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Abstract

Organisms from all kingdoms of life have evolved a vast array of peptidic natural products to
defend against microbes. These are known collectively as antimicrobial peptides (AMPS) or host
defense peptides, reflecting their abilities to not only directly kill microbes, but also to modulate
host immune responses. Despite decades of investigation, AMPs have yet to live up to their
promise as lead therapeutics, a reality that reflects, in part, our incomplete understanding of these
diverse agents in their various physiological contexts. Toward improving our understanding of
AMP biology and the ways in which this can be best leveraged for therapeutic development, we
are interested in large-scale comparisons of the antimicrobial and immunological activities of
human AMPs, an undertaking that requires an efficient workflow for AMP synthesis and
subsequent characterization. We describe here the application of flow chemistry and reverse phase
flash chromatography to the generation of 43 AMPs, approaches that, when combined,
significantly expedite synthesis and purification, potentially facilitating more systematic
approaches to downstream testing and engineering.

INTRODUCTION

Antimicrobial peptides (AMPs) are miniproteins made by diverse organisms to defend
against microbes. These natural compounds have been studied in depth since the 1980s with
the goal of using them in future generations of antibiotics. While certain agents based on the
cyclic natural products of non-ribosomal peptide synthetases such as daptomycin have
entered clinical use(1), no ribosomally synthesized AMP has had such success to date
despite extensive effort and a number of promising results(2-4).

Multiple barriers have thwarted attempts to adapt AMPs for clinical use, including
instability, toxicity, and limited potency. Despite these drawbacks, we posit that the failure of
AMPs to date as therapeutic agents reflects not an intrinsic shortcoming of AMPs
themselves, but rather our own tendency to think of these molecules as drugs rather than as
peptides and miniproteins that evolve to confer upon their hosts a selective advantage, a
distinction that may impact both the study and the clinical application of AMPs(5,6).
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A further limitation in the field is the diversity of materials and methods employed in the
study of AMPs, which makes an appreciation of the relative biological properties of each
variant difficult. It is also generally true that, despite the thousands of papers written to date
about AMPs, large gaps remain in our ability to answer even basic questions. For example,
the activity of most AMPs against a number of organisms commonly encountered in clinical
practice is unknown, as is the activity of these AMPs against appreciable numbers of clinical
isolates of any single species. There is further a persistent emphasis in the literature on the
membranolytic effects of certain AMPs despite the fact that these peptides are endowed with
a variety of other functions, some of which might prove therapeutically useful, not the least
of which is the ability of AMPs to recruit protective immune responses(7-9).

Our goal is to systematically address these knowledge gaps with the expectation that, in
doing so, we will gain the insight necessary to engineer and deploy AMPs for optimal effect
in specific contexts. Such a systematic approach is complicated, however, by the cost either
in time or in treasure of obtaining sufficient quantities of AMP for testing all the conditions
one might want to study. A brief survey of commercially available LL-37, for example,
reveals a cost range of 179-1,900 USD per mg of material. For more synthetically difficult
targets such as hBD- 3, often made by recombinant techniques, this rises to 2,220-6,580
USD per mg. We estimate that at least 6 mg for larger AMPs such as LL-37 may be required
for initial testing against selected species under a range of microbiological conditions
representative of the physiology underlying conditions of infection, with additional material
required for expanded species testing among selected AMPs and more still to assay
immunological functions. There is further literature precedent to suggest that performing
synthesis and quality control in-house may improve the ability to draw meaningful
biological conclusions(10), and our own experience has been that commercial synthesis fails
to yield the desired product in more than 40% of cases(11).

Here we describe the application of automated flow chemistry developed in our group(12) as
well as reverse phase flash chromatography to the efficient synthesis and purification of
synthetic AMPs for biological studies, our goal being the generation of a library containing
all human-derived AMPs described in the APD3 antimicrobial peptide database(13) for
subsequent systematic testing of antimicrobial and immunological functions.

RESULTS AND DISCUSSION

Overview

Synthesis was completed primarily on a 3™ generation automated fast-flow peptide
synthesizer (AFPS) based on the original instrument described in 2017(12), which in turn
follows prior work on the implementation of manual flow peptide synthesis from our
group(14). A schematic of a typical AFPS instrument is shown in Figure 1. AFPS
instruments permit automated solid phase fluorenylmethyloxycarbonyl (Fmoc) chemistry at
90 °C under flow for improved speed and fidelity. Under rapid synthesis conditions, which
were used for most of the AMPs described here as specified in the legends to Supplementary
Figures 1-43, coupling of a single amino acid can be completed in as few as 40 seconds,
though more difficult amino acid couplings require more time. The average coupling time
per amino acid across all peptides described here was approximately 80 seconds. A subset of

Aust J Chem. Author manuscript; available in PMC 2020 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Albin and Pentelute

Page 3

the peptides were synthesized under modified conditions optimized for the synthesis of long
peptides; average synthesis time for these peptides was approximately 150 seconds per
amino acid. Fmoc deprotection is monitored throughout to verify expected progression of
synthesis and to assist in the identification of problematic couplings; the B and C panels of
Supplementary Figures 1-43 show the UV traces and integrals thereof for each AMP
reported.

