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ABSTRACT We address the challenge of understanding how hydrophobic interactions are encoded by fusion
peptide sequences within coronavirus (CoV) spike proteins. Within the fusion peptides of SARS-CoV-2 and MERS-
CoV, a largely conserved peptide sequence called FP1 (SFIEDLLFNK and SAIEDLLFDK in SARS-2 and MERS,
respectively) has been proposed to play a key role in encoding hydrophobic interactions that drive viral-host cell
membrane fusion. While a non-polar triad (LLF) is common to both FP1 sequences, and thought to dominate the
encoding of hydrophobic interactions, FP1 from SARS and MERS differ in two residues (Phe 2 versus Ala 2 and
Asn 9 versus Asp 9, respectively). Here we explore if single molecule force measurements can quantify
hydrophobic interactions encoded by FP1 sequences, and then ask if sequence variations between FP1 from
SARS and MERS lead to significant differences in hydrophobic interactions. We find that both SARS-2 and MERS
wild-type FP1 generate measurable hydrophobic interactions at the single molecule level, but that SARS-2 FP1
encodes a substantially stronger hydrophobic interaction than its MERS counterpart (1.91 + 0.03 nN versus 0.68
+ 0.03 nN, respectively). By performing force measurements with FP1 sequences with single amino acid
substitutions, we determine that a single residue mutation (Phe 2 versus Ala 2) causes the almost threefold
difference in the hydrophobic interaction strength generated by the FP1 of SARS-2 versus MERS, despite the
presence of LLF in both sequences. Infrared spectroscopy and circular dichroism measurements support the
proposal that the outsized influence of Phe 2 versus Ala 2 on the hydrophobic interaction arises from variation in
the secondary structure adopted by FP1. Overall, these insights reveal how single residue diversity in viral fusion
peptides, including FP1 of SARS-CoV-2 and MERS-CoV, can lead to substantial changes in intermolecular
interactions proposed to play a key role in viral fusion, and hint at strategies for regulating hydrophobic interactions
of peptides in a range of contexts.

SIGNIFICANCE Fusion of coronaviruses (CoVs) and host cells is mediated by the insertion of the fusion peptide (FP) of
the viral spike protein into the host cell membrane. Hydrophobic interactions between FPs with their host cell membranes
regulate the viral membrane fusion process and are key to determining infection ability. However, it is not fully understood
how the amino acid sequences in FPs mediate hydrophobic interactions. We use single-molecule force measurements to
characterize hydrophobic interactions of FPs from SARS-CoV-2 and MERS-CoV. Our findings provide insight into the
mechanisms by which the amino acid composition of FPs encodes hydrophobic interactions and their implications for
fusion activity critical to the spread of infection.

INTRODUCTION

The ongoing coronavirus (CoV) outbreak involving
SARS-CoV-2 has galvanized efforts to understand the
biophysical interactions between coronaviruses and
host cells as a foundation for developing novel
therapeutics, new diagnostic tools, and the ability to
predict future outbreaks (1-5). Prior outbreaks of
coronaviruses include severe acute respiratory
syndrome (SARS-CoV) and Middle East respiratory
syndrome (MERS-CoV) (6,7).

The spike (S) glycoprotein present in the envelope of
SARS-CoV-2 plays a key role in regulating viral entry
into host cells (8). The S protein encompasses
subunits S1, a receptor binding domain (RBD), and S2,
which is directly involved in the cell membrane fusion
event (Figure 1a). The receptor binding domain
identifies and binds to a receptor on the host cell, e.g.
ACE2 for SARS-CoV-2, which is followed by fusion of
the viral and host cell membranes to enable viral entry

into the host cell. Coronaviruses have flexible entry
pathways and can fuse with host cells at the plasma
membrane or in the endosome; evidence for either
routes exists for SARS-CoV-2, which may be based on
the variant and cell type infected (9,10). The process of
selecting between the two routes is believed to be
triggered by the availability of proteases in the
surrounding environment, as shown with MERS-CoV
(11). After cleavage by proteases, the S protein
undergoes conformational changes to expose the
fusion peptide (FP) of S2 for interaction with the host
cell (8). Cell membrane fusion is further driven by
association of two heptad repeat domains within S2 into
a six-bundle assembly, one closer to the N-terminus
(HRN) and another towards the C-terminus (HRC)
(Figure 1a) (12,13). Important to our study, a crucial
initial step for successful membrane fusion and
subsequent infection is insertion of the FP within S2 into
the host cell membrane to trigger the fusion event (14).
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Recent efforts have succeeded in advancing our
understanding of the structural components of the S
protein using techniques such as cryo-electron
microscopy and X-ray crystallography (15-18). These
studies include characterization of the interactions of
S1 of the S protein with ACE2 (19-22). In contrast, the
current understanding of the interactions of the FP is
limited. Within the coronavirus family, the FP was first
identified for SARS-CoV based on its high degree of
sequence homology across Coronaviridae, and shown
to be present as two domains encompassing 15-42
largely conserved non-polar and charged amino acids
(23,24). Subsequent studies have suggested that
within the FP, two functionally distinct regions adjacent
to each other, “FP1” and “FP2,” cooperate to form a
bipartite fusion platform (25) that encodes hydrophobic
(lipid-binding) and ionic (i.e. ca® binding) interactions
to promote fusion (25-29). In particular, mutagenesis
studies have identified a non-polar motif within the FP1
comprising Leu-Leu-Phe (LLF) to play a key role in
membrane fusion (25,27,29,30). The non-polar nature
of the motif is thought to promote hydrophobic
interactions with cell membranes (31-33), although
direct experimental characterization of the interactions
encoded by the sequence of amino acids in FP1 has
not been explored.

The hydrophobic interaction is a water-mediated
attraction between non-polar domains of relevance to
an array of biological contexts, from protein folding to
assembly of membranes (34-37). In these various
contexts, the non-polar domains do not occur in
isolation, but rather, are found proximal to polar and
charged groups, forming nanoscopic chemical
patterns (38). Simulations have suggested that
hydrophobic interactions cannot simply be described
as an additive consequence of the functional groups
present, but rather, depend on the context in which
these functional group are placed (38-42). However,
experimental studies of this phenomenon remain
challenging.

Recent studies by our group and others have
established a methodology that uses an Atomic Force
Microscope (AFM) to measure hydrophobic
interactions between model (3-oligopeptides and non-
polar surfaces at the single molecule level (43-47).
These studies have uncovered context-dependent
hydrophobic interactions mediated by the three-
dimensional nano-scale patterning of polar and
charged functional groups placed proximal to non-
polar moieties (45). Specifically, hydrophobic
interactions encoded by conserved non-polar domains
were found to be strongly modulated by the identity of
adjacent charged and polar moieties (43-45). In our
current study, we leverage this approach and
understanding of the origins of hydrophobic
interactions to characterize the hydrophobic
interactions of FP sequences of SARS-CoV-2 and
MERS-CoV (Figure 1b). We identify the hydrophobic

interactions encoded by the FP sequences by allowing
them to interact with model non-polar surfaces. The
non-polar surfaces are not intended as models of
biological interfaces but rather serve as a reference
surface with which to unmask the effects of amino acid
identity on hydrophobic interactions encoded by FP
sequences (48-50). This foundational knowledge is
necessary to guide the interpretation of future studies,
including experiments that explore interactions
between CoV FPs and mammalian cell membranes.
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Figure 1. a) Schematic representation of functional elements of
the coronavirus (CoV) spike (S) protein. The green arrow denotes
the FP1 portion of the FP used in the first part of our study
described in the text (labeled S1 to K10 in SARS-CoV-2 and
MERS-CoV). The blue arrow indicates the SARS-CoV-2 FP
sequence used in the second part of our study (S1 to G17). b)
Schematic representation of an alkyl-terminated AFM tip
interacting with single FP1 molecule covalently immobilized to a
chemically modified gold surface in aqueous solution.

In the first part of this paper, we examine the
interactions of a undecamer (S1 to K10) from the FP1
domain of SARS-CoV-2 and MERS-CoV (Figure 1a,
green arrow). These 11-amino acid sequences were
selected for our initial studies as they include LLF but
also encompass key differences between SARS-CoV-
2 and MERS-CoV (23,25,27,29,51). Below we refer to
these sequences as “SARS-2 FP1” and “MERS FP1.”
SARS-2 FP1 contains Phe 2 and Asn 9, while these
amino acids are replaced by Ala 2 and Asp 9,
respectively, in MERS FP1. We set out to address two
key questions: 1) Do SARS-2 FP1 and MERS FP1
sequences (S1 to K10, both including LLF) encode
measurable hydrophobic interactions? 2) Do we
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measure a difference in hydrophobic interactions
between the two sequences, thus revealing that the
identity of the amino acids flanking LLF plays a key role
in encoding hydrophobic interactions?

In the second part of our paper, we extend the length
of the SARS-CoV-2 peptide sequence used in our
study to encompass FP1 and a portion of the FP2
region (S1 to G17, Figure 1), enabling us to evaluate
the generality of our findings from the first part of this
study (Figure 1a, blue arrow). Below we refer to this
extended sequence as “SARS-2 FP1+.” In particular,
we probe the importance of amino acid identity in
position 2 of this FP sequence by comparing the
hydrophobic interactions generated by the wild-type
sequence with a sequence of the same length in which
Phe 2 was replaced by Ala 2 (Figure 4a, b).
Additionally, given the role proposed for LLF in
promoting membrane fusion in past studies
(25,27,29,30), we examine the role of LLF in encoding
hydrophobic interactions with a non-polar AFM tip.
Specifically, we substitute LLF residues for Tyr, Ala,
and Ser (see below for details). This set of experiments
probes a key question: How important is LLF in
encoding hydrophobic interactions of the fusion
peptide of SARS-CoV-2? As detailed below, a key
finding of our study is that single amino acid
differences between FPs from SARS-CoV-2 and
MERS-CoV can lead to large changes in the
hydrophobic interactions encoded by the sequences.
To provide insight into the mechanisms by which single
amino acid substitutions can lead to such large
changes in the strength of hydrophobic interactions,
we characterize the conformations of FPs using
circular dichroism (CD) and attenuated total
reflectance — Fourier transform infrared spectroscopy
(ATR-FTIR), the latter on surfaces similar to those
used in our AFM studies.

