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ABSTRACT: The COVID-19 pandemic caused by SARS-CoV-2 presents a global
health emergency. Therapeutic options against SARS-CoV-2 are still very limited
but urgently required. Molecular tweezers are supramolecular agents that
destabilize the envelope of viruses resulting in a loss of viral infectivity. Here, we
show that first-generation tweezers, CLR01 and CLR05, disrupt the SARS-CoV-2
envelope and abrogate viral infectivity. To increase the antiviral activity, a series of
34 advanced molecular tweezers were synthesized by insertion of aliphatic or
aromatic ester groups on the phosphate moieties of the parent molecule CLR01. A
structure-activity relationship study enabled the identification of tweezers with a
markedly enhanced ability to destroy lipid bilayers and to suppress SARS-CoV-2
infection. Selected tweezer derivatives retain activity in airway mucus and inactivate
the SARS-CoV-2 wildtype and variants of concern as well as respiratory syncytial,
influenza, and measles viruses. Moreover, inhibitory activity of advanced tweezers
against respiratory syncytial virus and SARS-CoV-2 was confirmed in mice. Thus, potentiated tweezers are broad-spectrum antiviral
agents with great prospects for clinical development to combat highly pathogenic viruses.
KEYWORDS: broad-spectrum antivirals, SARS-CoV-2, RSV, molecular tweezers, respiratory viruses

The coronavirus disease 2019 (COVID-19) pandemic is a
tremendous threat to humans and global socioeconomics.

The causative agent of COVID-19, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), was first described in
late 2019 in Wuhan, China, and since then spread globally. In
June 2022, the WHO reported ∼530 million confirmed
infections and ∼6.2 million deaths due to COVID-19. There
are thousands of clinical trials investigating treatments and
preventative measures for the disease; however, only a few
antiviral drugs are approved to date including remdesivir, with
only a modest clinical benefit, and PAXLOVID, which
treatment is only authorized for patients requiring hospital-
ization due to severe or critical COVID-19.1,2 Other
compounds, in particular therapeutic antibodies, received
emergency use authorization in some countries but showed
variable efficacy in hospitalized patients.3 The rollout of mass
vaccination campaigns in the end of 2020 is expected to
substantially reduce incidence of severe disease, morbidity, and
mortality and may result in ″herd immunity″.4,5 Vaccination
success may, however, be compromised by the emergence of
viral variants of concern (VOC) that escape immunity,6,7

exhibit a multiplicative transmissibility,8,9 and cause higher case
fatality rates.10,11 In addition, widespread refusal to get
vaccinated and a slow rollout of vaccines may facilitate VOC
selection, raising the question of whether herd immunity can
really be achieved. These troubling issues highlight the ongoing
need to develop broadly protective and therapeutic inter-
vention agents against SARS-CoV-2.

In addition to SARS-CoV-2, other emerging and re-
emerging viruses with epidemic potential such as Ebola virus
(EBOV), Zika virus (ZIKV), SARS-CoV, Middle East
respiratory syndrome coronavirus (MERS-CoV), or new
strains of influenza A virus (IAV) pose significant threats to
human health due to the absence of available antiviral therapies
or effective vaccines. These viruses, as well as other widespread
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viral pathogens such as respiratory syncytial virus (RSV),
measles virus (MeV), herpes simplex viruses (HSV-1 and
HSV-2), and human immunodeficiency virus type 1 (HIV-1),
share a common feature: they are surrounded by an envelope.
The envelope consists of a lipid bilayer, which is derived from
cellular membranes and contains viral glycoproteins that
mediate cell attachment and entry. Compounds that disrupt
the lipid bilayer such as alcohols and detergents are virucidal
and have been used as disinfectants for decades. More recently,
it became clear that the lipid bilayer may also serve as target for
labyrinthopeptins, the AH peptide, and a novel class of
antiviral compounds, termed molecular tweezers.12−15 These
small molecules have a belt-like arrangement with a horseshoe-
shaped cavity that enables them to bind to lipid head groups of
the phospholipids in the viral envelope and subsequently insert
into the lipid bilayer, which results in increased surface tension,
membrane disruption, and a loss of viral infectivity.14

Consequently, molecular tweezers CLR01 and CLR05
displayed broad antiviral activity against all enveloped viruses
tested so far, including HIV-1, ZIKV, HSV-1, HSV-2, HCMV,
MeV, EBOV, and IAV.13,14,16 These broad-spectrum antiviral
agents are being evaluated in preclinical studies as microbicides
to prevent sexual HSV-2 and HIV-1 transmission or as
prophylactic and therapeutic agents in respiratory tract
infections.

More recently, in a preliminary structure-activity relationship
study, we synthesized and analyzed nine CLR01 derivatives
containing aliphatic ester arms and found them to be able to
destroy liposomes and to inhibit HIV-1 infection more
efficiently than the parental molecule.14 Thus, we here set
out to explore whether first- and second-generation molecular
tweezers may also inactivate SARS-CoV-2 and other
respiratory pathogens. We found that the first-generation
tweezers CLR01 and CLR05 inactivate live SARS-CoV-2 with
modest antiviral activities in the high micromolar range. To
improve the virucidal activity, we performed a more
comprehensive systematic structure-activity relationship
(SAR) study and synthesized more than 30 additional
CLR01 derivatives containing additional aliphatic and aromatic
ester groups to facilitate membrane binding and disruption.
Most of the newly designed tweezers exhibited markedly
increased antiviral activity with some even reaching the
nanomolar range while retaining good selectivity indices.

Biomolecular modeling confirmed that optimized tweezers
interact with the viral membrane more efficiently, thereby
further supporting an increased surface tension and ultimately
viral membrane disruption. Finally, we show that the optimized
tweezers also inactivate MeV, RSV, and IAV. Thus, potentiated
tweezers are broad-spectrum antivirals that could help our fight
against SARS-CoV-2 and other respiratory viruses.

■ RESULTS

Molecular Tweezers CLR01 and CLR05 Inactivate
SARS-CoV-2

CLR01 and CLR05 (structures shown in Figure S1a) display
broad antiviral activity against several enveloped viruses12−14

and have previously been shown to inactivate lentiviral
particles pseudotyped with the SARS-CoV-2 spike protein17

with half-maximal inhibitory concentrations (IC50) of 36 μM
for CLR01 and 33 μM for CLR05.14 CLR03, which is based on
a truncated polycyclic backbone (Figure S1a), is unable to
interact with the viral membrane12 and did not affect
pseudoparticle entry.14 We here additionally show that none
of the tested tweezers were cytotoxic at antivirally active
concentrations. CLR05 shows cytotoxicity only at the highest
concentrations (CC50 of 117 μM) (Figure S1b). The antiviral
activity of CLR01 to block the SARS-CoV-2 spike pseudovirus
increased over time, with the maximum inhibition observed
after 5 h (Figure S1c). Furthermore, we found that IC50 values
of CLR01 and CLR05 increased with elevated amounts of
spike pseudoparticles (Figure S1d), confirming that tweezers
target the viral particles.

We next determined the antiviral activity of CLR01, CLR03,
and CLR05 against infectious SARS-CoV-2. For this experi-
ment, a low dose of SARS-CoV-2 (multiplicity of infection,
MOI = 0.01) was treated with the tweezers, and then, the
mixtures were used for inoculation of Caco2 cells.
Quantification of the viral S-protein by an in-cell ELISA
showed that CLR01 and CLR05 suppressed SARS-CoV-2
infection with IC50 values of 77 and 167 μM, respectively,
while CLR03 was inactive (Figure 1a). Complete inhibition of
viral infection was achieved by ∼300 μM of CLR01, whereas
the same concentration of CLR05 inhibited virus infection by
∼70% (Figure 1a).

