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ABSTRACT: Peptide nucleic acids (PNAs) are charge-neutral oligonucleotides with emerging potential for treatment of genetic,
acquired, and viral diseases, including COVID-19. Their challenging synthesis, however, limits their use for rapid therapeutic inter-
vention and widespread application. Here, we report a highly efficient technology that utilizes a fully automated fast-flow instrument
to manufacture cell-penetrating peptide-conjugated PNAs (PPNAs) in a single shot. The machine is rapid: each amide bond is formed
in 10 seconds and the synthesis of an 18-mer bioactive PNA is complete in one hour. Anti-IVS2-654 PPNA synthesized in a single
shot with this instrument presented over 16-fold activity compared to unmodified PNA in a splice-correction assay. We demonstrated
the utility of this approach by chemically synthesizing an eight-member anti-SARS-CoV-2 PPNA library within one day. A designer
PPNA targeting the 5’ untranslated region of SARS-CoV-2 genomic RNA reduced the viral titer by over 95% in live virus infection
assays (ICso: 0.8 uM). Our technology can rapidly yield on-demand PPNA candidates to tackle newly-emerging viral pathogens.

H INTRODUCTION

Peptide nucleic acids (PNAs) are artificial single-
stranded DNA-like molecules in which the sugar-phos-
phodiester moiety is replaced with an uncharged N-(2-ami-
noethyl) glycine unit and the nucleobases are attached via a me-
thyl carbonyl linker.! Due to the attenuated electrostatic repul-
sion in PNA-DNA/RNA duplexes, PNAs can hybridize com-
plementary DNA and RNA with higher affinity and specificity
than DNA-DNA/RNA duplexes.> Additionally, the amide-
based PNA backbone offers unique physiochemical properties
including superior chemical, thermal, and enzymatic stability.?

PNAs have found a wide range of chemical and bio-
logical applications,* especially as antisense agents in develop-
ing gene-specific therapeutics for various diseases including
cancer’ and monogenic blood disorders,® as novel antibiotics,**
7 and as antivirals.® As the causative agent of coronavirus dis-
ease 2019 (COVID-19), the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)° is a pathogen of immense im-
portance to global public health. Development of innovative di-

rect-acting antiviral agents is sorely needed to address this virus.

Antisense PNAs are expected to inhibit the SARS-CoV-2 rep-
lication by reducing the expression of targeted RNA through
sequence-specific steric blocking (Fig. 1a), which have been
proved effective against SARS-CoV.%

In order to find the most effective PNA sequence for
a given indication, screening small libraries of PNA candidates
in a high-throughput manner is crucial. The chemical synthesis
of long target-specific PNA strands (Fig. 1b), remains a chal-
lenge, however. PNA synthesis is limited by strong on-resin ag-
gregation and side-reactions including deletion, rearrangement,
isomerization, and nucleobase additions result in low isolated
yields of the desired product.!® Most of the reported synthetic
PNA sequences are limited to fewer than 15 residues, especially
for purine-rich sequences.!” Efforts to improve synthetic effi-
ciency are commonplace, such as extensive capping and fre-
quent double-couplings, but with a great sacrifice of conven-
ience. Therefore, automation technology'! is needed to improve
the PNA synthesis efficiency and in the meanwhile, reduce its

complexity. In previous studies, commercial DNA synthesizers
could be updated for PNA synthesis, of which each coupling
cycle takes 32 minutes, but additional capping and double-cou-
pling are still needed to improve the synthesis efficiency.!? The
current low-efficiency synthesis protocols hinder the rapid pro-
duction of screening libraries needed for antisense PNA se-
quence optimization, and development timelines remain long.

To address this challenge, we report a highly efficient
technology in which chemistry is matched with an automated
fast-flow instrument that increases the PNA synthesis rate by
over an order of magnitude with significantly improved crude
sample purity (Fig. 1d). The new synthesis protocol only re-
quires three minutes for the addition of each residue, compared
with the reported ~1 h manual protocols.!* An important varia-
ble temperature design increases coupling efficiency, while at
the same time reducing on-resin aggregation and other side-re-
actions.