MATERIALS AND METHODS
Materials

Tetraethylene glycol thiols terminated in hydroxyl
(EG4) or amine groups (EG4N) were purchased from
Prochimia (Gdynia, Poland). 1-Dodecanethiol (C12SH,
98%), triethanolamine HCI (TEA, 99%), phosphate-
buffered saline (PBS), 1X with calcium and magnesium
(Corning, NY; see Table S3 for composition of buffer),
methanol (anhydrous, 99.8%), and ethanol (reagent,
anhydrous, denatured) for preparing thiol solutions
were purchased from Sigma-Aldrich (Milwaukee, WI).
Sulfosuccinimidyl-4-(N-maleimidomethyl)

cyclohexane-1-carboxylate (SSMCC) was purchased
from ThermoFisher Scientific (Rockford, IL). All fusion
peptides were purchased from Biomatik (Wilmington,
DE). Ethanol (anhydrous, 200 proof) used for rinsing
was purchased from Decon Labs (King of Prussia, PA).
All chemicals were used without additional purification.

The AFM tips (triangular shaped, nominal spring
constant of 0.01 N/m) were purchased from Bruker
Nano (Camarillo, CA). Silicon wafers were purchased
from Silicon Sense (Nashua, NH). A 45° multi-reflection
germanium crystal and ATR-FTIR accessory were
purchased from Pike Technologies (Madison, WI).

Preparation of fusion peptide-decorated surfaces

Fusion peptides were synthesized via solid-phase
methods by Biomatik and immobilized as detailed
previously (43-47). In brief, we immobilized the fusion
peptides onto mixed monolayers terminated in
tetraethylene glycol (EG4) or aminotetraethylene glycol
(EG4N) groups, using a mole fraction of EG4N of 0.002
to achieve a low surface density of immobilized
peptides. This approach allowed us to measure
adhesive interactions between single fusion peptide
molecules immobilized onto mixed monolayers and the
tip of the AFM (44-46,52). Previous work has shown
that EG4N/EG4 mixed monolayers do not generate
measurable adhesive forces with non-polar AFM tips in
aqueous PBS buffer (52).

Preparation of chemically functionalized AFM tips

Triangular-shaped cantilevers with nominal spring
constants of 0.01 N/m were used for experiments
involving fusion peptides. AFM tips were coated with a
2 nm layer of titanium and a 20 nm layer of gold by
physical vapor deposition using an electron beam
evaporator (44-46,52). Subsequently, the gold-coated
tips were immersed in a 1 mM ethanolic solution of
C12SH and incubated overnight for 18 hours. Upon
removal from solution, tips were rinsed with ethanol,
dried with a gentle stream of nitrogen, and directly
transferred to the AFM fluid cell.

AFM force measurements

Adhesion force measurements were performed using a
Nanoscope llla Multitude AFM equipped with a fluid cell
(Veeco Metrology Group, Santa Barbara, CA).
Triangular-shaped silicon nitride cantilevers were used
and functionalized as described above. The nominal
spring constant of AFM tips used was 0.01 N/m. The
spring constants of the cantilevers were calibrated
using the thermal tuning method on the Asylum MFP-
3D (Santa Barbara, CA) and determined to be 0.027 +
0.003 N/m. Force measurements were performed at
room temperature. Force curves were recorded using a
constant contact time of 500 ms and retraction and
approach speeds of 1,000 nm/s. Measurements of
fusion peptides were performed in aqueous PBS. A “J”
type scanner was used for the force measurements.

ATR-FTIR measurements

Model non-polar monolayers and peptide monolayers
were formed on gold-coated germanium ATR-FTIR
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crystal. First, the Ge crystal was coated with a 2 nm
layer of gold by physical vapor deposition using an
electron beam evaporator. Subsequently, the gold-
coated crystal was immersed in a 1 mM ethanolic
solution of C12SH and incubated overnight for 18
hours to create a non-polar monolayer mimicking the
composition of our non-polar AFM tips. Upon removal
from solution, the Ge crystal were rinsed with ethanol,
and dried with a gentle stream of nitrogen. Next, this
non-polar monolayer was incubated in 100 yM fusion
peptide solution in DMSO. ATR-FTIR spectra were

collected wusing a Horizontal Attenuated Total
Reflectance  (HATR) accessory from  Pike
Technologies paired with Nicolet iS50 FTIR

Spectrometer from ThermoFisher Scientific. Each
spectrum was acquired with a minimum of 300 scans
with a resolution of 4 cm™. Triplicate measurements
were averaged for each peptide.

Circular Dichroism (CD) measurements

CD spectroscopy measurements were performed
using a JASCO J-1500 Spectrophotometer with 10 mm
path length quartz cuvettes. All FPs were dissolved in
PBS buffer containing 0.9 mM CaCl, and 60 vol %
MeOH in PBS to a 0.1 mM solution. CD spectra were
collected at 25°C from 260 to 195 nm. Three
independent sample solutions of each FP were
prepared and measured. Blank spectra of PBS and 60
vol % MeOH were subtracted from the respective FP
solution type. We estimated the percent helicity of 11-
amino acid FP1 sequences in PBS (Figure 6a and
Supporting Information Figure S7) to assess potential
differences between sequences containing Phe 2 vs
Ala 2 in bulk solution. First, we converted ellipticity
(units of mdeg) to mean residue ellipticity (units of deg
cm?® decimol™") (53). Percent helicity was estimated as
100([6]222 / -39,500 x (1 — 2.57/n)), where -39,500
represents the maximum theoretical mean residue
ellipticity for a helix of n residues at 222 nm (54).

Statistical Analysis

Adhesion force measurements performed to generate
the histograms in Figures 2-4 are the averages of 6
independent samples (See Supporting Information
Figure S1). Each histogram represents over 3,000 pull-
off force curves (Supporting Information Figure S1).
We performed t-tests to probe the statistical
significance of differences in mean adhesion forces
that we measured.

RESULTS AND DISCUSSION

We began by measuring the adhesive pull-off forces
between SARS-2 FP1 or MERS FP1 sequences and
a model non-polar surface, with the goal of
characterizing the hydrophobic interactions encoded
by the peptides. Following a methodology described

previously, we measured the adhesion force between
single surface-immobilized FPs (immobilized via a
terminal SH group) and a non-polar AFM tip in either
aqueous PBS buffer, or PBS to which 60 vol %
methanol was added (43-47). The PBS used in our
measurements contained Ca®*, as prior experiments
have demonstrated the ability of the ion to promote
membrane fusion with MERS-CoV and SARS-CoV
(25,28). Previously, we established that addition of 60
vol % methanol to aqueous buffer eliminates a majority
of hydrophobic interactions mediated by non-polar
domains without measurably disrupting ionic (i.e.,
electrical double layer interactions) and van der Waals
interactions (44-50,55). Correspondingly, adhesion
forces measured in 60 vol % MeOH/40 vol % PBS
buffer are largely generated by van der Waals and
electrical double layer interactions. This methodology
was applied previously to conformationally stable -
peptide oligomers that form helices, which provides
predictable presentation of non-polar and polar
residues under various solution conditions. In contrast,
the FPs used in our current study are oligomers of a-
amino acids that lack the conformational rigidity of 8-
peptides. Accordingly, the secondary structure and
thus spatial presentation of the residues of FP1 depend
on solution environment and interaction with interfaces.
Below we return to this important consideration in the
context of CD and ATR-FTIR measurements that
characterize the conformations of FP1 in bulk solution
and in contact with non-polar surfaces.

We measured the mean pull-off force of SARS-2 FP1
in PBS to be 1.91 £ 0.03 nN (Figure 2a, red histogram).
Upon addition of 60 vol % MeOH to PBS, the adhesion
force decreased to 0.47 + 0.01 nN (Figure 2a, blue
histogram). As there was no overlap in the histograms
of pull-off forces measured in PBS or PBS containing
60 vol % MeOH, we interpret the pull-off forces
measured in PBS buffer (red data) to be dominated by
hydrophobic interactions, while the forces in 60 vol %
MeOH (purple data) correspond largely to van der
Waals and electrical double layer interactions (44,45).
In t-tests that we performed to assess statistical
significance, with the exception of one comparison
described below, we found p-values for all comparisons
we make to be < 0.05, revealing the presence of a
statistical difference at a significance level of 95%. (See
Supporting Information Tables S1 and S2).
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Figure 2. a) Adhesion forces of SARS-2 FP1 in aqueous buffer
(PBS) containing 0.9mM Ca®* attributed to hydrophobic
interactions (red histogram). The purple histogram shows
adhesion forces after addition of 60 % MeOH. b) Adhesion
forces of MERS FP1 in aqueous buffer (PBS) containing
0.9mM Ca*" attributed to hydrophobic interactions (red
histogram). The blue histogram shows adhesion forces after
addition of 60 % MeOH. c) Adhesion forces of MERS FP1
Ala2Phe in aqueous buffer (PBS) containing 0.9mM Ca?*
attributed to hydrophobic interactions (red histogram). The
green histogram shows adhesion forces after addition of 60 %

MeOH. h) Adhesion forces of Phe with Ala in aqueous buffer
(PBS) containing 0.9mM Ca®* attributed to hydrophobic
interactions (red histogram). The green histogram shows
adhesion forces after addition of 60 % MeOH. Adhesion force
histograms were obtained using over 3,000 pull-off force curves
from 6 independent samples. Data show mean + s.e.m.

To establish that the pull-off forces reported in Figure
2a are the result of interactions between the non-polar
tip of the AFM and a single peptide molecule, we
performed two sets of control experiments. First, we
measured pull-off forces using a SSMCC-activated
monolayer that was treated with B-mercaptoethanol
before incubation with thiol-terminated FP sequences
(see Supporting Information Figure S1). The thiol
group of B-mercaptoethanol reacts with the maleimide
group of SSMCC, thereby preventing covalent
attachment of FPs. We found that measurements
performed with the B-mercaptoethanol-treated
surfaces and the AFM tip led to largely non-adhesive
events (See Supporting Information, Figure S1) (43).

Second, we measured adhesion forces between the
non-polar AFM tip and FP-decorated monolayers in
which aminotetraethylene glycol (EG4N) groups were
reduced to a mole fraction 0.001, thus lowering the
number density of surface-immobilized peptides (see
Materials and Methods). This procedure was predicted
to lower the frequency of adhesive events but not
change the magnitude of adhesion forces, relative to
measurements obtained with a 0.002 mole fraction of
EG4N. Our measurements were consistent with this
prediction (see Figure 2; Supporting Information,
Figure S2). Overall, these two control experiments
provide support for our conclusion that the adhesion
forces reported in Figure 2 result from interactions of
the non-polar AFM tip and FPs at the single molecule
level.