Figure 1. CLR01 and CLR05 inactivate SARS-CoV-2. (a) Tweezers suppress SARS-CoV-2 infection. SARS-CoV-2 (Wuhan) was incubated with
CLR01, CLR05, or CLR03 at indicated concentrations for 2 h at 37 °C and then used to inoculate Caco2 cells. Two days later, infection rates were
quantified by measuring viral S-protein using an in-cell ELISA. Values represent mean percent values normalized to mock infected controls and
derived from two experiments each performed in triplicate (± SEM). (b) CLR01- and CLR05-damaged SARS-CoV-2 virions. SARS-CoV-2 (1.2 ×
106 PFU/mL) was incubated with PBS or 250 μM of CLR01, CLR03, and CLR05 for 30 min at 37 °C, fixed, stained with uranyl acetate, and
visualized by TEM. Scale bar = 100 nm. The yellow arrow indicates notches in the viral envelope induced by molecular tweezer treatment. For
more images and quantification, see Figure S2.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.2c00220
JACS Au 2022, 2, 2187−2202

2188

https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.2c00220/suppl_file/au2c00220_si_003.pdf
https://pubs.acs.org/doi/10.1021/jacsau.2c00220?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Transmission electron microscopy (TEM) analysis of buffer
and CLR03 (inactive tweezer derivative)-treated virions
revealed the presence of SARS-CoV-2 virions with a typical
size of around 100 nm18 and envelope “corona” formed by the
spike peplomers (Figure 1b, Figure S2a). In contrast, the
morphology of CLR01- and CLR05-treated virions was largely
disrupted (Figure 1b, Figure S2a) and associated with a
reduced number of clearly visible peplomers at the virion
surface, envelope notches, and a loss of sphericity (Figure 1b,
Figure S2b). We also observed an electron-dense material in
the virion center, caused by uranyl acetate penetrating into the
damaged lipid bilayer, which indicates disruption of the viral
membrane upon tweezer treatment (Supplementary Movie 1).
Altogether, these data show that CLR01 and CLR05 inactivate
SARS-CoV-2 by disrupting the viral envelope; however, the
concentrations that are required for effective inhibition are in
the medium-to-high micromolar range, which is likely too high
for prophylactic or therapeutic applications.
Design and Synthesis of Optimized Tweezers

To develop advanced tweezers with increased antiviral activity,
we introduced a broad variety of anchor groups into both
tweezer phosphates. The underlying idea is that additional
hydrophobic units protruding from the tweezer body will also
be inserted into the viral membrane, increase its rigidity and
surface tension, and lead to facilitated disruption. In fact, a
preliminary SAR study with nine CLR01 derivatives containing
aliphatic ester arms resulted in the identification of advanced
tweezers with increased anti-HIV-1 activity.14 We decided to
perform a more systematic SAR study and attached to CLR01

various hydrophobic structural elements as mimetics of integral
lipid components found in cell and viral membranes (Figure
2). Simple alkyl tails of varying lengths imitate fatty acids, while
double and triple bonds introduce additional elements of
increased rigidity. Aromatic moieties offer enlarged π faces for
elevated dispersive attraction similar to steroids. All these
anchor groups were attached as phosphate monoesters to allow
their insertion and parallel alignment within the existing lipid
bilayer.

A few chemical reactions allow the selective introduction of
exactly one ester group into existing monophosphate esters. In
a recent study, we discovered that phosphate activation with
trichloroacetonitrile (TCA) indeed allows the introduction of
aliphatic primary and small secondary alcohols into the parent
tweezer in its diphosphoric acid form (1 in Figure 2a).19 The
scope of the TCA reaction was now greatly expanded, and a
total of 34 new two-armed diphosphate esters were prepared in
high yields. However, chromatographic purification was
necessary at the stage of the phosphoric acid and could not
be conducted on the anionic form. Purification was realized by
preparative HPLC chromatographic separation over RP-18
silica gel. The resulting phosphoric acid derivatives were
quantitatively deprotonated to afford disodium salts with high
water solubility. All products displayed very high purity (95−
99%) according to HPLC, NMR, and MS.

Figure 2b depicts all new compounds in groups of similar
chemical structure and size. Linear and some branched
aliphatic alcohols from C1 to C18 were selected to probe for
optimal insertion into the lipid bilayer. We tested examples of

Figure 2. Synthesis of dialkyl diphosphate tweezers and overview of all new compounds in groups of similar chemical structure. (a)
Conversion of the free diphosphoric acid 1 to CLR01 and TCA-mediated esterification reaction with subsequent neutralization leading to dialkyl
diphosphate tweezers. (b) Overview of all ester alcohols attached to the parent tweezer CLR01, classified according to their size and chemical
nature. Advanced tweezers p-CH200, p-CH201, p-CH202, p-CH203, p-CH204, p-CH205, p-CH206, p-CH192, and p-CH193 were previously
reported.14
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very short length (C1−C3 alkyls such as p-CH200, p-CH201,
pCH-202, and CP037), medium length (C4−C5 alkyls such as
p-CH205, CP002, CP007, CP008, CP009, CP018, and
CP022), extended length (C6−C7 alkyls such as CP013,
CP019, CP020, and CP023), and lipid-like length (C8−C18
such as p-CH192, p-CH193, and p-CH206). However, earlier
investigations demonstrated that alkyl chains may be included
in the hydrophobic tweezer cavity, and interfere with guest
binding, exploiting the nonclassical hydrophobic effect and
dispersive interactions. We therefore also chose ester alcohols
containing terminal triple bonds (C3−C6 alkynes such as p-
CH203, p-CH204, CP012, CP021, and CP038). NMR
titrations of such tweezer derivatives indicate repulsion of the
electron-rich cavity and the π-systems of the ester arms,
monitored by the absence of upfield shifts and restored tweezer
affinities to cationic guests.19 Aromatic groups are charac-
terized by their extended flat and rigid π-system and as such
undergo extensive interactions inside lipid bilayers.20 They
may be compared with rigid natural lipids such as steroids and
are prone to undergo self-assembly inside membranes as
artificial lipid rafts.21 Accordingly, we built a variety of
molecular tweezers with two aromatic ester arms (Figure 2b:
aromatics). Benzylic alcohols were preferred over phenols with
their acidic OH group (pK ∼11), which do not react under the
TCA reaction conditions. These included benzene (CP005,
CP024, CP025, CP026, and CP027), naphthalene (CP006),
and biphenyl (CP036) ring systems. Finally, some charged
alcohols were included into the test series, intended to
establish additional ionic interactions with the choline or
phosphate head groups of most phospholipids (ionic groups
such as CP015, CP033, CP041, and CP049).
Properties of the New Tweezers
Since an open tweezer cavity is a prerequisite for the efficient
inclusion of a choline head group, several experiments were
conducted to elucidate this situation in the series of new
tweezer derivatives. Especially, the aliphatic two-armed
tweezers experience significant upfield shifts of their hydro-
phobic ester moieties in aqueous buffer (C1−C3 alkyl, C4−C5

alkyl, C6−C7 alkyl, and C8−C18 alkyl). The chemical shifts of
the ester protons correlate directly with their degree of self-
inclusion and give hints on the local chemical environment of
the ester arms: In general, P−O−CH and P−O−CH2 protons
as well as internal CH2 and even terminal CH3 protons
experience upfield shifts between 0 and 2 ppm. Interestingly,
these never exceed the half-maximal value for complete guest
inclusion, known from tweezers with only one self-included
alkyl group (∼4 ppm).19 Since fast exchange leads to averaged
NMR signals, we tentatively propose that, for steric treasons
only, one ester arm resides inside the cavity, while the other
ester group remains outside (Figure S3). The exact nature of
the self-inclusion in CP020 could be derived from a polarity
shift experiment, with incremental changes from pure DMSO-
d6 to pure D2O (Figure S4). In the heptyl ester arms, moderate
upfield shifts were detected for the POCH2 group as well as the
terminal CH3 protons, while massive upfield shifts of up to 2.5
ppm occurred in the internal C3−C4 methylene groups,
indicating that one ester arm is threaded through the tweezer
cavity. To visualize the effect of the self-included alkyl arms on
the tweezer lipid affinity, we conducted an NMR titration
experiment between CP020 (C7 arms) and phosphosphingo-
myelin SM in methanol where both compounds are soluble
and do not aggregate (Figure S5). As expected, a 15 mM
affinity was determined, 2-fold weaker than that of the parent
tweezer CLR01 (KD = 8 mM). It should be noted that self-
inclusion in free aqueous solution may be overcome when the
tweezers approach the membrane and the dielectric constant
rapidly decreases. Here, the choline head group inserts into the
tweezer cavity and the alkyl arms are free to interact with the
lipid bilayer.

By sharp contrast, the electrostatic repulsion of the tweezer
π-systems prevents unsaturated aliphatic chains from threading
and keeps the cavity open. Indeed, all terminal alkynes (C3−
C6 alkynes) show only small upfield shifts of their nonincluded
ester arms. Aromatic ester groups with their extended π-system
(aromatics) are even better in this respect and do not touch
the tweezer cavity.

