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Abstract

Traditional antibiotics are reaching obsolescence as a consequence of antibiotic
resistance; therefore novel antibiotic approaches are needed. A recent non-traditional approach
involves formation of protein aggregates as antimicrobials to disrupt bacterial homeostasis.
Previous work on protein aggregates has focused on genome mining for aggregation-prone
sequences in bacterial genomes rather than on rational design of aggregating antimicrobial
peptides. Here, we use a synthetic biology approach to design an artificial gene encoding the first
de novo aggregating antimicrobial peptide. This artificial gene, opaL (overexpressed protein
aggregator Lipophilic), disrupts bacterial homeostasis by expressing extremely hydrophobic
peptides. When this hydrophobic sequence is disrupted by acidic residues, consequent
aggregation and antimicrobial effect decreases. Further, to deliver this artificial gene, we
developed a probiotic approach using RK2, a broad host range conjugative plasmid, to transfer
opaL from donor to recipient bacteria. We utilize RK2 to mobilize a shuttle plasmid carrying the
opaL gene by adding the RK2 origin of transfer. We show that opaL is non-toxic to the donor,
allowing for maintenance and transfer since its expression is under control of a promoter with a
recipient-specific T7 RNA polymerase. Upon mating of donor and recipient Escherichia coli, we
observe selective growth repression in T7 polymerase expressing recipients. This technique
could be used to target desired pathogens by selecting pathogen-specific promoters to control
opaL expression. This system provides a basis for the design and delivery of novel antimicrobial

peptides.
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Importance

The growing threat of antibiotic resistance necessitates new treatment options for
bacterial infections that are recalcitrant to traditional antimicrobials. Existing methods usually
involve small-molecule compounds which interfere with essential processes in bacterial cells. By
contrast, protein aggregates operate by causing widespread disruption of bacterial homeostasis
and may provide a new method for combating infections. We used rational design to create and
test an aggregating de novo antimicrobial peptide, OpaL. In addition, we employed bacterial
conjugation to deliver the opaL gene from donor bacteria to recipient bacteria while using a
strain-specific promoter to ensure that OpaL was only expressed in targeted recipients. To the
best of our knowledge, this represents the first design for a de novo peptide with aggregation-
mediated antimicrobial activity. We envision that Opal’s design parameters could be used in

developing a new class of antimicrobial peptides to help treat antibiotic resistant infections.

1 Introduction

Traditional antibiotic treatments are losing efficacy as bacteria gain resistance to
available antimicrobial compounds. This resistance arises through a variety of mechanisms such
as altered target sites, exclusion from the cell, enzymatic degradation or modification of
antibacterial compounds, and efflux pumps (1). Carbapenem resistant enterobacteriaceae have
been reported in several nations including the United States, India, the UK, and others (2). These
bacteria often cause infections which are untreatable with most or even all current antibiotics.
We may be approaching a post-antibiotic era in which antibiotic treatments are no longer

functional (3). With such prospects, new treatments are needed to protect public health.
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The advent of synthetic biology has provided tools to develop improved antimicrobial
strategies. Engineered biofilm-disrupting bacteriophages reduce biofilm mediated resistance. (4).
Other modified bacteriophages deliver CRISPR systems to inactivate antibiotic resistance genes
in pathogenic bacteria. In addition, CRISPR libraries have been used to study how antibiotic
resistance evolves by manipulating gene expression under antibiotic stress conditions (5, 6).
Other examples include rearrangement of domains within polyketide synthase complexes to
enable the production of new polyketide antimicrobials (7). Recently, probiotic bacteria have
been engineered to synthesize autoinducers that inhibit virulence genes in infectious
microorganisms (8). Other recombinant probiotic bacteria express Shiga toxin receptors that
neutralize some of the virulence factors produced by pathogenic E. coli (9). Here we use
synthetic biology principles to develop a novel de novo aggregating antimicrobial peptide that
can be used to kill bacteria. We also repurpose an RK2-mediated bacterial conjugation system to
develop a probiotic approach for delivering this novel peptide.

Antimicrobial peptides (AMPs) have shown promise as antibacterial treatments. AMPs,
many of which contain hydrophobic and cationic domains (10), are expressed naturally by
numerous organisms to combat bacterial proliferation. These AMPs bind to bacterial cells by
ionic interactions with negatively charged membrane components before inserting into the
phospholipid bilayer and disrupting membrane integrity by forming pores. Alternatively, some
AMPs may enter the cell and disrupt specific intracellular processes such as protein synthesis
and DNA replication (10). Though AMPs are a relatively new area, a few like polymyxin B and
colistin, are established clinical agents (11). Numerous AMPs have shown potential in pre-
clinical contexts and are undergoing development. (10, 12). Using principles derived from

naturally occurring AMPs, synthetic biology has enabled the construction of enhanced AMPs.
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94  For instance, consensus sequences have been derived from libraries of naturally occurring
95  amphipathic AMPs to optimize pore formation (13). Another method involves screening AMP
96 libraries and linking the most effective peptides to maximize their potency (14). In addition,
97  rational sequence modifications to adjust properties such as helicity and charge, incorporation of
98 unnatural amino acids, and chemical modifications have been used to improve the activity of
99  preexisting AMPs (10).

100 Here we investigate a new category of AMPs that operate via an aggregative mechanism.
101  The toxicity of aggregating peptides arises from mechanisms including the disruptive interaction
102  of exposed hydrophobic side chains with cellular proteins (15), induction of oxidative stress,
103  overload of proteolytic machinery, disruptive interaction with membranes, and co-aggregation
104  with endogenous macromolecules (16). When in their aggregate-prone states, the peptides
105  associated with diseases often exhibit -sheet-rich structures (17). Mechanistically, $-sheets and
106  hydrophobicity have been supported by thermodynamic models as driving protein aggregation
107  (18). Aggregating peptides have been observed in a number of human pathologies including
108  Alzheimer’s disease, prion diseases, Parkinson’s disease, Huntington’s disease, and sickle cell
109  anemia (19).

