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ABSTRACT

Learning from experimentally determined interacting secondary structural motifs, we compiled a database
to facilitate a data-driven design of therapeutic peptides (TPs). 1.7 million helical peptides (HPs) in >130
thousand proteins are extracted along with their interacting partners from the protein data bank (PDB). The
sequences of the HPs are developed into a searchable database (TP-DB) by creating indices that map
specific peptide patterns to locations of matched HPs in the TP-DB. Leveraging TP-DB to search for a
potent membrane-insertion pattern WXXWXXW, established by our microsecond-long MD simulations,
we found a positively charged HP that matches the pattern has a commensurate minimal inhibitory
concentration (MIC) against Candida albicans (fungus) as compared to previously characterized homologs.
With identifying peptides containing the affinity determinant motifs DYKXX[DE] of FLAG-tag within
pathogenic proteins, which PHI-BLAST failed to find, we successfully discovered Helicobacter pylori
neutrophil-activating protein (HP-NAP), a virulence factor of H. pylori, to contain a stretch of sequence
DYKYLE that can be recognized by the anti-FLAG M2 antibody. By doing so, we repurposed a
purification-tag-specific antibody into a diagnostic kit for pathogen’s virulence factors. Taken together, we
believe that TP-DB and its pattern-based search engine provide a new opportunity for a
(secondary-)structure-based design of peptide drugs and diagnostic kits for pathogens without inferring
evolutionary homology between sequences sharing the same pattern. TP-DB is made available at

http://dyn.life.nthu.edu.tw/design/
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1. Introduction

“Nature is a tinkerer, not an inventor" [1]. Similar sequences and structural motifs are used across kingdoms
for important functional purposes that are subject to physical laws and to evolved chemical dependency for
life. One enticing application after learning so much from the now >140,000 PDB structures and the
functions they encode is to reassemble them into therapeutics for medicinal purposes.

A number of efforts have been laid to establish fragment-based design of drug leads [2,3] and associated
databases/software [4]. However, there has not been a systematic approach to assemble structurally resolved
protein fragments for the design of therapeutics. Preferably, given a known functional motif, say, a motif
that can be recognized by an antibody or a sequence pattern essential to bactericidal activity, whether there
is a proper search engine to locate all the matched structural fragments reporting relevant analytics in a
timely fashion? To address such a need and showcase protein-fragment-based therapeutic design, we
introduce the Therapeutic Peptide Design dataBase (TP-DB).

In this seminal work, we extracted ~1.7 million (1,676,119) structurally resolved helices and their
contacting/interacting helical partners from the protein data bank (PDB), from which helical propensity and
coordination (contact) number are derived (Table 1). We then establish a pattern-specific search engine to
find sequences bearing particular spatio-chemical properties instead of finding evolutionary homologs that
is the purpose of Pattern Hit Initiated BLAST (PHI-BLAST) [5]. PHI-BLAST requires the input of both
pattern and the template sequence. As a result, the PHI-BLAST does leave out the sequences that meet the
gueried pattern but are not indicative of evolutionary homology, which differs from the functionality of TP-
DB. Here, we are able to use TP-DB to develop a new series of anti-fungal/antimicrobial peptides, and
convert the antibody against a purification tag into a diagnostic reporter to detect Helicobacter pylori

infection. Methods and results are reported below.

2. Methods

2.1. Extraction of Helical Peptide Sequences from the Protein Data Bank (PDB)

To obtain the amino acid sequences that fold into helices in nature, we processed the PDB [6] files of
130,000+ experimentally determined protein structures and extracted secondary structure information from
the header part of the PDB files. This allowed us to obtain the peptide sequences corresponding to the
helices in each of the proteins. In addition, for a given helix, its contacting neighbors in 3D space, the

adjacent helical peptides that are <4 A away (per heavy atoms), are also documented.


https://doi.org/10.1101/651315

bioRxiv preprint doi: https://doi.org/10.1101/651315; this version posted May 27, 2019. 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.

2.2. Creation of TP-DB

The collected peptides sequences are carefully developed into a searchable database by creating indexes
that map peptide patterns (such as Y***G**K, which is equivalent to “Y 3 G 2 K”) into where they could
be found in structurally solved proteins. "Where" a given peptide pattern can be found is defined by the
PDB ID, the chain ID, and the index of the position where the pattern begins in that chain of the PDB. For
easy computability and high flexibility of expression without losing accuracy, a given pattern (Y***G**K)
is represented by a key (such as "Y 3 G 2 K") which is a combination of alphabets and numbers. The keys
serve as the indexes for the database. For example, the key "Y 3 G 2 K" points to all the locations where a
"Y" could be found such that the fourth (i.e. 3 + 1) amino acid downstream to it isa "G" and the third (i.e.

2 + 1) amino acid after "G" is a "K".