Table 1. IC50, CC50, and Selectivity Indices (SI) of Tweezers Categorized by Their Chemical Structuresa

# tweezer IC50 (μM) CC50 (μM) SI # tweezer IC50 (μM) CC50 (μM) SI

1 CLR01 35.5 >300 >8.4 20 p-CH204 11.3 177.0 15.6
2 CLR03 >300 21 CP012 15.2 >300 >19.7
3 CLR05 33.0 116.7 3.5 22 CP038 15.3 >300 >19.6
4 PC 49.8 228.0 4.5 23 CP021 16.2 >300 >18.5
5 p-CH200 23.6 213.6 9.0 24 p-CH206 14.9 123.3 8.2
6 p-CH201 29.5 >300 >10.1 25 p-CH192 40.6 243.9 6.0
7 p-CH202 29.2 291.1 9.9 26 p-CH193 15.5 >300 >19.3
8 CP037 15.6 225.6 14.4 27 CP019 1.7 208.0 122.3
9 CP041 37.4 >300 >8.0 28 CP013 14.0 240.0 17.1
10 CP015 295.6 29 CP020 1.0 213.1 213.1
11 p-CH205 14.2 151.5 10.6 30 CP023 16.8 170.9 10.1
12 CP007 16.1 274.3 17.0 31 CP005 1.8 122.3 67.9
13 CP008 24.3 128.2 5.2 32 CP006 2.4 75.9 31.6
14 CP002 2.6 97.0 37.3 33 CP024 1.6 77.4 48.3
15 CP009 8.8 185.3 21.0 34 CP025 6.9 106.1 15.3
16 CP018 6.4 185.4 28.9 35 CP026 1.6 117.9 73.6
17 CP022 6.0 194.3 32.3 36 CP027 1.5 83.8 55.8
18 CP033 29.6 >300 >10.1 37 CP036 2.9 40.8 14.0
19 p-CH203 13.7 184.4 13.4 38 CP049 41.9 292.2 6.9

aIC50 against SARS-CoV-2 spike-mediated transduction and CC50 values in Caco2 cells were calculated by GraphPad Prism from data shown in
Figure 3 and Figure S7. The selectivity index (SI) is defined as the quotient of CC50 and IC50.
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Effect of New Tweezers against SARS-CoV-2 Spike
Pseudoparticle Transduction
We determined the antiviral activity of all synthesized tweezers
and controls. Due to the large number of compounds, the
high-throughput SARS-CoV-2 spike pseudoparticle system was
used. All analyzed new tweezers (with the exception of CP015
that contains a choline head group) suppressed transduction in
a concentration-dependent manner (Figure S6), and 30 of 37
tweezers were more potent than the parental CLR01 molecule
(IC50 of 35 μM) (Table 1). The addition of C1 to C3 alkyl
moieties to CLR01 resulted in tweezers with modestly
increased antiviral activities (IC50 values ranged from 16 μM

to 37 μM) (Figure S6a). Alkyne (Figure S6b) and C4/C5 alkyl
tweezers (Figure S6c) were on average more active than C1−
C3 alkyl derivatives, with p-CH204 (IC50 of 11 μM) and
CP002 (IC50 of 2.6 μM) as most potent representatives. The
tweezer with the most potent antiviral activity was CP020, a
C7 alkyl derivative, with an IC50 of 1.0 μM (Figure S6d). The
C6 alkyl derivative CP019 was also very active with an IC50
value of 1.7 μM (Figure S6d). The addition of longer C8 to
C18 alkyl chains (p-CH192, p-CH193, and p-CH206) did not
further increase antiviral activity and resulted in moderately
active tweezers with IC50 values ranging from 15 to 41 μM
(Figure S6e). Most of the aromatic tweezers potently inhibited

Figure 3. Correlation of antiviral and cytotoxic activities of tweezers. IC50 and CC50 values shown in Table 1 were plotted against each other,
revealing a significant structure-activity relationship because tweezers with similar structure form clusters.

Table 2. Overview of the IC50/EC50 Values of Tweezers against Enveloped Viruses and Liposomesa

# tweezer
SARS-CoV-2
IC50 (μM) SI

RSV IC50
(μM) SI

IAV IC50
(μM) SI

MeV IC50
(μM) SI

HIV-1 IC50
(μM) SI

liposome EC50
(μM)

1 CLR01 26.5 >11.3 61.5 30.5 >9.8 78.4 >3.8 33.3 >9.0. 79.2
2 CLR03 n.a. n.a. n.a. n.a.
3 CLR05 n.a. n.a. n.a. n.a. 70.3 1.6 70.4 >4.2 27.1 n.a. 120.8
4 CP002 8.2 11.8 n.a. n.a. 2.8 34.6 2.8 91 1.1 78.0 4.4
5 CP022 19.9 9.7 n.a. n.a. 34.5 5.6 13.4 >22.3 4.4 n.a. 19.4
6 CP012 97.4 >3.0 n.a. n.a. 38.4 >7.8 28.0 >10.7 5.4 n.a. 60.9
7 CP038 48.9 >6.1 18.9 >15.8 192.6 >1.5 30.1 >9.6 6.9 n.a. 43.4
8 CP021 64.9 >4.62 n.a. n.a. 46.5 >6.4 41.3 n.a. 11.4 n.a. 90.3
9 CP019 1.0 208 7.4 >40.5 112.6 1.8 4.6 >65.2 1.8 104.5 6.5
10 CP013 n.a. n.a. n.a. n.a. 6.7 35.8 5.1 >58.8 2.5 69.4 n.a.
11 CP020 0.4 532.7 7.1 >42.2 24.5 8.6 4.0 >75 1.6 62.9 4.4
12 CP023 2.6 65.7 n.a. n.a. 16.7 10.2 7.4 >40.5 4.1 35.1 18.0
13 CP005 8.5 14.3 n.a. n.a. 8.0 15.2 2.7 >111.1 1.9 46.8 4.0
14 CP006 0.3 253 6.0 >50 0.6 126.5 3.0 >100 0.9 82.6 4.8
15 CP024 1.5 51.6 n.a. n.a. 2.1 36.8 2.1 81.8 1.8 33.6 3.0
16 CP025 0.6 176.8 6.1 27.8 3.2 33.1 7.0 24.2 1.1 40.0 6.9
17 CP026 1.8 65.5 n.a. n.a. 11.6 10.1 1.9 >157.8 1.5 48.3 2.6
18 CP027 7.0 11.9 n.a. n.a. 3.8 22.0 1.6 153.3 1.1 63.5 3.7
19 CP036 0.2 204 9.7 19.7 0.6 68.0 8.1 23.5 2.1 13.9 14.1
an.a.: not analyzed.
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SARS-CoV-2 spike pseudoparticle transduction, with CP005,
CP024, CP026, and C027 as the most active ones (IC50 values
between 1.5 and 1.8 μM) (Figure S6f). Thus, the structure-
activity relationship study allowed us to increase the antiviral
activity of CLR01 by more than one order of magnitude.

As modifications of CLR01 may also alter cytotoxic
properties, we determined the half-maximal cellular cytotox-
icity (CC50) of all tweezers and calculated the respective
selectivity index (SI) (Figure S7, Table 1). Because of
solubility issues and limited amounts of materials, the highest
applied concentration of the tweezers in cell culture was 300
μM. Under these conditions, CLR01 and seven new tweezers
(p-CH201, CP041, CP033, CP012, CP038, CP021, and

CH193) showed little or no cytotoxicity (CC50 > 300 μM).
The remaining tweezers affected cell viability to a certain
degree, with corresponding SI values between 5 (CP008) and
200 (CP020) (Table 1). Interestingly, graphical representation
of antiviral activity and cytotoxicity reveals a structure-activity
relationship depending on the side arm moiety of the tweezer
(Figure 3). In general, the inhibitory activity improves with the
increasing length of simple alkyl chains, from the ancestor
tweezer (purple) over C1−C3 (blue) and C4−C5 (green) to
C6−C7 (red), while toxicities are low (Figure 3). Further
elongation of alkyl chains results in the loss of activity and
increased toxicity (light purple). Alkyne tweezers on the
contrary are even less toxic than their alkyl counterparts (CC50

