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Abstract

This study demonstrates the requirement of Asp-380 and Asp-386 in the DELSEED-motif of E.
coli ATP synthase for peptide binding and inhibition. We studied the inhibition profiles of wild-
type and mutant E. coli ATP synthase in presence of c-terminal amide bound melittin and melittin
related peptide. Melittin and melittin related peptide inhibited wild-type ATPase almost
completely while only partial inhibition was observed in single mutations with replacement of Asp
to Ala, GIn, or Arg. Additionally, very little or no inhibition occurred among double mutants
BD380A/BD386A, D380Q/BD386Q, or BD380OR/BD386R signifying that removal of one Asp
residue allows limited peptide binding. Partial or substantial loss of oxidative phosphorylation
among double mutants demonstrates the functional requirement of D380 and D386 Asp
residues. Moreover, abrogation of wild-type E. coli cell growth and normal growth of mutant cells
in presence of peptides provides strong evidence for the requirement of BDELSEED-motif Asp
residues for peptide binding. It is concluded that while presence of one Asp residue may allow
partial peptide binding, both Asp residues, BD380 and D386, are essential for proper peptide
binding and inhibition of ATP synthase.
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Introduction

The central role of ATP synthase as a biological nanomotor to generate or hydrolyze ATP,
the universal energy currency is well established [1-3]. Lately, the presence of ATP
synthase on the cell surface and its involvement in multiple cell functions has become
known. A flow of protons through the Fo sector (abyC10-14) causes rotation of the y-subunit,
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which results in conformational changes of the a/B-subunits of the Fq sector (a3p3yd¢). This
sequence causes either hydrolysis or synthesis of ATP by oxidative phosphorylation or
photophosphorylation [4-7]. The direction of the proton gradient across the membrane
determines whether ATP synthase operates in a clockwise or anticlockwise direction to
either synthesize ATP or hydrolyze ATP. Detailed catalytic and motor function properties of
ATP synthase are described in the following references [8-12].

The importance of ATP synthase to human health is revealed by its involvement in many
diseases conditions, such as Alzheimer’s, Parkinson’s, Leigh syndrome, neuropathy,
Batten’s disease, obesity, hypertension, and the class of severely debilitating diseases known
collectively as mitochondrial myopathies ([13] and reference therein). It is a possible
molecular therapeutic drug target for such diseases as cancer, tuberculosis, and microbial
infections. One potential strategy for the above diseases is interference with ATP synthase
by natural or synthetic inhibitors that deprive the cells of required energy, leading to cell
death [13-18]. Thus, a better understanding of this enzyme may impact such diseases
specifically, and medicine and biology more generally.

A variety of natural and synthetic molecules, including peptides, are known to have
antimicrobial, antitumor, antiviral, and antifungal properties [19-22]. Several positively
charged peptides with or without a c-terminal amide group have been shown to bind and
inhibit wild type ATP synthase [23]. Mutagenic studies of thermophilic Bacillus PS3
suggested that the BDELSEED-motif that consists of residues 380-386 is the site for an
intrinsic inhibitor because replacement of D or E residues by A resulted in a loss of
inhibition [24-26]. Among known inhibitory peptides a majority possess antimicrobial
activity and are thus known as antimicrobial peptides (AMPs). AMPs are found extensively
among microbes, plants, invertebrates, and vertebrates. They show potent activity against
gram-positive and gram-negative bacteria, fungi, parasites, and viruses and are known to
play an important role in vertebrate innate immunity [27].

AMPs were first described in insects as an inducible system of protection against bacterial
infection [27-30]. They have been isolated from microbes, plants, invertebrates, and
vertebrates, and have been shown to exhibit inhibitory activity against bacteria, fungi, and
enveloped viruses [31]. A large number of AMPs are also known to have selective
anticancer activity [32]. AMPs have been shown to have a neutralizing effect on bacterial
endotoxins [33-35] and multiple additional inhibitory properties with unclear modes of
action [36, 37]. At present there are 2427 entries in the Antimicrobial Peptide Database
(APD) [38] (http://aps.unmc.edu/AP/main.php) with 82% identified as having antibacterial
activity, 37% with antifungal activity, 7% with anticancer activity, and 6% with antiviral
activity. The mean number of residues per peptide in the APD is 32 [38].