For each of the peptide, in the TP-DB (Fig. 1A), we scan the sequence of peptide, and generate its keys
containing three amino acids (which are henceforth referred to as anchors) at a time (Fig. 1B). The three
anchors do not have to be consecutive amino acids in the sequence. By design, we allow zero to four amino
acids in between the first anchor and the second anchor, and between the second anchor and the third anchor.
We represent each key obtained from the peptide as “CmDnE” such that C, D, and E are the one letter codes
of amino acids and m, n are numbers of spacings. Therefore, peptide, with sequence
ADEKKFWGKYLYEVA has keys that range from AODOE, DOEOK, ..., EOVOA, AODIK, ..., K4Y4A as
shown in Fig. 1B. While scanning the sequence of peptide, for its keys, we extract the start position of each
key at the same time. The keys and their start positions (values) are indexed to make up the database (Fig.
1C). For a given key-value pair in the database, the value is an array of peptide identifiers and all the start
positions of that key in each of the peptides (Fig. 1C). The building of this database index (made up by the
key-value pairs) is the database creation itself. Find TP-DB at http://dyn.life.nthu.edu.tw/design/
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A
Peptide ,: ADEKKFWGKYLYEVA Peptide ,: TAFEGGILKKGHHCSYTKH
Positions: 012345678901234 Positions: 0123456789012345678
B
Keys in Peptide, | Start Positions in Peptide ,
AODOE, DOEOK, ..., YOEOV, EOVOA | 0,1, ..., 11, 12
AOD1K, DOETK, ..., LOY1V, YOE1A | 0,1, ..., 10, 11
ce | ee
AOD4W, DOE4G, ..., GOK4V, KOY4A | 0,1, ..., 7, 8
ce | ..
A4FOW, D4WOG, ..., G4EOV, K4VOA | 0, 1, , 7, 8
. |
A4F4AL, D4AW4AY, ..., K4K4V, K4Y4A | 0, 1, , 3, 4
C
DByypex = { AODOE: [ [Peptide, , 0], [Peptide,,, , 17, 21, ...1, ...1,
DOEOK: [ [Peptide, , 1], [Peptide,,, , 13, 25, ...1, ...]1,
K4VOA: [ [Peptide, , 8], [Peptide,,, , 1, 64, ...1, ...1,
K4Y4A: [ [Peptide, , 4], [Peptide,,, , 23, 41, ...1, ...]1,
-}
D
Sample patterns Keys in Examples of peptides that
of interest the DB the patterns can match
ADE AODOE ADEKKFWGKYLYEVA
DEK DOEOK ADEKKFWGKYLYEVA
K----VA K4VoA ADEKKFWGKYLYEVA
K----Y----A KaY4A ADEKKFWGKYLYEVA
E

Simple Query: K4 Y 4 A, which is equivalent to K4Y4A or K----Y----A
Direct Fetch: K4Y4A from DBy, in the RAM: —

[ [Peptide ., , 4], [Peptide,., , 23, 41, ...]1, ...1,
F
[1] Complex Query: Process into a Combination of Simple Queries
Example of Matching Patterns Constituent
Complex Queries Simple Queries
A3G2K
A3G2K3H4K A3G2K3HA4K K3H4K
A3GaKk3Hak | A3E2E
A/Y 3G2K3H4K V3G 2K
Y3G2K3HA4K K3H4K
A2G2K
A2G2K3HA4K K3H4K
A2G2KA4HA4K A2G2 ﬁ AH4K
A2,3G2K34H4K A3G2K
A3G2K3HA4K K3H4K
A3G2K
A3G2KA4HA4K K4H4K

[2] Simple Queries' results are aggregated into the required results

Fig. 1. Creation and Querying of TP-DB. (A) Depiction of peptider and peptidez, and the positions of
their amino acids. (B) Examples of the possible keys in peptide,. (C) The Database’s index contains keys
which point to the information regarding where each of the keys could be found. The information includes
peptide identifiers, and the start positions of each key in each of the peptides that contains that key. (D) The
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patterns of interest can be translated into formats that are similar to those of the keys in the database. (E)
Results for simple queries can be directly fetched from the database without extended preprocessing of the
query. (F) A complex query can be systematically broken down into joint results of simple queries.

2.3. Querying the TP-DB

The design of the database and its indexes make it easy to query the database even when the patterns of
interest are not simple. To query the database, the user specifies at least three anchor amino acids and the
number of amino acids between the anchors, such that “ADE”, “K----VA”, and “K----Y----A” could be
queried using “A 0D 0 E”, “K 4V 0 A”, and “K 4 Y 4 A” respectively (Fig. 1D). For such simple queries
(such as “K 4Y 4 A”), the results are fetched directly from the database’s index that resides in the server’s
random-access memory (Fig. 1E). Furthermore, the design of the indexes of the database makes possible

its efficient querying even when one needs to search for non-trivial patterns, which is discussed next.

We define a non-trivial pattern as a pattern that is not directly a key in the TP-DB but which could be pre-
processed into a combination of simple patterns and subsequently into simple queries that could be directly
found in the database. Therefore, when a non-trivial pattern is queried, we break it down until we reach its
components that correspond to keys that could possibly be found in the database as illustrated with the
examples in Fig. 1F. For instance, “A/Y 3 G2 K 3 H 4 K” is broken down into a combination of two sub-
queries/machining patterns “A 3 G2 K3 H4 K” and “Y 3 G2 K 3 H 4 K” and the five anchors in each of
the machining patterns are treated as a combination for two keys each with three anchors such that the third
anchor of the first key is the same as the first anchor of the second key as shown in Fig. 1F. We then query
the database for the keys. A systematic combination of the results from all the keys (while taking into
account the regions where the keys overlap) makes it possible to construct the needed results for the non-

trivial query.