Figure 4. Advanced tweezers inactivate SARS-CoV-2. (a, b) Selected tweezers inhibit SARS-CoV-2 infection. SARS-CoV-2 (MOI 0.0007) was
exposed to 2.3−300 μM on virus (a) or 0.1−15 μM on virus (b) of indicated tweezers for 2 h at 37 °C and added to Caco2 cells. Infection rates
were determined 2 days later by nucleocapsid specific in-cell ELISA. Values represent infection rates (means) normalized to mock infected controls
and were derived from two or three independent experiments each performed in triplicates (±SEM). (c) Tweezers destroy SARS-CoV-2 particles.
SARS-CoV-2 was mixed with PBS, CLR01 (250 μM), or advanced tweezers (50 μM), incubated for 30 min at 37 °C, fixed, stained with uranyl
acetate, and visualized via TEM. Scale bar = 100 nm. For more TEM images and quantification, see Figure S8. (d) Tweezers inactivate SARS-CoV-
2 VOC B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.617.2 (Delta). Virus stocks were mixed with CLR01 and optimized tweezers (50 μM) and
incubated for 2 h at 37 °C. TCID50 was performed by addition of serial dilutions of the sample on Vero E6 cells. The virus-induced cytopathic
effect was determined 5−7 dpi and TCID50 calculated according to Reed and Muench.22 LOD defines as the limit of detection of the method.
Values were derived from one (Delta) to three (WT, Alpha, and Beta) independent experiments (±SD).
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> 300 μM) (orange). The most powerful antiviral activity was
found for the group of aromatic esters (light blue). Their
similarity to rigid steroids seems to be responsible for the
highest degree of viral destabilization, most likely by forming
lipid rafts. However, this goes at the cost of cytotoxicity (CC50
around 100 μM). The ionic sidechains provide no improved
inhibition (gray), indicating that, for efficient anchoring, a deep
insertion into the hydrophobic membrane interior is a
prerequisite (Figure 3 and Table 1). Taken together, we
identified two lead structures: first, C6 (CP019) and C7
(CP20) alkyl arms (red area in Figure 3) provide high antiviral
efficacy and minimal toxicity; and second, tweezers with
aromatic arms (CP005, CP006, and CP025−CP027), which
are even more potent antivirals but show some cytotoxicity
(light blue area in Figure 3).
Advanced Tweezers Inactivate SARS-CoV-2

Based on the antiviral activity against spike pseudoparticles
(low IC50 values), high SI, ease of chemical synthesis, and
structural differences, we selected 15 novel tweezers for further
characterization (Table 2) and determined their activity
against live SARS-CoV-2. Tweezers CP038, CP022, CP021
(Figure 4a), and CP002 (Figure 4b) inhibited viral infection
with IC50 values comparable to CLR01, with a median IC50 of
27 μM (Table 2). CP012 was least active (IC50 of 97 μM). All
other tested tweezers suppressed SARS-CoV-2 infection with
IC50 values below 10 μM (Figure 4b, Table 2). Aromatic
tweezers CP036 (IC50 of 0.2 μM), CP006 (IC50 of 0.3 μM),
and CP025 (IC50 of 0.6 μM) as well as the C7 alkyl tweezer
CP020 (IC50 of 0.4 μM) were the most potent compounds
with activities in the nanomolar range (Figure 4b).

To visualize the effect of tweezers on the SARS-CoV-2
morphology, we again performed TEM. Note that the
detection of virions by TEM requires a high concentration of
viral particles and consequently a high concentration of
tweezers for inactivation (Figure S1d). In the presence of
tweezers, virions appeared damaged, which can be seen by
distortion of their spherical morphology, notches in the
envelope, and, in most cases, an electron-dense virion center,
indicating disruption of the viral membrane upon tweezer
treatment (Figure 4c and Figure S8). In agreement, pretreat-
ment of cells with antivirally active concentrations of CLR01 or
selected optimized tweezers, followed by subsequent inocu-

lation with virus, did not affect viral infectivity (Figure S9),
confirming that the antiviral activity of tweezers is directed
against the virus. Finally, we analyzed whether advanced
tweezers may also inactivate SARS-CoV-2 variants of concern
(VOCs) B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.617.2
(Delta). As shown by TCID50 analyses, 50 μM advanced
tweezers inactivated all the SARS-CoV-2 variants (Figure 4d),
suggesting that the tweezers have broad anti-SARS-CoV-2
activity and may also inactivate other upcoming VOCs.
Tweezers Retain Antiviral Activity in the Presence of
Airway Mucus

CLR01 loses antiviral activity in the presence of human serum,
which prevents its systemic administration as an antiviral
drug.13 Thus, the preferred mode of application of tweezers is
topical, either on anogenital surfaces as a prophylactic or
therapeutic agent against sexually transmitted pathogens or on
mucosal surfaces of the respiratory tract to protect from or
prevent dissemination of respiratory viruses. Thus, we analyzed
whether CLR01 and advanced tweezers are antivirally active in
the presence of mucus, which covers and protects epithelial
cells of the respiratory tract. Mucus (including airway surface
liquid) was collected from human airway epithelial cells (from
two donors) grown at the air−liquid interface as previously
described23 and mixed with SARS-CoV-2 spike pseudopar-
ticles. Samples were then treated with CLR01 or the advanced
tweezers CP019 and CP020 and used to transduce Caco2 cells.
As shown in Figure S10, mucus did not affect the antiviral
activity of the analyzed tweezers.
Advanced Tweezers Disrupt Virus-like Vesicles

We have previously shown that the antiviral activity of tweezers
against HIV-1 correlates with their ability to disrupt liposomes
formed by a virus-like lipid bilayer consisting of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), sphingomyelin (SM), and
cholesterol (Chol), with a ratio of 45/25/30 mol %.14 Here,
we studied liposomal membrane disruption in a liposome dye
leakage assay and found that all antivirally active tweezers
achieved a concentration-dependent disruption of the lip-
osomal membrane (Figure 5, Table 2). Except for the inactive
control tweezer derivative CLR03, CLR05 (Figure 5a), and
CP036 (Figure 5b), all tweezers induced complete leakage.
CP002, CP019, and CP020 were the most potent alkyl
tweezers with half-maximal effective concentrations (EC50) of

Figure 5. Tweezers disrupt virus-like liposomes. (a, b) 200 nm sized DOPC/SM/Chol (45/25/30 mol %) liposomes filled with 50 mM
carboxyfluorescein were incubated with escalating concentrations of alkyl (a) or aromatic (b) tweezers for 30 min after measuring baseline
fluorescence for 5 min. Dye leakage was recorded by fluorescence measurement at 485 nm extinction and 528 nm emission. Complete leakage was
induced by 1% Triton X-100; values were corrected for baseline and normalized to maximum fluorescence. The graph shows the area under the
curve for each tweezer concentration. Values represent means of one experiment performed in triplicate.
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4.4, 6.5, and 4.4 μM (Figure 5a). Most aromatic tweezers
induced dye leakage with EC50 values in the one-digit
micromolar range, with CP024 (EC50 of 3 μM) and CP026
(EC50 of 2.6 μM) as most potent compounds (Figure 5b,
Table 2). Correlation analysis of liposomes and SARS-CoV-2
spike pseudoparticles reveals significant similarity, thus further
corroborating that viral membrane disruption underlies the
antiviral activity (Table S4, Figure S11).
Advanced Tweezers Incorporate Their Side Arms into the
Lipid Membrane

To investigate the mechanism of disruption of viral membranes
by the potentiated tweezers, we performed extensive Gaussian
accelerated Molecular Dynamics simulations (GaMD). The
membrane, simulated using a similar setup (see the Supporting
Information) as in our previous study with the CLR01
tweezer,14 was composed of DOPC, SM, and Chol in a
54:30:36 ratio, for a total of 120 lipids molecules on each
leaflet of the membrane. The C7 alkyl tweezer CP020 and the
aromatic tweezer CP024 were chosen for extended simulations
as promising candidates from the experimental results. The
simulations showed that, similar to CLR01, both CP024 and
CP020 bind to the lipid’s head by incorporating its cationic
ammonium into the tweezers’ cavity. Several binding events
were observed in all replicas of the simulations (Figure S12a,
Tables S1, S2, and S3), and the tweezers−lipid complexes were
conserved (in one case, the complex was briefly lost only to be
formed again). Similar to CLR01, none of the tweezer units

crossed the membrane during the whole sampling in any
replica of the simulations. In addition, we performed GaMD
simulations (see Biomolecular Modeling for details) with
CP026 since together with CP024, this tweezer was found to
be very effective in the liposome dye leakage assay. The
simulations indicated a similar behavior of CP026 with respect
to CP024 (Figure S13).