110 Using aggregating AMPs as antimicrobials may provide a novel strategy to counter
111  antibiotic resistance. Aggregating AMPs utilize an unexploited mechanism of antimicrobial
112 toxicity wherein instead of binding a particular target site on a bacterial macromolecule, these
113 can cause widespread disruption of homeostasis in bacteria. This may prevent resistance from
114  emerging since many resistance phenotypes involve target site alterations. Recently, Bednarska
115 et al. demonstrated the potential of using aggregating peptides as antibiotics (20). The authors

116  investigated the antimicrobial activity of short peptides derived from bacterial aggregate-
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117  promoting sequences in Staphylococcus epidermidis proteome by computationally predicting
118  aggregation propensity using a statistical thermodynamics algorithm called TANGO (18). The
119  resulting peptides were constructed by solid-phase peptide synthesis and exogenously delivered
120  to bacterial cells. A small fraction of the screened peptides showed significant therapeutic
121 activity which highlights the promise of aggregating peptides as antimicrobials. However, a
122 major limitation of this approach was that these peptides were not rationally designed and
123 involved screening hundreds of candidate molecules with limited success.

124 Here we rationally design the first (to the best of our knowledge) de novo aggregating
125  antimicrobial peptide, OpaL (Overexpressed protein aggregator Lipophilic), by choosing
126 numerous hydrophobic amino acid residues to maximize protein aggregation rather than mining
127  inclusion-forming sequences from bacterial genomes (Fig. 1A). The opaL gene was specifically
128  designed to disrupt bacterial homeostasis by overexpressing hydrophobic, aggregate-prone
129  peptides. Using computational prediction and confirmation by experimental methods, we show
130 that OpaL causes aggregation in bacteria leading to bacterial lethality. A similar control synthetic
131 peptide which includes numerous acidic residues exhibits significantly less toxicity. We use the
132 broad host range conjugative plasmid RK2 to mobilize a pET11a-based shuttle plasmid which
133 carries opal to transfer the antimicrobial peptide from donor to recipient bacteria. We show that
134  this conjugative system can successfully target the strain of interest using a strain-specific
135  promoter. Our work provides a new therapeutic strategy which may have applications in the
136  clinical setting.

137

138

139
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7
140 2 Materials and methods

141

142 2.1 Strains, plasmids, kits, and gene synthesis

143 The pET1la-opaL and pET1la-opalLacidic vector designs were constructed by

144  GenScript using their artificial gene synthesis and custom cloning services. The opalL open
145  reading frame, opalacidic open reading frame, RK2 OriT, and chloramphenicol resistance
146 (CmR) gene were artificially synthesized. RK2 was obtained in E. coli C600 (ATCC® 37125™).
147  We used a Mix & Go E. coli Transformation Kit from Zymo Research to induce chemical
148  competence in the E. coli C600 (RK2) before transforming with pET11a-opaL. To prevent loss
149  of RK2, we grew these cells under kanamycin selection. E. coli C600 (RK2, pET11a-opalL) and
150  E. coli C600 (RK2) were subsequently used as donor bacteria.

151 The pHL662 plasmid, carried by E. coli XL1 Blue, was Addgene vector 37636 (21). The
152  E. coli XL1 Blue was used as recipient bacteria for measuring the mating frequency. We isolated
153  pHL662 using a Zymo Research Zyppy Plasmid Miniprep Kit. Chemically competent E. coli
154  BL21 (DE3) were acquired from NEB and transformed with pHL662. These E. coli BL21 (DE?3)
155  (pHL662) were used as recipients in the mating-toxicity assays. Separate samples of E. coli
156  BL21 (DE3) were also transformed with pET11a-opalL for toxicity assays. E. coli NEB10-p was
157  acquired from NEB and used as a host for propagating the pET11a-OriT vector. The pUV145
158  plasmid (22), was carried in an E. coli DHS5a host. E. coli DHS5a carrying pUV145 were
159  employed in our three strain mating-toxicity assay. A list of all strains and plasmids used for this
160  work is presented in supplementary table S1.

161

162 2.2 Culture conditions
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163 Growth media included Luria Bertani (LB) broth (liquid medium) and LB agar (solid
164  medium) with selective antibiotics as described for each experiment. Liquid cultures were
165 incubated at 37°C in an orbital shaker or in a Tecan GENios plate reader. When using the plate
166  reader, cultures were set to shake for 10 minutes, stand idle for 10 minutes, and then shake for an
167  additional 10 seconds prior to taking a measurement. Solid cultures were grown in a stationary
168  incubator at 37°C. The opalL gene and the opalacidic gene were induced using IPTG at
169  concentrations of 1.0 or 0.1 mM as described for each experiment. GFP from pHL662 and
170 mCherry from pUV145 were induced using IPTG at concentrations of 1.0 mM. Except where
171 otherwise noted, ampicillin was used to maintain pET11la-opaL and pET1la-opalLacidic and

172 kanamycin was used to maintain RK2, pHL662, and pUV145.

173
174 2.3 Molecular cloning
175 The pET11la-AopaL control plasmid was prepared by removing opalL’s open reading

176  frame (positions 6124 to 6690). To accomplish this, pET11a-opal was first propagated in E. coli
177  DHS5a to facilitate DNA methylation. Primers were designed to amplify the part of pET11a-opaL
178  which excludes the opal-containing sequence between pET1la-opaL plasmid’s Ndel and
179  BamHI cut sites. The forward primer (5'-ggaaggggatccggctgctaacaaag-3') still retained the
180  original BamHI cut  site  sequence, while  the reverse primer (5-
181  gaggagggatcctatatctccttcttaaagttaaacaaaat-3') included a small overhang which replaced the Ndel
182  cut site with another BamHI cut site upon amplification. After amplifying this sequence, the PCR
183  product was double digested with Dpnl (a methylation-dependent restriction enzyme) and
184  BamHI. The purpose of using Dpnl was to degrade any remaining background DNA which still

185  contained opaL. Next, the linear vector was ligated overnight and then electroporated into E. coli
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186 NEB10-B. A transformant was picked and grown in liquid media overnight. The pET11a-OriT
187  plasmid was miniprepped from this culture and then confirmed to have the correct size by
188  performing gel electrophoresis alongside a sample of pET11a-opaL. Maps of plasmids used for

189  this work are presented in supplementary Fig. S1.