2.4. The TP-DB

To make the developed database easily accessible to protein scientists, chemists and biochemists, we have
developed a web server interface on top of the developed TP-DB. The web server accepts queries in the

format describe above and the results of the queries are processed in real-time. A simple html interface to

the web server is available at http://dyn.life.nthu.edu.tw/design/ for the pattern search, and at

https://dyn.life.nthu.edu.tw/design#helixblast for the BLAST search (parameterized for short sequences).

The use of the latter is beyond the scope of this paper.
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2.5. Physiochemical Properties and Ranking of the Helical Peptides in TP-DB

The helical peptides returned by a query is ranked by their helical propensity scores and then by their contact
scores. The helical propensity score for a given peptide sequence matched is computed by summing up the
"HPnNA" of the amino acids that make up the sequence, where "HPnNA" is the "Helical Propensity score
of an amino acid normalized by the Natural Abundance of that amino acid" as shown in Table 1. The
contact score is the average number of amino acids contacting each of the amino acids in the helix within
a 15A range. Sample outputs of the web server (with the helical peptides ranked accordingly) are shown in
the Table 2.

2.6. General MD Simulations Protocol

All MD simulations were performed using NAMD package 2.9 [7] in NPT ensemble with periodic
boundary conditions. Latest CHARMM forcefields [8,9] were employed for the peptide, water and lipids,
respectively. All simulations were performed at time step of 2 fs and trajectories were recorded every 5000
steps (i.e. at every 10 ps). RATTLE and SETTLE algorithms are applied to constrain hydrogen atoms in
peptides and waters. Cutoff of 12 A with switch distance 10 A and pair list distance 14 A are applied when
calculating non-bonded interactions. With periodic boundary conditions, the Particle Mesh Ewald method
[10] was employed for calculations of long-range electrostatic interactions. Temperature was maintained at
310 K using Langevin dynamics [11] and pressure was controlled at 1 ATM using NoséHoover Langevin
piston [12].

2.7. Lipid Preparation and Equilibrium in silico

Zwitterionic membrane with 78 POPC (termed as “PC” hereafter) lipids was used to mimic eukaryotic
membrane [13,14]. The AMPs and lipid bilayers were solvated in explicit TIP3 water molecules [15]. Na*
and CI" ions were added to neutralize the system. The initial area per lipid of PC was prepared to match
their experimental values measured at 303 K, which is 68.3 +1.5 A2[16]. The CHARMM-GUI server was

employed to build these lipid-water-ion systems [17].

The lipid-water-ion systems were equilibrated at 310 K using an NPT ensemble with gradually reduced

restraints for 10 ns, followed by a 100 ns equilibration without restraints. The thickness of the membranes
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was the difference in the z direction between the center of mass (COM) of the P atoms of the upper and
lower leaflets of the lipid bilayers. In the last 50 ns, snapshots whose thicknesses were the same as the
average thickness were selected as the equilibrated lipid-water-ion system to which the AMPs were loaded.
The AMP-lipid-water system was neutralized with Na*/Cl ions and equilibrated in NVT and NPT
ensembles for a total of 3.6 ns. After equilibration, the AMP-lipid-water-ion systems were simulated for
200 ns at 310 K using an NPT ensemble.

2.8. Free diffusion simulations for AMPs in the presence or absence of lipids

and soft boundary condition

NMR spectra-solved a-helical conformations and fully extended (random-coil) AMPs were simulated
together with PC membrane in a water box containing 0.02 M NaCl. For the fully extended AMPs, they
were first simulated with an NPT ensemble for 50 ns in the absence of lipids. The resulting snapshots of
the AMPs were clustered into 5 groups based on their structural similarity with a cutoff RMSD of 0.1 A
using the “clustering” plug-in of the VMD software [18]. A representative conformation from the biggest
cluster was selected as the initial conformation for an AMP before it was loaded with the equilibrated

membrane for the freely diffused insertion simulation.

2.9. Production of recombinant Helicobactor pylori neutrophil-activating
protein (HP-NAP) and maltose-binding protein (MBP)

Recombinant H. pylori neutrophil-activating protein (HP-NAP) was expressed in E. coli BL21(DE3) cells
harboring the expression plasmid pET42a-NAP and purified by either two consecutive gel-filtration
chromatography as previously described [19] or a small-scale DEAE Sephadex negative mode batch
chromatography as previously described [20]. Maltose-binding protein (MBP) was prepared the same as
the procedure for production of MBP fused with the polypeptide containing residues Arg77 to Glul16 of
HP-NAP as described below except that E. coli BL21(DES3) cells harboring the pMALc2g expression vector

was used for expression.