Due to the neutral charge of the PNA structure, intra-
cellular delivery of PNAs is inefficient, but conjugating with
cell-penetrating peptides (CPPs) can address this issue. Instead
of using common stepwise synthesis!* via click chemistry'® (Fig.
Ic), the high coupling efficiency reported here allows direct
manufacture of PNA conjugates with cell-penetrating peptides
(PPNAs5) in a single-shot (Fig. 1d).

To demonstrate the reliability and applicability of our
method, we synthesized a 33-residue PPNA which hybridizes
to the B-thalassemia gene sequence, IVS2-654,'¢ for splice-cor-
rection activity. The enhanced green fluorescence protein
(EGFP) assay!® showed that the single-shot synthesized PPNA
presented over 16-fold activity compared to unmodified PNA.
The power of this automated technology was further strength-
ened by the synthesis of an eight-member PPNA library (33-
residue each) targeting SARS-CoV-2 genomic RNA in a single
day. One of the designed PPNAs targeting the 5’ untranslated
region (5’UTR) was highly efficacious, reducing viral titers by
over 95% in live infection assays. Overall, we believe this plat-
form could find broad application not only in generating new
SARS-CoV-2 antisense therapeutics, but also for rapid devel-
opment of PPNA candidates to treat other genetic diseases and
emerging viral pathogens.
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Figure 1. Automated single-shot technology can rapidly produce on-demand customized PPNA sequences that inhibit SARS-CoV-2.
(a) An antisense PPNA binding to the 5° UTR of the SARS-CoV-2 genomic transcript can prevent the expression of viral genes and subse-
quently inhibit viral growth. (b) Typical coupling, deprotection, and capping procedures during PNA assembly in the solid phase. (c) Work-
flow for the manual stepwise synthesis of PPNAs with click chemistry. (d) An automated fast-flow synthesizer allows for rapid manufacture
of PPNAs in a single-shot. Fmoc: 9-fluorenylmethoxycarbonyl; HATU: O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate. DIEA: N,N-Diisopropylethylamine. Ac20: acetic anhydride. Fmoc: 9-fluorenylmethoxycarbonyl. Bhoc: benzhydryloxycarbonyl.

Bl RESULTS AND DISCUSSION
Automated Microscale Flow Synthesizer Design

The automated flow PNA synthesizer consists of
seven modules including a central control computer, solution
storage system, three HPLC pumps, three multi-position valves,
heating elements, reaction zone, and a UV-visible detector. A
modular script in the Mechwolf programming environment'’
controls the instrument (Fig. 2a). During a coupling reaction,
three HPLC pumps draw reagents from the storage module un-
der a nitrogen atmosphere and the desired PNA monomer, acti-
vator, and base solutions are mixed using a valve. The mixture
flows through a module electrically heated at 70 °C, forming an
activated ester. The activated PNA monomer flows next
through the reaction zone, a packed bed of resin maintained at
70 °C, where amide bond formation is completed within 10 s.
During the deprotection step, the piperidine solution flows
through a room temperature loop controlled by a multi-position
valve (Fig. 2a) and meets with the 70 °C reactor to generate an

~40 °C environment, which enables rapid and efficient depro-
tection with minimized nucleobase adducts. An in-line UV-
visible detector was used to monitor the composition of the
spent reagent solution (Fig. 2b). The coupling yield, deprotec-
tion efficiency, and the mass transfer rate through the resin can
be inferred in real-time through the Fmoc-removal absorbance
chromatogram.'® This modular and in-line detection design al-
lows for fast chemistry optimization for not only PNAs but also
other biopolymer syntheses.

