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Abstract

Background—Dodecapeptide SC4 is a broad-spectrum bactericidal agent that functions by
disintegrating bacterial membranes and neutralizing endotoxins. For insight into which SC4 amino
acids are functionally important, we assessed Gram-negative bactericidal effects in structure-
activity relationships experiments. Subsequently, SC4 was tested in a murine bacteremia model to
combine and compare the efficacy with Zosyn, a first-line antibiotic against Pseudomonas
aeruginosa (P. aeruginosa).

Methods—SC4 alanine-scanning analogues and their activities on were tested on P. aeruginosa.
Survival studies in P. aeruginosa challenged mice were executed to monitor overall efficacy of
SC4 and Zosyn, as single modality and also as combination treatment. ELISAs were used to
measure blood serum levels of selected inflammatory cytokines during treatment.

Results—Cationic residues were found to play a crucial role in terms of bactericidal activity
against P. aeruginosa. In vivo, while only 9% (3/34) of control animals survived to day two and
beyond, 44% (12/27) to 41% (14/34) of animals treated with SC4 or Zosyn, respectively, survived
beyond one week. Combination treatment of SC4 and Zosyn demonstrated improved survival, i.e.
60% (12/20). The TNFa, IL-1, and IL-6 serum levels were attenuated in each treatment group
compared to the control group.

Conclusions—These data show that combination treatment of SC4 and Zosyn is most effective
at killing P. aeruginosa and attenuating inflammatory cytokines levels in vivo.

General Significance—Combination treatment of SC4 and Zosyn may be useful in the clinic as
a more effective antibiotic therapy against Gram-negative infectious diseases.
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1. Introduction

Standard antibiotics currently being used in the clinical setting often have therapeutic
limitations, e.g. dose limiting toxicities or bacterial resistance [1, 2]. Therefore, new
antibiotics are constantly needed, as well as combinations of antibiotics that will decrease
mortality from bacterial infection in the clinic. In this regard, a relatively new class of
antibiotics has been making their way into the clinical arena, so-called bacterial membrane
disintegrating agents [3-5]. These compounds, commonly being both amphipathic and
polycationic [6], generally Kill bacteria by interacting with negatively charged groups on the
surface of bacteria (e.g. lipopolysaccharide on Gram-negative bacteria), integrating into their
membrane, and promoting leakiness and permeability [7-9].

Although these membrane disruptors have some advantages compared to standard
antibiotics used in the clinic, e.g. broad-spectrum killing and reduced potential for bacterial
resistance, most of these agents display the unwanted side effect of also disrupting
eukaryotic cell membranes [10], which makes them less useful in the clinic. Dodecapeptide
SC4, however, is one membrane disintegrator that disrupts bacterial cell membranes with no
apparent lytic effect on eukaryotic cells [11, 12]. SC4 is highly effective against Gram-
negative bacteria, and is exceptional in that it exhibits LDsq values in the nanomolar range
[11]. Of the limited number of Gram-negative strains against which SC4 was tested, it
appears to be most effective against Pseudomonas aeruginosa, displaying an LDsgq value in
the single digit nanomolar range [11]. SC4 is also effective at neutralizing the endotoxin
lipopolysaccharide (LPS) released by disintegration of the Gram-negative bactericidal cell
outer membrane [11]. LPS triggers the overproduction of various cytokines like TNFa and
interleukin-1 (IL-1) in macrophages, which in turn can lead to septic shock and possibly
death [13].

Developing treatments against P. aeruginosa is of particular interest, because this bacterium
is the primary cause of Gram-negative infection in intensive care units [14]. In addition,
many pathogens, like P. aeruginosa, acquire antibiotic resistance, and multiple drug
resistant strains of P. aeruginosa have been reported worldwide [15]. For example, about 20
percent of P. aeruginosa strains show resistance to quinolone-based drugs, and 15 percent
show resistance to the antibiotic imipenem [2]. In this regard, there is an urgent need for
new antibiotics against P. aeruginosa, and other Gram-negative mediated infections [14].
However, for various reasons, there is an uneven supply of novel antibiotics and a reduction
in the number of pharmaceutical companies engaged in the discovery and development of
anti-infective agents [2]. Presently, a mixture of piperacillin (a semisynthetic penicillin) and
tazobactam (a B-lactamase inhibitor), named Zosyn (marketed in the U.S. by Wyeth-Ayerst),
is the most frequently employed antibiotic against Pseudomonas in the clinic [16].
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2. Material and Methods

2.1. Peptide preparation

Dodecapeptide SC4 and related analogues were synthesized and purified as described earlier
[11]. Purity and composition of SC4 and variants were verified by HPLC (Beckman Model
6300), amino acid analysis, and mass spectrometry.