2.10. Cloning of HP-NAPRr77-e116 into @ MBP fusion protein expression vector
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The plasmid DNA pET42a-NAP encoding a napA gene from H. pylori strain 26695 [GenBank: AE000543.1,
Gene: HP0243] was prepared as previously described [19]. The DNA fragment coding for polypeptide
containing residues Arg77 to Glu116 of HP-NAP (HP-NAPg77-e116), Which contains the D-Y-K-x-x-[DE]
motif, was amplified by PCR from the plasmid pET42a-NAP using the forward and reversed primers
containing. BamHI and Hindlll  site, respectively. The forward primer is 5’-
ATAAGGATCCCGTGTTAAAGAAGAAACTAAAAC-3> and the reversed primer is 5°-
TTAATAAGCTTTAATTCTTTTTCAGCGGTGTTAGAG-3’. The PCR reaction was carried out with 10
ng plasmid DNA pET42a-NAP as a template and KAPA HiFi PCR Kit (Kapa Biosystems, Inc.) in a
Mastercycler Gradient 5331 (Eppendorf, Germany). An initial denaturing phase of 95 <C for 5 min was
followed by 39 cycles of 98 <C for 20 sec, 67 <T for 15 sec, and 72 <C for 15 sec. A final elongation phase
of 72 <C for 2 min was also included. The amplified DNA fragments encoding HP-NAPg77.e116 Were then
cloned into pJET1.2/blunt vectors using the CloneJET PCR Cloning Kit (Thermo Fisher Scientific Inc.).
The resulting plasmid was designated as pJET1.2/blunt-HP-NAPg77.e116. The insert was sequenced to
confirm the correct DNA sequence. The correct insert was digested from pJET1.2/blunt-HP-NAPRg77-e116
with BamHI and Hindlll and then cloned into the pMALc2g expression vector [21]. The resulting plasmid
was designated as pMALc2g-HP-NAPg77-e116.

2.11. Production of MBP-tagged HP-NAPR77-E116

E. coli BL21(DE3) cells harboring pMALc2g-HP-NAPr77.£116 Were streaked on a lysogeny broth (LB) agar
plate containing 100 pg/ml ampicillin and incubated at 37 <C for 16 hr. A single colony was picked and
inoculated into 4 ml of LB containing 100 pug/ml ampicillin and the culture was incubated at 37 <C with
shaking at 170 rpm for 16 hr. A volume of 2 ml of the overnight culture was inoculated into 200 ml LB
containing 100 pg/ml ampicillin and the inoculated culture was incubated at 37 <C with shaking at 170 rpm
for 2 hr until the ODeqo reached 0.5. The expression of MBP-tagged HP-NApr77-e116 Was induced by the
addition of isopropyl p-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM and the
culture was incubated at 37 <C with shaking at 180 rpm for 3 h until the ODeoo reached 1.7. Then, the cells
were centrifuged at 6,000 x g at 4 T for 15 minutes to remove the supernatant and the cell pellets were
stored at -70 C.

The cell pellet from a 200 ml culture of E. coli expressing recombinant MBP-tagged HP-NAPgr77-g116 Were
re-suspended in 20 ml of ice-cold buffer containing 20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT), plus 0.1% (v/v) protease inhibitor
mixture (P mix). The Pl mix contained 0.13 M phenylmethylsulfonyl fluoride (PMSF), 0.03 M N-alpha-
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tosyl-L-lysyl-chloromethyl ketone (TLCK), and 0.03 M N-tosyl-L-phenylalanyl-chloromethyl ketone
(TPCK). The bacterial suspensions were disrupted by Emulsiflex C3 high-pressure homogenizer (Avestin)
operated at a range of 15,000-20,000 psi for 7 times at 4 <C. The lysates were centrifuged at 30,000 x g at
4 <C for 1 hr to separate insoluble and soluble proteins by using a Hitachi himac CP80WX ultracentrifuge
(Hitachi Koki Co. Ltd., Tokyo, Japan). Then, 5 mL supernatant containing the soluble proteins were loaded
onto a 1-ml MBPTrap HP column (GE Healthcare Bio-Sciences), which was pre-equilibrated with 20 mM
Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA, and 1 mM DTT, at a flow rate of 0.5 ml/min at 4 <C by
AKTA Purifier. The column was eluted with 20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM
DTT, and 10 mM maltose at a flow rate of 1 ml/min at 4 <T by AKTA Purifier. The flow-through and
elution fractions were analyzed by SDS-PAGE on a 12% gel. The elution fractions containing recombinant

MBP-tagged HP-NAPRr77-£116 Were collected and concentrated to a concentration higher than 1 mg/ml.

2.12. Recombinant HP-NAP-based enzyme linked immunosorbent assay
(ELISA)

Nunc MaxiSorp ninety-six-well enzyme linked immunosorbent assay (ELISA) plates (Nunc, Rochester,
NY, USA) were coated with 0.3 ug of recombinant HP-NAP in 100 pl of bicarbonate buffer (pH 9.0) for
each well at room temperature for 16 hr. Each well was washed with 300 pl of phosphate buffered saline
(PBS), pH 7.4, containing 20 mM NazHPO4, 1.47 mM KH,PO,, 137 mM NaCl, and 2.7 mM KCI, with the
addition of 0.1% tween-20 (PBS-T) three times for 10 min each time. The wells were blocked with 250 pl
PBS with 1% bovine serum albumin (BSA) for 2 hr and then washed with 300 pul of PBS-T buffer three
times for 10 min each time. The anti-FLAG M2 antibody (Sigma-Aldrich, Cat# F-3165) and its
corresponding mouse IgG antibody (Sigma-Aldrich, Cat# 15381) at a concentration of 600 ng/ml and the
hybridoma culture supernatant containing mouse monoclonal antibody MAb 16F4 [22] against HP-NAP at
a dilution of 1:5000 in 100 pl of PBS-T buffer containing 1% BSA were added into each well. The plate
was incubated at room temperature for 1 hr and then the wells were washed with 300 pl of PBS-T buffer
three times for 10 min each time. The horseradish peroxidase-conjugated goat anti-mouse secondary
antibody (Jackson ImmunoResearch) at a dilution of 1:10000 in 100 ul of PBS-T buffer containing 1%
BSA was loaded into each well. The plate was incubated at room temperature for 1 hr and then the wells
were washed with 300 ul of PBS-T buffer three times for 10 min each time. The color was developed using
3,3°,5,5 -tetramethylbenzidine (TMB) peroxidase substrate (Thermo Scientific). The reaction was
terminated by the addition of 2 N H.SO4, and the absorbance at 450 nm was measured by Bio-rad iMark