We previously reported that binding of CLR01 effectively
changes the orientation of the lipid’s head group by nearly 90°
with respect to its normal orientation in the membrane. By
doing so, the tweezer destabilizes the membrane.14 Here, we
analyzed the distribution of the tilt angles of the unbound
lipids (from the lower leaflet) in the membrane and compared
it to those of the membrane lipids bound to tweezers from the
upper leaflet. We used CP024 for this purpose (Figure S12b).
Our study reveals a predominant tilt angle at around 60−80°
for unbound lipids. Interestingly, the tilt angles of tweezer-
bound lipids shift to 80−110°, a similar effect to what was
observed for CLR01 (Figure S12b). Additionally, the
simulations show that CP020 and CP024 are able to introduce
their functionalized arms into the membrane (Figure 6). This
effect will increase the steric congestion and stiffness of the
surrounding lipid raft and consequently increase surface
tension. We also observed during the simulations the
formation of tweezer−tweezer complexes due to the
interaction of the cavity of one tweezer with the hydrophobic
core of another tweezer. The presence of elongated arms in
these tweezers also allows forming inclusion complexes with

Figure 6. Advanced molecular tweezers can incorporate their side arms into the lipid membrane. CP020 arms are represented in violet, and
CP024 arms are shown in yellow. The core of the tweezers is shown in gray. The membrane is rendered transparent to allow the visualization of the
inserted arms. The lipid complexed with the tweezer is highlighted with van der Waals representation. Water molecules and the hydrogen atoms of
the tweezers and of the bound lipids are omitted for clarity.
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other tweezers units instead of the lipid’s head. We observed
during the simulations that the arm of one tweezer can insert
into the cavity of another and form a dimer (Figure S14).
Tweezer−tweezer complexes preclude the formation of
inclusion complexes with the head of the lipids and result in
tweezers agglomerates in the solvent phase, as observed during
the simulations. However, these interactions are weaker
compared to the lipid−tweezers interactions since the
hydrocarbon core and functionalized arms of CP020 and
CP024 are not positively charged, unlike the lipid’s head
group.
Advanced Tweezers Are Broad-Spectrum Inhibitors of
Enveloped Viruses

We evaluated the antiviral activity of the tweezers against other
respiratory pathogens. For this, IAV, MeV, and RSV were
treated with escalating concentrations of tweezers and then
used to inoculate respective target cells. As tweezers are
currently developed as microbicides, we also included a
sexually transmitted pathogen, HIV-1. IAV infection rates
were determined by quantifying intracellular neuraminidase
activity by a MUNANA assay, MeV and RSV infection were
quantified by flow cytometry detection of GFP expressing cells
and HIV-1 infection by a TZM-bl reporter assay (Figure 7a,
Figure S15). All tweezers inhibited IAV, MeV, RSV, and HIV-1
infection in a concentration-dependent manner, without
showing toxicity at the used concentrations (Figures S7, S16,
and S17). IC50 values of the most potent tweezers are in low
micromolar and high nanomolar ranges (Table 2). Generally,

C6/C7 alkyl and aromatic tweezers showed a better pan-
antiviral activity and high SI values as compared to the other
variants (Figure 7b, Table 2). The antiviral activity against
MeV, RSV, and HIV-1 correlated well among each other, with
those obtained with lentiviral SARS-CoV-2 spike pseudopar-
ticles and with the potency to lyse virus-like liposomes (Table
S4, Figure S11). Notably, no correlation was observed for
antiviral activity against IAV or SARS-CoV-2 with those of
other viruses or liposomes (Table S4).
Antiviral Activity of Tweezer against RSV and SARS-CoV-2
in Mice

Having demonstrated that tweezers exert broad antiviral
activity in cell culture, we next evaluated the effect of the
selected tweezers on RSV infection of mice. For this, we
exposed RSV to 2 mM of CLR01, inactive CLR03, or buffer in
a volume of 50 μL and immediately infected BALB/cJ mice via
the intranasal route. At day 5 post infection, mice were
sacrificed, and lungs were collected, homogenized, and
subjected for viral RNA load analysis by RT-qPCR. As
shown in Figure S18, CLR01, but not CLR03, completely
abolished RSV infection. We then moved on and tested the
effect of the advanced tweezers CP006, CP019, and CP025 on
SARS-CoV-2 infection of K18-hACE2 mice (n = 6 per group),
using a similar maximum efficacy setting. In brief, SARS-CoV-2
was exposed to buffer control (PBS) or tweezers (150 μM),
and then mixtures were applied after 1 min incubation via the
intranasal route. Seven hours later, mice received a second
treatment with PBS or tweezers. Mice were monitored for

Figure 7. Antiviral activity of advanced tweezers against enveloped respiratory pathogens and HIV-1. (a) IAV was incubated with tweezers for
30 min at 37 °C before adding to Caco2 cells. Two days later, viral neuraminidase activity was quantified in cellular lysates by the MUNANA assay.
MeV encoding GFP was incubated with tweezers for 30 min at 37 °C before adding to A549 cells. Two days later, infection was quantified using
flow cytometry analysis. RSV encoding GFP was incubated with tweezers for 30 min and used to inoculate A549 cells. One day later, infection was
quantified by flow cytometry. HIV-1 was incubated with tweezers for 10 min at 37 °C before adding to TZM-bl reporter cells. Infection rates were
determined 3 days later by quantifying β-galactosidase activity in cellular lysates. Values represent mean infection rates normalized to mock infected
controls and are derived from two (in the case of MeV) or three independent experiments each performed in triplicate (±SEM). (b) Heat map
showing IC50 and EC50 values of tweezers against viruses and liposome.
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body weights and clinical scores for 2 days, but no significant
side effects were observed (Figure 8a,b). At the end of day 2,
mice were euthanized, and lungs were collected, homogenized,
subjected to viral RT-qPCR (Figure 8c), and to Western blot
analysis for the viral N protein (Figure 8d and Figure S19).
Viral RNA and N-protein expression could be quantified in 5
out of 6 mice in the control group (3.27 × 106 to 5.0 × 102 for
CP019 and CP025 and 5.28 × 102 for CP006 copies/mL in
lung homogenate) showing productive SARS-CoV-2 infection
of the lungs. In contrast, tweezer treatment completely
abolished SARS-CoV-2 infection of all tested mice (Figure
8c,d, Figure S19).

■ DISCUSSION
We present here a series of novel advanced molecular tweezers
with broad-spectrum antiviral activity against enveloped
viruses. Lead compounds such as CP020, CP025, CP019,
and CP036 inhibit viral infectivity in vitro at sub-micromolar
concentrations and exhibit high selectivity indices suggesting a
favorable therapeutic window for topical applications.
Furthermore, the maximum efficacy study in mice demon-
strated that treatment of RSV and SARS-CoV-2 with molecular
tweezers effectively abrogated viral infection in the absence of
any unwanted obvious side effects.

Molecular tweezers act by a unique mode of action: the
phosphate tweezer CLR01 and also the carboxylate tweezer
CLR05 bind to lipid heads, in particular to sphingomyelin,
which is enriched in the viral membrane.14,24 Binding allows
the tweezers to interact with the membrane leading to high
surface tension and membrane disruption. Consequently,
CLR01 and CLR05 inactivate HIV-1, IAV, HSV-1, HSV-2,
and ZIKV.12,13 In the present study, we could additionally
show that SARS-CoV-2 and other respiratory viruses are
inhibited by CLR01. Furthermore, we designed, synthesized,
and tested over 34 new tweezers to improve antiviral activity
and to achieve high SI values. The performed structure-activity
relationship study resulted in potentiated tweezers with
activities in the nanomolar range. Addition of hexyl or heptyl
ester arms onto CLR01 was most beneficial because it
increased antiviral activity with low toxicity. Thus, CP019

and CP020 reached superior SI values of ∼208 and ∼313,
suggesting a large therapeutic window for medical applications.
The most powerful introduced side arms, however, were the
aromatic groups, albeit at the cost of slightly elevated toxicities
with CC50 values around 100 μM. With IC50 values in the
nanomolar range, again high SI values were reached. The
improved antiviral activity of all aromatic and hexyl/heptyl
tweezers was confirmed for the SARS-CoV-2 variants of
concern Alpha, Beta, and Delta.