The reusable reactor body (Fig. 2a) is designed for a
7.5 pmol scale synthesis and is typically loaded with 15 mg of
0.5 mmol/g Rink Amide resin. While reducing expensive mon-
omer consumption, this design can deliver milligrams of pure
product, which is often sufficient for subsequent biological
characterizations. A detailed workflow and timeline for a typi-
cal synthesis process is listed in Fig. 2¢, which presents the am-
ide bond formation step and the overall solid-phase PNA syn-
thesis cycle within three minutes. More instrument and synthe-
sis details can be found in the supporting information section 3
to 7.
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Figure 2. Automated flow PNA synthesis enables 10-second amide bond formation and complete solid-phase synthesis cycles in three
minutes. (a) Photographs of the automated flow solid-phase synthesizer: full image, variant temperature valve, and reusable reactors. (b)
Process flow diagram. Amino acids, activating agents, and DIEA are mixed together by three HPLC pumps. Two multi-position valves
control the selection of the amino acids and activating agents. The third valve controls variant temperature flow paths. Amino acids are
activated in the 70 °C loop, then flowed over the resin bed housed in a reusable reactor. The effluent is passed through a UV-visible spec-
trometer to waste. (c) Cycle diagram showing the duration of each step, the solution composition during each step after mixing, and the time
used at each step. HBTU: O-(benzotriazol-1-yl1)-N,N,N’,N’-tetramethyluronium hexafluorophosphate; DMF: N,N-dimethylformamide.

Optimization of Automated PNA Synthesis

In-line UV-visible monitoring combined with liquid
chromatography-mass spectrometry (LC-MS) and high-perfor-
mance liquid chromatography (HPLC) product characterization
allows for rapid optimization of PNA synthesis conditions. We
began the optimization with a manually synthesized 4-mer PNA
in ~4 h of in-lab effort'™ 1> with 57% crude purity (Table 1, entry
1). During the manual synthesis, base can promote

transamidation of the nucleobase to the N-terminus, resulting in
an isomeric product (15%), similarly, transamidation on the
main chain can lead to formation of a ketopiperazine that gets
washed away, causing deletion of the N-terminal PNA unit
(4%), and the benzhydryloxycarbonyl (Bhoc) protecting group
can be cleaved by piperidine to yield a nucleobase adduct (2%)
(supporting information S6). Next, the same PNA sequence was
synthesized on the automated synthesizer within 15 min at 70
°C (Table 1, entry 2). High temperature accelerated both on-



Table 1. Evaluation of reaction conditions for the automated flow PNA synthesis*

Entry Activator Couple Depro. sol. Depro.
temp. (°C) temp. (°C)
1 PyAOP RT 20% piperidine RT
2 PyAOP 70 20% piperidine 70
3 PyAOP 70 20% piperazine 70
4 PyAOP 70 20% morpholine 70
20% piperidine,
8 FyAOP N 1% Formic acid i
20% piperidine,
6 AR 7 2% Formic acid i
7 20% piperidine,
FYAOP e 1% Formic acid 40
8 20% piperidine,
T 2 1% Formic acid —
9 20% piperidine,
FyAep % 1% Formic acid 50
10 20% piperidine,
b7 e 1% Formic acid i
P E——
1" HBTU 70 20% piperidine, 40

1% Formic acid

Couple Purity* Isomer Deletion° Base Unknown
time (%) (%) (%) add. (%) (%)
30 min 57 15 4 2 22
10 sec 70 9 10 7 4
10 sec 70 7 9 4 10
10 sec 61 12 8 8 11
10 sec 68 11 10 3 8
10 sec 65 11 11 2 11
10 sec 76 5 9 <1 9
10 sec 65 8 9 2 16
10 sec 47 12 10 3 28
10 sec 81 ) 9 <1 4
10 sec 90 <1 6 <1 3

“The PNA sequence: ACTG-Gly-CONH:. Conditions: manual synthesis: 100 mg Rink Amide resin (0.18 mmol/g), 6 eq PNA monomer, 5.8
eq PyAOP, 6 eq DIEA, and 6 eq 2,5-Iutidine in DMF. Automated flow synthesis: 15 mg Rink Amide resin (0.5 mmol/g), 10 eq PNA monomer,
9.6 eq activator, 30 eq DIEA in DMF, flow rate: 2.5 mL/min. See supporting information for details. *The crude purity was tracked with
HPLC UV absorbance at 280 nm. “Total deletions of A, C, T, G, and Gly were summed. PyAOP: (7-Azabenzotriazol-1-yloxy)trispyrroli-

dinophosphonium hexafluorophosphate.

target (70%) and off-target reactions, especially nucleobase ad-
ducts (7%) and deletions (10%). Further base screening, includ-
ing piperazine and morpholine, revealed that piperidine was op-
timal for the Fmoc-deprotection at 70 °C (Table 1, entry 3-4).