Next, we next performed measurements with the
MERS FP1 sequence in PBS and 60 vol % MeOH
added to PBS (Figure 2b). As detailed elsewhere
(44,45), because the histograms of pull-off forces
measured in the two solvent environments partially
overlap, we identified the hydrophobic contribution to
the pull-off force measured in PBS by fitting two
Gaussian distributions, one of which was based on the
same distribution as that measured in 60 vol % MeOH
(Figure 2b) (44,45) (see above for additional
discussion of this methodology). From this analysis,
we conclude that the MERS FP1 sequence generated
a mean hydrophobic force in PBS of 0.68 + 0.03 nN
(Figure 2b, red histogram). When 60 vol % MeOH was
added to buffer, the mean pull-off force decreased to
0.29 + 0.01 nN (Figure 2b, blue histogram).

Here, we make two preliminary observations by
comparing the pull-off forces measured using the
SARS-2 FP1 and MERS FP1 sequences (Figure 2a,
b). First, we observe that the forces measured in 60
vol % MeOH/40 vol % PBS are comparable for the two
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sequences. This suggests that the two FP1
sequences encode similar van der Waals and
electrical double layer interactions with the non-polar
tip of the AFM. Second, and more significantly, our
measurements suggest that the SARS-2 FP1
sequence encodes a substantially stronger
hydrophobic interaction than its MERS FP1
counterpart (1.91 + 0.03 versus 0.68 + 0.03 nN,
respectively). This result is an interesting one
because both sequences possess the LLF non-polar
triad, which previously has been proposed to
dominate hydrophobic interactions of the FP1
(25,27,29,30). Our result hints that differences in the
identity of amino acids flanking LLF in the FP1 from
SARS-2 and MERS can regulate the strength of the
hydrophobic interaction encoded by LLF by a factor
of ~3.

Why are the hydrophobic interactions of FP1 from
SARS-2 and MERS different?

The compositions of FP1 from SARS-2 FP1 and
MERS FP1 differ at two positions in the sequence:
Phe 2 vs. Ala 2 and Asn 9 vs. Asp 9, respectively
(Figure 1a). To evaluate the role of these residues
flanking LLF in encoding FP1 hydrophobic
interactions, we performed force measurements with
two sequences containing single point mutations
(Figure 2c, d). The first mutated sequence replaced
Ala 2 of MERS FP1 with Phe, while conserving Asp 9
(Figure 2c). Below we refer to this mutation as “MERS
FP1 Ala2Phe.” The second mutated sequence
replaced Phe 2 of SARS-2 FP1 with Ala while
preserving Asn 9. Below this sequence is called
“SARS-2 FP1 Phe2Ala” (Figure 2d).

We measured the mean pull-off force of MERS FP1
Ala2Phe in PBS to be 2.69 + 0.03 nN (Figure 2c, red
histogram). Upon addition of 60 vol % MeOH to PBS,
the adhesion force decreased to 0.30 + 0.01 nN
(Figure 2c, green histogram). Similar to the SARS-2
FP1 wild-type sequence, the lack of overlap between
the two histograms indicates that the pull-off forces in
PBS are primarily hydrophobic in nature. In contrast,
the mean hydrophobic pull-off force of SARS-2 FP1
Phe2Ala was only 0.64 + 0.02 nN (Figure 2d, red
histogram). When these measurements are
combined with the results obtained using SARS-2
FP1 and MERS FP1 sequences (Figure 2a, b), we
observe a correlation between the strength of
hydrophobic interaction encoded by the sequence
and the identities of the residues flanking LLF. In
particular, the FP1 sequences with Phe 2 encode a
hydrophobic interaction strength of 1.91 + 0.03 or
2.69 + 0.03 nN (with Asn 9 or Asp 9; Figure 2a, c,
respectively). On the other hand, FP1 sequences with
Ala leads to hydrophobic interactions of 0.68 + 0.03
or 0.64 + 0.02 nN (Asn 9 or Asp 9; Figure 2b and d,
respectively).  Significantly, FP1 sequences
containing Phe 2 (Figure 2a and c) exhibit
hydrophobic interactions that are substantially larger
than sequences containing Ala 2 (Figure 2b and d).
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Figure 3. Pull-off forces measured using immobilized fusion
peptides. a) Adhesive force histograms of SARS-CoV-2 fusion
peptide (peptide sequence above) measured in PBS (red) and
60 volume % MeOH (green). b) Adhesive force histograms of
SARS-CoV-2 fusion peptide with point mutation (peptide
sequence Phe mutated to Ala) measured in PBS (red) and 60
volume % MeOH (purple). Dashed lines drawn for
measurements in PBS to guide the eye. c) Comparison of
adhesive forces of fusion peptide sequences containing Phe
(pink bars) vs. Ala (purple bars). Adhesion force histograms and
bar graphs were obtained using over 3,000 pull-off force curves
from 6 independent samples. Data show mean * s.e.m.

The Phe 2-containing FP1 sequences comprise five
non-polar amino acids (i.e., two Phe, one lle, and two
Leu). In contrast, the Ala 2-containing FP1 sequences
contain four non-polar residues (one Phe, one lle, two
Leu). Interestingly, the results above reveal that the
addition of a single non-polar amino acid to the FP1
sequence (i.e., increasing the number of non-polar
amino acids in the sequence from 4 to 5; Ala 2 to Phe
2) can lead to a 3-4 fold increase in the strength of the
hydrophobic interaction (from 0.64 + 0.02 or 0.68 +
0.03 to 1.91 £ 0.03 or 2.69 £+ 0.03 nN). Overall, we
conclude that the identity of the amino acid at position
2 (Ala 2 versus Phe 2) has an outsized influence on
the magnitude of the hydrophobic interaction encoded
by the FP1 sequences. In contrast, the mutations
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involving Asn 9 vs. Asp 9 have only a modest impact
on the strength of the hydrophobic interaction.

Our insight above regarding the outsized role of Phe
2 in encoding the hydrophobic interactions of FP1 of
SAR-CoV-2 are based on measurements performed
with a peptide sequence comprising 11 amino acids.
To explore the impact of Phe 2 on interactions
encoded by longer sequences of amino acids from
the FP of SARS-CoV-2, we next examined a 17-
amino acid SARS-2 FP sequence that included a
portion of FP2 (Figure 3). The six additional amino
acid residues include two non-polar residues (Val and
Leu). We refer to this sequence as “SARS-2 FP1+.”
We compared the hydrophobic interactions encoded
by SARS-2 FP1+ (Figure 3a) with a sequence with a
single residue mutation, Phe2Ala (Figure 3b), which
we call “SARS-2 FP1+ Phe2Ala”. Inspection of Figure
3a reveals that the 17-amino acid wild-type FP
sequence in PBS encoded a hydrophobic pull-off
force of 2.21 + 0.02 nN (Figure 3a, red histogram).
After 60 vol % MeOH was added to the PBS, the
mean adhesion forces diminished to 0.33 £ 0.01 nN
(Figure 3a, green histogram). When compared to
SARS-2 FP1, which generated a hydrophobic
interaction of 1.91 + 0.03 nN (Figure 2a), we find that
the additional six amino acids of SARS-2 FP1+, which
include two additional non-polar residues (Val and
Leu), generated only a small increase in the strength
of the hydrophobic interaction (1.91 £ 0.03 to 2.21 %
0.02 nN, Figure 3a). This small change in the
hydrophobic interaction contrasts to the threefold
effect of the Phe2Ala substitution in the FP1
sequence on the hydrophobic interaction strength.

We next measured the effects of the Phe 2 to Ala 2
mutation on the hydrophobic interaction encoded by
the SARS-2 FP1+. The strength of hydrophobic
interaction encoded by the SARS-2 FP1+ Phe2Ala
was measured to be 0.78 £ 0.02 nN (Figure 3b, red
histogram), whereas the mean pull-off forces
measured in the presence of 60 vol % MeOH
decreased to 0.28 + 0.01 nN (Figure 3b, purple
histogram). In contrast, as reported above, the wild-
type sequence with Phe 2 exhibits a threefold
stronger hydrophobic interaction (2.21 + 0.02 nN).
The key conclusion emerging from this experiment is
that the outsized influence of Phe 2 on the
hydrophobic interaction mediated by the FP1 of
SARS-CoV-2 is not limited to the FP1 sequence but
is also observed with the longer sequence of 17
amino acids that contains a portion of the FP2. This
point is shown in Figure 3c, which compares the
hydrophobic interactions encoded by all six peptide
sequences described so far in this paper.
Significantly, all sequences that contain Phe 2
flanking LLF encode strong hydrophobic interactions;
1.91 £ 0.03 (SARS-2 FP1), 2.69 + 0.03 (MERS FP1
Ala2Phe), and 2.21 + 0.02 nN (SARS-2 FP1+) (Figure
3c, pink bars). In contrast, all sequences containing
Ala 2 flanking LLF encode substantially weaker

hydrophobic forces; 0.68 + 0.03 (MERS FP1), 0.64 +
0.02 (SARS-2 FP1 Phe2Ala), 0.78 + 0.02 nN (SARS-
2 FP1+ Phe2Ala) (Figure 3c, purple bars).
Furthermore, a comparison of the hydrophobic
interactions of the SARS-2 FP1+ Phe2Ala (0.78 + 0.02
nN) and those of SARS-2 FP1 Phe2Ala which has the
same FP1 amino acid composition (0.64 + 0.02 nN)
indicates that the additional non-polar residues of Ala-
mutated SARS-2 FP1+ do not have a large impact the
strength of hydrophobic interaction encoded by the FP
sequences.

Is LLF Important in Encoding the Hydrophobic
Interactions of the FPs?
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Figure 4. a) Peptide sequence from the wild-type FP of SARS-
CoV-2 (S1 to G17) (top) and variants used to obtain the force
histograms shown in (a-d). In the three sequences shown
below the wildtype sequence in (a), we substituted LLF residues
for the less non-polar amino acids of tyrosine (b), alanine (c),
and serine (d). Adhesion force histograms were obtained using
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over 3,000 pull-off force curves from 6 independent samples.
Data show mean + s.e.m.