Tweezers with C6-C7 alkyl arms exhibit the most potent
antiviral activity among alkyl tweezers. We tentatively explain
this effect with an optimal alkyl length for entering the
membrane: short alkyl side arms display too low penetration,
while longer alkyl chains might induce permanent self-
inclusion and or steric hindrance. Aromatic moieties provide
increased rigidity as well as their resemblance of cholesterol
might favor membrane insertion and thus increase surface
tension.

Simulations revealed that the tweezers may locally increase
the surface tension of the membrane by forcing the heads of
the lipids to adopt a conformation with larger tilt angles (80 to
110°) than unbound lipids. This destabilizing effect, although
local, can be important especially considering the multiple
binding events on different regions of the membrane observed
during the simulations. Unlike CLR01, the destabilizing effects
of CP024, CP026, and CP020 on the modeled viral
membranes go beyond the influence on the tilt angle. As
observed during the GaMD simulations with CP020, CP026,
and CP024, the new tweezers can incorporate their arms into
the membrane. This might lead to further increased surface
tension and disruption of the membrane around the tweezer−
lipid complex. This effect showcases how the rational design of
molecular tweezers can enhance their destabilizing effects on
the viral membrane.

Our SAR study revealed that tweezer’s IC50 values obtained
for HIV-1, RSV, MeV, and pseudoviruses correlated well with
EC50 values observed in the liposome leakage assays. HIV-1,
RSV, and MeV as well as lentiviral vectors (used for
pseudovirus generation) bud through lipid rafts from the
plasma membrane and are enriched in cholesterol and

Figure 8. Molecular tweezers reduce viral load in the lungs of SARS-CoV-2-infected mice. (a, b) Tweezers (150 μM) or PBS were mixed with
SARS-CoV-2, and after 1 min incubation, the mixture was applied via an intranasal route in 50 μL total volume into transgenic K18-hACE2 mice (n
= 6). Seven hours after infection, the mice received a second treatment at the same doses. Mice were monitored daily for the body weight and
clinical score. (c) On day 2 post-infection, mice were sacrificed and their lungs were collected, homogenized, and subjected for viral RNA load
analysis by RT-qPCR. Viral loads are shown for each individual mouse in addition to the geometric means of each group. Statistical analysis was
done using one-way analysis of variance (ANOVA) with the Kruskal−Wallis test and Dunn’s Pairwise Multiple Comparison Procedures as post hoc
test (∗∗ = p < 0.01). (d) Western blot analysis of SARS-CoV-2 Nucleocapsid and Tubulin expression in mice lung homogenates of (c). Intensity of
bands was quantified by Fiji’s (ImageJ) built-in gel analysis tool (see Figure S19 for the gel image). Statistical analysis was done using ordinary one-
way ANOVA with Dunn’s Pairwise Multiple Comparison Procedures (∗∗ = p < 0.01).
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sphingomyelin.24 The liposomes used in this study mimic this
lipid composition, explaining the observed correlations.
However, no correlation was observed for antiviral activities
against SARS-CoV-2 and IAV. Interestingly, SARS-CoV-2
buds from the ERGIC (endoplasmic reticulum−Golgi
intermediate compartment) and is thus surrounded by a
different lipid envelope than viruses budding from the plasma
membrane.25 Thus, it would be interesting to determine how
tweezers disrupt liposomes with SARS-CoV-2-like lipid
composition. The lack of correlation for IAV, which also
buds from the plasma membrane, remains unclear. It might
also be possible that tweezers may interact with lysine and
arginine residues26 in viral glycoproteins, such as the SARS-
CoV-2 spike, thereby interfering with the glycoprotein function
and infection. Although we cannot rule this out, the main
target of the tweezers is most likely the viral membrane, as it
has been shown that tweezers also destroy lentiviral particles
lacking viral glycoproteins,12 and that the antiviral activity of
the tweezers correlates with the activity in the liposome leakage
assay, which is performed in the absence of glycoproteins.

From the perspective of medical applications, we note that
tweezers rapidly lose antiviral activity in plasma due to albumin
binding13 but remain antivirally active in human mucus. Thus,
after successfully passing preclinical safety studies in animal
models and humans, we propose to apply potentiated tweezers
as sprays (nasal, mouth, or inhalation) to fight respiratory viral
pathogens, in particular SARS-CoV-2, against which prophy-
lactic or therapeutic interventions are most urgently needed.
Exemplary, several breakthroughs of SARS-CoV-2 infections
despite vaccination have been reported.27,28 This often leads to
mild or asymptomatic infections, however increasing the risk
for people, which are not able to get vaccinated or in the case
of nonantibody responders.29 Furthermore, the highly trans-
missible variants of concern B.1.617.2 (Delta) and B.1.1.529
(Omicron) reduce the effectiveness of vaccines in virus
shedding.7,30,31 Molecular tweezers might be used to reduce
spread and viral load as supporting antiviral agents.

Finally, it is important to mention that the next threat of new
viral infections of unknown origin can be expected in the near
future. As powerful destabilizers for viral membranes, our
tweezers provide a generally applicable antiviral principle that
can be rapidly implemented for medical intervention.

■ MATERIAL AND METHODS

Chemicals, Purification, and Characterization of Dialkyl
Diphosphate Tweezers
All chemicals in this work were purchased from Sigma-Aldrich, Fisher
Chemicals, VWR, Fluka, Acros Organics, and TCI in commercial
grade. Tweezer compounds were purified by preparative reversed-
phase high-performance liquid chromatography (HPLC) using a
Prominence UFLC system of Shimadzu equipped with the reverse-
phase column Luna 5 μm C18 (2), 100 × 21.20 mm from
Phenomenex. The separation was achieved via a gradient run with
acetonitrile/water + 0.1% TFA at a flow rate of 25 mL min−1 with
peak detection at 210 nm. The Q-TOF mass spectrometer Bruker
maXis 4G was used for recording high-resolution electron spray
ionization (ESI) mass spectra. For the analysis, 1 μM tweezer
solutions were prepared in methanol.1H, 13C, and 31P NMR spectra
were recorded with the Bruker AVNeo400 (1H = 400 MHz; 13C =
101 MHz, and 31P = 162 MHz) at 25 °C for every tweezer compound
synthesized in this work. NMR titrations were carried out on the
Bruker DRX 500 (1H = 600 MHz) at 25 °C.