A major focus of the high temperature optimization
was prevention of piperidine adducts during the deprotection
step. Addition of formic acid to deprotection solutions to pre-
vent base-mediated aspartimide formation is a common prac-
tice," but we found the lower basicity is also useful in prevent-
ing nucleobase adduct formation. Formic acid (1% solution in
20% piperidine-DMF, v/v) was therefore used as an additive for
deprotection and successfully decreased the base-adduct ratio
to 3% (Table 1, entry 5). Higher formic acid concentration can
further inhibit the formation of base adducts but results in addi-
tional impurities (Table 1, entry 6). The most effective strategy,
however, was to decrease the deprotection temperature to 40 °C,
which was controlled by a multi-position valve and a “T” con-
nector (Fig. 2a). Under this condition, only negligible nucleo-
base adducts (<1%) were generated (Table 1, entry 7).

Higher coupling temperature (80 °C and 90 °C) can
cause increased impurities (16% and 28%, respectively), which
indicates the highest allowable synthesis temperature is 70 °C
on this flow instrument (Table 1, entry 8-9). A significant in-
crease in purity (81%) was achieved by using HATU as an ac-
tivator, but 5% isomerization was still observed (Table 1, entry
10). Finally, the best condition was uncovered while using

HBTU instead of HATU, which provided the cleanest PNA (90%

purity) with <1% isomers and <1% nucleobase adducts (Table
1, entry 11).

Automated Single-Shot Synthesis of Potential Therapeutic
PPNA

The optimized high-temperature flow recipe provides
PNA sequences with significantly improved purity to manual
protocols in a fraction of the time. As depicted in Fig. 3, using
batch protocols, production of a 4-mer PNA was completed in
4 h. In comparison, our flow protocol provided the same se-
quence in only 15 min with superior purity (90% vs 57%, re-
spectively) as demonstrated by both HPLC and LC-MS chro-
matograms (Fig. 3a to 3d).

To further test the synthetic efficiency of this method-
ology, an 18-mer PNA with a three-lysine (K3) linker,2° which
hybridizes to the B-thalassemia gene sequence (IVS2-654), was
prepared in about one hour with 60% purity. We purified 4 mg
of pure PNA with >95% purity for further biological character-
izations (Fig. 3e, 31).

This efficient protocol allows for single-shot synthesis
of PPNAs. Conjugating cell-penetrating peptides (CPPs) with
PNAs through click chemistry'® is a general strategy for PNA
intracellular delivery.?' However, this method can be labor-in-
tensive (Fig. 1¢), and requires no human errors during the whole
synthesis process. Also, multiple purifications can result in high
sample losses. To expedite PPNA preparation, we developed a
single-shot strategy to produce PPNAs using our automated
platform. A 12-mer CPP “RXRRBRRXRRBR-CONH,” (Bpep,
X = 6-aminohexanoic acid; B = B-alanine)** was pre-synthe-
sized onto the resin on a peptide synthesizer developed previ-
ously in our lab,”® and the Bpep-loaded resin was transferred
directly for PPNA synthesis on our microscale instrument. In



this way, an anti-IVS2-654 PPNA was synthesized within 1.7 h
with 52% crude purity. After purification, 1.2 mg of pure mate-
rial (>95% purity) were obtained (Fig. 3g, 3h). This automated
protocol not only achieved rapid synthesis but also enabled pro-
duction of challenging PNA sequences that are difficult or un-
feasible to synthesize in batch.
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Figure 3. Automated fast-flow synthesis of PNAs and PPNAs
with enhanced purity over manual protocols. (a-d) Crude

HPLC/LC-MS traces of manually and flow synthesized 4-mer PNA.

(e-f) Crude/pure HPLC, pure LC-MS traces of flow synthesized
anti-IVS2-654 PNA. (g-h) Crude/pure HPLC, pure LC-MS traces
of a single-shot synthesized anti-IVS2-654 PPNA.