The results reported above also led us to explore the
importance of LLF in determining the hydrophobic
interactions encoded by the six amino acid
sequences that we characterized. Past studies have
proposed that LLF plays a critical role in determining
viral membrane fusion (25,27,29,30). To evaluate the
importance of LLF in encoding hydrophobic
interactions, we performed a series of adhesion force
measurements in which we replaced each of the
three amino acids within the LLF triad with more polar
(less non-polar) residues. For these experiments, we
used the 17-amino acid FP sequence, as described
above, with the SARS-2 FP1+ sequence serving as
the reference (hydrophobic interaction of 2.21 + 0.02
nN, Figure 4a, red histogram). The first mutation,
which replaced Phe 8 of LLF with Tyr 8, resulted in a
decrease in the strength of the hydrophobic
interaction to 1.62 + 0.01 nN (Figure 4b, red
histogram). The second mutation involved the
replacement of Leu 6 and Leu 7 with Ala 6 and Ala 7.
This change resulted in hydrophobic interactions of
strength 1.37 + 0.01 nN (Figure 4c, red histogram).
Finally, Leu 6 and 7 were replaced by Ser 6 and 7,
resulting in hydrophobic interactions of 0.81 + 0.01
nN (Figure 4c, red histogram).

Overall, these results reveal that substitution of LLF
for amino acids that are more polar (less non-polar)
incrementally weakened the hydrophobic interactions
encoded by the FP sequence. The results thus
confirm that LLF does play a key role in encoding the
hydrophobic interaction of the FP1 sequence in our
measurements, consistent with its reported role in
studies of viral membrane fusion (25,27,29,30).
These findings, when combined with the results
shown in Figure 3, also hint that the hydrophobic
interactions of FP1 from SARS-CoV-2 arise from a
cooperative effect involving Phe 2 and LLF within the
sequence (Figure 3c, pink bars).

How does the FP1
Hydrophobic Interactions?

Sequence Encode

To explore the physical mechanism by which
Phe2Ala regulates the hydrophobic interaction
encoded by LLF within the FP1 sequence of SARS-
CoV-2 and MERS-CoV, we evaluated the hypothesis
that Phe 2 exerts its influence via changes in the
secondary structure of the oligopeptides. This
hypothesis is based on the proposal that the
conformations adopted by FPs while mediating
hydrophobic interactions with an interface influence
the nanoscopic patterns of non-polar amino acids
presented at the interface.

The conformational states adopted by oliopeptides
and proteins at interfaces can be characterized ATR-
FTIR (56-61). In particular, the Amide | spectroscopic
region (1600 — 1700 cm™), which arises from
stretching vibrations of peptide carbonyl groups, is

sensitive to the peptide conformational state (62-64).
Past studies have determined that peak positions in
the Amide 1 region indicative of a [-sheet
conformation are centered at 1624 cm™; random coil
at 1645 cm™"; a-helix at 1656 cm™'; and turns at 1670
cm™ and 1680 cm™ (62,65-68). We performed ATR-
FTIR measurements using non-polar surfaces
identical to the non-polar AFM tip surfaces. Briefly, we
deposited a thin layer of gold onto a germanium ATR
crystal, followed by adsorption of 1-dodecanethiol to
form a non-polar monolayer. Finally, FP sequences
were adsorbed onto the non-polar monolayer from
PBS and ATR-FTIR measurements were conducted in
PBS (Figure 5a). To avoid disulfide bond formation
between thiol-capped peptides (as used in the AFM
experiments above), the FP sequences used in ATR-
FTIR measurements were capped with an acetyl
group at the N-terminus. Below, we present ATR-
FTIR spectra that show the Amide | peak region, with
spectra obtained over a wider range of wave numbers
presented in Supporting Information (Figures S3 and
S4).

First, we wused ATR-FTIR measurements to
characterize the secondary structures of the adsorbed
FP1 sequences that were used in the AFM
measurements reported in Figure 2. Inspection of
Figure 5b reveals an Amide | peak centered at 1632 +
1 c¢m™ for adsorbed MERS FP1 with shoulders at 1648
+1cm”, 1678 +1cm™, and 1717 + 1 cm™ (Figure 5b,
pink curve; Table 1). This result suggests that the
conformation of adsorbed MERS FP1 is dominated by
a random coil state but also includes turns (as
indicated by the shoulders). In contrast, the spectra
obtained using the SARS-2 FP1 is clearly different,
with an Amide | peak position at 1655 + 1 cm”,
indicating a-helical content in the adsorbed state
(Figure 5b, green curve; Table 1). This initial result
provides support for our hypothesis that the SARS-2
FP1 and MERS FP1 sequences interact with non-
polar surfaces via distinct conformational states.

Next, we explored the effect of replacement of Ala 2
by Phe 2 on the conformational states of the adsorbed
FP1 peptides. Inspection of Figure 5b reveals that
MERS FP1 Ala2Phe exhibited a peak absorbance at
1660 £ 1 cm™ (Figure 5b, blue curve; Table 1). This
peak position is consistent with an a-helix, with the
position of the peak shifted towards higher
wavenumbers as compared to SARS-2 FP1 at 1655 +
1 cm™. This result indicates that while the peptide
assumes an a-helix, turns are also present within the
adsorbed peptide population on the non-polar
interface. Finally, SARS-2 FP1 Phe2Ala exhibited a
spectrum with a primary Amide | peak position at 1639
+1 cm” (Figure 5b, purple curve; Table 1), indicating
a largely random coil conformation. Overall, this set
of findings reveals that a single point mutation from
Ala to Phe at position 2 exerts a pronounced influence
over the FP1 conformation when mediating
hydrophobic interactions, driving the FP1 sequence to
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switch in the adsorbed state from a largely random
coil conformation to a largely a-helical conformation.
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Figure 5. a) ATR-FTIR experimental setup. A thin layer of gold
is electron beam deposited onto Ge ATR crystal, followed by
adsorption of 1-dodecanethiol. Fusion peptides are then
adsorbed onto the alkyl-terminated non-polar surface. b)
Amide | peak spectra of the 11-amino acid FP1 sequences

measured in PBS containing 0.9 mM Ca®". c) Amide | peak
spectra of 17-amino acid FP1-FP2 sequences with LLF
substitutions. d) Amide | peak spectra of the 11-amino acid FP1
sequences measured in 60 vol % MeOH in PBS containing 0.9
mM Ca?*. e) Summary of hydrophobic pull-off force measured
in PBS as a function of Amide | peak position wavenumber
measured in PBS containing 0.9 mM Ca?*. Data points in the
blue circle consist of FP sequences in which Phe 2 flanks LLF
measured in PBS. Data points in the red circles represent FP
sequences in which Ala 2 flanks LLF measured in PBS. Data
points in the black box denote the wavenumber the Amide |
peak of SARS-2 FP1 and MERS FP1 measured in 60 vol %
MeOH in PBS containing 0.9 mM Ca®". Error bars are included,
but the size of the data points overlaps the size of the error bars.
The spectrum of each FP consists of the average of three
independently collected spectra. All ATR-FTIR curves are the
average of three independently collected spectra.

We performed a third series of ATR-FTIR
measurements using the 17-amino acid SARS-2 FP1+
sequences, including mutations to the LLF triad
reported in the context of Figures 3 and 4. Upon
adsorption of SARS-2 FP1+ onto the non-polar
surface of the ATR crystal, the Amide | peak
absorbance was measured at 1657 + 1 cm™ (Figure
5c, mauve curve; Table 1). This result is similar to the
Amide | peak of SARS-2 FP1 (Figure 5b, green curve;
Table 1), indicating a largely a-helical conformation.
Additionally, each mutation of LLF to polar (less non-
polar) amino acids (to Tyr, Ala, and Ser, respectively)
was measured to incrementally shifted the Amide |
peaks towards smaller wavenumbers, indicating a
transition towards random coil conformational states
(Figure 5c, blue, green, and purple curves; Table 1).
We also we examined the Amide | peak positions of
SARS-2 FP1+ Phe2Ala, in which Phe 2 was
substituted for Ala 2 (Figure 5c, orange curve; Table
1). We measured an Amide | peak at 1640 + 1 cm™,
revealing a predominantly random coil conformation.
These results, when combined with conclusions from
ATR-FTIR measurements of FP1 sequences in Figure
5b, establish that both Phe 2 and LLF are needed to
induce a-helical conformations of FP sequences at the
non-polar surface; the absence of either of these two
features of the peptide results in a random coil
conformation. This result also emphasizes the
interplay between the hydrophobic interaction and
conformation, a point that we return to below.

Finally, we used FTIR measurement to explore the
influence of the addition of methanol on the
conformations of the adsorbed FP1 peptide
sequences because past studies have reported that
addition of methanol can promote stabilization of a-
helices in bulk solution via a weakening of hydrogen
bonding with the solvent (and an increase in
intramolecular hydrogen bonding) (69-73). In
particular, we wanted to determine if the
conformational states of the FP1 peptide sequences
in PBS differed from those measured in PBS
containing 60 vol % MeOH. We measured the Amide
| peak position of the MERS FP1 sequence adsorbed
onto the non-polar monolayer from PBS contamlng 60
vol % MeOH to be located at 1643 + 1 cm™, indicative
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of a primarily random coil conformation (Figure 5d,
pink curve; Table 2). This result reveals that addition
of 60 vol % MeOH to PBS did not enhance the a-
helical content of the adsorbed MERS FP1 relative to
the conformation measured in PBS (peak at 1632 + 1
cm”, with shoulders 1648 + 1 cm™, 1678 + 1 cm™,
and 1717 £ 1 cm'1) However, our measurements of
the Amide | peak position for the adsorbed SARS-2
FP1 sequence in PBS to which 60 vol % MeOH was
added, which was located at 1645 + 1 cm™, indicates
the presence of a predominantly random coil
structure upon adsorption onto the non-polar
monolayer, in contrast to its predominantly a-helical
conformation when adsorbed from PBS.

Table 1. Amide | peak positions (cm™) and
corresponding hydrophobic pull-off forces (nN).