Antimicrobial peptides have been used in several clinical trials [17, 22, 39, 40]. Multidrug
resistant bacterial pathogens necessitate new antimicrobials treatment options for infections,
particularly in neonates and children [22]. Cationic AMPs have potential as antimicrobial
drugs, especially against multidrug-resistant microbes such as methicillin-resistant
Saphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE) and multidrug
resistant Pseudomonas aeruginosa [41-43]. Cationic AMPs have also been shown to
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influence the immune system of mammals including humans, where they enhance
phagocytosis, wound healing, mobilize numerous immune cells, and up or down regulate the
production of cytokines and chemokines in a variety of cell types [44]. Cancer cells exhibit
numerous membrane protein targets that inhibitors could bind as possible therapeutic
molecules [45].

In previous study we found that melittin, melittin related peptide, and several structurally
similar peptides inhibit E. coli ATP synthase. These positively charged amphipathic peptides
were assumed to bind at BDELSEED-motif of ATP synthase (Fig. 1) [23]. In order for ATP
synthase to be used as a peptide drug target it is of paramount importance to characterize the
peptide binding site on the enzyme. Therefore, we embarked on the mutagenic analysis of
the proposed peptide binding site (SDELSEED-motif). Proper understanding of the nature of
the peptide binding pocket may facilitate structural modifications of peptides for use as
antimicrobial and anti-cancer agents. Moreover, inhibitory studies of wild-type and mutant
E. coli ATP synthase with peptides may divulge valuable information on structural and
functional relationships and could provide a basis for the development of new therapies.
Based on mutagenic analysis we present direct evidence of antimicrobial peptides binding at
the BDELSEED-motif of ATP synthase using membrane bound E. coli F{F,-ATP synthase
preparations.

Materials and methods

Construction of wild type and mutant E. coli strains

Wild type E. coli strain pBWU13.4/DK8 was used in all experiments [46]. Mutant strains
were produced by Stratagene QuikChange Lightning Site-Directed Mutagenesis Kit from
Agilent Technologies (catalog #210519-12). Template for PCR introduced base
substitutions was M13mp18 template that contained the Hind I11-Xbal fragment from pSN6.
The pSN6 plasmid carries the BY331W mutation from plasmid pPSWM4 [47] introduced on
a Sacl-Eagl fragment into pPBWU13.4 [46] and has all the ATP synthase genes. The
mutagenic oligonucleotides for single mutants were: PD380A,
CCTGGGTATGGCTGAACTGTCTG; BD380R, CCTGGGTATGCGTGAACTGTCTTG;
BD380Q, CCTGGGTATGCAGGAACTGTCTG,; and PD386A,
GTCTGAAGAAGCCAAACTGGTGG; BD386R,
CTGTCTGAAGAACGCAAACTGGTGG; pD386Q,
CTGTCTGAAGAACAGAAACTGGTGG, where bold underlined bases identify the
mutation. DNA sequencing was performed to confirm the presence of mutations and
absence of undesired sequence changes. Mutations were transferred to pSN6 on Sacl-Eagl
fragment, generating the new plasmids pZA31 (BD380A/BY331W), pZA32 (BD380R/
BY331W), pZA33 (BD380Q/BY331W), pZA53 (BD386A/BY331W), pZA54 (BD386R/
BY331W), and pZA55 (BD386Q/BY331W). Plasmids with double mutants pZA62 (BD380A/
BD386A), pZA63 (BD380R/BD386R), and pZA64 (BD380Q/pD386Q), were generated by
combining pZA31, pZA32, pZA33, and pZA53, pZA54, and pZA55. All plasmids were
transformed into E. coli DK8 competent cells that did not express ATP synthase [48]. New
mutant strains contained the BY331W Trp mutation which does not affect function, but is

Int J Biol Macromol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmad et al.