Synthetic anti-IVS2-654 PPNA Shows Enhanced Activity in
an EGFP Assay

The bioactivity of synthesized PPNAs was demon-
strated by an enhanced green fluorescent protein (EGFP) assay
in HeLa 654 cells.'® In this assay, the HeLa cells are stably en-
gineered with an EGFP-coding sequence interrupted by an in-
tron from the human B-globin gene (IVS2-654). The intron con-
tains a cryptic splice site that leads to retention of a B-globin

fragment in the EGFP mRNA sequence, resulting in the trans-
lation of a non-fluorescent protein. The anti-IVS2-654 PNA hy-
bridizes to the aberrant $-globin 5’ splice site, forcing the splic-
ing machinery to use the normal splice sites and producing a
functional, fluorescent EGFP. The PNA activity in the nucleus
is therefore correlated with EGFP fluorescence and can be ana-
lyzed using flow cytometry, reported here as mean fluorescence
intensity (MFI) relative to Phosphate-Buffered Saline (PBS) ve-
hicle-treated cells. We used the synthesis platform for rapid pro-
duction of an 18-mer anti-IVS2-654 PNA, a scramble 18-mer
PNA (negative control), and an anti-IVS2-654 PPNA with mil-
ligram scales in >95% purity.

A commercial anti-IVS2-654 PNA was obtained from
PNA Bio® as a positive control (Fig. 4a). As depicted in Fig.
4b, the synthesized PNA and commercial PNA, with delivery
mediated by lipofectamine, present similar activity in the EGFP
assay, confirming function of the flow-produced material. The
fluorescence did not increase when cells were treated with the
scramble PNA, indicating sequence-dependent activity (Fig.
4b). Importantly, the single-shot synthesized PPNA improved
the activity by over 16-fold at 10 uM compared to unmodified
PNA (Fig. 4c). This result not only highlights the importance of
cell-penetrating peptides but also demonstrates the potential to
quickly build an active PPNA library for further applications.

Synthetic anti-SARS-CoV-2 PPNA Shows Over 95% Viral
Inhibition in a Live Infection Assay

The 5° UTR of the coronavirus genome is responsible
for important biological functions, such as viral replication,
transcription’* and packaging.? In previous studies, antisense
agents such as PNAs and phosphorodiamidate morpholino oli-
gomers (PMOs) targeted to various sites in the 5° UTR of mouse
hepatitis virus*® and SARS-CoV?* 2" were effectively antiviral.
Recent research has shown that PMOs can effectively inhibit
SARS-CoV-2 replication.?® To our knowledge, however, inhi-
bition of SARS-CoV-2 with PNAs has not been reported. To
further demonstrate the power of our automated single-shot
technology, we synthesized an 8-member PPNA library target-
ing the 5’UTR, the transcription regulatory site (TRS), and the
polyprotein la/b translation start site (AUG) of SARS-CoV-2
within one day. After purification, each PPNA was obtained in
milligram scale with >90% purity (Fig. Sa).

Each synthetic PPNA was evaluated for its inhibitory
effect on the replication of SARS-CoV-2 in Vero-E6 cell cul-
tures. Anti-IVS2-654 PNA, which has no intracellular target
present, was selected as a negative control, while the known in-
hibitor of viral growth, EK1,?’ was used as a positive control. A
multiplicity of infection (MOI) of 0.1 was used for virus inocu-
lation for 2 h. PPNA treatments were given at the same time as
viral infection started and then continued after virus being re-
moved. Subsequent viral RNA levels were measured 48 h after
initial infection. We observed dose-dependent reduction of the
viral RNA replication with increasing concentrations of PPNAs
(Fig. 5b). Sequences designed to target the 5> UTR and AUG
region were highly efficacious. The 5’UTR-3 sequence reduced
titers by 75% in the live SARS-CoV-2 assay, which was at the
same level as EK1. Nearly complete inhibition was achieved
with sequence 5’UTR-1 at 10 pM (ICsp: 0.8 uM. Fig. 5¢). This
result suggests that further study of the 5> UTR PPNAs to ad-
dress SARS-CoV-2 infections is warranted, and the automated
technology described here will provide a strong driving force
for the development of this area.