190
191 2.4 Toxicity assay using growth curves
192 Overnight cultures (three biological replicates) of E. coli BL21 (DE3) carrying pET11a-

193  opal, E. coli BL21 (DE3) carrying pET11a-opalLacidic, E. coli BL21 (DE3) carrying pET11a-
194  Aopal, and E. coli BL21 (DE3) without any plasmids were diluted 1x10™ and incubated for 2
195  hours. Samples from each culture were diluted 1:50 into fresh media with 1.0 mM IPTG, 0.1 mM
196 IPTG, and 0.0 mM IPTG in a 96 well plate. Absorbance values were measured every 20 minutes
197 for 20 h using the Tecan Genios plate reader settings described earlier. These data were
198  normalized by subtracting the absorbance of the media and dividing by the OD at t=0 for each

199  sample.

200
201 2.5 Toxicity assay using Colony Forming Units (CFUs)
202 We tested opaL’s antibacterial activity in E. coli BL21 (DE3) carrying pET11a-opaL and

203 E. coli BL21 (DE3) carrying pET1la-opaLacidic. Overnight starter cultures (three biological
204  replicates) were diluted 1:1000 and incubated for 2 hours. Serial dilutions of these exponential
205  cultures were plated on solid medium to obtain CFUs at t=0 h. The cultures were further diluted
206  1:100. Immediately after these dilutions, we split the cultures into control and experimental tubes
207  and then added IPTG to the experimental tubes (1.0 mM final concentration) in order to induce

208  opalL expression. Serial dilutions were then plated on solid media at t=2 h and t=4 h.
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209
210 2.6 Computational prediction of aggregation using TANGO
211 The online TANGO platform (http://tango.crg.es/protected/academic/calculation.jsp) was

212 used to predict percent aggregation for OpaL and OpaLacidic. The same parameters were used
213 for both peptides. The peptide concentrations were set at 2.0 mM, the ionic strengths at 0.025 M,
214  the pH at 7.5, and the temperature at 37°C. The N- and C-termini were given the default

215  parameter of not having any chemical modifications.

216
217 2.7 Computational structure prediction using QUARK
218 The online QUARK platform (23) (https://zhanglab.ccmb.med.umich.edu/QUARKY/) was

219  used to predict tertiary structures for OpaL and OpaLacidic. The raw amino acid sequences were
220 inputted into the algorithm and the results retrieved in PDB file format. From these files, 3D
221 graphics were created with DeepView v4.1.0 (24). DeepView was also used to compute OpaL

222 and Opal.acidic’s solvent-exposed hydrophobic surface areas.

223
224 2.8 Nile red aggregation assay
225 Overnight cultures (ten biological replicates) of E. coli BL21 (DE3) carrying pET11a-

226  opal, E. coli BL21 (DE3) carrying pET11a-opaLacidic, E. coli BL21 (DE3) carrying pET11a-
227  OriT, and E. coli BL21 (DE3) without any plasmids were diluted 1:10 into 900 pL of fresh
228 media and incubated for 1 h before being pelleted, washed, and resuspended in Phosphate
229  Buffered Saline (PBS). Nile red was added to a final concentration of 1.0 pg/mL. Absorbance
230 was measured at 590 nm and fluorescence was measured at 590 nm excitation and 610 nm

231  emission in a Tecan Genios plate reader. Next, IPTG was added to five of the replicates to a
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232 concentration of 1.0 mM and the other five replicates to a concentration of 0.1 mM. These
233 samples were then incubated at 37°C for 2 h with shaking. Absorbance and fluorescence were
234  measured again at the same wavelengths. Initial and final fluorescence values were normalized to
235  the corresponding absorbance values and the overall normalized changes in fluorescence were

236  calculated.

237
238 2.9 Mating assay
239 Mating assays were performed to confirm that RK2 and pET1la-opal are capable of

240  conjugative transfer. 1 mL overnight cultures (three biological replicates) of E. coli C600 donors
241  carrying both RK2 and pET11a-opaL, E. coli C600 donors carrying the only RK2, and E. coli
242 XL1 Blue recipients carrying pHL662 were pelleted and washed to remove antibiotics before
243 being resuspended in 250 pL of media. The volumes of these cultures were adjusted to have
244  equal OD values before mating cultures with 1:5 donor to recipient ratios were made by volume.
245 E. coli C600 (RK2, pET11a-opaL) and E. coli C600 (RK2) were each separately paired with the
246  recipients. 20 pL of the mating cultures were spotted on LB agar plates without selection and
247  incubated for 5 hours. Next, we cut out solid agar slices with the spots and transferred them to
248  liquid cultures without selection. After 1 h of incubation, the cultures were diluted 1:10,000 and
249  plated on X-Gal with appropriate antibiotics.

250 X-Gal allowed distinction between blue donor (E. coli C600) colonies and white
251  transconjugant (E. coli XL1 Blue) colonies. E. coli XL1 Blue possess the AlacZ genotype and so
252 cannot metabolize X-Gal to produce blue pigment. Donors and transconjugants with both RK2
253  and pET1la-opalL were selected with chloramphenicol while donors and transconjugants with

254  only RK2 were selected with ampicillin. Control X-Gal plates without antibiotics were made for
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255  each mating culture. Mating frequencies were determined by taking the ratio of transconjugant

256  colonies over total recipient colonies.