Synthesis yielded the desired AMP as the major product in most cases, with an average
crude purity of 65% across all peptides and an average crude yield of 77 mg, which varied
with the AMP and with the amount of resin cleaved - typically in the range of 50-75% of
100-200 mg of 4-(4-hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) resin at
approximately 0.44 mmol/g loading, with the remainder retained for later modification or
workup as needed. This paper describes the synthesis of all linear human AMPs annotated in
the APD3 antimicrobial peptide database(13). For ease of presentation, we have divided
these into four groups, with the specifics of each synthesis summarized in Tables 1-4 for
each class - Cathelicidins, Histatins, Neuropeptides, and Miscellaneous peptides. Of note,
Cathelicidins derive from a single gene and Histatins derive from two genes in humans, each
of which results in multiple antimicrobial fragments through proteolytic cleavage with
substantial sequence overlap (Supplementary Figure 44A-B). In contrast, the groupings of
“Neuropeptides” (peptides that localize in some way to nervous system tissues, as annotated
in the APD3) and Miscellaneous peptides are arbitrary and without similar genetic basis.
Cystine-containing human AMPs such as a and p defensins will be described in a separate
manuscript to follow.

Cathelicidins - Synthesis, Characterization, and Purification

Data collected in the course of each synthesis are presented in Supplementary Figures 1-43;
for reference within the main text, Figure 2 reproduces the data from Supplementary Figure
7 on LL-37 synthesis.

Among the linear human AMPs, cathelicidins, including the canonical AMP LL-37 and
eight previously described related cleavage fragments thereof were synthesized with the
highest average group purity among the AMP classes studied here at 76% (Table 1). With
conditions optimized for the synthesis of longer peptides (see Experimental), crude purity
reached up to 90% for shorter peptides (Supplementary Figure 1, a 20-mer) and 74% for the
longest sequence in this group (Supplementary Figure 9, a 58-mer). No problematic
sequences were noted among cathelicidins.

Although we initially utilized standard, preparative reverse phase HPLC for AMP
purification, we found that, given the general ease of synthesis using our AFPS synthesizers,
purification by this method became a rate-limiting step in our workflow. This was further
complicated by the potential loss of material during the filtration step prior to loading due to
poor solubility of many crude AMP preparations in water (data not shown). We
hypothesized, however, that when starting from a high crude purity, as was typical of the
cathelicidins in particular, these barriers might be overcome by using reverse phase flash
chromatography (RPFC) in place of HPLC, which in addition to being a faster purification
method permits sample loading as a suspension.
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Initial attempts at using RPFC for AMP purification demonstrated the need for further
optimization to ensure consistent results with this methodology. Although some AMPs with
a high crude purity such as certain cathelicidins (Supplementary Figures 2-5, 7) could be
purified with a generic A - water:B - acetonitrile (each with 0.1% trifluoroacetic acid (TFA))
gradient of 1-91% B over 20 column volumes (CV) on Biotage RPFC columns (see
Experimental), this approach yielded little or no enrichment of the desired product with
other crude materials, which was true to some extent among cathelicidins (Supplementary
Figures 6, 8), and which was clearly the case for a broader range of AMPs (Supplementary
Figures 24, 29, 31, 35, 41, and others not reported here). Overall, average crude purity for
peptides purified once with RPFC using the above gradient or a minor variation thereof was
70%, while their post-RFPC purity was 82% - 74% crude and 89% pure among
cathelicidins, 63% crude and 71% pure among others.

To optimize RPFC for AMP purification, we transitioned to a strategy in which we utilized a
shallow gradient of 20% B over 30 CV centered on the estimated % B at elution derived
from analytical HPLC. Although retention using this approach as a predictor was often
slightly longer than anticipated, as might be expected given the more hydrophobic character
of the RPFC C18 columns compared with the analytical HPLC C4 column used for most
AMPs, this approach resulted in an average final purity of 91% (over an average 62% crude
purity). Recovery of desired peptide from the amount theoretically contained in the crude
material was also robust, averaging 62% among cathelicidins. At less than 30 minutes per
purification and approximately 0.8 L of solvent on the 10 g column most commonly used
(<45 minutes with around 2 L of solvent on a 25 g column), this remained a substantial
improvement over our typical preparative HPLC methods, which require approximately 90
minutes and more than 1.6 L of solvent per purification inclusive of equilibration and
loading steps on a 21.2 mm internal diameter column. Overall purity of the isolated products
among cathelicidins was 91% with an average purified yield of 28 mg (Table 1).

Histatins - Synthesis, Characterization, and Purification

Histatin synthesis on our flow synthesizers resulted in a slightly lower crude purity, 63% on
average, than was obtained with the cathelicidins (Table 2). Although only one of these,
Histatin 5, was synthesized with methods optimized for length, the crude purity of this AMP
was somewhat higher than those of others in this group at 85%. Although no specific
problematic sequences were noted among the histatins, sequential histidines did tend to
produce a decrease in Fmoc deprotection integrals among the longer histatins (Panel C of
Supplementary Figures 10-13, 15, less prominent or absent in Supplementary Figures 14,
16-18). It may be possible to further optimize synthesis by considering both the preceding
amino acid and the amino acid being coupled, though we have not yet performed any
investigations along these lines.

Histatin 1 in this series required the addition of a known post-translational modification,
phosphorylation at Ser2. This was introduced by batch coupling the modified amino acid
following flow synthesis of the bulk of the peptide. We have not yet tested whether
phosphorylated amino acids or amino acids carrying other modifications found /n vivo may
be incorporated directly using our flow synthesizers. The main benefit of batch synthesis in
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this scenario is the ability to minimize the amount of material used when multiple couplings
of a given modified amino acid are not needed.