microplate absorbance reader (Hercules, CA).
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2.13. Western blot analysis

Western blotting was performed essentially the same as previously described [23]. The membrane was
probed with either anti-FLAG M2 antibody (Sigma-Aldrich) at a concentration of 1 ug/ml or the hybridoma
culture supernatant containing mouse monoclonal antibody MAb 16F4 [22] against HP-NAP at a dilution
of 1:2000.

2.14. Determination of the Minimum Inhibitory Concentration (MIC)

To measure antimicrobial activity of peptides, minimum inhibitory concentrations (MIC) are determined
by broth-dilution assay as described in Clinical and Laboratory Standards Institute (CLSI) documents M27-
A3 for yeasts [24] and M07-A9 for bacteria [25] with some modifications. Briefly, E. coli ATCC 25922
and C. albicans SC5314 are recovered from frozen stock by growing overnight at 37<C on LB (Luria-
Bertani) and YPD (Yeast Extract-Peptone-Dextrose) agar plates, separately. A single colony of E. coli is
inoculated into 5 ml LB medium and grown overnight at 37<C with shaking at 220 rpm. Cells are then
diluted into MHB (Mueller-Hinton broth) at 1:100, and grown until the optical density at 600 nm (ODgoo)
achieves 0.4 to 0.8. For C. albicans SC5314, a single colony was inoculated in YPD broth and grown
overnight at 30°C with shaking at 180 rpm. Cells from the overnight culture are subcultured into fresh YPD
and grown to mid-log phase. Finally, E. coli and C. albicans cells obtained from above-described are diluted
into MHB and LYM, a modified RPMI 1640 medium [26] to a concentration of ~5 %< 10° cells/ml and ~4
x 10* cells/ml, respectively. To determine the MIC values, one hundred microliters of cells was placed in
each well of a clear bottom 96-well microplate, followed by independently adding 100 pl peptides with
different concentrations (in MHB or LYM). The final concentrations in the wells are 120, 60, 30, 15, 7.5,
3.75 and 1.88 pg/ml for peptides, ~ 2.5 x 10° cells/ml for E. coli and ~2 < 10* cells/ml for C. albicans. The
plate was incubated at 37 <C with shaking at 220 rpm for 18 h (E. coli) and at 180 rpm for 24 h (C. albicans).
The ODegoo Values are measured using a iMark™ Microplate Absorbance Reader (Bio-Rad). The MICq
value is determined by 90% reduction in growth compared with that of the peptide-free growth control.
Experiments are performed in pentaplicate, and MICq is determined as the majority value out of the 5

repeats.
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3. Results and Discussions

3.1. Database Features and Statistics

Overall, we extracted 1,676,119 helical peptides from the experimentally solved protein structures in the
protein data bank (PDB). The helical peptides contain 24,301,682 amino acids in total. The probability
distribution of different amino acid type in the helices are shown in the second column (HP: Helical
Propensity) of Table 1. Similarly, relative natural abundance (NA) of the amino acids are shown in the
third column of Table 1. The relative natural abundance of the amino acids was obtained from Expasy
(http://web.expasy.org/docs/relnotes/relstat.html). The helical propensity normalized by the natural
abundance (HPnNNA) and its natural logarithm are shown in the fourth and the fifth column of Table 1. The
log (HPnNA) is used as one of the metrics for ranking the helical peptides as described in the methods

section above.
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Table 1. Amino acids sorted by their helical propensity

AA* HP NA HPNNA log (HPNNA)
A 0.109 0.083 1.320 0.277
W 0.014 0.011 1.284 0.250
E 0.084 0.067 1.246 0.220
L 0.115 0.097 1.192 0.175
Q 0.045 0.039 1.145 0.135
Y 0.033 0.029 1.130 0.122
K 0.064 0.058 1.100 0.095
M 0.026 0.024 1.079 0.076
R 0.059 0.055 1.067 0.065
F 0.038 0.039 0.984 -0.016
| 0.058 0.059 0.978 -0.022
H 0.022 0.023 0.969 -0.031
D 0.052 0.055 0.952 -0.049
N 0.038 0.041 0.936 -0.066
T 0.049 0.053 0.918 -0.086
Y% 0.062 0.069 0.902 -0.103
C 0.012 0.014 0.876 -0.132
S 0.053 0.066 0.804 -0.218
G 0.046 0.071 0.650 -0.431
P 0.021 0.047 0.445 -0.810