Adhesive Wavenumber
Wavenumber F . f Should
in PBS (cm'1) orce in .° ou e:’
PBS (nN) in PBS (cm’)
1648 + 2;
MERS FP1 16321 068+003 16781
1717 £ 1
SARS-2
EP1 1655 + 1 1.91+£0.03
MERS FP1
Ala2Phe 1660 + 1 2.69 +0.03
SARS-2
FP1 1639 + 1 0.64 £ 0.02
Phe2Ala
SARS-2
FP1+ 1657 + 1 2.21+£0.01
SARS-2
FP1+ 1640 = 1 0.78 £ 0.02
Phe2Ala
SARS-2
FP1+ 1652 £ 2 1.62 +0.01
Phe8Tyr
SARS-2
FP1+ 1644 + 1 1.37 £ 0.02
LeubBAla
SARS-2
FP1+ 1637 + 1 0.81 £0.01 1678 + 1
Leu6Ser

The results above, when combined, lead to two key
observations. First, we observe the addition of 60 vol
% MeOH to the PBS to promote the random coil
conformational state of the adsorbed SARS-2 FP1
peptide sequence relative to the adsorbed
conformational states measured in PBS alone. This
result suggests that hydrophobic interactions do
influence the conformations of adsorbed SARS-2
FP1 in PBS. It also contrasts to the previously
reported effects of MeOH on the conformations of
peptides in bulk solution (see below for
measurements of CD spectra of the FP1 peptides in
bulk solution). Second, in PBS, we observe a strong
correlation between the secondary structure of
adsorbed FP1 peptides and their hydrophobic
interaction with the non-polar surface (Figure 5e).
While similar correlations have been reported

previously in contexts such as the interaction of
antimicrobial peptides with non-polar surfaces (74,75),
what is striking and distinct in our results in the
dominant role of Phe 2 versus Ala 2 in determining
both the conformation and hydrophobic interaction of
the FP1 sequence with the non-polar surface (see Sl
for additional discussion).

Table 2. Peak positions of SARS-2 FP1 and MERS
FP1 Amide | peaks (cm™) and their corresponding
adhesion forces (nN) in 60 vol % MeOH in PBS
containing 0.9 mM Ca*.

Wavenumber in
60 vol % MeOH in

Adhesive Force in
60 vol % MeOH in

PBS (cm™) PBS (nN)
MERS FP1 1643 £ 1 0.29 + 0.01
SARS-2 FP1 1645 + 1 0.47 +0.03

As discussed above, our ATR-FTIR measurements
performed with and without 60 vol % MeOH added to
PBS suggest that the interaction of the SARS-2 FP1
sequence with the non-polar surface of the ATR-FTIR
crystal plays a key role in determining the
conformations of the adsorbed peptides. Here we
consider these observations in light of past studies that
have reported that amino acid residues within
oligopeptides have a propensity to promote specific
secondary structures in bulk solution (76-79).
According to these prior studies, the amino acids
involved in the single point mutations in our study are
predicted to exhibit the following decreasing order of
helical propensity (measured in kcal/mol): Ala (0), Leu
(0.21), Ser (0.50), Tyr (0.53), Phe (0.54) (76). This
ranking leads to the prediction that FP sequences
containing Ala will adopt a-helical structures more
readily than Phe-containing sequences in bulk
solution, a prediction that does not correlate with our
ATR-FTIR measurements of the surface-adsorbed
FPs (MERS FP1 versus SARS-2 FP1).

To explore the conformations of the FP sequences in

bulk solution, we performed CD spectroscopy in PBS.

Prior studies have reported that a-helices exhibit
negative spectroscopic bands at 208 nm and 222 nm,

while random coils or disordered structures contain

very low ellipticity above 210 nm (80). Figure 6 shows
CD spectra of the FP sequences used in our study. In

PBS at pH 7.4, both MERS FP1 (red spectrum) and

SARS-2 FP1 Phe2Ala (green curve) generate spectra

consistent with random coil conformations (Figure 6a).

In contrast, the spectra of SARS-2 FP1 (blue spectrum)
and MERS FP1 Ala2Phe (orange spectrum) are
indicative of mixed random coil and a-helical content,

as identified by the band at 208 nm and a weaker band

at 222 nm. While the CD spectra of the latter two FP1

sequences do not indicate well-formed a-helical

conformations, they do indicate a greater a-helical

content than MERS FP1 and MERS FP1 Ala2Phe in

bulk PBS.
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From the measurements described above, in bulk
PBS, we conclude that FP1 sequences with Phe 2
exhibit greater a-helical content than sequences with
Ala 2. We estimated the percentage of a-helical
content of sequences containing Phe 2 to be 8%,
while that of sequences containing Ala 2 to be 1%
(See Methods) (53,54). Thus, while the hydrophobic
interactions of FP1 with surfaces in AFM and ATR-
FTIR measurements play a role in determining the
conformations of the peptides (as evidenced by the
effect of adding 60 vol % MeOH on the conformation
of the adsorbed SARS-2 FP1 sequence (Figure 5d,
teal spectrum)), prior to contact with the surfaces, the
peptides show weak preferences for distinct
conformations. We also performed CD measurements
on the 17-amino acid FP sequences introduced in
Figure 4. Measurements revealed that SARS-2 FP1+
possesses weak a-helical character in bulk PBS, and
that replacement of LLF in the SARS-2 FP1+
sequence led to a decrease in the a-helical content
(see Supporting Information Figure S6a for further
discussion).
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Figure 6. Circular dichroism of spectra of the 11-amino acid FP1
sequences in bulk PBS containing 0.9 mM Ca** (a) and 60 vol
% methanol in PBS containing 0.9 mM Ca®" (b). The spectra
were normalized to mean residue ellipticity in units of deg cm?
decimol’ (See Supporting Information Figure 8 for
measurements in ellipticity). All CD curves are the average of
three independently collected spectra.

We considered the possibility that the a-helical
content of FP sequences in which Phe 2 flanks LLF
may reflect hydrophobically-driven self-association of
the FPs in bulk PBS. To address this possibility, we
performed CD measurements in PBS with 60 vol %
MeOH to probe conformational changes upon
addition of methanol (Figure 6b; Supporting

Information Figure 6b). Addition of methanol to
aqueous buffer has been shown to disrupt
hydrophobically-driven assembly (69-73). If the
presence of a-helicity in FP sequences in our
experiments is due to hydrophobically-driven
association, addition of methanol would be predicted
to disrupt the assembly and diminish the difference in
CD spectra among sequences containing Ala 2 vs.
Phe 2 in 60 vol % MeOH. However, we observed the
differences between spectra obtained using
sequences containing Ala 2 (dashed red and green)
vs. Phe 2 (dashed blue and orange) in PBS to be
maintained when 60 vol % MeOH was added to PBS
(Figure 6b).

in addition, we measured CD spectra of SARS-2 FP1
and MERS FP1 sequences in PBS at concentrations
of 10, 100, and 1000 puM to evaluate if peptide self-
association underlies the differences in CD signatures
between sequences containing Phe 2 vs. Ala 2 in
Figure 6a. We found no significant difference in CD
signatures in spectra converted to mean residue
ellipticity across the concentrations of each FP1
sequence (Supporting Information Figure 7c). We
estimated the a-helical content of SARS-2 FP1 to be
8% at 10 and 100 uM, and 9% at 1000 uyM (Supporting
Information Figure 7b, solid curve), while that of MERS
FP1 to be 1% at all three peptide concentrations (Sl
Figure 7b, dashed curves)(53,54). This result
suggests that our CD measurements of Phe 2-
containing sequences in PBS reflect the
conformations of monomeric peptides, rather than
self-associated complexes of peptides (see
Supporting Information for further discussion).

CONCLUSIONS

This study demonstrates that single-molecule force
measurements  permit quantification of the
hydrophobic interactions encoded by FP sequences
from SARS-CoV-2 and MERS-CoV. The
measurements reveal that the non-polar triad Leu-
Leu-Phe (LLF), which is conserved in both FP
sequences, plays a central role in encoding the
hydrophobic interaction of the FP sequences. This is
consistent with prior studies that have concluded it to
be a key determinant of membrane fusion between
viral and host cell membranes (25,27,29,30).
Surprisingly, however, we find that single amino acid
residue differences within the FP1 sequences from
SARS-2 and MERS, which are adjacent to LLF, can
substantially alter the strength of the hydrophobic
interaction mediated by the LLF. Specifically, we
observe that the presence of Phe 2 in SARS-CoV-2
increased the magnitude of the hydrophobic
interaction encoded by the FP by nearly a factor of 3
(in comparison to Ala 2 in MERS-CoV). Additionally,
by performing ATR-FTIR measurements, we found
strong support for the conclusion that Phe 2 exerts its
outsized influence on the hydrophobic interaction
encoded by LLF within the FP by regulating the
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secondary structure of the FP during hydrophobic
interaction with surfaces. Specifically, the ATR-FTIR
spectra of FP sequences with Phe 2 contained Amide
| peaks at positions indicative of a-helical-rich
conformational states, while FP sequences
containing Ala 2 generated Amide 1 peaks at
positions in the spectra indicative of largely random
coil conformations. Our results reveal that single
amino acid substitutions, i.e. switching between Phe
2 to Ala flanking LLF, can profoundly influence the
secondary structure of peptides in the adsorbed state
and the strength of hydrophobic interactions encoded
by the FP.

The results of this study provide fresh ideas regarding
factors that regulate hydrophobic interactions
encoded by FPs of SARS-2 and MERS. The
measurements, which were performed by interacting
the peptides with non-polar surfaces to unmask their
hydrophobic interactions, provide fundamental
insights that can be used to design future studies of
interactions of FPs with surfaces with the
compositional complexity and dynamics
characteristic of host cell membranes. In addition, we
note that the experiments reported in this paper
focused on FP sequence S1- S10 and S1-G17. Our
results inform future studies of the full FP sequence
consisting of 40 amino acids.

Hydrophobic interactions have been proposed to play
a key role in driving membrane fusion between
viruses and host cells (31-33). Accordingly, advances
in our understanding of the mechanisms by which FP
sequence impacts the interactions that drive fusion,
such as those elucidated in this study, have the
potential to inform strategies for designing molecules
(other peptides or small molecule drugs) that
modulate the interactions responsible for viral
infection (5,12,81,82). In addition, our discovery of
the impact of single amino acid substitutions on
hydrophobic interactions encoded by the FP1 domain
of CoVs provides new guidance to the judicious
placement of residues in peptide sequences to
modulate the conformations and interactions of
peptides. These design rules have the potential to be
useful not only for oligopeptides involved in viral
fusion (83,84) but also for broader classes of peptide
therapeutics and materials (85,86)


https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SUPPORTING MATERIAL

Supporting material can be found online at doi.org/xxxxxx

AUTHOR CONTRIBUTIONS

C.Q. performed AFM, ATR-FTIR, and CD measurements.
C.Q.,, S.D., S.H.G. and N.L.A. designed research. C.Q,
G.R.W., S.D,, and N.L.A. analyzed data. C.Q. and N.L.A.
wrote the manuscript. All authors participated in
reviewing/editing of the manuscript and approved of the final
draft.