Histatin analysis was carried out on Luna C18 columns for both LCMS and analytical
HPLC, as retention of the shorter members of this group (Histatins 5-6 and particularly 7-9)
was best achieved on this column (see Experimental). Of note, the lower end of the mass
spectra obtained for some purified histatins contained a number of low molecular weight
ions compared with those from the corresponding crude peptides (Supplementary Figures
14-18 panels F-G), which was attributed to higher energy ESI and associated fragmentation
during analysis of some histatins with greater charge-to-length ratios (54-64% positively
charged residues among Histatins 5-9 versus a range of 30-47% in Histatins 1—4)1. Despite
this, the predicted ions were evident for each histatin, while analytical HPLC suggested a
single, major product (Supplementary Figures 14-18, panel I).

Despite use of the optimized RFPC Method 2 that generally resulted in more reliable
purification among all peptides as above, final histatin purity was slightly lower than that
seen among the cathelicidins at 87%, with an average recovery of 67% and an average pure
yield of 17 mg (Table 2). We anticipate that further optimization of our RPFC methods may
allow for further improvements among histatins and other exceptionally polar or otherwise
difficult-to- purify AMPs.

Neuropeptides - Synthesis, Characterization, and Purification

With the exception of the two p-amyloid derivatives described here (Supplementary Figure
44C), there are no sequence relationships among neuropeptides, which are instead defined
by a common localization to neural tissues as annotated in the APD3. Syntheses are thus
generally unique to each peptide. Group crude purity was 70% by HPLC (Table 3), though
this is somewhat skewed by neurotensin and cathepsin G as discussed below, with an
average recovery of 40% for an average yield of 15 mg with an average purity of 88% (97%
if considering only the six neuropeptides purified by RPFC Method 2, see Table 3).

Neurotensin in this series involved batch addition of unprotected pyroglutamate to the N-
terminus of the flow-synthesized core peptide to reflect a known post-translational
modification. This resulted in apparent dipeptide addition of the unprotected amino acid in
roughly equimolar quantities with the desired product, which proved inseparable from its
larger counterpart (Supplementary Figure 26, wherein the left shoulders of the D and E
panel TIC peaks contain the unintended product). The other post-translational modification
included among the neuropeptides, C-terminal amidation of Neuropeptide Y
(Supplementary Figure 27), was introduced via synthesis on Rink Amide, whereas the
remainder of the peptides described here contain C-terminal acids (see Experimental).

As discussed above for cathelicidins, purification of neuropeptides using the generic
gradient in RPFC Method 1 resulted in suboptimal separation and final purities of 53% and

IThe LCMS in question on which we typically use the Luna C18 column underwent repairs between the runs resulting in panels D
and E of Supplementary Figures 14-18, including replacement of the major high voltage component and recalibration. Interval
changes in the machine thus likely account for the differences observed.
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69% in the two instances where this was attempted - for CGA-N46 and Vasoactive Intestinal
Peptide (Table 3, Supplementary Figures 241 and 291). While most of the impurities evident
by LCMS in the AMPs described here are smaller fragments more consistent with
truncations, degradation products, or column contaminants, the prominent co-eluting
shoulder in the TIC for CGA-N46 contains a mass shift of =200 Da, likely representing a
compound deletion of two amino acids (Supplementary Figure 24E); five such combinations
are possible in this sequence (Supplementary Figure 24C). The most prominent co-eluting
shoulder for Vasoactive Intestinal Peptide in Supplementary Figure 29E contains a mass
shift of —18, which could represent any of several alterations, though aspartimide formation
at the C-terminal Asn24-Ser25 appears the most likely.

Purification of p-amyloid 1-42 (Supplementary Figures 20-21) by RPFC Method 2 was
unsuccessful due to apparent aggregation of these peptides on the column (data not shown).
Prior descriptions of p-amyloid purification have emphasized the importance of column
heating(15), a feature not available with our RPFC columns. We therefore returned to
preparative HPLC for purification of p-amyloid 1-40 and 1-42 with initial solubilization in
DMSO followed by dilution in deionized water prior to loading with column heating to 60
°C for the duration of separation, which resulted in modest recovery (20 and 40%,
respectively) and purity (96 and 77%, respectively).

Miscellaneous - Synthesis, Characterization, and Purification

Like neuropeptides, there are no sequence relationships among the Miscellaneous AMPs
described here with the exception of the two AMPs derived from Semenogelins | and II,
respectively (Table 4, Supplementary Figures 40, 41, 44). Reflecting their diversity, this
group was also the most difficult to work with as a whole, including the only peptide in this
dataset wherein the desired product was not the major crude product (Sgl-29, Supplementary
Figure 40) and the only two peptides in this dataset for which purification was either
unsuccessful (Salvic, Supplementary Figure 39) or deferred (Cathepsin G 1-5,
Supplementary Figure 42). Average crude purity in this group was 56% (Table 4), with
several especially impure crude products such as Buforin | (28%, Supplementary Figure 30),
Dermcidin (32%, Supplementary Figure 33), KDAMP 19-mer (37%, Supplementary Figure
36), and Salvic (45%, Supplementary Figure 39). As in the other AMPs described here,
impurities were generally not identifiable as minor alterations of the core peptide (e.g.,
aspartimide formation, deamidation,etc.), but rather tended to be either amino acid deletions
or smaller fragments more consistent with truncations, degradation products, or column
contaminants.