* AA = Amino Acid; HP = Helical Propensity; NA = Natural Abundance; HPnNA = Helical Propensity
normalize by Natural Abundance
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3.2. Anti-FLAG M2 antibody that recognizes a purification-tag is repurposed
into a potential diagnostic tool for human pathogens, facilitated by TP-DB but
not PHI-BLAST

To find specific pattern in a biological sequence while referring homology, Pattern Hit Initiated (PHI)-
BLAST has been the main (if not only) bioinformatics tool to perform so [5]. PHI-BLAST was designed to
address evolutionary relevance of two proteins carrying the same or similar motifs, so it renders results
considering both the pattern match and local sequence similarity with statistically significance. To
showcase the prowess and disparate utility of the TP-DB, we demonstrate below how a purification tag
(herein FLAG-tag) and its antibody (herein M2 antibody) can be repurposed into a diagnostic kit for
detecting human pathogens. FLAG-tag is known to have a sequence DYKDDDDK [27] with the pattern
D-Y-K-x-x-[DE] being experimentally confirmed as the main affinity determinant motif [28]. “DYK” here
is the strongest determinant while the last D (or E) is of secondary importance. We would like to search
TP-DB for proteins that (i) are not included in the PHI-BLAST search results and (ii) belong to proteins in
human pathogens but not in non-pathogenic bacteria.

3.2.1. Confirmed by ELISA and Western Blot, HP-1 is Recognized by anti-FLAG M2 Antibody
Specifically at a stretch containing the D-Y-K-x-x-[DE] motif

When querying the pattern “D 0 Y 0 K 2 D/E” against the TP-DB, we can find totally 93 sequences with
unique 19 sequences. While using PHI-BLAST to search NCBI’s non-redundant protein sequences (nr)
with the pattern D-Y-K-x-x-[DE] (in PROSITE format) and FLAG sequence “DYKDDDDK”, we could
not find any sequence with an E-value less than 100. On the other hand, among the 19 TP-DB-identified
sequences, HP-NAP, containing the sequence “DYKYLE”, can be found in Helicobacter pylori strain
26695 (accession no. AE000543, ATCC) but not in regular non-pathogenic bacteria. If the anti-FLAG M2
antibody can recognize this randomly selected pathogenic protein for its containing a FLAG-determinant
motif (herein D-Y-K-x-x-[DE]), we can potentially use the same concept to repurpose the original use (say,
purification) of any known pair of antibody and antigen recognition motif (say, M2 antibody and D-Y-K-
x-X-[DE]) into a new use, herein the potential diagnostic kit for human pathogens. To our heartfelt delight,
the anti-FLAG M2 antibody was indeed found to be capable of recognizing HP-NAP as analyzed by ELISA
(Fig. 2A left) and Western blot (Fig. 2A right).

13


https://doi.org/10.1101/651315

bioRxiv preprint doi: https://doi.org/10.1101/651315; this version posted May 27, 2019. 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.

A 2.5 - » o K
£ & &
— AN
3 = Ab M2 "M “ M 3¢
£ 2.0- & & ,é’
o 016F4 s & g & & &
= Y1gG i ;& &8 TS
Q 15.- S 1gG isotype kba € & & T &S wam LS
o 96.13—
= 97.0—| —
66.2—| =
o 50.37— '
E 1.0 4 — - 45.0-(= ERES
37.38-
g 29.38- 31.0-
2 0.5 21.5— ==
< 19.39- "
cae_ LN — 14.4- [SREEENE
93 =, . Ab M2 16F4 DS-PAGE
B HP-NAP 6 SDS-PAG
o- QN 0 0 € e ErTitinjHOmol o] 41 i3 A
_'v VAVAVAVAVAVAVAVAVAV’\‘V'\ —N, AVAVAVAVAVAVAV'\VAV’\VAVAVAV
Site Re (o] [+] o o
Protein Modificati ‘ ‘
'WMKTFEILKHLQADAIVLFMKVHNFHWNVKGTDFFNVHKATEEIYEEFADMFDDLAERIVQ
Fo8 3 10 20 30 a0 50 60
scor S 0 0 ECameTi cif TFitin|Homa| S gl(d1jiaan)
DSSP n I\ oW A oW AW A Y oY a YW a Y a Y a VW oAV oA Y a VYAV Ed
o VVVVVVVVVVVVV V

Site Re
Protein Modificati
”’"LGHHPLVTLSEAl KLTRVKEETKTSFHSKDlFKE | LdDYKYL KEFKELSNTAEKEGDKV