2.2. Bactericidal assay

Pyrogen-free solutions were used throughout the assay. Pseudomonas aeruginosa type 1 is a
clinical smooth strain isolate and was serotyped by the scheme of Homma [17], maintained
in the lab by monthly transfer on blood agar plates, as described earlier [5, 11]. Log phase
bacteria were obtained by transferring an overnight culture or scraping crystals off —-85°C
glycerol stocks of overnight cultures. Bacteria were washed and re-suspended in 0.9%
sodium chloride with adjustment to an optical density at 650 nm which yields 3 x 108 CFU/
ml. Bacteria were then diluted 1:10 in 0.08 M citrate phosphate buffer, pH 7.0 (prepared by
mixing 0.08 M citric acid with 0.08 M dibasic sodium phosphate). Bacteria (0.15 ml) were
incubated with peptide in a final volume of 1.0 ml of buffer. The assay was done in 17x100
polypropylene tubes in a reciprocal water bath shaker at 37°C for 30 minutes. Following this
30 min. incubation, 10-fold dilutions were made in 0.9% sodium chloride. Dilutions were
done to 107 and 20 pl of each dilution was streaked across a MacConkey agar plate (2%).
Plates were incubated overnight at 37°C and counted the next morning. Peptide
concentrations were converted to logarithm base ten and graphed. Bactericidal activity was
determined by dose response where LDsq values, a lethal dose of killing 50% of the
bacteria, were determined by best fits of a sigmoidal curve to the dose response data.

2.3. Bacteremia studies in mice

C57BL/6 male black mice (The Jackson Laboratory, Bar Harbor, ME) were injected
intraperatoneally (i.p.) with 300 pl of a Klett 70, as determined by a Klett-Summerson
photoelectric colorimeter (using a D10 and a D35 filter). This contained an approximate
lethal dose of 1 x 108 CFU P. aeruginosa bacteria. Because the optimal dosing for Zosyn
against P. aeruginosa in the clinic is via intravenous administration, either prolonged or
continuous-infusion [16], Zosyn was administered subcutaneously (s.c.) to mice via Alzet
mini-pumps. Mice were administered Zosyn (n=27) at a dose of 400 mg/kg/day dissolved in
PBS, which is similar to the clinically recommended dose for humans of about 20 g/day
[16]. For consistency, SC4 was also administered s.c. to mice (n=34) via Alzet mini-pumps
at a dose of 10 mg/kg/day dissolved in PBS, and in mice treated with combination of these
two agents (n=20), two pumps were implanted. Control mice (n=34) were treated with
vehicle (PBS) alone by mini-pumps. Pumps were surgically implanted s.c. on the hind flank
as described before [18, 19], one day prior to the bacterial inoculum to avoid undue stress on
the animals on the day of inoculation. Mice were provided food and water ad libitum, and
were monitored for two weeks post infection. The experimental protocol for these animal
studies was approved by the University of Minnesota Research Animal Resources Ethical
Committee. Data are plotted as the percentage of surviving mice versus time.
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2.4. Cytokine levels in serum from mice

Serum cytokine levels were monitored by withdrawing blood from litter matched C57/BL6
mice, which were infected i.p. with log-phase growing P. aeruginosa inoculum, as
mentioned above. Blood from mice treated with SC4, Zosyn, their combination, or only PBS
(control group), was obtained by retro-orbital bleeding at four post-infection time points: 0,
60, 90, and 120 minutes. Due to the possibility of additional stress on animals during this
procedure, these mice were different from those used in survival studies. Serum levels of
cytokines TNFq, IL-1, and IL-6 were measured by ELISA according to the manufacturer’s
instructions (R&D Systems; Minneapolis, MN).

2.5. Statistical Analysis

Data sets were analyzed using a commercially available software package (InStat 2.03,
Graphpad Software, Inc.). A two-tailed Student’s t test was used to determine the validity of
the differences between control and treatment data sets. A p value of 0.05 or less was
considered significant.