257
258 2.10 Two strain mating-toxicity assay using CFUs
259 Mating-toxicity assays using CFUs demonstrated the functionality of our bacterial

260  conjugation delivery system for transferring opalL to target bacteria. 1 mL overnight cultures
261  were made with three biological replicates of E. coli C600 donors carrying both RK2 and
262  pET1la-opal, E. coli C600 donors carrying only RK2, and E. coli BL21 (DE3) recipients
263  carrying pHL662. These cultures were then diluted 1:100 in 5 mL LB medium and incubated for
264 3 h, followed by pelleting and washing twice with LB to remove antibiotics, and then
265  resuspension in 250 pL of fresh medium. Culture volumes were adjusted to give approximately
266  equivalent OD values. Next, donor and recipient strains were mixed to create mating cultures
267  with 1:3 donor to recipient ratios. Mating cultures were spotted onto 1.0 mM IPTG plates
268  without selection and incubated for 5 h. We cut out the solid agar slices with mating spots,
269  transferred them each into 1 mL of PBS, and vortexed thoroughly to resuspend the mated
270  bacteria. These cells were diluted to 1x10™ and plated on LB agar plates containing kanamycin
271 (to maintain pHL662) and 1.0 mM IPTG. GFP-expressing (recipient) colonies and non-
272 fluorescent (donor) colonies were counted using 470 nm excitation and 530 nm emission

273 wavelengths.

274
275 2.11 Two strain mating-toxicity assay using fluorescence growth curves
276 Mating-toxicity assays using fluorescence growth curves further showed the functionality

277  of our bacterial conjugation delivery system for the opalL gene. 1 mL overnight cultures were
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278  made with four biological replicates of E. coli C600 donors carrying both RK2 and pET11la-
279 opal, E. coli C600 donors carrying only RK2, and E. coli BL21 (DE3) recipients carrying
280 pHL662. The overnight cultures were washed twice to remove antibiotics, and resuspended in
281 250 pL of LB media. Culture volumes were adjusted to give approximately equivalent OD
282  values. Next, donor and recipient strains were mixed to create mating cultures with 1:1 donor to
283  recipient ratios. Mating cultures were spotted onto 1.0 mM IPTG plates without selection and
284  incubated for 5 h. We cut out the solid agar slices with mating spots and transferred them to
285  liquid media, where they were incubated for 1 h. The cultures were diluted 1:20 into fresh media
286 with 1.0 mM IPTG in a 96 well plate. GFP fluorescence was measured with 485 nm excitation
287  and 535 nm emission every 20 minutes for 20 h using the Tecan Genios plate reader settings

288  described earlier. These data were normalized with the media’s autofluorescence values.

289
290 2.12 Three strain mating-toxicity assay using CFUs
291 We performed a three strain mating-toxicity assay to demonstrate that this conjugation

292  based delivery approach functions effectively when bacteria other than the donors and the
293  targeted recipients are present. 1 mL overnight cultures were made with three biological
294  replicates of E. coli C600 donors carrying both RK2 and pET1la-opal, E. coli C600 donors
295  carrying only RK2, E. coli BL21 (DES3) recipients carrying pHL662, and E. coli DH5a recipients
296  carrying pUV145. As in the two strain assay, the overnight cultures were diluted 1:100 in 5 mL
297 LB and incubated for 3 h, followed by washing twice to remove antibiotics, and resuspension in
298 250 pL of media. Culture volumes were adjusted to give approximately equivalent OD values.
299  Donor E.coli C600, recipient E. coli BL21 (DE3), and recipient E. coli DH5a were mixed to

300 create mating cultures with ratios of 1:1:2 respectively. Mating cultures were spotted onto 1.0
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301 mM IPTG plates without selection and incubated for 5 hours. Equivalent volumes of E. coli
302 DHS5a alone were spotted onto 1.0 mM IPTG plates without selection and incubated for 5 h. We
303  cut out the solid agar slices with mating spots, transferred them each into 1 mL of PBS, and
304 vortexed thoroughly to resuspend the mated bacteria. These cells were diluted to 1x10™ and
305 plated on kanamycin (to maintain pHL662 and pUV145) and 1.0 mM IPTG. GFP-expressing
306  (target recipient) colonies and non-fluorescent (donor) colonies were counted using 470 nm
307  excitation and 530 nm emission wavelengths, while mCherry-expressing (non-target recipient)
308  colonies were counted using 540 nm excitation and 590 nm emission wavelengths.

309

310 3 Results

311
312 3.1 Design of de novo aggregating antimicrobial peptide
313 To design the OpaL peptide’s amino acid sequence, we considered (i) potential for

314  aggregation, (ii) potential for molecular chaperones and proteases to mitigate the toxic effects of
315  aggregation, and (iii) the polypeptide’s half-life in the cell (Fig. 1A). To promote insolubility in
316  the aqueous cytosolic environment, 139 amino acids of the chosen 185 residue sequence (75.1%)
317  of OpaL possess hydrophobic side chains. These residues include 4 (2.2%) alanine, 15 (8.1%)
318  cysteine, 53 (28.6%) isoleucine, 17 (9.2%) methionine, 14 (7.6%) proline, and 36 (19.5%) valine
319 (Fig. 1B-C). Because molecular chaperones can sequester improperly folded proteins for
320 degradation, several molecular chaperone-targeted amino acids and sequence motifs were
321  avoided in the design of the polypeptide (25). These include aromatic and basic residues (which
322  favor binding by the disaggregase ClpB) (26) as well as leucine and hydrophobic motifs flanked

323 by basic residues (which are targeted by the chaperone DnaK) (Fig. 1A) (27). Since DnaK
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324  binding also disfavors acidic amino acids (28), seven aspartic acid residues were incorporated
325 into the highly hydrophobic OpaL sequence. These aspartic acids were all spaced at least twelve
326  residues apart from each other to minimally interfere with hydrophobicity-mediated aggregation.
327  Since protein half-life is strongly influenced by terminal amino acid sequences, several
328  protective polar amino acids (serine, asparagine, and threonine) were incorporated to avoid
329  degradation by proteases which vastly shorten half-lives by recognizing bulky terminal
330 hydrophobic residues (25). N-formylmethionine was still allowed at the N-terminus since,
331 although it is hydrophobic, N-formylmethionine promotes long protein half-lives (29). Since the
332  N-formylmethionine found in bacterial proteins is often cleaved by intracellular proteases, the
333 next several chosen residues were also among those that promote long half-lives. These design
334  parameters may also provide a general template for future variations of the OpaL peptide.