ACKNOWLEDGMENTS

This research was primarily supported by the NSF (MCB
2027070). The authors thank Miya Bidon for participating in
helpful discussions. We also thank Mingxin He for his help in
performing statistical analyses with t-tests.

REFERENCES

Bar-On, Y. M., A. Flamholz, R. Phillips, and R.
Milo. 2020. SARS-CoV-2 (COVID-19) by the
numbers. elife. 9:¢57309, doi:
10.7554/eLife.57309,
https://pubmed.ncbi.nlm.nih.gov/32228860,
https://www.ncbi.nlm.nih.gov/pme/articles/PM
C7224694/.

Imperiale, M. J., and A. Casadevall. 2015. The
importance of virology at a time of great need
and great jeopardy. mBio. 6(2):¢00236-¢00236,
doi: 10.1128/mBi0.00236-15,
https://pubmed.ncbi.nlm.nih.gov/25759503,
https://www.ncbi.nlm.nih.gov/pme/articles/PM
C4453524/.

DiMaio, D., L. W. Enquist, and T. S. Dermody.
2020. A New Coronavirus Emerges, This Time
Causing a Pandemic. Annual Review of
Virology. 7(1):iii-v, doi: 10.1146/annurev-vi-
07-042020-100001,
https://doi.org/10.1146/annurev-vi-07-042020-
100001.

Zhou, Y.-W., Y. Xie, L.-S. Tang, D. Pu, Y.-J.
Zhu, J.-Y. Liu, and X.-L. Ma. 2021. Therapeutic
targets and interventional strategies in COVID-
19: mechanisms and clinical studies. Signal
Transduction and Targeted Therapy. 6(1):317,
doi: 10.1038/s41392-021-00733-x,
https://doi.org/10.1038/s41392-021-00733-x.
Namchuk, M. N. 2021. Early Returns on Small
Molecule Therapeutics for SARS-CoV-2. ACS
Infectious Diseases. 7(6):1298-1302, doi:
10.1021/acsinfecdis.0c00874,
https://doi.org/10.1021/acsinfecdis.0c00874.
Arora, P., M. Jafferany, T. Lotti, R.

10.

11.

12.

13.

Sadoughifar, and M. Goldust. 2020. Learning
from history: Coronavirus outbreaks in the past.
Dermatologic  Therapy. 33(4):e13343, doi:
https://doi.org/10.1111/dth.13343,
https://onlinelibrary.wiley.com/doi/abs/10.1111/
dth.13343.

Liu, Y.-C., R.-L. Kuo, and S.-R. Shih. 2020.
COVID-19: The first documented coronavirus
pandemic in history. Biomedical Journal.
43(4):328-333, doi:
https://doi.org/10.1016/1.b1.2020.04.007,
https://www.sciencedirect.com/science/article/pi
1/S2319417020300445.

Belouzard, S., J. K. Millet, B. N. Licitra, and G.
R. Whittaker. 2012. Mechanisms of coronavirus
cell entry mediated by the viral spike protein.
Viruses. 4(6):1011-1033, doi:
10.3390/v4061011.

Chaudhry, M. Z., K. Eschke, M. Hoffmann, M.
Grashoff, L. Abassi, Y. Kim, L. Brunotte, S.
Ludwig, A. Kroger, F. Klawonn, H. P6hlmann
Stefan, and L. Cicin-Sain. Rapid SARS-CoV-2
Adaptation to Available Cellular Proteases.
Journal of Virology. 0(ja):jvi.02186-02121, doi:
10.1128/jvi.02186-21,
https://doi.org/10.1128/jvi.02186-21.

Whittaker, G. R., S. Daniel, and J. K. Millet.
2021. Coronavirus entry: how we arrived at
SARS-CoV-2. Current Opinion in Virology.
47:113-120, doi:
https://doi.org/10.1016/j.coviro.2021.02.006,
https://www.sciencedirect.com/science/article/pi
i/S187962572100016X.

Park, J.-E., K. Li, A. Barlan, A. R. Fehr, S.
Perlman, P. B. McCray, and T. Gallagher. 2016.
Proteolytic processing of Middle East respiratory
syndrome coronavirus spikes expands virus
tropism. Proceedings of the National Academy of
Sciences. 113(43):12262, doi:
10.1073/pnas.1608147113,
http://www.pnas.org/content/113/43/12262.abst
ract.

de Vries, R. D., K. S. Schmitz, F. T. Bovier, C.
Predella, J. Khao, D. Noack, B. L. Haagmans, S.
Herfst, K. N. Stearns, J. Drew-Bear, S. Biswas,
B. Rockx, G. McGill, N. V. Dorrello, S. H.
Gellman, C. A. Alabi, R. L. de Swart, A.
Moscona, and M. Porotto. 2021. Intranasal
fusion inhibitory lipopeptide prevents direct-
contact SARS-CoV-2 transmission in ferrets.
Science. 371(6536):1379-1382, doi:
10.1126/science.abf4896.

Yan, Z., B. Tripet, and R. S. Hodges. 2006.
Biophysical characterization of HRC peptide



https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

14.

15.

16.

17.

18.

19.

20.

21.

analogs interaction with heptad repeat regions of
the SARS-coronavirus Spike fusion protein
core. Journal of structural biology. 155(2):162-
175, doi: 10.1016/j.jsb.2006.03.024,
https://pubmed.ncbi.nlm.nih.gov/16765058,
https://www.ncbi.nlm.nih.gov/pmec/articles/PM
C7129827/.

Millet, J. K., and G. R. Whittaker. 2015. Host
cell proteases: Critical determinants of
coronavirus tropism and pathogenesis. Virus
Res. 202:120-134, doi:
10.1016/j.virusres.2014.11.021.

Gui, M., W. Song, H. Zhou, J. Xu, S. Chen, Y.
Xiang, and X. Wang. 2017. Cryo-electron
microscopy structures of the SARS-CoV spike
glycoprotein reveal a prerequisite
conformational state for receptor binding. Cell
Res. 27(1):119-129, doi: 10.1038/cr.2016.152.
Walls, A. C., M. A. Tortorici, B. J. Bosch, B.
Frenz, P. J. M. Rottier, F. DiMaio, F. A. Rey,
and D. Veesler. 2016. Cryo-electron microscopy
structure of a coronavirus spike glycoprotein
trimer.  Nature. 531(7592):114-117, doi:
10.1038/nature16988.

Walls, A. C., M. A. Tortorici, B. Frenz, J.
Snijder, W. Li, F. A. Rey, F. DiMaio, B. J.
Bosch, and D. Veesler. 2016. Glycan shield and
epitope masking of a coronavirus spike protein
observed by cryo-electron microscopy. Nat
Struct Mol Biol. 23(10):899-905, doi:
10.1038/nsmb.3293.

Wrapp, D., N. Wang, K. S. Corbett, J. A.
Goldsmith, C. L. Hsieh, O. Abiona, B. S.
Graham, and J. S. McLellan. 2020. Cryo-EM
structure of the 2019-nCoV spike in the
prefusion conformation. Science.
367(6483):1260-1263, doi:
10.1126/science.abb2507.

Lan, J., J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan,
Q. Zhang, X. Shi, Q. Wang, L. Zhang, and X.
Wang. 2020. Structure of the SARS-CoV-2
spike receptor-binding domain bound to the
ACE2 receptor. Nature. 581(7807):215-220,
doi: 10.1038/s41586-020-2180-5,
https://doi.org/10.1038/s41586-020-2180-5.
Yang, J., S. J. L. Petitjean, M. Koehler, Q.
Zhang, A. C. Dumitru, W. Chen, S. Derclaye, S.
P. Vincent, P. Soumillion, and D. Alsteens.
2020. Molecular interaction and inhibition of
SARS-CoV-2 binding to the ACE2 receptor.
Nat Commun. 11(1):4541, doi: 10.1038/s41467-
020-18319-6.

Xin, Y., G. Grundmeier, and A. Keller. 2021.
Adsorption of SARS-CoV-2 Spike Protein S1 at
Oxide Surfaces Studied by High-Speed Atomic
Force Microscopy. Advanced NanoBiomed

22.

23.

24.

25.

26.

27.

28.

29.

Research. 1(2):2000024, doi:
https://doi.org/10.1002/anbr.202000024,
https://doi.org/10.1002/anbr.202000024
(https://doi.org/10.1002/anbr.202000024).

Cao, W., C. Dong, S. Kim, D. Hou, W. Tai, L.
Du, W. Im, and X. F. Zhang. 2021.
Biomechanical characterization of SARS-CoV-2
spike RBD and human ACE2 protein-protein
interaction. Biophysical Journal. 120(6):1011-
1019, doi:
https://doi.org/10.1016/1.bpj.2021.02.007,
https://www.sciencedirect.com/science/article/pi
/S0006349521001417.

Madu, I. G., S. L. Roth, S. Belouzard, and G. R.
Whittaker. 2009. Characterization of a highly
conserved domain within the severe acute
respiratory syndrome coronavirus spike protein
S2 domain with characteristics of a viral fusion
peptide. J Virol. 83(15):7411-7421, doi:
10.1128/jvi.00079-09.

Madu, I. G., S. Belouzard, and G. R. Whittaker.
2009. SARS-coronavirus spike S2 domain
flanked by cysteine residues C822 and C833 is
important for activation of membrane fusion.
Virology. 393(2):265-271, doi:
10.1016/j.virol.2009.07.038.

Lai, A. L., J. K. Millet, S. Daniel, J. H. Freed, and
G. R. Whittaker. 2017. The SARS-CoV Fusion
Peptide Forms an Extended Bipartite Fusion
Platform that Perturbs Membrane Order in a
Calcium-Dependent Manner. J Mol Biol.
429(24):3875-3892, doi:
10.1016/j.jmb.2017.10.017.

Lai, A. L., and J. H. Freed. 2021. SARS-CoV-2
Fusion Peptide has a Greater Membrane
Perturbating Effect than SARS-CoV with Highly
Specific Dependence on Ca2+. Journal of
Molecular  Biology. 433(10):166946, doi:
https://doi.org/10.1016/1.imb.2021.166946,
https://www.sciencedirect.com/science/article/pi
1/50022283621001479.

Millet, J. K., and G. R. Whittaker. 2018.
Physiological and molecular triggers for SARS-
CoV membrane fusion and entry into host cells.
Virology. 517:3-8, doi:
https://doi.org/10.1016/j.virol.2017.12.015,
https://www.sciencedirect.com/science/article/pi
1/S0042682217304208.

