.8, 11.9 ppm. MS 679 M2 (positive ion
Maldi).
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