Another peptide with poor crude yield in this series was GHH20 (34%, Supplementary
Figure 34H). As observed for histatins, this peptide appeared to suffer from coupling
inefficiency at sites of sequential histidine incorporation, which is particularly prominent in
this peptide consisting of 13 His, 4 Gly, and 4 Pro (essentially four repeats of the sequence
GHHPH; a third His in the fourth repeat is erroneously entered in the APD3 as compared
with the original paper(16) and is included in the sequence described here). The high ratio of
His to other amino acids (62%) further resulted in analytical complications similar to those
described above for the smaller histatins with high ratios of positive charge (Supplementary
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Figure 34D-G, see Footnote 1). Although purified GHH20 migrated as a single peak by
LCMS, analytical HPLC on the Luna C18 column suggested both in the crude and in the
purified peptides the presence of two, inseparable products (Supplementary Figure 34H-1).
It is unclear whether this represents an undesirable byproduct of synthesis or an intrinsic
structural property of the peptide given its unique sequence, though the former is presumed
for the purposes of the purity calculations presented here.

Synthesis of Salusin p was complicated by probable diketopiperazine (DKP) formation as
evidenced by the marked drop in Fmoc deprotection peak area following the initial Pro-Pro
dipeptide sequence (Supplementary Figure 38C), resulting in a modest overall yield of 8.0
mg (Table 4). Prior work both in initial optimization of flow synthesizer conditions and in
our AMP syntheses have suggested that the ChemMatrix trityl(Trt)-OH resin is not suitable
for use in our flow synthesizers, and thus we did not attempt resynthesis of this AMP with a
Trt-based resin.

In one instance in this dataset, Sgl-29, the desired product was not the major product
obtained after flow synthesis and acid cleavage. The major product identified displayed a
mass shift of +242 Da over the expected mass (Supplementary Figure 40D), presumably a
Trt adduct and thus more likely to represent an issue with the workup than with the synthesis
itself.Despite this, ions for the desired product could be detected migrating in a shoulder to
the right of this major peak and were successfully purified with RPFC Method 2 with a 98%
final purity by HPLC (Supplementary Figure 40E). Similar to histatins, this peptide with
48% positively charged residues appeared to fragment during ESI (Supplementary Figure
40G). The extracted ion chromatogram (EIC) of this purified product further appeared to
show product migrating at two points, which could indicate substantial epimerization,
though differential migration was not noted by analytical HPLC as above.

Purification either failed or was not completed in two cases in this dataset. While the desired
peptide was the major crude product of Salvic synthesis (Supplementary Figure 39D),
purification by RPFC Method 2 failed for unclear reasons. This may have been due to
inadequate column equilibration and / or aggregation on the column, as the gradient was
raised from 5-45% over 3 CV prior to initiation of the shallow gradient, with slow elution of
low levels of peptide thereafter that never reached the set limit for collection despite
extension of the shallow gradient to approximately 90% B (data not shown). In the second
instance, analytical HPLC of Cathepsin G suggested a pure peptide (Supplementary Figure
42H), but in a fashion similar to Neurotensin, evaluation of the mass spectrum revealed
prominent, singly-charged ions at 402.25 and 289.17 m/z, likely representing single and
double deletions of Ile, respectively (Supplementary Figure 42F). Purification was deferred
in this case in favor of future resynthesis.

Despite the complications delineated above, the use of AFPS instrumentation and flash
purification methods proved generally successful in this group as well, with an overall
average yield among AMPs in the Miscellaneous category of 14 mg with a recovery of 47%
for those purified. Like the neuropeptides, final purity was reasonable at 87% overall, though
this improves if considering only those peptides purified by RPFC Method 2 (90% overall,
94% if further discounting GHH20).
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CONCLUSIONS

We set out to develop methods for the efficient synthesis and purification of human AMPs in
order to facilitate the systematic study and engineering of these miniprotein scaffolds for
potential therapeutic development. The first major barrier to be overcome was synthesis
itself, and as demonstrated here, the application of the automated flow peptide synthesizers
previously developed in our lab provided a highly effective solution to this problem. There
were no apparent synthetic failures due to the synthesizers themselves across the 43 distinct
peptides described, and the average time of synthesis under conditions optimized for longer
peptides, which also generally result in high crude purities among shorter peptides, comes to
only 2.5 minutes per amino acid coupling.

While this and prior efforts from our lab demonstrate the ability to rapidly synthesize
peptides with high crude purity using flow chemistry(11), a similarly rapid approach to
purification will help this technology to achieve its full potential. To this end, we describe
here methods for the flash purification of AMPs that reduce the purification time to
approximately a third of that required for preparative HPLC purification, while retaining an
average final purity of 91% under optimized conditions. It is expected that further
optimization via correlation of parameters such as predicted retention time or observed
analytical HPLC retention time to the prediction of RPFC retention time will facilitate
ongoing improvements in the final purity and efficiency achievable across a broad range of
peptides. Given the lesser expenses associated with RPFC equipment, wider application of
RPFC in peptide purification may also help to reduce the costs of purification compared
with standard HPLC.