Straus, M. R., T. Tang, A. L. Lai, A. Flegel, M.
Bidon, J. H. Freed, S. Daniel, and G. R.
Whittaker. 2020. Ca(2+) lons Promote Fusion of
Middle East Respiratory Syndrome Coronavirus
with Host Cells and Increase Infectivity. J Virol.
94(13), doi: 10.1128/jvi.00426-20.

Khelashvili, G., A. Plante, M. Doktorova, and H.
Weinstein. 2021. Ca (2+) -dependent mechanism



https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

30.

31.

32.

33.

34.

35.

36.

37.

38.

of membrane insertion and destabilization by 39.

the SARS-CoV-2 fusion peptide. bioRxiv. doi:
10.1101/2020.12.03.410472.

Tang, T., M. Bidon, J. A. Jaimes, G. R.
Whittaker, and S. Daniel. 2020. Coronavirus
membrane fusion mechanism offers a potential
target for antiviral development. Antiviral Res.
178:104792, doi:
10.1016/j.antiviral.2020.104792.

Aydin, H., D. Al-Khooly, and J. E. Lee. 2014.
Influence of hydrophobic and electrostatic
residues on SARS-coronavirus S2 protein
stability: insights into mechanisms of general
viral fusion and inhibitor design. Protein science
. a publication of the Protein Society. 23(5):603-
617, doi: 10.1002/pro.2442,
https://pubmed.ncbi.nlm.nih.gov/24519901,
https://www.ncbi.nlm.nih.gov/pmc/articles/PM
C4005712/.

Fu, Q., and J. J. Chou. 2021. A Trimeric
Hydrophobic Zipper Mediates the
Intramembrane Assembly of SARS-CoV-2
Spike. Journal of the American Chemical
Society. 143(23):8543-8546, doi:
10.1021/jacs.1c02394,
https://doi.org/10.1021/jacs.1¢02394.

Zhang, J., Y. Cai, T. Xiao, J. Lu, H. Peng, S. M.
Sterling, R. M. Walsh, S. Rits-Volloch, H. Zhu,
A. N. Woosley, W. Yang, P. Sliz, and B. Chen.
2021. Structural impact on SARS-CoV-2 spike
protein by D614G substitution. Science.
372(6541):525-530, doi:
doi:10.1126/science.abf2303.

Chandler, D. 2005. Interfaces and the driving
force of hydrophobic assembly. Nature.
437(7059):640-647, doi: 10.1038/nature04162.
Meyer, E. E., K. J. Rosenberg, and J.
Israelachvili. 2006. Recent progress in
understanding hydrophobic interactions. Proc
Natl Acad Sci U S 4. 103(43):15739-15746, doi:
10.1073/pnas.0606422103.

Ducker, W. A., and D. Mastropietro. 2016.
Forces between extended hydrophobic solids: Is
there a long-range hydrophobic force? Current
Opinion in Colloid & Interface Science. 22:51-
58, doi: 10.1016/j.cocis.2016.02.006, <Go to
IST>://W0S:000378963200010.

Garde, S. 2015. Physical chemistry:
Hydrophobic interactions in context. Nature.
517(7534):277-279, doi: 10.1038/517277a.
Giovambattista, N., C. F. Lopez, P. J. Rossky,
and P. G. Debenedetti. 2008. Hydrophobicity of
protein surfaces: Separating geometry from
chemistry. Proc Natl Acad Sci U S A.
105(7):2274-2279, doi:
10.1073/pnas.0708088105.

40.

41.

42.

43.

44.

45.

46.

47.

Liu, P., X. Huang, R. Zhou, and B. J. Berne.
2005. Observation of a dewetting transition in the
collapse of the melittin tetramer. Nature.
437(7055):159-162, doi: 10.1038/nature03926.
Giovambattista, N., P. G. Debenedetti, and P. J.
Rossky. 2007. Hydration Behavior under
Confinement by Nanoscale Surfaces with
Patterned Hydrophobicity and Hydrophilicity.
The Journal of Physical Chemistry C.
111(3):1323-1332, doi: 10.1021/jp065419b,
https://doi.org/10.1021/jp065419b.

Acharya, H., S. Vembanur, S. N. Jamadagni, and
S. Garde. 2010. Mapping hydrophobicity at the
nanoscale: applications to heterogeneous
surfaces and proteins. Faraday Discuss.
146:353-365; discussion 367-393, 395-401, doi:
10.1039/b927019a.

Patel, A. J., P. Varilly, S. N. Jamadagni, M. F.
Hagan, D. Chandler, and S. Garde. 2012. Sitting
at the edge: how Dbiomolecules use
hydrophobicity to tune their interactions and
function. J Phys Chem B. 116(8):2498-2503, doi:
10.1021/jp2107523.

Acevedo-Vélez, C., G. Andre, Y. F. Dufréne, S.
H. Gellman, and N. L. Abbott. 2011. Single-
molecule force spectroscopy of B-peptides that
display well-defined three-dimensional chemical
patterns. J Am Chem Soc. 133(11):3981-3988,
doi: 10.1021/ja1089183.

Wang, C. X., C. K. D. Ma, H. Yeon, X. G. Wang,
S. H. Gellman, and N. L. Abbott. 2017.
Nonadditive Interactions Mediated by Water at
Chemically Heterogeneous Surfaces: Nonionic
Polar Groups and Hydrophobic Interactions.
Journal of the American Chemical Society.
139(51):18536-18544, doi:
10.1021/jacs. 7008367, <Go to
IST>://W0S:000419082100025.

Ma, C. D., C. X. Wang, C. Acevedo-Velez, S. H.
Gellman, and N. L. Abbott. 2015. Modulation of
hydrophobic  interactions by  proximally
immobilized ions. Nature. 517(7534):347-U443,
doi: 10.1038/nature14018, <Go to
IST>://W0S:000347810300041.

Ma, C. D., C. Acevedo-Velez, C. X. Wang, S. H.
Gellman, and N. L. Abbott. 2016. Interaction of
the Hydrophobic Tip of an Atomic Force
Microscope with Oligopeptides Immobilized
Using Short and Long Tethers. Langmuir.
32(12):2985-2995, doi:
10.1021/acs.langmuir.5b04618, <Go to
IST>://W0S:000373247400016.

Wang, C., N. A. Biok, K. Nayani, X. Wang, H.
Yeon, C. K. Derek Ma, S. H. Gellman, and N. L.
Abbott. 2021. Cationic Side Chain Identity
Directs the Hydrophobically Driven Self-



https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

48.

49.

50.

51.

52.

53.

54.

55.

Assembly of Amphiphilic p-Peptides in
Aqueous Solution. Langmuir. 37(11):3288-
3298, doi: 10.1021/acs.langmuir.0c03255.
Dallin, B. C., H. Yeon, A. R. Ostwalt, N. L.
Abbott, and R. C. Van Lehn. 2019. Molecular
Order Affects Interfacial Water Structure and
Temperature-Dependent Hydrophobic
Interactions between Nonpolar Self-Assembled
Monolayers. Langmuir. 35(6):2078-2088, doi:
10.1021/acs.langmuir.8b03287, <Go to
IST>://W0S:000458937400009.

Yeon, H., C. X. Wang, R. C. Van Lehn, and N.
L. Abbott. 2017. Influence of Order within
Nonpolar  Monolayers on  Hydrophobic
Interactions. Langmuir. 33(19):4628-4637, doi:
10.1021/acs.langmuir.7b00226, <Go to
IST>://W0S:000401674900003.

Yeon, H., C. Wang, S. H. Gellman, and N. L.
Abbott. 2020. Influence of immobilized cations
on the thermodynamic signature of hydrophobic
interactions at chemically heterogeneous
surfaces. Molecular  Systems Design &
Engineering. 5(4):835-846, doi:
10.1039/DOMEO00016G,
http://dx.doi.org/10.1039/DOMEQ00016G,
https://pubs.rsc.org/en/content/articlepdf/2020/
me/d0me00016g (10.1039/DOMEO00016G).
Schaefer, S. L., H. Jung, and G. Hummer. 2021.
Binding of SARS-CoV-2 Fusion Peptide to Host
Endosome and Plasma Membrane. The Journal
of Physical Chemistry B. 125(28):7732-7741,
doi: 10.1021/acs.jpcb.1c04176,
https://doi.org/10.1021/acs.ipcb.1c04176.
Acevedo-Velez, C., G. Andre, Y. F. Dufrene, S.
H. Gellman, and N. L. Abbott. 2011. Single-
Molecule Force Spectroscopy of beta-Peptides
That Display Well-Defined Three-Dimensional
Chemical Patterns. Journal of the American
Chemical Society. 133(11):3981-3988, doi:
10.1021/5a1089183, <Go to
IST>://W0OS:000288889900056.

Kelly, S. M., T. J. Jess, and N. C. Price. 2005.
How to study proteins by circular dichroism.
Biochim Biophys Acta. 1751(2):119-139, doi:
10.1016/j.bbapap.2005.06.005.

Chen, Y.-H., J. T. Yang, and K. H. Chau. 1974.
Determination of the helix and B form of
proteins in aqueous solution by circular
dichroism. Biochemistry. 13(16):3350-3359,
doi: 10.1021/bi00713a027,
https://doi.org/10.1021/bi00713a027.
Pomerantz, W. C., T. L. R. Grygiel, J. R. Lai,
and S. H. Gellman. 2008. Distinctive circular
dichroism signature for 14-helix-bundle
formation by beta-peptides. Organic Letters.
10(9):1799-1802, doi: 10.1021/01800622¢, <Go

56.

57.

58.

59.

60.

61.

62.

63.

to ISI>://W0S:000255311200033.

Pomerantz, W. C., K. D. Cadwell, Y.-J. Hsu, S.
H. Gellman, and N. L. Abbott. 2007. Sequence
Dependent Behavior of Amphiphilic B-Peptides
on Gold Surfaces. Chemistry of Materials.
19(18):4436-4441, doi: 10.1021/cm070265d,
https://doi.org/10.1021/cm070265d.