NMR Titration
1H NMR titration was performed to quantify the interaction between
CP020 (host) and phosphosphingomyelin (SM, guest) by monitoring
chemical shift changes in the choline head group and deriving the
binding constant by nonlinear regression. For this experiment, SM
was dissolved in deuterated methanol CD3OD at c = 0.33 mM. An
NMR tube was filled with 600 μL of this lipid guest solution, and the
first 1H NMR spectrum was measured. The host solution (c = 10.2
mM) was prepared using the SM solution to keep the guest at a
constant concentration, while the host concentration was varied
during the titration. The host solution was added in increasing
amounts (10−60 μL) leading to effective host concentrations of 0.17,
0.33, 0.49, 0.64, 0.93, 1.20, 1.46, 1.93, 2.35, 2.92, and 3.40 mM. The
final host/guest ratio was 10:1. After each addition, the resulting 1H
NMR spectra were recorded and chemical shift changes of the
N(Me)3, the P−O−CH2−CH2 and P−O−CH2−CH2 protons of the
choline head group were determined. Eventually, the constants KA/KD
and the Δδmax values were obtained by nonlinear regression from the
resulting binding isotherms.
Polarity Shift Experiment
A second NMR experiment was carried out to characterize the relative
content of cavity inclusion of the heptyl side arms of CP020. To this
end, the polarity of the solvent was systematically varied by employing
different solvent ratios between DMSO-d6 and D2O. In this
experiment, the first two 1H NMR spectra were measured after
dissolving CP020 separately in 600 μL of DMSO-d6 (tube A) and 600
μL of D2O (tube B) (each 2 mg, 2.1 μmol, c = 3.4 mM).
Subsequently, increasing amounts of deuterated water was added to
tube A and increasing amounts of DMSO-d6 was added to tube B.
This resulted in DMSO-d6:D2O ratios of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5,
4:6, 3:7, 2:8, 1:9, and 0:10. 1H NMR spectra were recorded after each
addition, and the resulting upfield shifts with increasing solvent
polarity were monitored for the CH2 and CH3 protons of the heptyl
chain.
LV(Luc)-CoV-2 Inhibition Assay
To test activity of molecular tweezers against lentiviral SARS-CoV-2
(LV(Luc)-CoV-2) pseudoparticles, tweezers and pseudoparticles were
incubated for 30 min at 37 °C with serial dilution of tweezers and
subsequently used to transduce Caco2 cells. Transduction rates were
assessed after 48 h by measuring firefly luciferase activity using Firefly
luciferase assay kit from Promega. To this end, the supernatant was
removed, and cells were washed once with PBS and lysed with 40 μL
lysis-buffer per well. An amount of 30 μL of these lysates was
transferred to a 96-well Nunclon-delta white microwell plate and
mixed with 50 μL of luciferase assay substrate. Values represent
luciferase activities (measured in relative light units per second, RLU/
s) derived from triplicate transductions and normalized to values
obtained from transduced cells in the absence of tweezers.
SARS-CoV-2 Inhibition Assay
An amount of 25,000 Caco2 cells was seeded in a 100 μL medium in a
96-well plate. The next day, 44 μL of medium were added on cells.
Afterward, 60 μL serial dilutions of tweezers were mixed with 60 μL of
SARS-CoV-2 isolate BetaCoV/France/IDF0372/2020 for 2 h at 37
°C. An amount of 36 μL of the tweezer-virus mix was then added on
cells, resulting in a multiplicity of infection (MOI) of 0.01 or 0.007.
Infection rates were assessed at 2 days post infection by in-cell ELISA
for SARS-CoV-2 nucleocapsid or spike.32 Briefly, cells were fixed by
adding 180 μL 8% paraformaldehyde (PFA) for 30 min at room
temperature (RT) and permeabilized by incubation with 100 μL of
0.1% TritonX-100 for 5 min. After washing once with PBS, cells were
stained with 1:5000 diluted antispike protein antibody 1A9 (Biozol
GTX-GTX632604) or an antinucleocapsid antibody (Sinobiological
40,143-MM05) in antibody buffer (10% FCS and 0.3% Tween 20 in
PBS) for 1 h at 37 °C. After 2 washes with 0.3% Tween 20 in PBS, the
secondary HRP-conjugated antibody (Thermo Fisher #A16066)
(1:15,000) was incubated for 1 h at 37 °C. Following three times
of washing with 0.3% Tween 20 in PBS, the TMB peroxidase
substrate (Medac #52-00-04) was added for 5 min and the reaction
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stopped using 0.5 M H2SO4. The optical density (OD) was recorded
at 450 nm with a 620 nm background correction, using the Asys
Expert 96 UV microplate reader (Biochrom). Signal derived from
uninfected cells was subtracted and untreated controls were set to
100% infection.

SARS-CoV-2 TCID50 Endpoint Titration
The infectivity remaining after tweezer virus inhibition was
determined by tissue culture infectious dose 50 (TCID50). Briefly,
tweezer virus mixtures were incubated for 2 h at 37 °C and serially
diluted 2-fold followed by inoculation of Vero E6 cells. To this end,
20,000 Vero E6 were seeded per well in 96 flat-bottom well plates in
100 μL medium and incubated over night before 62 μL fresh medium
was added. Next, 18 μL of titrated sample was used for inoculation,
resulting in final dilutions of 1:101 to 1:109 on the cells in triplicates.
Cells were then incubated for 5 to 7 days and monitored for CPE.
TCID50/mL was calculated according to Reed and Muench.22

Negative Staining of SARS-CoV-2 and Electron Microscopy
SARS-CoV-2 isolate BetaCoV/France/IDF0372/2020, produced in a
serum-free medium, was mixed 1:1 with respective concentrations of
tweezers and incubated for 30 min at 37 °C. Afterward, samples were
inactivated by incubation with PFA (2% final concentration) for 30
min at 37 °C and 30 min at RT.33 Negative-staining transmission
electron microscopy was performed according to Laue et al.34 In brief,
10 μL of the virus supernatants were placed directly onto freshly glow-
discharged 300 mesh copper grids, which were coated with a carbon
reinforced formvar film. After 10 min adsorption at RT, grids were
washed three times with double-distilled water and negatively stained
with 0.5% uranyl acetate in water. Virions were imaged with a JEOL
JEM-1400 transmission electron microscope operated at 120 kV and
quantified. To understand whether the dark stain in the center of
damaged virions originated from accumulation of heavy metal stain in
an indentation of the virion envelope surface or from a damaged virus
envelope and penetration of stain into the virion, tomography was
conducted on a JEOL JEM-2100F 200KV microscope in a scanning
transmission mode. The sample containing damaged virions was tilted
from −50° to 10° in 1.5° increments and the bright-field signal was
recorded. Tilt series images were reconstructed to a tomogram with
the IMOD software package.35

HIV-1 Inhibition Assay
To determine the inhibition rate of HIV-1 by tweezers, HIV-1 NL4-
3_92TH014-12 (R5) was incubated 1:1 for 10 min at 37 °C with
serial dilution of tweezers, followed by infection of TZM-bl cells in
96-well plate. Infection rates were assessed after 48 h by detecting β-
galactosidase activity in cellular lysates using the Tropix Gal-Screen kit
(Applied Biosystems) and the Orion microplate luminometer
(Berthold) for measurement. Values represent β-galactosidase
activities (relative light units per second; RLU/s) derived from
triplicate infections and normalized to values obtained for infected
cells in absence of tweezer.

MeV Inhibition Assay
To determine the antiviral effect of molecular tweezers, MeV was
incubated 1:1 with tweezers in the absence of FCS for 30 min at 37
°C in the respective concentrations. Meanwhile, A549 cells seeded the
day before at a density of 20,000 cells per well in a 96-well plate were
washed once with PBS before infected with the tweezer/virus mixture
reaching a MOI of 0.1 in a volume of 40 μL per well. After 1 h of
incubation at 37 °C, 160 μL of respective medium was added and
incubated for further 48 h. Infected cells were then washed once with
PBS and harvested using 50 μL trypsin per well for 3−5 min until cells
were detached. Reaction was stopped with an equal amount of
respective medium, and cells were transferred into a 96-V-well plate.
After washing cells again, they were fixed in 2% PFA and GFP positive
cells were quantified by flow cytometry (CytoFLEX LX, Beckmann
Coulter). Data was analyzed by subtracting the background of
uninfected cells and normalization to infected cells in the absence of
tweezers.