335 To verify that OpaL’s antimicrobial activity arose mainly from its highly hydrophobic
336  character (75.1% hydrophobic amino acids), we created a similar 184 residue control peptide,
337  Opalacidic, with greatly increased content of acidic amino acids. This peptide includes 30
338  aspartic acid residues comprising 16.3% of the sequence (supplementary Fig. S3). To facilitate
339  charge-charge repulsion and interfere with hydrophobic aggregation (from OpaLacidic’s 70.7%
340 hydrophobic residues), these aspartic acids were placed every five residues over the majority of

341  the sequence.

342
343 3.2 Impacts of OpaL on bacterial growth
344 We demonstrated OpaL’s toxic effect by expressing it under the control of the strong T7

345  promoter on the medium-copy pET11a-opal shuttle plasmid in E. coli BL21 (DE3). In pET11a

346  derived vectors, a lac operator is located directly downstream of the T7 promoter, allowing
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347  induction with isopropyl B-D-1-thiogalactopyranoside (IPTG). When measuring the growth of
348  bacterial cultures of BL21 (DE3) carrying pET11a-opalL using optical density (OD), we found
349  that inducing OpaL expression with 1.0 mM IPTG completely precluded growth (Fig. 2A).
350  When using 0.1 mM IPTG instead, OpaL expression still decreased mean OD (Fig. 2B), though
351 some growth occurred. In absence of IPTG, BL21 (DE3) carrying pET11a-opaL showed a longer
352  lag time compared to E. coli BL21 (DE3) not carrying any plasmids, potentially due to leaky
353  expression from the opaL gene (Fig. 2C). In contrast, E. coli BL21 (DE3) expressing OpaLacidic
354  displayed less toxicity than OpaL, albeit with lengthened lag times relative to control bacteria not
355  carrying any plasmids (Fig. 2A-C). To further investigate this, we deleted the open reading frame
356  of opal to create the control plasmid pET11la-AopaL. E. coli BL21 (DE3) carrying pET11a-
357  AopalL demonstrated significantly higher growth than cells expressing OpalL or Opalacidic,
358  although upon induction (0.1 and 1.0 mM IPTG) a lower growth plateau and longer lag time
359  were observed with respect to the empty plasmid control (Fig. 2A-B). This could be attributed to
360  a metabolic burden from carrying the plasmid.

361 In colony forming unit (CFU) experiments, the viable cell counts of E. coli BL21 (DE3)
362  expressing OpaL dropped to zero after 4 hours of induction with 1.0 mM IPTG (p<0.01),
363 indicating a bactericidal mechanism of action (Fig. 2D). In the absence of IPTG, the viable cell
364 count continued to significantly increase over time. The viable cell counts after 2 hours and 4
365 hours for E. coli BL21 (DE3) carrying pET11a-opalLacidic were significantly lower with 1.0
366 MM IPTG than without any IPTG (Fig. 2E). Without IPTG, growth was observed at a decreased
367 rate relative to the induced Opalacidic cultures. This suggests that OpalLacidic likely operates by
368  a bacteriostatic mechanism. Our data demonstrate that the OpaL and Opalacidic both confer

369  antimicrobial properties, but that OpaL has a much stronger effect.
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370
371 3.3 OpalL causes protein aggregation
372 To test whether OpalL operates by an aggregative mechanism, we employed the statistical

373  thermodynamics algorithm TANGO designed for prediction of aggregation-prone regions in
374  proteins (18). We assumed OpaL and OpalLacidic concentrations of 2 mM based on the T7
375 promoter’s known expression levels (30). Using standard physiological parameters for E. coli
376 (31, 32), we entered an ionic strength of 0.25 mM, a cytosolic pH of 7.5, and a temperature of
377  37°C. Across all its residues, OpaL showed a very high mean aggregation propensity of 35.7%
378  (values greater than 5% are predictive of aggregation) (18), while OpalLacidic had a quite low
379  mean aggregation propensity of 0.7% (Fig. 3A, supplementary table S2). These data support the
380 idea that OpaL expression triggers the formation of lipophilic aggregates.

381 The QUARK algorithm, an ab initio protein structure prediction tool, was used to predict
382  the tertiary structural characteristics of OpaL and Opalacidic. DeepView was employed to
383  visualize these structures and to compute their solvent-exposed hydrophobic surface areas. OpaL
384  was predicted to be rich in B-sheet structures (Fig. 3B). By contrast, OpaLacidic was almost
385  entirely composed of unstructured loops (Fig. 3C). The higher antibacterial toxicity of OpaL
386 relative to OpalLacidic is consistent with these results since many pathological protein aggregates
387 are also rich in B-sheets (17, 18). OpaL’s predicted structure demonstrated 43.6% hydrophobic
388  surface area, while Opalacidic demonstrated a predicted hydrophobic surface area of 21.2%
389  (Fig. 3B-C). The frequent acidic residues in OpalLacidic are likely the reason that OpaL has more
390 than twice the predicted hydrophobic surface area compared to OpalLacidic. Once again, Opal.’s
391 higher antibacterial toxicity relative to OpalLacidic is consistent with these results since protein

392  aggregation is known to be heavily dependent on hydrophobicity (15, 16, 18).


https://doi.org/10.1101/325621

bioRxiv preprint doi: https://doi.org/10.1101/325621; this version posted May 18, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

18

393 To provide experimental evidence for Opal’s aggregative mechanism, we performed an
394  aggregation assay by staining host E. coli BL21 (DE3) with the dye nile red. This dye fluoresces
395  upon exposure to the hydrophobic environments of protein aggregates (33). When induced with
396 1.0 mM IPTG, cells carrying pET11a-opaL showed significantly higher increases in fluorescence
397  after induction relative to cells with pET11a-opaLacidic, pET11a-AopaL or cells without any
398  plasmids (p<0.01) (Fig. 3D). When induced with 0.1 mM IPTG, cells expressing OpaL showed
399  higher increases in fluorescence after induction relative to the other groups, though the
400 differences were not statistically significant at this lower IPTG concentration. This result
401  demonstrates consistency with the design behind our peptides since the hydrophobic regions of
402  Opalacidic are periodically interrupted by 30 aspartic acid residues, while Opal’s hydrophobic
403  regions are much more continuous with only 7 aspartic acids. The repulsive charge-charge
404 interactions between the aspartic acid residues might be responsible for this lesser propensity to
405  form large aggregates and induce nile red fluorescence, especially since nile red fluorescence is
406  not known to decrease under low pH conditions (34). These results are consistent with the data
407  generated by the TANGO algorithm, further supporting OpalL’s mechanism of hydrophobic

408  aggregation.

