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ABSTRACT The entry of the severe acute respiratory syndrome coronavirus 2 virus in human cells is mediated by the binding
of its surface spike protein to the human angiotensin-converting enzyme 2 (ACE2) receptor. A 23-residue long helical segment
(SBP1) at the binding interface of human ACE2 interacts with viral spike protein and therefore has generated considerable in-
terest as a recognition element for virus detection. Unfortunately, emerging reports indicate that the affinity of SBP1 to the re-
ceptor-binding domain of the spike protein is much lower than that of the ACE2 receptor itself. Here, we examine the biophysical
properties of SBP1 to reveal factors leading to its low affinity for the spike protein. Whereas SBP1 shows good solubility (solu-
bility > 0.8 mM), circular dichroism spectroscopy shows that it is mostly disordered with some antiparallel 3-sheet content and no
helicity. The helicity is substantial (>20%) only upon adding high concentrations (>20% v/v) of 2,2,2-trifluoroethanol, a helix
promoter. Fluorescence correlation spectroscopy and single-molecule photobleaching studies show that the peptide oligomer-
izes at concentrations >50 nM. We hypothesized that mutating the hydrophobic residues (F28, F32, and F40) of SBP1, which do
not directly interact with the spike protein, to alanine would reduce peptide oligomerization without affecting its spike binding
affinity. Whereas the mutant peptide (SBP1™°% shows substantially reduced oligomerization propensity, it does not show
improved helicity. Our study shows that the failure of efforts, so far, to produce a short SBP1 mimic with a high affinity for the
spike protein is not only due to the lack of helicity but is also due to the heretofore unrecognized problem of oligomerization.

SIGNIFICANCE A short peptide that mimics the binding interface of the human ACE2 receptor to the severe acute
respiratory syndrome coronavirus 2 spike protein would be valuable for both diagnosis and treatment of the coronavirus
disease 2019. Yet, peptide mimics of the helical binding motif of the receptor have not succeeded in replicating the high
affinity of the latter to the spike protein. Here, we identify dual causes for this failure: a lack of helical structure for the
peptides and an unexpected tendency for them to oligomerize. Efforts to replicate the natural spike protein:ACE2 interface
need to focus on both these properties to succeed.

INTRODUCTION it is apparent (Fig. 1 A) that these two proteins predominantly
interact via the receptor-binding domain (RBD) of the spike
protein and the residues 21-43 from the N-terminal a-helix
of ACE2. This helical segment (called the spike binding pep-
tide (SBP1) henceforth) has been of considerable interest to
the scientific community because, hypothetically, the peptide
segment in its isolated form may competitively bind to the
spike RBD and neutralize the virus to protect against the co-
ronavirus disease infection (9,10). Additionally, it may be

The primary entry pathway of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus into the human
cell is through the interactions of one of its envelope proteins
(the “spike” protein), and the human ACE2 membrane re-
ceptor (1-3). In high-resolution structures obtained using
cryo-electron microscopy (4-6) and crystallography (7,8),
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FIGURE 1 (A) The ACE2:RBD complex according to crystal structure

PDB: 6M0J (7). The N-terminal helical segment (19-43) serves as the pri-
mary binding motif for ACE2 with RBD (surface and secondary structure
representation). (B) The broad binding interface formed between residues
21 and 43 of the ACE2 N-terminal helix and the mostly disordered binding
segment of the RBD. The helix contains three hydrophobic residues which
do not interact with the RBD but stabilize the secondary structure by
participating in coiled-coil interactions with other helices within ACE2.
(C) The primary sequence of the segment (S19-S44) crystallized in PDB:
6MOJ (7) and that for the derived peptides SBP1 (the helix in Fig. 1 B,
except for $44) and SBP1™°? used in our biophysical studies. SBP1™°¢ dif-
fers from SBPI in terms of replacing the three hydrophobic phenylalanine
residues with alanine (indicated in bold). (D and E) Normalized autocorre-
lation data obtained from Rh110-labeled peptides (SBP1 and SBP1™¢)
with 1 uM RBD (black dotted line) and without RBD (gray solid line).
(D) 30 nM SBP1 and (E) 35 nM SBP1™,

ACE?2 protein (15 nM) (6). Similarly, large immunoadhesins
composed of the entire ACE2 (12) have been successful in
binding to RBD and are considered to be promising candi-
dates for the coronavirus disease 2019 treatment. A dissoci-
ation constant of 9 nM was measured for ACE2-Fc with RBD
and of 0.03 nM for a modified ACE2-Fc (12). However, the
goal of directly applying the SBP1 peptide (or simple vari-
ants) has remained elusive. Whereas initial reports suggested
that the SBP1 peptide had 47 nM binding affinity to the RBD
(9), later revisions have suggested that the dissociation con-
stant is much higher (>1 uM) (13). Moreover, the binding
data have been inconsistent because as the affinity showed
dependence on the source of the spike protein RBD (9,13).