RSV Inhibition Assay
A549 cells were seeded in 48-well plates (2.5 × 104 cells/well) the day
before infection. Tweezers at indicated concentrations were incubated
with RSV for 30 min at 37 °C prior to infection using MOI of 1 of the
pretreated virus. The proportion infected live cells were determined
24 h post infection using flow cytometry by detaching the cells using
Trypsin−EDTA prior to staining of the dead cells with a LIVE/
DEAD Fixable near-IR Dead Cell Stain Kit (Life Technologies). The
data was obtained using a FACSVerse Flow cytometer (BD
Biosciences), and the analysis was performed using the FlowJo
software (Tree Star).
IAV Inhibition Assay
For inhibition assays, dilutions of tweezers in the serum-free Caco2
medium were mixed with IAV. After 30 min incubation at 37 °C, the
mixture was used to infect 40,000 Caco2 cells (MOI 0.0007), which
were cultivated in 100 μL cDMEM. After 48 h, infectivity rates were
determined by measuring neuraminidase activity in cellular lysates
(MUNANA assay). To this end, cells were washed once and lysed for
30 min in 1% TritonX-100. The lysates were diluted 1:2 in MES
buffer (containing 32.5 mM MES monohydrate and 4 mM CaCl2
dihydrate). A volume of 20 μL of each sample was transferred to black
96-well plates, and 30 μL 100 μM MUNANA (4-methylumbelliferyl)-
N-acetylneuraminic acid) were added. After 4 h of incubation at 37
°C and gentle shaking, the reaction was stopped with 150 μL stop
solution containing 0.1 M glycine and 25% ethanol. The
neuraminidase-dependent cleavage of the substrate to the fluorescent
product methylumbelliferone was quantified at an excitation of 360
nm and an emission at 455 nm and was measured on a SynergyTM
H1 (BioTek, USA). The background from uninfected cells was
subtracted, and relative enzyme activity was used to quantify infection
rates.
Biomolecular Modeling
The model bilayer was composed of 54, 30, and 36 molecules of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), sphingomyelin (SM),
and cholesterol (Chol), respectively. CP020 or CP024 tweezers (nine
molecules in each replica) were placed over the membranes at an
initial distance of 4 Å following a previously reported protocol.14 The
tweezer−membrane systems were subjected to three production runs
of 200 ns each of Gaussian accelerated Molecular Dynamics
simulations (GaMD)36 for a total of 600 ns sampling in explicit
TIP3P water.37 In the case of CP026, a similar setup as for CP024 and
CP020 was used for 200 ns of GaMD. The simulations were
performed using a 2 fs time step in a constant pressure regime of 1 bar
at 300 K. For the long-range electrostatics, the particle-mesh Ewald
method was employed.38 A cutoff of 12 Å was used. The plane of the
membrane was perpendicular to the z-axis. Harmonic restraints were
then used to prevent the tweezers from artificially crossing the
membranes in the +z-direction and to keep the lipids from leaving the
membrane by diffusing in the same direction.14 The GaMD
simulations were performed using NAMD2.13 and NAMD3.0
alpha9 (NAMD was developed by the Theoretical and Computational
Biophysics Group in the Beckman Institute for Advanced Science and
Technology at the University of Illinois at Urbana-Champaign)39 and
the CHARMM3640,41 force field. The parameters for the tweezers
were obtained by using the Swissparam server.42 Tweezer parameters
obtained in this way have been tested and validated by us in previous
work.12,43 VMD 1.9.344 was used for visualization and analysis of the
trajectories. For the analysis of the lipids tilt angles, MEMBPLUGIN
was used.45 For evaluating the tilt angles of the unbound lipids, we
used the lower leaflet of the membrane. This way, no tweezer interacts
with that leaflet since we imposed constraints on the z-position of the
tweezers to avoid artificial crossing of the membranes. Thus, the tilt
angles of the lipids bound to tweezers can be compared to that of the
lipids alone, which are not affected by the influence of the tweezers,
within the same simulation.
Liposome Dye Leakage
Liposomes were prepared and tweezers tested as previously
described.14
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SARS-CoV-2 Infection Experiment in Mice
Transgenic K18-hACE2 mice were obtained from a commercial
supplier (Jackson Laboratory, USA) and bred at Fraunhofer IZI. Male
mice (14 weeks old) were randomly assigned into groups of 6 animals
and kept under standard conditions in isolated ventilated cages. The
animal experiment was carried under BSL3 conditions and performed
in accordance with the EU Directive 2010/63/EU for animal
experiments and was approved by local authorities. For therapy, the
tweezer molecules (CP019, CP025, or CP006) were mixed with 300
FFU SARS-CoV-2 wildtype (WT, BetaCoV/Germany/BavPat1/2020
p.1 strain) at a concentration of 150 μM/50 μL. After a 1 min
incubation on 37 °C, the mixture was applied via intranasal route in
50 μL total volume under isoflurane anesthesia. The control group
was infected with 300 FFU SARS-CoV-2 WT mixed with PBS. Seven
hours after infection, the mice received a second treatment at the
same doses. Mice were monitored daily for body weight and clinical
score and euthanized on day 2 after virus inoculation. Lung tissues
were collected in gentleMACS M tubes (Miltenyi Biotec, Germany)
filled with 2 mL PBS on ice. The tissue was homogenized using
gentleMACS Octo Dissociator (Miltenyi Biotec, Germany) with the
RNA_1 program. Afterward, tissue homogenates were centrifuged at
2000×g for 5 min at 4 °C to separate cell debris and the supernatant
was removed and stored at −80 °C until viral RNA isolation. Viral
RNA was isolated from 140 μL of homogenate supernatants using
QIAamp Viral RNA Mini Kit (Qiagen, Germany) according to
manufacturer’s instructions. RT-qPCR reactions were performed
using TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher) and 5
μL of isolated RNA as a template according to the published
protocol.46 Ten-fold serial dilutions in the range of 5 × 102 to 5 × 106
copies/5 μL of synthetic SARS-CoV-2-RNA (Twist Bioscience, USA)
were used as a quantitative standard to obtain viral copy numbers.
Statistical evaluation (Graph Pad Prism) of the data was performed by
Kruskal−Wallis test (one-way ANOVA) and Dunn’s Pairwise
Multiple Comparison Procedures as post hoc test in comparison to
the mock-treated control.

SDS PAGE and Immunoblotting
Murine lung homogenates as prepared for quantification of viral loads
by qPCR were used for preparation of protein lysates for WB analysis.
10% (v/v) lysis buffer (10% Triton X-100, 10% SDS) and protein
inhibitor cocktail were spiked into homogenates, followed by high
speed vortexing for 30s and incubation at 4 °C for 5 min. Samples
were then centrifuged at 21,000×g for 20 min, and supernatants
transferred to new tubes as protein lysates. Protein concentrations
were determined by BCA Assay (Pierce Rapid Gold BCA Protein
Assay Kit, ThermoFisher) and adjusted to the sample with the lowest
concentration with PBS to achieve equal loading. Loading dye (4×
Protein Sample Loading Buffer, Licor; final concentration 1×) and
reducing agent (TCEP, Sigma Aldrich, final concentration 50 mM)
were added and samples heated to 70 °C for 10 min. An amount of 15
μg protein was loaded per lane on Novex BisTris 4−12% Gels and
separated in MES buffer (200 V, 30 min). Proteins were transferred to
PVDF membranes then blocked in Casein Blocker (ThermoFisher)
for 1 h at RT. Membranes were incubated in primary AB (SARS-
CoV-2-N: 40143-R001 SinoBio) overnight, washed 3× in PBS-Tween
20 (0.05%), and incubated with secondary StarBright 520-coupled
anti-rabbit AB (Bio-Rad) and primary labeled anti-Tubulin hFAB
Rhodamine-coupled (Bio-Rad) antibodies for 1 h RT. After 4×
washing, membranes were imaged on a Bio-Rad ChemiDoc MP
Imaging System. Intensity of bands was quantified by a Fiji’s (ImageJ)
built-in gel analysis tool.

RSV Infection Experiment in Mice
Female BALB/cJ mice were purchased from Charles River
(Germany) at 8 weeks of age and maintained in a specific
pathogen-free environment in isolated ventilated cages. All animal
experiments were carried out in accordance with the EU Directive
2010/63/EU for animal experiments and were approved by local
authorities (no.: TVV 42/17). Two groups of six mice received an
intranasal (i.n.) treatment under isoflurane anesthesia of 100 nmol of

either CLR01 or CLR03 mixed with 106 focus forming units (FFU) of
purified RSV (the Long strain, obtained from ATCC) in 50 μL total
volume. The third group served as a control and was infected
intranasally with 106 FFU of RSV in 50 μL PBS. On day 5 post-
infection, mice lungs were collected and homogenized using
gentleMACS M Tubes (Miltenyi Biotec, Germany) containing 2
mL of ice-cold PBS using gentleMACS Dissociator (Miltenyi Biotec,
Germany). Homogenized tissues were cleared of debris by
centrifugation at 2000×g and 4 °C for 5 min. RNA was isolated
from 140 μL of homogenate supernatants using the QIAamp-Viral-
RNA-Mini Kit (Qiagen) according to the manufacturer’s instructions.
An amount of 45 ng of isolated RNA was reverse transcribed and
analyzed with the QuantiTect probe RT-PCR kit (Qiagen) using an
RSA-1 forward primer (5′-AGATCAACTTCTGTCATCCAGCAA-
3′), an RSA-2 reverse primer (5′-GCACATCATAATTAGGAGTAT-
CAAT-3′), and SYBR Green detection. Ten-fold dilutions of synthetic
RSV-RNA of T7-transcripts were used as RNA standards for the
quantification of RSV copy numbers in mouse samples as described.47

Statistical analyses were performed using GraphPad Prism Software
Version 6 and one-way ANOVA with the Kruskal−Wallis test and
Dunn’s Pairwise Multiple Comparison Procedures as post hoc test.
Statistically significant differences are indicated as follows: * = p <
0.05, ** = p < 0.01, **** = p < 0.001, **** = p < 0.0001, ns = not
significant.

Nonlinear Regression and Statistics
Unless stated otherwise, analysis was performed using GraphPad
Prism version 9.0.1. Calculations of IC50 values via nonlinear
regression were performed using the normalized response-variable
slope equation. For statistical analysis, ordinary one-way ANOVA
with Dunett’s multiple comparison test was used. For correlation
analysis, Spearman correlation was performed.
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