Page 4

used for the measurement of nucleotide binding parameters [47] and was included for
possible future use.

Measurement of growth yield in limiting glucose medium; preparation of E. coli
membranes; assay of ATPase activity of membranes

Peptides

ATP synthesis by oxidative phosphorylation was measured by growth on succinate plates (a
nonfermentable carbon source). Oxidative and substrate level phosphorylation were
measured on limiting glucose (3-5 mM glucose) [49]. ATP synthase bound to cell
membranes were prepared as described by Senior et al. [50] using three washes of the initial
membrane pellets obtained by French Press and centrifugation. The first wash was a buffer
consisting of 50 mM TES, pH 7.0, 15% glycerol, 40 mM 6-aminohexonic acid, and 5 mM p-
aminobenzamidine. The two final washes used a buffer of 5 mM TES, pH 7.0, 15%
glycerol, 40 mM 6-aminohexonic acid, 5 mM p-aminobenzamidine, 0.5 mM DTT, and 0.5
mM EDTA. Membranes were washed twice more before use by resuspension and
ultracentrifugation in 50mM TrisSOy, pH 8.0, 2.5 mM MgSO,.

ATPase activities were measured in 1 ml assay buffer (ATPase cocktail) containing 10 mM
NaATP, 4 mM MgCl,, 50 mM TrisSOy4, and pH 8.5 at 37 °C. Reactions were started by
addition of 1 ml assay buffer to membrane bound F1F, ATP synthase (membranes) and
stopped by addition of 1 ml 10% SDS. Pi release was assayed as in Taussky and Shorr [51].
For both wild-type and mutant membranes 20 — 30 pg of protein was used for the ATPase
assay with reaction times from 5-10 min. All reactions were shown to be linear with time
and protein concentration. Protein subunit composition and purity were checked by 10%
acrylamide SDS-gel electrophoresis and immunoblotting with rabbit polyclonal anti-Fq-a
and anti-F1-p antibodies [52, 53].

Melittin related peptide-amide (MRP-amide) and Melittin-amide were purchased from
Biomatik (http://www.biomatik.com). All peptides were determined to have greater than
95% purity by HPLC. Lyophilized powder was stored at —20°C upon receipt and
resuspended in deionized water for use as needed.

Inhibition of ATPase Activity by Melittin-amide and MRP-amide

Both wild-type and mutant membrane bound F1F, ATP synthase were preincubated with
different concentrations of peptides for 60 minutes at room temperature (RT) in 50 mM
TrisSO4 at pH 8.0. 1 ml ATPase cocktail was used to measure the enzyme activity. The
reaction was stopped by the addition of 1 ml SDS to a final concentration of 3.3% (v/v). The
addition of an equal volume of Taussky and Shorr reagent gave rise to a blue color that was
spectrophotometrically assayed at OD7qg [51]. Inhibitory exponential decay and piecewise
curves were generated with Sigma plot 10.0. The range of absolute specific activity for
membrane bound F1F, was 11-16 umol/min/mg at 30 °C for different preparations. Relative
ATPase activity was calculated from the absolute values of wild-type in absence of peptides
taken as 100%.
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Reversal of peptide inhibited ATPase activity

Results

Reversal of inhibition was assayed by dilution of the membrane enzyme. Membranes were
first reacted with the maximal inhibitory concentration of peptides for 1 hour at room
temperature. These concentrations were based on the maximal inhibition of the ATP
synthase (see Fig. 2 and Fig. 3). 50 mM TrisSO4 pH 8.0 buffer was then added to bring the
peptide concentrations to non-inhibitory levels, with an additional 1 hour incubation at room
temperature before ATPase assay.