Here, we examine the biophysical properties of SBP1 to
understand its low affinity to the spike RBD and whether
small modifications in either the peptide or its solution con-
ditions can increase its binding affinity to the spike RBD. We
hypothesize that the helical secondary structure of SBP1
within ACE2 may be altered in solution form. Additionally,
given the considerable solution exposure to the hydrophobic
residues of the isolated SBP1, self-interactions may bury the
RBD binding surface of the peptide. We test these hypotheses
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using far-ultraviolet (UV) circular dichroism (CD) spectros-
copy to determine the secondary structure and fluorescence
correlation spectroscopy (FCS) to determine the tendency
of aggregation. We find that, indeed, the peptide has very
little helicity to start with and has a tendency to form
stable oligomers even at submicromolar concentrations. We
employ the single-molecule photobleaching (smPB) tech-
nique to investigate the stoichiometry of the oligomers. We
also ask if changing the solution conditions by including he-
lix-promoting agents can stabilize the original helical struc-
ture. To reduce the tendency of aggregation, we mutated
the hydrophobic phenylalanine residues (F28, F32, and
F40) of SBP1 (Fig. 1, B and C) to alanine and studied the
properties of the resultant peptide, which we term SBP1™,
As seen in Fig. 1 B, the three phenylalanine residues
point away from the RBD binding interface. Within the
ACE2 structure, F28, F32, and F40 contribute toward
helix stability by participating in hydrophobic coiled-coil
interactions (Fig. 1 A). However, in the isolated SBP1 they
would be solvent exposed and may contribute to the self-ag-
gregation propensity of the peptide. Furthermore, amino
acid helix-propensity scale estimates (14) indicate that
alanines have better helix forming propensities relative to
phenylalanines.

MATERIALS AND METHODS
Peptide synthesis

The peptides were synthesized on Rink Amide 4-Methylbenzhydrylamine
(MBHA) resin (100-200 mess size and 0.35 mmol/g loading capacity) us-
ing an automated solid-phase peptide synthesizer in the laboratory (PS3;
Protein Technologies, Tucson, AZ) using the standard 9-fluorenylmethoxy-
carbonyl (Fmoc) chemistry. This method of synthesis on Rink Amide resin
amidates the C-terminal carboxylate end of the peptide. The sequence of the
wild-type version of ACE2 N-terminal fragment (residues 21-43 in Fig. 1,
B and C), is H,N-IEEQAKTFLDKFNHEAEDLFYQS-CONH,. We added
an extra lysine to the C-terminal, with an orthogonal protection using the 4-
Methyltrityl group (N-a-Fmoc-N-g-4-methyltrityl-L-lysine), so that the C-
terminus of the peptide could be modified (e.g., with dye labeling) later on,
if needed. This synthesized peptide with the sequence H,N-IEE-
QAKTFLDKFNHEAEDLFYQSK-CONH, is termed SBP1 (Fig. 1 C).
We further synthesized a modified version of SBPI, termed SBP1™,
wherein the three phenylalanine residues (F28, F32, and F40) of the former
have been mutated (Fig. | C) to alanine to yield a peptide with the following
sequence: H,N-IEEQAKTALDKANHEAEDLAY QSK-CONH,.

All the Fmoc amino acids, solvents, and reagents used during the synthe-
sis were purchased from Merck Schuchardt (Hohenbrunn, Germany). The
crude peptides were subsequently characterized using a matrix-assisted
laser desorption ionization-time-of-flight mass spectrometer (UltrafleXt-
reme; Bruker, Billerica, MA) in the laboratory and were lyophilized there-
after. The lyophilized peptides were stored at 4°C.

Rhodamine 110 (Rh110) labeling (Rh110-SBP1 and Rh110-SBP1™¢)
was performed by covalently attaching the 5-(and-6)-carboxyrhodamine
110, succinimidy] ester (mixed isomers, 5(6)-CR110, SE) dye to the N-ter-
minal free amine of SBP1 and SBP1™* peptides. The labeling was done on
the peptides attached to the resins, and the excess dye was thoroughly
washed with N,N-dimethylformamide (DMF) afterwards. The 5(6)-
CR110, SE dye was purchased from Thermo Fisher Scientific (Waltham,
MA). The Cyanine 3 (Cy3)-labeled SBP1 (Cy3-SBP1) peptide was
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similarly synthesized by attaching Cy3 N-hydroxysuccinimide (NHS) ester
dye (Lumiprobe, Hunt Valley, MD) to the N-terminal of the peptide. Ma-
trix-assisted laser desorption ionization-time-of-flight and electrospray
ionization mass spectrometry mass spectra of the unlabeled and N-terminal
Cy3-labeled peptides are shown in the Figs. S1-S4. It is clear from the mass
spectra that the dye labeling was nearly complete (~100%).