a) Entry Name Sequence (5’-3’) Quantity Purity
1  Commercial PNA GCTATTACCTTAACCCAG-KKK-CONH:2 0.3mg >95%
2 | Synthesized PNA GCTATTACCTTAACCCAG-KKK-CONH2 40mg >95%
3 | Scramble PNA CCTCATACATACGTACGT-KKK-CONH2 3.3mg >95%
4 | PPNA (Bpep) GCTATTACCTTAACCCAG-KKK-Bpep-CONH2 1.2mg >95%
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Figure 4. Automated flow-synthesized PNAs are highly active in live cell assays. (a) Names, sequences, quantities, and purities of EGFP
PNAs and PPNA. (b) The relative fluorescence (to PBS vehicle-treated cells) of flow-synthesized anti-IVS2-654 PNA and relevant scramble
PNA are compared to commercial anti-IVS2-654 PNA, as determined by an EGFP assay in HeLa-654 cells. PBS: Phosphate-Buffered Saline;
LPF: Lipofectamine. (c) Dose-response curves corresponding to activity in the EGFP assay for synthesized unmodified PNA, PPNA, and
PNA with lipofectamine. Activity is shown as fluorescence intensity relative to PBS vehicle-treated HeLa-654 cells.

B CONCLUSION

The optimized automated flow PNA synthesis proto-
col demonstrates noticeable advantages of flow chemistry over
traditional batch methods. A variable temperature design
achieves a 10-second amide bond formation while greatly sup-
pressing side reactions. The merits of this automated technol-
ogy are not only rapid synthesis with improved crude purity, but
also the ability to access PNA sequences that are challenging to
obtain using batch methods. More importantly, this methodol-
ogy enables facile single-shot synthesis of PNA conjugates with
cell-penetrating peptides (PPNAs), typically a time- and labor-
intensive task.

The automated strategy developed here overcomes the
PNA production barrier and shifts the research focus in the field

from synthesis to endpoint biological investigations and drug
discovery. In our research, commercial PNAs (21-residue long)
required a three-week lead time for preparation. With our tech-
nology, we prepared eight anti-SARS-CoV-2 PPNAs (33 resi-
dues each) in a single day. This is particularly important as a
fast response to the current COVID-19 pandemic. We tested the
viral inhibition of these flow-synthesized PPNAs in a live
SARS-CoV-2 inhibition assay, and found that an important
PPNA sequence targeting the 5’UTR region can reduce the viral
titer by >95%. Given the favorable toxicological profile of PNA
drugs,4b further improvements in efficacy could result in an ef-
fective treatment for SARS-CoV-2. Finally, this automated
PNA synthesis protocol enables on-demand production of time-
sensitive and potentially life-saving personalized medicines,
not only for COVID-19 but also for other genetic and acquired
diseases and new viral pathogens.



a) Entry PPNA Name Sequence (5>3’) Location Quantity Purity

1 anti-lvS2-654 GCTATTACCTTAACCCAG-KKK-Bpep-CONH2 - 1.2mg >95%
2 5'UTR-1 TTGGTTGGTTTGTTACCT-KKK-Bpep-CONH2 21-39 1.5mg >95%
3 5’'UTR-2 AGTTACTCGTGTCCTGTC-KKK-Bpep-CONH2 155172 1.4mg >90%
4 5’UTR-3 CTTACCTTTCGGTCACAC-KKK-Bpep-CONH2 248-265 1.3mg >90%
5 TRS-1 AAGTTCGTTTAGAGAACA-KKK-Bpep-CONH2 60-77 09mg >95%
6 TRS-2 TTTTAAAGTTCGTTTAGA-KKK-Bpep-CONH2 65-82 1.0mg >95%
7 TRS-3 AGATTTTAAAGTTCGTTT-KKK-Bpep-CONH2 68-85 1.0mg >95%
8 AUG CTCTCCATCTTACCTTTC-KKK-Bpep-CONH2 254-271 1.5mg >90%
b) c)
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Figure 5. Dose-dependent inhibition of live SARS-CoV-2 replication by a synthetic PPNA library. (a) Names, sequences, target location,
quantities, and purities of synthetic PPNAs. Locations on the SARS genomic RNA are based on GenBank NC_045512. Bases targeting the
SARS-CoV-2 leader-TRS (nt 70-75) are in green; Bases targeting the AUG translation start site are in blue. (b) Increasing concentrations of
PPNAs result in inhibition of viral replication as measured by total viral RNA present. EK1 as a positive control, and anti-IVS2-654 as a

negative control. (¢) Viral inhibition with PPNAs at 10 uM.
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