In summary, we describe here methods for the efficient synthesis and purification of human
AMPs using flow chemistry and flash purification. Similar approaches are being applied to
the synthesis of cystine-containing peptides, including optimization of oxidative folding
conditions to maximize yield and throughput for the extension of our efforts to a broader
range of AMPs. These outcomes will be reported separately in a later manuscript.

EXPERIMENTAL

Synthesis

Prior to synthesis, the C-terminal amino acid of each sequence was manually coupled to
100-200 mg of hydroxy (-OH) functionalized 4-(4-hydroxymethyl-3-
methoxyphenoxy)butyric acid (HMPB) ChemMatrix resin, loading approximately 0.44
mmol/g, using 10 equivalents of Fmoc- protected amino acid, 5 equivalents of NV, A~
diisopropylcarbodiimide (DIC), and 0.1 equivalents of 4-(dimethylamino)pyridine (DMAP)
in N, A-dimethylformamide (DMF) at room temperature for 8-24 hours.

Fmoc-protected amino acids were purchased from Novabiochem or Creosalus.Activating
agents N,N,N’N-tetramethyluronium hexafluorophosphate (HATU) and (7-
azabenzotriazol-1-yloxy) tripyrrolidinophosphonium (PyAOP) were purchased from P3
BioSystems. Peptide synthesis was carried out in AldraAmine-treated DMF with the amino
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acids and coupling agents above in addition to N, A-diisopropylethylamine (DIEA). Fmoc
deprotection was carried out in flow using 40% piperidine with 2% formic acid.

The primary instrument used to synthesize the AMPs described here is a 3 generation
AFPS(12). A picture is shown in the Table of Contents graphic, while a schematic of this
instrument is shown in Figure 1.

Most of the AMPs described here were synthesized using settings optimized for speed,
conditions similar to those initially described. Later settings are optimized for length to
facilitate the chemical synthesis of long peptides, which involves a longer pump head refill
time to facilitate accurate delivery of viscous solutions of the above reagents in DMF.
Remaining AMPs were synthesized on a 4" Generation flow synthesizer optimized for
length. The settings for each peptide are indicated in Tables 1-4 and in the legends to the
associated Supplementary Figures 1-43. Note that the differential synthesizer settings
represent not optimization for the indicated sequences, but rather optimization for general
lab use.

With the exception of the above differences in pump head refill time, conditions for flow
synthesis on the 3 generation synthesizers are as follows:

Solvent: DMF treated as above with AldraAmine trapping agents for at least 24 hours

Amino Acids: 0.4 M stocks prepared from the above commercial sources (diluted 1:2 in
flow with DMF for final concentrations of approximately 0.2 M not including the volume of
DIEA)

Activators: 0.38 M HATU or 0.38 M PyAOP (diluted 1:2 in flow with DMF for final
concentrations of approximately 0.19 M not including the volume of DIEA)

Base: DIEA

Temperature: 90 °C heating loop and reactor

Coupling conditions: 400 pL amino acid, 400 UL activator, and 40 pL base per stroke
Aand S - HATU 21 strokes
N, Q, R, T, V - PyAOP 21 strokes

Remaining amino acids - HATU 8 strokes

Deprotection conditions: 40% piperidine and 2% formic acid (13 strokes each deprotection
solution and DMF, resulting in 1:2 dilution in flow for final concentrations of 20% and 1%,
respectively), monitored at 312 nm

Using the above conditions, a typical synthesis starts with a pre-wash step in DMF followed
by an initial deprotection (indicated by “_” in the C panels of Supplementary Figures 1-43).

Lines are primed (5 strokes), and amino acids are then coupled as above, followed by line
washing with DMF (35 strokes each through the amino acid and activator lines),
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deprotection of the coupled amino acid, and additional line washing as before prior to the
next coupling. Following completion of flow synthesis, resin is swollen and washed with
DCM, with subsequent drying and storage at room temperature in the dark until the time of
further manipulation. Traces shown in the B panels of Supplementary Figures 1-43 were
extracted from the raw control software and downsampled as needed to fit into an Excel
spreadsheet prior to graphing in Prism. Axes were cut at sites of extended user-initiated
pauses to synthesis, which generally reflect time spent restocking the synthesizer or
attending to concurrent experiments. The total time along the y-axis of each trace therefore
reflects the sum of actual synthesis and optional, user-initiated pauses. Integral calculations
as in the C panels of Supplementary Figures 1-43 were carried out in Python on raw data
without downsampling(12) prior to processing in Excel and graphing in Prism.

Batch Coupling

Batch coupling was carried out by dissolving 20 equivalents of Fmoc- protected amino acid
and 19 equivalents of HATU in approximately 1.25 mL DMF each before mixing with 500
pL DIEA and adding to resin pre-swollen with DMF for coupling at room temperature for
approximately 30 minutes. After filtration and washing with DMF, manual deprotection was
typically completed by addition of 3 mL 20% piperidine in DMF to resin twice for
approximately three minutes each, followed by additional DMF washes as before and drying
in DCM as above if no further manipulations were planned.

Resin Cleavage

Acid cleavage of peptides was completed with Reagent K (82.5% TFA, 5% water, 5%
thioanisole, 5% phenol, and 2.5% 1,2-ethanedithiol (EDT)) at room temperature, typically
for approximately two hours. Cleavage reactions were subsequently triturated with ice cold
ether and spun down to isolate precipitated peptide, which was then resuspended in a
mixture of 50% water / 50% acetonitrile with 0.1% TFA, flash frozen in liquid nitrogen, and
lyophilized. Yields were determined gravimetrically by subtraction of tube mass from the
combined mass of tube and lyophilized product, and all reported masses are those of the
TFA salts of the individual peptides.