Properties of single BD380A/Q/R, BD386A/Q/R and double pD380A/Q/R-BD386A/Q/R
mutants of E. coli ATP synthase

The significance of BDELSEED motif residues BAsp-380 and BAsp-386 in peptide binding
were investigated using a series of mutations. fAsp-380 and fAsp-386 were changed to Ala,
GlIn, and Arg individually, or as double mutants, fD380A/BD386A, fD380Q/3D386Q, or
BD380R/BD386R. These two negatively charged residues were chosen to confirm their
proposed role in the binding of cationic peptides as well as to determine the peptide induced
inhibition mechanism. Asp—Ala removes the charge and mass, Asp—GIn, removes the
charge while preserving the volume occupied by side chain by adding little mass, and
Asp—Arg adds positive charge and adds some mass too. Double mutations were used to
evaluate the overall role of Asp residues in peptide binding.

Duplicate or triplicate preparations of the mutant membranes gave consistently near normal
specific activity. Expected mutant ATPase activities also confirm that mutant membranes
contained the same amount of a and 3 subunits as wild-type. Previous work established that
inhibition profiles of mutant and wild-type ATP synthase can be assayed using either
membrane preparations or purified F; with comparable results [54-60]. Coomassie Blue-
stained SDS-gel electrophoresis, immunoblotting and densitometry of mutant and wild-type
membranes (with purified wild-type Fq as reference) established the purity and integrity of
F1-a and F1-B subunits [52, 53].

Partial and tardy inhibition of membrane bound F1F, ATP synthase mutants BD380A/Q/R
or BD38B6A/Q/R by melittin-amide and MRP-amide

Fig. 2 shows the melittin-amide and MRP-amide induced inhibitory profiles of single
BD380A/Q/R and BD386A/Q/R mutants. All six single mutants showed decreased
inhibition. The melittin-amide induced maximal inhibition in the D380 and D386 for
replacement of Asp — Ala was ~65%, for Asp — GIn was ~50%, and for Asp — Arg was
~20%. MRP-amide induced inhibition in the D380 and D386 for replacement of Asp —
Ala was ~75% and 70%, for Asp — GIn was ~50% and 35%, and for Asp — Arg was ~15%
and 10% respectively. Multiple previous studies have shown varied maximal inhibition of
ATP synthase where mutant or wild-type ATP synthase was partially or incompletely
inhibited by natural or synthetic inhibitors such as dietary polyphenols, peptides, NBD-ClI,
NaNs, AICl3 or ScCl3 [23, 54, 60-64].
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To affirm that all mutants were maximally inhibited by peptides, we incubated each mutant
membrane bound F1F, preparation with melittin-amide (25uM) and MRP-amide (20uM)
with maximal inhibitory concentrations for one hour as in Fig. 2 and Fig. 3. This was
followed by a secondary pulse of the same inhibitory peptide concentrations and continued
incubation for an additional hour before ATPase assay. It was found that little or no
additional inhibition occurred. This shows that peptides fully reacted at the peptide binding
site, which resulted in maximal inhibition, and yet residual activity could be retained by
mutant enzymes.

Trivial or no inhibition of membrane bound F1F, ATP synthase double mutants BD380A/
BD386A, BD380Q/BD386Q, or BD380R/BD38B6R by melittin-amide or MRP-amide

The maximal inhibition of f/D380A//D386A or fD380Q//D386Q double mutant in the
presence of melittin-amide or MRP-amide was ~5%, while double mutant f380R//#386R was
not inhibited at all (Fig. 3).

Reversal of ATPase activity of membrane bound mutant enzymes from peptide inhibition

Membrane bound mutant enzymes were inhibited with the maximum inhibitory
concentrations of peptides for one hour at RT as in Fig. 2 and Fig. 3. Samples were then
diluted to a non-inhibitory concentration by adding TrisSO,4 pH 8.0 buffer, and ATPase
activity was then measured. The inhibitory action by both melittin-amide and MRP-amide
was found to be fully reversible in all membrane bound mutant enzymes used in this study.