409
410 3.4 Delivering opaL by repurposing the RK2 conjugative plasmid
411 To utilize antimicrobial peptides in a viable therapeutic approach, appropriate strategies

412  to deliver them to targeted pathogens are required. We show that bacterial conjugation serves as
413  a potential approach to achieve this. Previous work has demonstrated this viability by delivering
414  antibacterial CRISPR systems (4, 35, 36) and toxic hyper-replicating plasmids (37, 38). Here we

415  developed a bacterial conjugation based delivery system for the de novo artificial gene which
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416  encodes OpaL (Fig. 4A). Unlike other antimicrobial peptides, the aggregate forming OpaL
417  peptide is expressed intracellularly and in a genetically targeted fashion from its recipient-
418  specific promoter. The opaL gene was placed under the control of this recipient-specific
419  promoter, so only the recipient strain (not the donor) could transcriptionally activate opal.
420  Therefore, donor bacteria were unaffected while recipient growth inhibition occurred upon
421  intracellular expression. By using the self-transmissible RK2 plasmid and a pET11a-opaL shuttle
422  plasmid, opaL may exponentially spread through bacterial populations.

423 We chose the broad host range conjugative RK2 plasmid to facilitate delivery of the opaL
424  gene because of RK2’s high transfer frequency, conjugative promiscuity, and stability (39, 40).
425  RK2 was originally isolated from antibiotic resistant Pseudomonas aeruginosa and Enterobacter
426  aerogenes strains at the Birmingham Accident Hospital in 1969 (40). Under optimal conditions,
427  RK2, and its shuttle plasmids have very high conjugation frequencies (41-43). For instance, RK2
428  has been shown to mobilize shuttle plasmids from donor to recipient E. coli and from donor E.
429  coli to recipient P. aeruginosa with conjugation frequencies of 8 and 0.2 transconjugants per
430  donor (respectively) (43). The RK2 plasmid can be transferred among most gram-negative and
431  many gram-positive bacteria and has even been shown to move from prokaryotic to eukaryotic
432  cells, albeit at a much lower frequency (39, 41). Additionally, RK2 is known to be a stable
433  plasmid as result of active partitioning, post-segregational killing, and multimer resolution (44).
434  Active partitioning involves NTPases which transport copies of the plasmid to opposite poles of
435  the cell prior to division (45). Post-segregational killing utilizes a slowly degraded toxin and
436  rapidly degraded antidote. If the antidote’s production ceases as a result of plasmid loss, the
437  toxin remains in the cell for longer than the residual antidote and the cell loses viability (46). In

438  multimer resolution, resolvases correct plasmid multimers formed by recombination (44). These
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439  characteristics allow RK2 to rapidly spread plasmid DNA through bacterial populations. RK2
440  encodes relaxosome and transferosome proteins to mediate conjugative transfer (Fig. 4A). The
441  relaxosome binds RK2’s origin of transfer (OriT) site and makes a single-stranded nick to relieve
442  the plasmid’s negative supercoiling (47). The nicked DNA strand unwinds and moves to the
443  membrane-bound mating transferosome complex which then transfers the plasmid to the
444  recipient. In the recipient, the linear SSDNA recircularizes and the other strand is synthesized by
445 rolling-circle replication (44).

446 To deliver opalL to recipient cells, we designed the pET11a-opaL shuttle plasmid, which
447  includes a pET11a backbone, opaL cloned downstream of the T7 promoter and lac operator, a
448 450 bp sequence identical to the OriT site in RK2 (48), and a chloramphenicol (Cm) resistance
449  gene (supplementary Fig. S1). The pET11a backbone was chosen over RK2 itself so that its
450  higher copy number of 15-20 copies per cell (49) (with its pPBR322 OriR) relative to RK2’s 4-7
451  copies per cell (50) and strong T7 promoter would maximize OpalL expression in targeted
452  bacteria. Also, the much smaller (7 kb) pET11la-opaL plasmid enables more efficient genetic
453  manipulation than would be possible if the large (60 kb) (48) RK2 plasmid had served as the
454  backbone. Since the T7 promoter’s expression requires host cells with cytosolic T7 RNA
455  polymerase, pET11a-opal achieves strain-specific killing of E. coli BL21 (DE3), leaving host
456  cells which lack the T7 RNA polymerase unharmed. Future extensions of this system may allow
457  promoter-based targeting of pathogenic microorganisms, avoiding the killing of indigenous
458  human microflora which occurs with most traditional antibiotics (51).

459 We demonstrated the conjugative transfer of RK2 by mating donor E. coli C600 carrying
460 the RK2 plasmid with recipient E. coli XL1 Blue. To verify that pET11a-opaL could undergo

461  mobilization by RK2, we performed the same procedure using E. coli C600 carrying both RK2
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462  and pET1la-opal as donors. After the mating these strains, we plated the mating cultures on X-
463  gal and ampicillin (for RK2 matings) or Cm (for pET11a-opaL matings) in order to obtain CFUs
464  of donors and transconjugants. We also plated the same cultures on X-gal without either
465  antibiotic in order to obtain total recipient CFUs. Since E. coli XL1 Blue has the AlacZ mutation,
466  transconjugant and recipient colonies were white, while donor colonies were blue. The
467  conjugation frequencies were determined by calculating the ratio of transconjugant to total
468  recipient colonies. The pET1la-opalL vector, when mobilized by RK2, showed a mean
469  conjugation frequency of 2.63x10%+1.23x107 transconjugants per recipient, confirming that

470  RK2 is capable of conjugatively transferring pET11a-opal.

471
472 3.5 OpaL kills recipient cells in the two-strain mating experiment
473 We mated donor E. coli C600 carrying RK2 and pET11a-opaL plasmids with recipient E.