POBGY 70 80 90 110 120

scor FPDOdECamEric erritinjhom I

MR AN N A\ N A\  \ A\ \N\N

FVVVVVVVVVVYV
Site Record -

Protein Modificati

”“TVTYADDQLAKLQKS|WMLQAHLA

PO ; 130 140 144

DSSP —

Fig. 2. Detection of HP-NAP by anti-FLAG M2 antibody. (A) Detection of HP-NAP by anti-FLAG M2
antibody using recombinant HP-NAP-based ELISA. Recombinant HP-NAP was purified by a small-scale
DEAE Sephadex negative mode batch chromatography. Purified HP-NAP as an antigen was coated on an
ELISA plate as described in Methods. The anti-FLAG M2 antibody, its corresponding mouse 1gG antibody,
and the antibody 16F4 against HP-NAP, as positive control, were subjected to recombinant HP-NAP-based
ELISA. The result is presented as absorbance at ODaso nm. Data were presented as the mean £S.D. of one
experiment in duplicate. Similar results were obtained in three independent experiments. (B) Detection of
recombinant HP-NAP by anti-FLAG M2 antibody using Western blot analysis. Recombinant HP-NAP was
purified by two consecutive gel-filtration chromatography. MBP-tagged HP-NAPg77-e116 and MBP were
partially purified by the MBPTrap HP column using AKTA Purifier. These purified proteins, 1 ug each,
were subjected to SDS-PAGE on a 15 % gel and Western blot analysis with anti-FLAG M2 antibody and
the antibody 16F4. Molecular masses (M) in kDa are indicated in the left of the blots and the gel. Similar
results were obtained in two independent experiments. (B) The sequence of HP-NAP. Note that
“DYKYLE®, highlighted in the red box, matches the pattern D-Y-K-x-x-[DE] and is included in the R77-
E116 stretch. The image is download from PDB (code:1J14; [6]) with minor modifications.

14


https://doi.org/10.1101/651315

bioRxiv preprint doi: https://doi.org/10.1101/651315; this version posted May 27, 2019. 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.

As aresult, the antibody (herein M2 antibody) of a purification kit can be repurposed into a diagnostic kit
for detecting human pathogens, herein H. pylori, through recognizing native HP-NAP by ELISA or HP-
NAP monomer as a 17 kDa band by Western blot.

3.3. a-Helical Antimicrobial Peptide (AMP) Design

To showcase the good use of TP-DB, we first examined in details the insertion processes of two previously
reported helical antimicrobial peptides (AMPs), W3_p1 (sequence: KKWRKWLKWLAKK; [29]) and
W3_p2 (sequence: KKWLKWLKWLKKK; [30]) by MD simulations. The two amphiphilic AMPs have
their hydrophobic side containing 3 equally spaced tryptophans, while positively charged lysines/arginines
face the other side, which is a typical feature and requirement for helical AMPs. The goal of the simulations
iS to understand each residue’s physicochemical role in the membrane insertion process while earlier reports
[29,31,32] have suggested the deeper a peptide penetrates the lipid membrane, the higher bactericidal
potency it can have. A collective insertion events by multiple AMPs can initiate a membrane thining and

eventual erupting process.

Microsecond long simulations for both peptides are performed and the dynamic interaction between AMPs

and lipid bilayers before the final insertion was recorded and analyzed (see Movie S1).

The detailed insertion processes are described in Supplementary Material 1. In general, as analyzing the
snapshots in Movie S1, we found the three tryptophan residues can interact with the choline groups (through
cation—m interaction), phosphate groups (hydrogen bond) and aliphatic tails either from the same or different
POPC lipids (Fig. 3A). The N-terminus rather than the C-terminus is the anchor to initiate a long insertion,
while the 3 tryptophans can contact each of the aforementioned three lipid moieties in timely order,
especially the one closest to the N-terminus (Fig. 3B). The exact snapshots summarizing such a process for
W3_p2 are given in Fig. 3A where minimally two lipids need to be involved in the process. On the contrary,
W3 _pl could interact with a single PC lipid molecule via all of its tryptophan residues in sequential order
(first W3, then W6 and lastly W9) and therefore inserted into the membrane faster. In other words, AMP
insertion process utilizing three tryptophan anchors to interact with the choline, phosphate and tail motifs
of one lipid molecule rather than those of two lipid molecules simultaneously secure a higher chance for an
early and possibly deeper insertion into the membrane. Knowing the importance of the pattern
WXXWXXW (or “W 2 W2 W”in TP-DB’s expression) in a helical structure, we are interested in finding
other helices in TP-DB, which (1) contain the W2W2W motif, (2) are positively charged to grant the
amphiphilicity and (3) can maintain helical structure in isolation (suggested by relatively fewer tertiary

contacts from neighboring parts of the protein).
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Fig. 3. Mechanistic details of the insertion of W3_p2 into PC. (A) The major four stages of the insertion
steps, detailed in SI. The salt bridges (SBs) and hydrogen bonds (HBs) are represented using ochre and pink
dashed lines, respectively. Lipids with any atom within 3 A of the AMPs are shown with part of the aliphatic
tails removed for clarity. The heavy atoms of the lipids are represented in thin CPK; O, P and C atoms are
colored in red, brown and cyan, respectively. The N atoms of the PC lipids that have cation-n interactions
with Trps are highlighted in the blue transparent VDW ball, while the golden ball-and-sticks are the three
tryptophans facing the same side of the helical AMP. The heavy atoms of the positively charged and
hydrophobic residues of the AMPs are represented in blue and silver CPK, respectively, whereas the
aromatic residues are highlighted in orange. The Ca atoms of the N-terminal residues are highlighted using
the blue VDW ball. (B) Representative snapshots of W3_p2 inserted into the model PC membranes.
Reproduced and modified from a publicized patent [30].
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The search result is shown in Table 2, we pick the most positively charged W2W2W motifs
“WKCWARWRL” from the mycobacterium tuberculosis Zinc-dependent metalloprotease-1 (Zmp1l) (PDB:
3zuk) for its relatively high positive charge and helical propensity. This motif is used to replace the original
motif WLKWLKW in the AMP W3_p2 (sequence: KK WLK WLK WLK KK) and to create a new
(potential) AMP.