3. Results and Discussion

Previously, we reported that dodecapeptide SC4 was highly effective in vitro at killing P.
aeruginosa [12]. Here, we initially investigated the ability of a set of alanine scanning
variants of SC4 to kill P. aeruginosa. In this set of SC4 analogues, each residue in the
dodecapeptide was replaced by an alanine through the sequence. Bactericidal activities were
determined in vitro at different peptide concentrations as exemplified Figure 1. From these
dose-response curves, we determined LDsq values of new analogues, as shown in Table 1.
Only variant L2A (SC4-2) showed a significant decrease in activity, whereas variants K1A
(SC4-1), R5A (SC4-5) and K8A (SC4-8) all demonstrated significant increases in activity
by factors of 2 or 3 over that of parent SC4. Presumably, differences in activities are related
to changes in peptide conformation and how the peptide interacts with the bacterial
membrane. It appears that reducing the polycationic nature of SC4 increases its activity,
whereas removal of L2 (SC4-2), with its branched alkyl side chain, decreases activity.
Parent SC4 is reported to form helical conformation [11], and all three cationic residues are
related to this helix conformation as residues i,i+3 or i,i+4 positioned on the same side of the
helix. Apparently, reducing charge density improves the ability of SC4 to interact and to
disrupt the bacterial membrane.

To move into an in vivo model, we first performed bacteremia studies (5 to 7 mice per
challenge) to establish the appropriate amount of log phase growing P. aeruginosa required
to have 25% survival of untreated control mice. This was achieved with an infectious dose
of P. aeruginosa of 7.1 log CFU/mouse (1 x 107 bacteria).

We then explored the effectiveness of SC4, as well as analogs K1A (SC4-), R5A (SC4-5),
and K8A (SC4-8), against P. aeruginosa in this bacteremia model using 7.1 log CFU/mouse
(1 x 107 bacteria) and 5 to 7 animals per group per study. For this study, we used a dose of
the SC4 dodecapeptide (10 mg/Kg) that was essentially equivalent to ~200X the MIC value
(~18 pM for SC4) against P. aeruginosa determined from the upper limit of the SC4 dose

Biochim Biophys Acta. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dings et al.

Page 5

response curve. In this regard, a dose of 10 mg/Kg in a 20g mouse with 2 mL blood volume
could have a maximal serum concentration of peptide of about 3.6 mM. However, because
this dosage was not administered as a bolus, this maximum would not be reached. Rather
administration of the drug was subcutaneous administered continuously via Alzet mini-
pumps to a total dose of 10 mg/Kg over each 24 hour period. Nevertheless, administration of
10 mg/kg/day SC4 in this fashion to bacteria-challenged mice resulted in a survival rate of
about 40% at the end of the study (Figure 2). We then used the same dosage with the SC4
analogues in this bacteremia model. However, although the three SC4 variants were more
activity in vitro, there were no significant differences in in vivo activities compared to SC4
(data not shown).

In an attempt to improve survival, we next performed the same bacteremia model with SC4
in combination with Zosyn, the first-line treatment against P. aeruginosa in the clinic.
Because patients in the clinical setting are normally administered approximately 4.5 grams
of Zosyn every 6 hours [16], or about 250 mg/kg/day, we decided on administering Zosyn to
mice at a dose of 400 mg/kg/day. Administration of this dosage of Zosyn alone resulted in a
survival rate also of about 40% at the end of the study (Figure 2).

In bacteremia studies in mice (repeated 3 to 5 times), combination of SC4 and Zosyn
improved survival of mice compared to administration of these drugs as single agents. In
control animals, Figure 2 shows that only 32% (11/34) of the P. aeruginosa challenged mice
survived up to 12 hours post administration of PBS alone (controls, n=34), and only 9%
(3/34) of these control animals survived past 48 hours. In contrast, 62% (21/34) of the mice
treated with single agent SC4 (n=34) survived past 12 hours, and 41% (14/34) remained
alive by the 48 hour time point and survived at least to the close of the study. Treatment of
mice with single agent Zosyn (n=27) initially demonstrated better results than with SC4,
with 85% (23/27) of challenged mice surviving up to 48 hours. However, survival then
dropped to 59% (16/27) at the 48 hour time point, and then to 44% (12/27) by the end of the
study. In this regard, single agent treatment with SC4 or Zosyn demonstrated essentially the
same overall survival percentage of 41% and 44%, respectively.