474  coli BL21 (DE3) carrying the pHL662 plasmid (which expresses GFP) using 1:3 donor to
475  recipient ratios based on optical density in presence of 1.0 mM IPTG. As a control, we also
476  performed these matings using donors that carried only the RK2 plasmid under similar
477  conditions. After the matings had been completed, the cultures were diluted and spread on fresh
478  solid medium containing 1.0 mM IPTG. Using fluorescent protein expression to distinguish
479  between strains (supplementary Fig. S2A), we calculated the ratios of recipient colonies to total
480  colonies. The experimental group’s recipient CFU fractions were 2.0-fold lower than those in the
481  mating control (p<0.01), demonstrating successful opalL delivery and toxicity (Fig. 4B). In
482  addition to the CFU experiments, we measured recipient growth curves using GFP fluorescence
483  from mating cultures in a microplate reader. The recipient E. coli BL21 (DE3) showed

484  significantly decreased growth when donors delivered both RK2 and pET11a-opal as compared


https://doi.org/10.1101/325621

bioRxiv preprint doi: https://doi.org/10.1101/325621; this version posted May 18, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

22

485  to the control without pET11a-opaL (Fig. 4C). After 20 hours of growth, the mean fluorescence

486  value of the experimental group was 1.5-fold lower than that the control (p<0.001).

487
488 3.6 Strain-specific Killing in a three-strain mating experiment
489 To show this proof-of-concept in a more complex competitive environment, we next

490  conducted three-strain matings between donor E. coli C600 (carrying RK2 in the control, with
491  both RK2 and pET11a-opaL for the experimental group), targeted recipient E. coli BL21 (DE3)
492  with GFP expressed from pHL662, and a non-targeted recipient E. coli DH5a with mCherry
493  expressed from the plasmid pUV145 (22) (supplementary Fig. S2B). The OD-adjusted ratio of
494  donors to targeted recipients to non-targeted recipients was 1:1:2. Otherwise, the same general
495  procedures used in the two-strain matings were employed. Both the fractions of targeted
496  recipients and the fractions of non-targeted recipients were determined relative to the total
497  colonies on each plate. The experimental group’s targeted recipient CFU fractions were a
498  significant 2.7-fold lower than those in the mating control (p<0.001), while the non-targeted
499  recipient CFU fractions did not differ significantly from the control (p=0.71) (Fig. 4D). This
500 demonstrates that our system may operate effectively with more complicated competition
501 dynamics and that non-target recipient bacteria are not harmed by opalL.

502

503 4 Discussion

504 We designed and tested the first aggregating de novo antimicrobial peptide, OpalL, to
505 form insoluble inclusion bodies and disrupt bacterial homeostasis, serving as the basis for the
506 rational design of novel antimicrobials. We envision that OpaL resistant strains may arise less

507 rapidly than small-molecule antibiotic-resistant strains since hydrophobic aggregates do not bind
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508 to a specific target and hydrophobic aggregates disrupt homeostasis through numerous
509 mechanisms (15, 16). Therefore, the target site mutations implicated in typical resistant
510 phenotypes (52) may be probabilistically less likely. It is also unlikely that insoluble protein
511  aggregates would be removed via efflux mechanisms. Furthermore, the peptide’s de novo amino
512  acid sequence could decrease the frequency of enzymatic exaptation towards specific binding
513  and cleaving of motifs within OpaL. It should be noted that mutations in the promoter upstream
514  of opaL could decrease intracellular OpaL accumulation, providing a route for outgrowth. In this
515  scenario, donors with fresh copies of the original opaL gene could be supplied to restore full
516  expression. Even if resistance was to arise, Opal’s design is highly amenable to directed
517  evolution. Since Opal’s mechanism depends on persistent “misfolding” and aggregation rather
518 than fixed tertiary folds, mutations should be less likely to decrease OpaLl’s activity, widening
519 the pool of potentially improved mutants as compared to most protein therapeutics (53). After
520 iterated mutagenesis and screening, this scenario’s opalL gene may regain activity against
521  resistant pathogens. Furthermore, as hydrophobic aggregation can occur in any aqueous cellular
522  environment, Opal’s mechanism may enable activity in diverse types of targeted bacteria.

523 We also demonstrate an assembly of biological components to develop a mobile genetic
524  system which eliminates promoter-targeted strains within bacterial populations. We employed
525 the highly efficient RK2 plasmid to mobilize our pET11a-opal shuttle vector and spread opalL
526  through populations of bacteria. Our RK2 mediated delivery system has promise for treating
527 infections which involve biofilms. The rate of bacterial conjugation tends to be much higher in
528  biofilms (which pathogenic bacteria such as E. faecalis and P. aeruginosa frequently form) (54,
529  55) than in laboratory culture conditions. Of particular note, Hausner and Wuertz showed that

530 conjugative transfer increases up to 1,000-fold when using RK2 derived plasmids in biofilms
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531  (56). In large part, this occurs because cells within biofilms are immobilized and consequently
532  form more stable conjugative junctions (57). We envision pathogenic biofilms providing a rich
533  conjugative environment for opalL propagation. Donor bacteria with similar surface
534  characteristics to the target pathogens might be capable of integrating into biofilms. Opal’s
535 effectiveness could be tested in the future using pathogenic bacteria such as P. aeruginosa under
536  biofilm forming conditions. Our de novo design approach for an aggregating antimicrobial
537  peptide may be adaptable to many types of infections, yet possess specificity in its targeting of
538  pathogens. This technology provides new opportunities for addressing the global challenge of
539  antibiotic-resistant bacterial infections.