Table 2. Results” obtained from the TP-DB for the query "W 2 W 2 W**

# U Matched Matched Full Helix (FH) PDB ID: Chain Positions in PDB Helica.l Contact Interacting
Sequence (MS) Pattern (Ms), (FH) Propensity Partners

W2W2U DVQQLLIWLEWIRWESD 4eba:F (287, 293), (280, 296) 1.189 8.857 4eba:F (324, 338)

W2W2W DLATFWQOWLNW 3tsu:A (651, 657), (646, 657) 1.131 7.857

W2W2W VNSYLWORWENWEWNVTLR 2lzq:A (10, 16), (5, 23) 1.105 8.000

W2W2T WDEWLNWER 1z8h:D (138, 204), (198, 206) 1.089 7.286

W2W2H NVEDWKCWARWRLIRARA 3zuk:B (283, 289), (279, 296) 1.055 9.143 3zuk:B (415, 434)]
411h:n (449, 479)

W2W2W AGEWLGSWTIIFYWAWWISWSPEVGMFLAR 411h:A (371, 377), (359, 387) 1.039 10.571  41lh:a (511, 525)

411h:2 (527, 545)
4nTk:M (81, 88)

W2W i VDWWOWN V] Tk: 259 2 .9 7. .
2WZW  QWVDRWOWWVE 4n7k:L (259, 265), (258, 268) 0.985 286 LT 7s, ih)
SVL ALHDS SHWFY' K SWYS o .
W2W2W SLERF"L DSLADCSHWEYTRWSDWESWYS 5 p) g (481, 487), (460, 492) 0.799 8.857 3zrh:a (522, 533)
Qs
W2W2ZW  WTAWSTWKYC 3ch7:A (106, 112), (106, 115) 0.638 7.714
PR - . . o o . 3wmm:M (82, 90)
W GWEEWHNWH 3wmm: 68, 27 7, 277 : 8.857 E ‘
12W2W WEEWHNWHLE wmm: L (268, 274), (267, 277) 0.345 857 e (an, ata
89 11 WPEWHGH W2W2W  WPEWHGWWL Tpre:L (259, 265), (259, 267) -0.020 8.429

Only the unique 11 sequences are shown here and the red block highlights the new motif we used for the
AMP design.

#The result page is available online at http://dyn.life.nthu.edu.tw/design/helixdb/result/5a0b43e3a.

To further validate the use of TP-DB for W2W2W, we measured the minimal inhibitory concentration
(MICy) at which growth of 90% of the pathogenic bacterium E. coli ATCC 25922 and fungus C. albicans
SC5314 can be inhibited. A series of concentration of 120, 60, 30, 15, 7.5, 3.75 and 1.88 pg/ml of peptides
are tested. Experiments are performed in pentaplicate, and MICqy is determined as the majority results of
the 5 replicates. The result (Fig. 4) shows that the newly designed AMP W3_db5 (KK WKCWARWRL
KK) has an anti-fungal MIC of 7.5 pug/ml, which is commensurate with that of W3_p1 (7.5 ug/ml) and
W3_p2 (7.5 pg/ml), while it is a level lower at anti-bacterial MIC of 30 pug/ml than that of W3_p1 (15 pg/ml)
and W3_p2 (15 pg/ml).

It should be noted that the original protein (mycobacterium tuberculosis Zinc-dependent

metalloprotease-1; PDB ID: 3ZUK) that contains this potent stretch “WKCWARWRL” is not a
transmembrane or membrane-bound protein; the helical stretch is situated close but not fully exposed to the

water-protein interface. Therefore, TP-DB brings an interesting opportunity for researchers to put together
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structurally resolved elements, matching a desired pattern, for the rational design of new therapeutics,
herein showcased by a new class of AMP that is 6 point mutations away from the reported W3_p1l and
W3_p2.

From the design point of view, these 6 point mutations do not seem to change much the required insertion
thermodynamics [33] for the New AMP still being able to penetrate the peptidoglycans, reach the lipid-
water interface, stay amphiphilic and structurally helical, assured by TP-DB, and eventually insert into the

cell membrane.

Minimal Inhibitory Concentration (ug/ml)
35

30
25

20

15
10 I I
0 l .

W3 pl W3 p2 New AMP
B Candida albicans SC5314 1 M E.coliATCC 25922 1

(2]

Fig. 4. The anti-fungal and anti-microbial activity of TP-DB-designed AMP (W3_db5) versus those
of W3 pl and W3 _p2 that share the same “W 2 W 2 W” motif. MIC values are derived from the
majority of pentaplicate measurements.

4. Conclusions

The pattern-based search engine without relying on sequence homology, realized in the newly introduced
TP-DB, has been shown to provide a new avenue to the re-use or re-assembly of structured peptide
fragments into new therapeutics or diagnostic kits. New therapeutics can therefore be designed not only
with known functional sequence motifs but also with reliable structural templates. We foresee its future
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extension to incorporate search engines for beta-sheet binders as well as for finding helices/B-sheets with

the same Pfam motifs.
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