Liquid Chromatography / Mass Spectrometry (LCMS)

One Agilent 6520 and two Agilent 6550 LCMS QTOF instruments were used in the course
of these experiments. LCMS methods were carried out as described below in Supplementary
Figures 1-43, all with A (water with 0.1% formic acid) and B (acetonitrile with 0.1% formic
acid) gradients as follows:

Method 1) Agilent 6550-1 (1290 Infinity HPLC system with iFunnel QTOF MS run in
positive ionization mode with a low /m/zrange 100-1700) with a Phenomenex Jupiter C4
column, 150 x 1.0 mm, 5 pum, 300 A silica; flow rate 100 uL/minute, 1-61% B gradient over
10 minutes, MS on from 4-12 minutes

Method 2) Agilent 6550-1 (as above) with a Phenomenex Luna C18(2) column, 150 x5 mm,
3 um, 100 A silica; flow rate 50 pL/min, 1-61% B gradient over 12 minutes, MS on from 4-
14 minutes
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Method 3) Agilent 6550-2 (as in 65501 but with /m/zrange 100-3000) with an Agilent
Zorbax 300SB C3 column, 150 x 2.1 mm, 5 pm, 300 A silica; flow rate 500 pL/minute, 1—
61% B gradient from 2—-12 minutes, MS on from 4-12 minutes

Method 4) Agilent 6550-2 (as above) with a Phenomenex Kinetex C18 column; not reported
in Supplementary Figures 1-43.

Method 5) Agilent 6520 (1290 Infinity HPLC system with QTOF MS run in positive
ionization mode with /m/zrange 100-3000) with an Agilent Zorbax 300SB C3 column, 150
x 2.1 mm, 5 pm, 300 A silica; flow rate 800 pL/minute, 1-61% B gradient over 9 minutes,
MS on from 4-11 minutes.

Analytical High Performance Liquid Chromatography (HPLC)

Analytical HPLC was carried out on an Agilent 1200 series system with UV detection at 214
nm. Methods used are summarized as follows, referenced by number in the text and in
figures:

HPLC Method 1: Column - Phenomenex Aeris Widepore C4 column, 150 x 4.6 mm, 3.6
um, 200 Asilica; flow rate 0.8 mL/minute; Solvent System - A = water with 0.1% TFA, B =
acetonitrile with 0.08% TFA,; Gradient — 3 minute hold 1% B, 1-61% B gradient over 60
minutes, 3 minute hold 61% B, 10-minute post run 1% B; Flow Rate — 0.8 mL/minute

HPLC Method 1a: As in Method 1, but with a 1-61% B gradient over 30 minutes.

HPLC Method 2: Column - Phenomenex Luna C18(2) column, 100 x 4.6 mm, 3 um, 100 A
silica; flow rate 1.0 mL/minute; Solvent System - A = water with 0.1% TFA, B = acetonitrile
with 0.08% TFA; Gradient - 3 minute hold 1% B, 1-61% B gradient over 60 minutes, 3
minute hold 61% B, 10-minute post run 1% B

Integrals of HPLC peaks were calculated automatically with Agilent ChemStation software
with subsequent manual inspection of the magnified baseline and modification of the
automated calls - most commonly removal of erroneous peaks more consistent with
background variation or splitting of a major peak to reflect tailing.

Reverse Phase Flash Chromatography (RPFC)

RPFC was completed on a Biotage Selekt flash chromatography system run on reverse phase
columns with automated fraction collection as directed by UV trace. Fractions were
subsequently pooled according to review of the UV trace as needed and analyzed either by
MALDI-TOF MS on a Bruker microflex™ LRF machine run in linear positive ion mode
with subsequent confirmation by LCMS or directly by LCMS. Fractions determined to
contain the pure product were then pooled and lyophilized for further analysis. With minor
variations made while optimizing protocols, the general methods were as follows:

RPFC Method 1: Column - Biotage SNAP Bio C18 10 g, 20 pm, 300 A; Solvent System - A
= water with 0.1% TFA, B = acetonitrile with 0.1% TFA; Gradient - 3 column volumes (CV)
hold 1% B, 1-91% B gradient over 20 CV, 3 CV hold 91% B; a less common variation
employed the same gradient approach on a Biotage Sfar Bio C18 25 g column, 20 um, 300
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A or slightly different hold times before or after the gradient; flow rates as automatically
determined for the referenced column by Biotage proprietary methods.

RPFC Method 2: Column - Biotage SNAP Bio C18 10 g as above; Solvent System - A =
water with 0.1% TFA, B = acetonitrile with 0.1% TFA; Gradient - 3 CV hold 1 or 5% B, 3
CV ramp to start of the target gradient, 20% range B gradient over 30 CV centered on the
estimated % B at the time of elution as determined by analytical HPLC (e.g., for an
estimated elution at 30% B, one would employ a gradient of 20-40% B over 30 CV), 3 CV
ramp to 90% B, 3 CV hold 90% B; flow rates as automatically determined for the referenced
column by Biotage proprietary methods, as above. A less common variation employed the
same gradient approach on a Biotage Sfar Bio C18 25 g column, slightly different hold times
before or after the gradient, or extension of the gradient at the same slope for additional
column volumes in the case of later eluting peptides.