Effect of peptides on the growth of mutant E. coli cells on limiting glucose and succinate

plates

Mutant E. coli strains were grown on succinate plates, limiting glucose, or LB media in the
presence or absence of peptides to study their effect on ATP synthesis (Table 1 and Table 2).
Table 1 shows the results of oxidative phosphorylation in vivo by growth both on succinate-
containing plates and in limiting glucose medium, in absence of peptides. Mutants showed
somewhat less than or near normal growth on succinate. Growth on limiting glucose was
reduced for BD386R and double mutations while growth for the fD380A/Q/R mutations did
not show much effect. Essentially, mutations did not seriously impair ATP synthesis in vivo.
Contrary to wild-type (positive control) which showed almost no growth in presence of
melittin-amide, or MRP-amide, mutant and null strains (negative control) grew normally.

Discussion

Our goal in this study was to understand the role of the two negatively charged residues,
Asp-380 and Asp-386 of the conserved PDELSEED-moatif, in peptide binding and inhibition
of ATP synthase by peptides. X-ray crystallographic structure of ATP synthase [65] shows
the BAsp-380 and BAsp-386 residues forming a perfect cavity by flanking the corners of
DELSEED-matif (Fig. 1B). Binding of cationic peptides is thought to be the basis for
peptide induced inhibition of ATP synthase. Thus proper knowledge of the amino acids
involved in peptide binding is essential for the further development of peptide based cell
growth inhibition.
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Several peptides including melittin and MRP were found to have variable ATPase inhibitory
activity [23-25]. It was shown that both melittin and MRP strongly inhibited the ATPase
activity. Moreover, the presence of an amide group at the c-terminal resulted in additional
~20% inhibition. Many peptides show multifunctional effects, i.e. have antimicrobial and
antitumor properties, as well as regulatory effects through ATPase inhibition [66]. For
example, mitochondrial ATPase inhibitors PSK and SK84 peptides were shown to have
potent bactericidal and anticancer properties [67, 68]. Partial or complete inhibition of
ATPase has also been observed in the presence of natural or structurally modified
polyphenol compounds. Similar inhibition of ATPase activity has also been linked to the
reduced growth of bacterial or tumor cells [61-63, 69, 70].

Our results show that single or double mutants fD380A, PD380Q, FD380R, BD386A,
D386Q, BD386R, BD380A/BD386A, fD380Q/SD386Q, or PD380R/PD386R did not affect
subunit assembly or structural integrity of membrane bound F{F, ATP synthase. All mutants
were found to have corresponding components of Fq-a and 8 subunits as compared to wild
type. Single mutants BD380A, PD380Q, or D380R showed insignificant inhibitory effects
on oxidative phosphorylation as judged by growth on succinate or limiting glucose medium,
and did not cause loss of ATPase activity. However, the BD386A, fD386Q, fD386R,
BD380A/PD386A, D380Q/BD386Q, or B(D380OR/BD386R mutations showed some loss of
oxidative phosphorylation, but insignificant change in ATPase activity (Table 1). Another
important result is the observed growth patterns of mutant E. coli cells in the presence of
melittin-amide and MRP-amide (Table 2). It was found that while both melittin-amide and
MRP-amide abrogated growth of wild type E. coli cells, the growth of mutant cells was not
much affected. All mutants used grew in either the presence or absence of peptides (Table 1
and Table 2).

Some loss of growth in double mutants BD380A/pD386A, FD380Q/BD386Q, or BD380R/
BD386R, without reduction in ATPase activity could be attributed to the possibility is that
peptide binding parameters are different during ATP synthesis than during ATP hydrolysis.
It is also possible that, in vivo, a modicum of activity that may not be detected by our in
vitro assays is sufficient to preserve some synthase function and cell viability. Similar
results from past studies have been observed for aPhe-291 in Pi binding [59]. Our null strain
(pUC118/DKS8) will usually grow 40-50% relative to wild-type (pBWU13.4/DK). This is
because the null strain uses only glycolysis to generate ATP whereas the wild-type uses both
glycolysis and oxidative phosphorylation.