540
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Figure 1. Rational design of antimicrobial hydrophobic peptide. (A) The pET1la-opalL
vector expresses OpaL from the strong T7 promoter. Using T7 restricts OpaL expression to the
target strain, E. coli BL21 (DE3). OpaL forms hydrophobic aggregates, disrupts bacterial
homeostasis, and Kills the host microorganism. Polar terminal patches were incorporated to
increase stability by disfavoring interactions with bacterial proteases (25). Leucine, aromatic
amino acids, and basic amino acids were excluded from the Opal sequence because these

residues tend to favor interactions with DnaK (26) and the disaggregase ClpB (27). Numerous
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706  (76.3%) hydrophobic residues facilitate Opal.’s ability to form toxic intracellular aggregates (15,
707  16). (B) The OpaL peptide’s amino acid sequence is primarily hydrophobic (blue). Exceptions
708 include its polar N- and C- terminal patches (green) for stability, scattered glycines (black) for
709  conformational flexibility, and a small number of aspartic acid residues (red) to further disfavor
710 binding by the chaperone DnaK (28). (C) Structure of OpaL residues 22-26. Opal’s bulky
711 nonpolar side chains create a hydrophobic chemical environment.

712
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713

714  Figure 2. Antimicrobial effect of OpaL. (A-C) Growth curves of BL21 (DE3) carrying
715  synthetic antimicrobial genes on plasmids pET1la-opaL (OpalL), pET1la-opalLacidic
716  (Opalacidic), pET11a-AopaL (control vector without an open reading frame), and no plasmid
717 (None) under: (A) 1.0 mM IPTG induction, (B) 0.1 mM IPTG induction, and (C) without IPTG
718 induction. (D) CFUs of BL21 (DE3) carrying pET11a-opalL and no plasmid at t=0, t=2, and t=4
719  hours post induction with 1.0 mM IPTG and at the same time points without IPTG. (E) CFUs of
720 BL21 (DE3) carrying pET1la-opaLacidic and no plasmid at t=0, t=2, and t=4 hours post
721 induction with 1.0 mM IPTG and at the same time points without IPTG. Data shown in this
722 figure represent the means of three biological replicates. Error bars represent standard error and
723 P-values were calculated using a two-tailed type 11 t-test.

724
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Figure 3. OpaL causes intracellular aggregate formation. (A) Predicted mean aggregation
propensity percentages across all amino acids for OpaL and Opalacidic using the TANGO
statistical thermodynamics algorithm. (B) OpaL’s structure as predicted by the ab initio QUARK
algorithm. This structure includes numerous B-sheets, similar to many naturally-occurring
proteins which form aggregates (17). (C) The structure of Opalacidic as predicted by the ab
initio QUARK algorithm. This structure is mostly composed of unstructured loops, probably as a
result of the 30 aspartic acid residues spaced regularly through the sequence. (D) BL21 (DE3)
carrying pET1la-opalL, pET1la-opalLacidic, pET1la-AopalL, and BL21 (DE3) without any

plasmids were stained with nile red to demonstrate that OpaL forms nonpolar aggregates.
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Fluorescence was measured immediately prior to IPTG induction and 2 hours after induction.
These data represent the means of five biological replicates. In this figure, error bars represent

standard error and P-values were calculated using a two-tailed type Il t-test.
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Figure 4. OpaL shows targeted killing when delivered by bacterial conjugation. (A) OpaL
delivery using bacterial conjugation. Donor bacteria transfer the broad-host-range conjugative
plasmid RK2 and the shuttle plasmid pET11a-opaL to recipient bacteria. The RK2 plasmid’s
Tral operon encodes a relaxosome complex which makes a single-stranded nick in the origin of
transfer (OriT) (47). RK2’s Tra2 operon encodes a transferosome complex which facilitates the

transfer of the ssSDNA to the recipient. The 450 bp OriT sequence from RK2 was cloned into
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746  pET1la-opalL so that opaL would undergo conjugative transfer. Using this mechanism, these
747  conjugative vectors move into the recipient bacteria, re-circularize, and begin replicating (44). E.
748  coli BL21 (DE3) encodes T7 RNA polymerase which binds the T7 promoter upstream of opalL
749  and initiates expression. OpaL accumulates and forms insoluble aggregates, killing the host
750  bacterium. (B) Two-strain CFU mating-toxicity assay. In the control co-cultures, donor E. coli
751  C600 (RK2) and recipient E. coli BL21 (DE3) (pHL662) were used. In the experimental co-
752 cultures, donor E. coli C600 (RK2, pET11a-opaL) and recipient E. coli BL21 (DE3) (pHL662)
753  were used. (C) Growth curves for mating-toxicity experiments. These growth curves include
754  fluorescence (normalized to OD) for co-cultures of donor E. coli C600 (RK2) and recipient E.
755 coli BL21 (DE3) (pHL662), co-cultures of donor E. coli C600 (RK2, pET1la-opal) and
756  recipient E. coli BL21 (DE3) (pHL662), and recipient mono-cultures of E. coli BL21 (DE3)
757  (pHL662). These cultures were inoculated into a microplate after mating on solid medium for 5
758  hours. Recipient growth was measured by GFP fluorescence. These data represent the means of
759  four biological replicates and error bars represent standard error. (D) Three-strain CFU mating-
760  toxicity assay. In the control co-cultures, donor E. coli C600 (RK2), recipient E. coli BL21
761  (DE3) (pUV145), and recipient E. coli BL21 (DE3) (pHL662) were used. In the experimental
762  co-cultures, donor E. coli C600 (RK2, pET11a-opal), recipient E. coli BL21 (DE3) (pUV145),
763  and recipient E. coli BL21 (DE3) (pHL662) were used. For panels B and D the mean recipient
764  fractions relative to total cells after 5 hours of mating are displayed. These data represent the
765 means of three biological replicates. Error bars represent standard error and P-values were

766  calculated using a two-tailed type Il t-test.
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