Preparative HPLC

B-Amyloid peptides were purified using mass-directed HPLC on an Agilent 1260 Infinity
HPLC system coupled to a 6130 quadrupole MS. Column - Agilent Zorbax 300 SB C3 9.4 x
250 mm, 5 pm, 300 A semi-preparative column heated to 60 °C; flow rate 4 mL/minute;
Solvent System - A = water with 0.1% TFA, B = acetonitrile with 0.1% TFA; Gradient — 3
minute hold at 1% B, 1-61% B gradient over 60 minutes, 3 minute hold at 61% B. Fractions
were automatically collected at one-minute intervals. In addition to use of the intrinsic mass
spectra generated by this approach, fractions were screened as above for RPFC.

Sequences and Alignments

All AMP sequences are derived from the APD3 antimicrobial peptide database(13).
Alignments were made in Clustal Omega(17) using APD3 sequences. Additional manual
manipulation of the output for Histatins was completed to show a conservative change at the
C- terminus of some Histatins (Y or YR) that had otherwise been aligned 5 or 5-6 positions
later in in each sequence. Structures shown in the graphical abstract are PyMOL
representations of Protein Data Bank 1KJ6 (hBD-3) and 2K60 (LL-37).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Schematic of the flow synthesizers used in this study. Three pumps on the right dedicated
to amino acids (blue), base (green), and activators or deprotection reagents (yellow -
depending on cycle step) control flow of selected reagents (amino acids in blue / purple,
base in green, activators in yellow, deprotection solution in red) and solvent (brown) on the
left through the selector valves in the center and into to the heating loops and heated reactor
on the right, eventually passing through an ultraviolet (UV) detector and on to the central
waste bin. All functions are computer-controlled. See also Experimental. B. Workflow for
peptide synthesis and characterization. In brief, flow-synthesized peptides are treated with
strong acid to effect sidechain deprotection and release of the linear polypeptide from resin
followed by trituration, lyophilization, and characterization by liquid chromatography-mass
spectrometry (LCMS) and high performance liquid chromatography (HPLC). Crude
peptides are purified by reverse phase flash chromatography (RPFC) or preparative HPLC
and folded if required. Quality control LCMS and HPLC are then used to characterize

purified peptides ahead of assays.
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Figure 2:

Automated flow synthesis of antimicrobial peptide LL-37 (reproduced here from
Supplementary Figure 7). A. LL-37 sequence (red = cationic, blue = anionic, orange = polar,
green = nonpolar, purple = aromatic). B. Synthesizer UV trace showing resolved Fmoc
deprotection peaks alternating with saturated amino acid coupling peaks. Synthesizer
settings are specified for each peptide; here, 3" Generation synthesizer - optimized for
Length. Spaces in the x-axis represent optional, user-initiated pauses. C. Fmoc deprotection
integrals and peak width and height expressed as percentages relative to the first cycle. D.
Left panel: total ion chromatogram (TIC) of crude AMP overlaid on Blank run with the
predicted average and monoisotopic masses as well as the observed mass as calculated from
the most abundant ion. Right panel: extracted ion chromatogram (EIC) of crude AMP for the
specified m/zrange. The LCMS method is specified for each AMP; here, LCMS Method 5.
E. TIC and EIC of purified AMP, LCMS Method 3. F-G. Mass spectra associated with the
dominant peaks of D and E, respectively. The charge states of the labeled ions are indicated
in parentheses. H-1. Analytical high performance liquid chromatography (HPLC) traces of
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crude and purified peptide, respectively, with the integrated percentage of the dominant peak
(retention time in parentheses). The HPLC method is specified for each AMP; here, HPLC
Method 1.
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Table 1:
Cathelicidin Yield and Purity”
AMP L(%g';h Av(gbla\‘/)lw Yife:lzu((jni 9 CZdeRF_)I_ug)ity L(i)?dcéfj \F():Jeig Recovery % Purit)I/E%
(mg) (mg) (RT)
KRr-202 20 2468.9 154 90 (29.7) 100 22 24 99% (29.6)
LL-2358 23 2823.4 81 65 (27.4) 60 33 85 92 (27.0)
Ks-278 27 3327.0 89 78 (39.2) 60 46 98 96 (38.8)
LL-295 29 3596.3 20 67 (38.6) 68 30 66 92 (38.8)
Ks-308.€ 30 3644.3 34 83 (38.6) 30 19 76 98 (38.0)
RK-318 31 3715.4 106 83 (39.1) 57 32 68 78 (38.9)
LL-37B8¢ 37 449333 61 77 (42.9) 51 32 81 95 (43.2)
ALL-382 38 4564.4 151 67 (43.9) 69 15 32 71 (44.3)
TLN-582 58 6861.9 162 74 (44.7) 98 19 26 98 (44.6)
Avg. 326 3943.9 103 76 66 28 62 91

ACharacterization in Supplementary Figures 1-9. All synthesized on a 37 Generation flow synthesizer set for speed and purified by RPFC Method
2 unless otherwise specified.

BPurified by RPFC Method 1.
C‘Syn'(hesized on a 3" Generation flow synthesizer set for length.
DSynthesized on a 4t Generation flow synthesizer set for length.