As expected, inhibitory profiles of single mutants fD380A, fD380Q, fD380R, or BD386A,
BD386Q, BD386R showed incremental residual activity with Ala, GIn, and Arg
replacements respectively (Fig. 2). Insertion of a positive charge at BD380R apparently
repelled cationic peptides, and resulted in only 20% and 15% inhibition (80% and 85%
residual activity) in the presence of melittin-amide and MRP-amide respectively. Insertion
of Arg at BD386R prevented inhibition by 80% and 90% (20% and 10% inhibition) in
presence of melittin-amide and MRP-amide. Changing Asp to GIn in BD380Q and BD386Q
resulted in inhibition of 50% to 35% inhibition. Asp to Ala mutations (BD380A and
BD386A) caused 65% to 75% inhibition. While double mutants fD380A/BD386A or
BD380Q/pD386Q where slightly inhibited (~5%), no inhibition occurred for BD380R/
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BD386R in the presence of either melittin-amide or MRP-amide (Fig. 3). This inhibitory
trend of double mutants is consistent with peptide induced inhibition of single mutants.

Presence of positively charged Arg at BDELSEED seemingly repels positively charged
peptides and thus prevents binding and inhibition. Introduction of GIn at f(DELSEED
reduces the electrostatic attraction of Asp for cationic peptides and results in partial
inhibition. Replacement of Asp with Ala removes both the charge and mass of Asp.
Although this mutation removes the negative charge attraction for cationic peptides, it also
decreases steric hindrance of the Asp side chain. Thus the observed partial inhibition of Ala
mutations. In summary all of the mutations used in this study were refractory to
melittinamide and MRP-amide induced inhibition to variable degrees, supporting the
hypothesis that of BAsp-380 and BAsp-386 are essential for peptide binding.

Previous work suggested that BDELSEED was involved in a coupling between catalysis and
rotation. It was shown that the Bacillus PS3 ATP synthase mutants generated by the deletion
of 3—7 amino acids within the BDELSEED-motif retained the catalytic activity, and in some
cases the activity was found to be higher than the wild-type enzyme [71]. Deleting 7-14
amino acids from or near to this motif suggested that a minimum length is critical for its role
in the coupling between catalysis and rotation [72]. Similarly, the BD380 and fD386 mutants
used in this study, which did not change the length of polypeptide chain, did not reduce
ATPase activity.

The process of inhibition was found to be completely reversible. Membrane bound F1F,
regained activity once brought back to non-inhibitory peptide concentrations by dilution
with TrisSO4 buffer. Reversibility indicates non-covalent binding of peptides to the mutant
enzymes, as was previously shown in wild-type [23].

Peptides are potential sources of compounds with useful pharmacological properties and
medical utility in antimicrobial [73, 74] and anticancer applications [75]. Several
mechanisms have been hypothesized for the activity of AMPs, including a membrane
permeabilization and cell death model proposed for magainins [76, 77] and a non-pore-
dependent cytolytic activity by dermaseptins that causes membrane bilayer miscellization
and disintegration [78]. Peptides are known to affect Gram-negative and Gram-positive
bacteria, fungi, enveloped viruses, eukaryotic parasites, and cancer cells [75, 79]. Apoptosis
via a mitochondrial pathway using ATP synthase as a molecular drug target for a variety of
natural and synthetic inhibitors has been previously demonstrated [80-83]. Synergistic
effects with AMPs among different a-helical peptides have also been observed [84] and may
be a reason for the large number of different isoforms found in several amphibian species
[85]. Such observations suggest that the evaluation of potential ATP synthase inhibitory
activity by AMPs may be enhanced by combinatorial studies. We conclude that further
characterization of the peptide binding BDELSEED-motif, is a promising avenue for
understanding ATP synthase as a potential drug target for peptides.
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Melittin-NH,