In contrast to single agent treatments, all mice in the combination group (20/20) survived
past the first 12 hour time point, and 60% (12/20) of the mice survived to the end of the
study, i.e. 14 days post infection. Although the reason for this remains unclear, it likely has
to do with the fact that the mechanisms of action of these therapies are so different. Zosyn is
a mixture of two antibiotics, piperacillin and tazobactam. Piperacillin is a semi-synthetic
penicillin, which prevents bacterial growth through interference of the peptidoglycan layer
synthesis in the bacterial wall, and tazobactam is a f-lactamase inhibitor that prevents
inactivation of piperacillin by binding -lactamases [16]. SC4 on the other hand is a
bacterial membrane disintegrator, whose mechanism of action is not mediated through
specific enzymes, such as B-lactamases, and should therefore be less prone to resistance
[20].

Killing Gram-negative bacteria promotes the release of LPS into the blood stream, and this
promotes macrophage-mediated cytokine production that generally triggers inflammation,
septic shock, and can lead to mortality. Sepsis is the leading cause of intensive care unit
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mortality nationwide, accounting for >210,000 deaths in the United States annually [21].
Cytokines, especially pro-inflammatory cytokines tumor necrosis factor (TNF)-a,
interleukin (IL)-1, and IL-6, have been shown to be critical early mediators of septic shock
[22].

To assess whether SC4 and Zosyn can suppress cytokine release and potentially reduce the
possibility for septic shock, we monitored the blood serum cytokine profile of TNF-a, IL-1,
and IL-6 during the initial or acute phase of the infection up to 2 hours. For all three
cytokines, serum levels were highest in control mice, and were attenuated in treated mice for
any of the treatment regimes (Figure 3). For example, in control mice, TNF-a peaked at 60
minutes with 1363 + 463 pg/ml, and subsequently dropped to 375 + 125 pg/ml by 120
minutes into range with levels in treated mice (Figure 3A). On the other hand, IL-1 and IL-6
increased exponential-like by 120 min. At this time point, IL-1 levels in control mice were
elevated to 640 £+ 160 pg/ml, whereas the average level was 420 + 169 pg/ml in Zosyn
treated mice, 209 £ 71 pg/ml in SC4 treated mice, and 284 + 54 pg/ml in the combination
treatment group, a more than 2-fold suppression compared to control (Figure 3B). After 2
hours, 1L-6 serum levels in control mice reached 61 + 12 ng/ml, whereas levels were
reduced to about half that in treated groups: 23 + 6 ng/ml for SC4, 28 + 5 ng/ml for Zosyn,
and 32 + 2 ng/ml for the combination (Figure 3C). At this point, it is unclear whether
treatment-related attenuated cytokine levels result directly from LPS neutralization
following bacterial lysis, or indirectly from bacterial growth inhibition (bacteria titers in
serum were also reduced in treated groups, data not shown), or even some combination of
both.

In conclusion, our data demonstrate that the bacterial membrane disintegrating
dodecapeptide SC4 is as effective as Zosyn at killing P. aeruginosa in vivo, and that the
combination of the two significantly improves survival outcome. In addition, we showed
that all treatment regimes attenuated LPS-induced serum cytokine levels in mice challenged
with log phase P. aeruginosa. As new strains of antibiotic resistant bacteria emerge, such
novel bactericidal agents and combination strategies should be particularly useful in the
clinical setting.
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Fig. 1.
Examples of dose-response curves SC4 and alanine-scanning peptide analogues.

Bactericidal activities of SC4 alanine-scanning peptide analogues against Pseudomonas
aeruginosa (P. a.). Lines are sigmoidal curve fits used to determine LDsgq values.
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Fig. 2.

Combination of SC4 and Zosyn show enhanced protection against bacteria. SC4 and Zosyn
were used in mouse bacteria model to assess in vivo efficacy against P.a.. The compounds
were administered for 3 days by osmotic mini-pumps starting one day prior to i.p. injection
of P.a. into C57/BL6 mice (h=20-34/group). Each mouse received a lethal dose of P.a. (300
ul of Klett 70). Survival of the mice were monitored for 14 days, however since no change
in survival was noted after 120 hours, up to day 5 is plotted. *p < 0.03 (treatment group vs.

control).
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Fig. 3.
Serum cytokine levels upon treatment with SC4, Zosyn and combination after P.a. bacteria

challenge. SC4 (10 mg/kg) and Zosyn (400 mg/kg) were used in mouse bacteria model to
assess cytokine serum levels of TNF-a (A), IL-1 (B) and IL-6 (C) after P.a. challenge. The
compounds were administered by osmotic mini-pumps one day prior to i.p. injection of P.a.
into C57/BL6 mice. Cytokines levels were assessed by ELISA (R&D systems, Minneapolis,
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MN). Data points shown are means of 2 independent experiments (n=2-4) £ SEM. *p < 0.03
(combination vs. control).
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