ERT = retention time in minutes.
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Table 2:

Histatin Yield and PurityA
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AMP L&‘E\;h A"?bg’)'w Yig:j”(dnig) czzdf;;ucr)'ty Conded Viond Recovery % Pumyc;)/o
(mg) (mg) (RT
Histatin 1 38 4928.1 62 42 (28.0) 62 22 84 92 (28.0)
Histatin 2 27 3444.7 100 51 (28.7) 21 14 >99% 87 (28.8)
Histatin 3 32 4062.4 43 54 (21.5) 42 12 53 79 (21.6)
Histatin 4 21 2745.0 61 59 (21.4) 61 17 47 77 (21.4)
Histatin 55 2 3036.3 124 85 (19.2) 2 23 >99% 99 (18.6)
Histatin 6 25 31925 65 69 (18.3) 64 20 45 97 (18.3)
Histatin 7 13 17189 58 74(17.9) 23 13 76 89 (17.4)
Histatin 8 12 1562.7 49 71(17.8) 39 21 76 92 (17.1)
Histatin 9 14 1875.1 77 65 (17.3) 76 13 26 75 (16.7)
Avg. 229 2051.7 7 63 46 17 67 87

ACharacterization in Supplementary Figures 10-18. All synthesized on a 3'd Generation flow synthesizer set for speed and purified by RPFC
Method 2 unless otherwise specified.

B . . .
Synthesized on a 37d Generation flow synthesizer set for length.

CRT = retention time in minutes.

Aust J Chem. Author manuscript; available in PMC 2020 May 19.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Albin and Pentelute Page 19
Table 3:
Neuropeptide Yield and PurityA
AMP L(f:g;h AV?I'DQ/)IW (irigﬁje Pgrri%zg/" Lco?ddeij 5::313 Recovery % Purit)lli%
(mg) G (mg) (mg) (RT)
Alarin 25 2894.3 97 54 (19.1) 9% 10 19 >99% (19.0)
Amyloid p 1-40 40 4329.8 32 65 (31.9) 22 29 20 96 (32.0)
Amyloid p 1-42 42 4514.1 80 65 (33.8) 21 5.4 40 77 (34.0)
Bradykinin 9 1060.2 17 91 (17.6) n/a n/a n/a n/a
Catestatin 21 2326.7 81 74 (24.5) 81 16 27 96 (23.7)
CGA-N46Z 46 5363.1 117 51 (34.6) 51 13 50 53 (35.3)
a MsH? 13 1623.8 73 88 (21.2) 73 28 44 >99% (21.2)
Neurotensin 13 1671.9 45 90 (22.1) 45 13 32 95 (22.0)
Neuropeptide Y 36 4271.7 66 48 (35.1) 65 19 61 96 (35.1)
Substance P2 11 1348.6 71 90 (24.0) 70 15 24 >99% (24.1)
Vasoactive Intestinal
peptice 28 3326.8 79 56 (27.0) 54 25 83 69 (27.6)
Avg. 25.8 2975.5 69 70 58 15 40 88

ACharacterization in Supplementary Figures 19-29. All synthesized on a 37d Generation flow synthesizer set for speed and purified by RPFC

Method 2 unless otherwise specified.

BPurified by RPFC Method 1.

C‘Purified by RP-HPLC Method 1.

D, . . .
Synthesized on a 4t Generation flow synthesizer set for length.

ERT = retention time in minutes.
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Table 4:
Miscellaneous Linear AMP Yield and PurityA
ave | e | amnw | SR paioSe | SO | TS | reeryes | PO
(mg) (RTS) (mg) (mg) (RTT)
Buforin | 39 4250.9 102 28 (22.2) 102 6.0 21 >99 (20.9)
Calcitermin® 15 1688.9 57 82 (14.9) 48 13 33 75 (15.4)
B-Casein 197 17 2005.3 39 53 (28.5) 39 14 68 98 (28.1)
Dermcidin 47 4705.4 126 32(38.1) 126 11 27 88 (37.3)
GHH20 21 24175 80 34 (15.3) 80 85 31 55 (15.2)
hGAPDHE 31 3186.7 % 61 (28.1) 52 35 >99% 80 (28.1)
KDAMP 19-mer 19 1767.0 57 37 (18.9) 57 17 81 85 (18.6)
PDC213 14 1471.7 31 70 (20.9) 31 12 55 >99 (20.8)
Salusin B 20 2342.8 17 62 (38.4) 17 8.0 76 88 (38.5)
Salvic 46 5258.1 21 45 (54.4) 21 n/a n/a n/a
Sgl-29 29 3377.7 104 67 (11.5) 104 26 37 98 (11.4)
Sgll Peptide AZ 29 3300.7 95 65 (15.0) 52 6.1 18 79 (15.3)
Cathef)igG (- 5 514.6 39 90 (14.3) nia n/a nia nia
Ubiquicidin 59 6647.8 117 61(19.7) 117 17 24 98 (9.1)°
Avg. 27.9 3067.4 70 56 65 14 47 87

ACharacterization in Supplementary Figures 30-43. All synthesized on a 3'd Generation flow synthesizer set for speed and purified by RPFC

Method 2 unless otherwise specified.

BPurified by RPFC Method 1.

CSynthesized on a 4t Generation flow synthesizer set for length.

DDerived from HPLC Method 3 (30-minutes); crude characterized with HPLC Method 1 (60-minutes).

E L
RT = retention time in minutes.
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