Fig. 1. X-ray structures of melittin-amide and BDEL SEED-motif of mitochondrial F{-ATPase
(A) the 26-residue long structure of the a-helical honey bee (Apis mellifera) venom peptide

melittin, was generated by using PDB file 2MLT [86]. C-terminal amide group (NH,) along
with five positively charged residues is identified. PDB file 1H8E was used for
mitochondrial ATP synthase showing PDELSEED residues [65]. RasMol molecular
visualization software was used to generate these figures [87].
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Fig. 2. Inhibition of membrane bound wild-type and mutant ATP synthase by melittin-amide
and MRP-amide

Membranes were preincubated for 60 min at room temperature with varied concentrations of
melittin-amide or MRP-amide, then aliquots were added to 1 ml of assay buffer and ATPase
activity determined. Materials and Methods section contains the detailed procedure.
Symbols used are:, v¢,wild-type; O, BD380A or fD386A; [, fD380Q or fD386Q; A,
BD380R or BD386R. Each data point represents an average of three to four experiments,
using 2-3 independent membrane preparations of each mutant. Results agreed within + 5%.
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Fig. 3. Melittin-amide and MRP-amide induced inhibition of membrane bound F1Fo ATP

synthase of wild-type and double mutants

Membranes were preincubated for 60 min at room temperature with varied concentration of
melittin-amide or MRP-amide, then aliquots added to 1 ml of assay buffer and ATPase
activity determined. For experimental details see materials and methods section. Symbols
used are:, v¢,wild-type; O, PD380A/BD386A; I, BD380Q/pD386Q; A, BD38OR/PD386R.
Each data point represents an average of three to four experiments, using two to three

independent membrane preparations of each mutant. Results agreed within + 5%.
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TABLE 1
Effect of BD380 and BD386 mutations on cell growth and ATPase activity

Mutation& GrowthP Growthyield in  ATpase Activity®
On succinate '('OD;)'t'ng glucose pmol/min/mg
Wild-type ++++ 100 16
Null - 46 0
BY331W ++++ 96 15
BD380A ++++ 91 15
BD380Q ++++ 97 15
BD380R ++++ 89 14
BD386A +++ 80 14
BD386Q +++ 84 13
BD386R +++ 74 13
BD380A/PD386A  +++ 78 13
BD380Q/BD386Q  +++ 77 13
BD380R/BD3BER  +++ 69 12

a\Nild-type, pBWU13.4/DKS8; Null, puC118/DK8. All mutants were expressed with the 3Y331W mutation also present, which does not
significantly affect growth. Data are means of four to six experiments each.

bGrowth on succinate plates after 3 days estimated by eye. ++++, heavy growth; +++, lesser growth; —, no growth.
CMeasured at 30°C and expressed as pmol ATP hydrolyzed/min/mg membrane protein. Each individual experimental point is itself the mean of

duplicate assay tubes. Data are derived from two separate membrane preparations. Results from separate membrane preparations were in excellent
agreement.
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Growth of mutant E. coli strains in presence of melittin-amide and MRP-amide

TABLE 2

Mutation® GrowthP Growth yield in
On succinate plates limiting glucose®
(Melittin-amide/MRP-amide)  (Melittin-amide/MRP-amide)

(%)

Wild-type +/+ 20/25

Null -I- 43/46

BY331W +/+ 22124

BD380A ++[+++ 89/92

fD380Q 4+ 90/88

D380R +H+/+++ 82/83

BD386A ++[+++ 79177

BD386Q 4+ 74172

BD386R +H+/+++ 70/69

BD380A/BD3B6A  +++/+++ 75/70

fD380Q/PD386Q  +++/+++ 72/75

BD380R/BD3B6R  ++/++ 66/70

a\Nild-'(ype, pBWU13.4/DKS8; Null, pUC118/DKS8. Data are means of four to six experiments each.

Page 16

b . . I
Growth on succinate plates after 3 days estimated by eye. ++++, normal growth; +++, less growth; ++, lesser growth; +, insignificant growth; —,

no growth.

Growth on limiting glucose is based on the growth of wild type in absence of peptides and used as 100%. Each individual experimental point is
itself the mean of duplicate assay tubes. Data are derived from two-three separate membrane preparations. Results from separate membrane
preparations were in excellent agreement.
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