Nowinski, A. K., F. Sun, A. D. White, A. J.
Keefe, and S. Jiang. 2012. Sequence, structure,
and function of peptide self-assembled
monolayers. Journal of the American Chemical
Society. 134(13):6000-6005, doi:
10.1021/ja3006868,
https://pubmed.ncbi.nlm.nih.gov/22401132,
https://www.ncbi.nlm.nih.gov/pmec/articles/PM
C3826823/.

le Coutre, J., H. R. Kaback, C. K. N. Patel, L.
Heginbotham, and C. Miller. 1998. Fourier
transform infrared spectroscopy reveals a rigid a-
helical ~ assembly  for  the  tetrameric
<em>Streptomyces lividans</em>
K<sup>+</sup> channel. Proceedings of the
National Academy of Sciences. 95(11):6114, doi:
10.1073/pnas.95.11.6114,
http://www.pnas.org/content/95/11/6114.abstrac
t.

Singh, B. R. 1999. Basic Aspects of the
Technique and Applications of Infrared
Spectroscopy of Peptides and Proteins. In ACS
Symposium Series, vol 750. Infrared Analysis of
Peptides and Proteins. American Chemical
Society, pp. 2-37.

Barreto, M. S. C., E. J. Elzinga, and L. R. F.
Alleoni. 2020. The molecular insights into
protein adsorption on hematite surface disclosed
by in-situ ATR-FTIR/2D-COS study. Scientific
Reports. 10(1):13441, doi: 10.1038/s41598-020-

70201-z,  https://doi.org/10.1038/s41598-020-
70201-z.
Vigano, C., L. Manciu, F. Buyse, E.

Goormaghtigh, and J. M. Ruysschaert. 2000.
Attenuated total reflection IR spectroscopy as a
tool to investigate the structure, orientation and
tertiary structure changes in peptides and
membrane proteins. Biopolymers. 55(5):373-
380, doi: 10.1002/1097-
0282(2000)55:5<373::Aid-bip1011>3.0.Co;2-u.
Levitt, M., and J. Greer. 1977. Automatic
identification of secondary structure in globular
proteins. J Mol Biol. 114(2):181-239, doi:
10.1016/0022-2836(77)90207-8.

Venyaminov, S., and N. N. Kalnin. 1990.
Quantitative IR spectrophotometry of peptide
compounds in water (H20) solutions. 1. Spectral
parameters of amino acid residue absorption
bands. Biopolymers. 30(13-14):1243-1257, doi:


https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

64.

65.

66.

67.

68.

69.

70.

71.

72.

10.1002/bip.360301309.

Kong, J., and S. Yu. 2007. Fourier transform
infrared spectroscopic analysis of protein
secondary structures. Acta Biochim Biophys Sin
(Shanghai). 39(8):549-559, doi:
10.1111/j.1745-7270.2007.00320.x.

Krimm, S., and J. Bandekar. 1986. Vibrational
spectroscopy and conformation of peptides,
polypeptides, and proteins. Adv Protein Chem.
38:181-364, doi: 10.1016/s0065-
3233(08)60528-8.

Nevskaya, N. A., and Y. N. Chirgadze. 1976.
Infrared spectra and resonance interactions of
amide-I and II vibration of alpha-helix.
Biopolymers. 15(4):637-648, doi:
10.1002/bip.1976.360150404.

Susi, H., and D. M. Byler. 1986. Resolution-
enhanced Fourier transform infrared
spectroscopy of enzymes. Methods Enzymol.
130:290-311, doi: 10.1016/0076-
6879(86)30015-6.

Goormaghtigh, E., V. Cabiaux, and J. M.
Ruysschaert. 1990. Secondary structure and
dosage of soluble and membrane proteins by
attenuated total reflection Fourier-transform
infrared spectroscopy on hydrated films. Eur J
Biochem. 193(2):409-420, doi: 10.1111/j.1432-
1033.1990.tb 19354 x.

Hwang, S., Q. Shao, H. Williams, C. Hilty, and
Y. Q. Gao. 2011. Methanol Strengthens
Hydrogen Bonds and Weakens Hydrophobic
Interactions in Proteins — A Combined
Molecular Dynamics and NMR study. The
Journal of Physical Chemistry B. 115(20):6653-
6660, doi: 10.1021/jp111448a,
https://doi.org/10.1021/jp111448a.

Yu, Y., J. Wang, Q. Shao, J. Shi, and W. Zhu.
2016. The effects of organic solvents on the
folding pathway and associated
thermodynamics of proteins: a microscopic
view. Scientific Reports. 6(1):19500, doi:
10.1038/srep19500,
https://doi.org/10.1038/srep19500.

Hong, D.-P., M. Hoshino, R. Kuboi, and Y.
Goto. 1999. Clustering of Fluorine-Substituted
Alcohols as a Factor Responsible for Their
Marked Effects on Proteins and Peptides.
Journal of the American Chemical Society.
121(37):8427-8433, doi: 10.1021/ja990833t,
https://doi.org/10.1021/ja990833t.

Kemple, M. D., P. Buckley, P. Yuan, and F. G.
Prendergast. 1997. Main Chain and Side Chain
Dynamics of Peptides in Liquid Solution from
13C NMR: Melittin as a Model Peptide.
Biochemistry. 36(7):1678-1688, doi:
10.1021/b1962146+,

73.

74.

75.

76.

77.

78.

79.

80.

81.

https://doi.org/10.1021/b1962146+.
Hirota-Nakaoka, N., and Y. Goto. 1999.
Alcohol-induced denaturation of B-
lactoglobulin: a close correlation to the alcohol-
induced o-helix formation of melittin.
Bioorganic & Medicinal Chemistry. 7(1):67-73,
doi: https://doi.org/10.1016/S0968-
0896(98)00219-3,
https://www.sciencedirect.com/science/article/pi
1/S0968089698002193.

Stark, M., L.-P. Liu, and C. M. Deber. 2002.
Cationic hydrophobic peptides with
antimicrobial activity. Antimicrobial agents and
chemotherapy. 46(11):3585-3590, doi:
10.1128/AAC.46.11.3585-3590.2002,
https://pubmed.ncbi.nlm.nih.gov/12384369,
https://www.ncbi.nlm.nih.gov/pmec/articles/PM
C128737/.

Travkova, O. G., H. Moehwald, and G.
Brezesinski. 2017. The interaction of
antimicrobial  peptides = with  membranes.

Advances in Colloid and Interface Science.
247:521-532, doi:
https://doi.org/10.1016/1.¢1s.2017.06.001,
https://www.sciencedirect.com/science/article/pi
i/S0001868617301860.

Pace, C. N., and J. M. Scholtz. 1998. A helix
propensity scale based on experimental studies
of peptides and proteins. Biophys J. 75(1):422-
427, doi: 10.1016/s0006-3495(98)77529-0.
Chakrabartty, A., T. Kortemme, and R. L.
Baldwin. 1994. Helix propensities of the amino
acids measured in alanine-based peptides
without helix-stabilizing side-chain interactions.
Protein Sci. 3(5):843-852, doi:
10.1002/pro.5560030514.

Blaber, M., B. W. Zhang Xj Fau - Matthews, and
B. W. Matthews. Structural basis of amino acid
alpha helix propensity. (0036-8075 (Print)).
O'Neil, K. T., and W. F. DeGrado. 1990. A
thermodynamic scale for the helix-forming
tendencies of the commonly occurring amino
acids.  Science. 250(4981):646-651, doi:
10.1126/science.2237415.

Greenfield, N. J. 2006. Using circular dichroism
spectra to estimate protein secondary structure.
Nature  protocols.  1(6):2876-2890,  doi:
10.1038/nprot.2006.202,
https://pubmed.ncbi.nlm.nih.gov/17406547,
https://www.ncbi.nlm.nih.gov/pmec/articles/PM
C2728378/.

Dai, W., B. Zhang, X. M. Jiang, H. Su, J. Li, Y.
Zhao, X. Xie, Z. Jin, J. Peng, F. Liu, C. Li, Y. Li,
F. Bai, H. Wang, X. Cheng, X. Cen, S. Hu, X.
Yang, J. Wang, X. Liu, G. Xiao, H. Jiang, Z. Rao,
L. K. Zhang, Y. Xu, H. Yang, and H. Liu. 2020.



https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.05.483104; this version posted March 7, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

82.

&3.

&4.

85.

86.

Structure-based design of antiviral drug
candidates targeting the SARS-CoV-2 main
protease. Science. 368(6497):1331-1335, doi:
10.1126/science.abb4489.

Larue, R. C., E. Xing, A. D. Kenney, Y. Zhang,
J. A. Tuazon, J. Li, J. S. Yount, P.-K. Li, and A.
Sharma. 2021. Rationally Designed ACE2-
Derived Peptides Inhibit SARS-CoV-2.
Bioconjugate Chemistry. 32(1):215-223, doi:
10.1021/acs.bioconjchem.0c00664,
https://doi.org/10.1021/acs.bioconjchem.0c006
64.

Fletcher, J. M., A. L. Boyle, M. Bruning, G. J.
Bartlett, T. L. Vincent, N. R. Zaccai, C. T.
Armstrong, E. H. C. Bromley, P. J. Booth, R. L.
Brady, A. R. Thomson, and D. N. Woolfson.
2012. A Basis Set of de Novo Coiled-Coil
Peptide Oligomers for Rational Protein Design
and Synthetic Biology. ACS Synthetic Biology.
1(6):240-250, doi: 10.1021/sb300028q,
https://doi.org/10.1021/sb300028q.

Jain, R., G. Khandelwal, and S. Roy. 2019.
Unraveling the Design Rules in Ultrashort
Amyloid-Based Peptide Assemblies toward
Shape-Controlled Synthesis of  Gold
Nanoparticles. Langmuir. 35(17):5878-5889,
doi: 10.1021/acs.langmuir.8b04020,
https://doi.org/10.1021/acs.langmuir.8b04020.
Stanzione, F., and A. Jayaraman. 2015.
Computational  Design  of  Oligopeptide
Containing Poly(ethylene glycol) Brushes for
Stimuli-Responsive Drug Delivery. The Journal
of Physical Chemistry B. 119(42):13309-13320,
doi: 10.1021/acs.jpcb.5b06838,
https://doi.org/10.1021/acs.jpcb.5b06838.

Saint Jean, K. D., K. D. Henderson, C. L.
Chrom, L. E. Abiuso, L. M. Renn, and G. A.
Caputo. 2018. Effects of Hydrophobic Amino
Acid Substitutions on Antimicrobial Peptide
Behavior.  Probiotics and  Antimicrobial
Proteins. 10(3):408-419, doi: 10.1007/s12602-
017-9345-z, https://doi.org/10.1007/s12602-
017-9345-z.



https://doi.org/10.1101/2022.03.05.483104
http://creativecommons.org/licenses/by-nc-nd/4.0/