RBD preparation and purification

The RBD of the SARS-CoV-2 spike protein (residues 331-532 (15)) was
cloned in a pTRIP lentiviral vector (16) under a cytomegalovirus (CMV)
enhancer and chicken §-actin promoter. The RBD gene is flanked with a
tPA sequence (MDAMKRGLCCVLLLCGAVFVSPSEI) at the N-terminus
for its efficient secretion and an HRV-3C precision protease site linked to
10x Histidine followed by a Twin-Strep tag at the C-terminus for recombi-
nant purification. This construct was a kind gift from Dr. Minhaj Sirajuddin,
Institute of Stem Cell Science and Regenerative Medicine (Bangalore, In-
dia). Human embryonic kidney (HEK) 293T cells that were adapted to
grow in suspension were maintained in Freestyle 293 media with 1%
FBS at 37°C in the presence of 10% CO, and were used for expression
of the RBD. 100 mL of cells at a density of 1 million/mL were transfected
with 100 ug of the RBD plasmid complexed with 300 ug of linear polye-
thylenimine and grown further. The cells were harvested 48 h post-transfec-
tion by centrifugation at 4000 x g for 15 min.

The supernatant containing the secreted RBD protein was concentrated
to 30 mL using a 10-kDa Vivaflow concentrator (Sartorius, Gottingen, Ger-
many). The concentrate was diluted with 200 mL of wash buffer containing
35 mM Tris (pH 8), 100 mM NaCl, 5% glycerol, ] mM PMSF, 1 mM DTT,
and concentrated again to 50 mL. The buffer-exchanged supernatant was
then added to 500 uL of pre-equilibrated Strep-Tactin beads (GE Health-
care, Chicago, IL) and allowed to bind overnight at 4°C. The beads were
washed with 50 mL of wash buffer on a gravity flow column, followed
by elution with wash buffer containing 10 mM desthiobiotin (Sigma-Al-
drich, St. Louis, MO). 500 uL elution fractions were collected and further
concentrated using an Amicon 10-kDa concentrator (Millipore, Burlington,
MA). The concentrated protein was aliquoted and flash-frozen in liquid ni-
trogen and stored at —80°C until further use.

FCS measurements

We used FCS for measuring the binding affinity of the peptides with the
RBD of the SARS-CoV-2 virus as well as for measuring the hydrody-
namic radii (Ry,) of the peptides. These measurements were performed us-
ing a home-built FCS instrument (17,18). Briefly, a 488-nm laser beam
was expanded and collimated using a 1:4 telescope set up before focusing
into the sample using an apochromatic 60x water immersion objective
with the numerical aperture of 1.2 (Olympus, Center Valley, PA). The
fluorescence was collected using the same objective and focused onto a
15-um core-diameter optical fiber after filtering through a suitable
emission filter (Chroma Technology, Rockingham, VT). The fiber was
used as a confocal pinhole to reject the out-of-focus fluorescence. The
fluorescence was detected by a single-photon avalanche photodiode
(PerkinElmer, Waltham, MA), and the data were collected and processed
using a hardware correlator (PicoHarp 300; PicoQuant, Berlin, Germany).
FCS data were fitted with Eq. 1 in Origin 6 software (OriginLab, North-
ampton, MA).

To measure RBD binding, the stock concentration of both the peptides,
Rh110-labeled SBP1 (3.64 uM) and SBP1™ (13 uM), were prepared at
pH 7.5 and were diluted appropriately during the experiment using
20 mM phosphate-buffered saline (PBS) (pH 7.5), 146 mM NaCl,
5.4 mM KCl, 20 mM Na,HPO,, 0.4 mM KH,PO,, and 2 mM NaNj;). A
41-uM stock of RBD solution was prepared in solution with the same buffer
composition. All stocks were flash-frozen and stored at —80°C. They were
immediately used for the experiment after thawing.

Spike protein binding helix properties

A two-component, three-dimensional diffusion model with a triplet
component (19) was used to fit the FCS data (Eq. 1):

(1=f+1 x )
(1-1)

G(t) =

&2

() < i)

Here, G(7) is the correlation function at time #, f is the fraction of the
triplet component, and 7 is the corresponding triplet lifetime. Also, g;
and g, are the amplitudes of the correlation function corresponding to
the two diffusing components (free peptide and peptide bound to
RBD), 7p; and 7p; are the corresponding diffusion times, a is the struc-
ture parameter for the optical probe volume (assumed to be a Gaussian
ellipsoid), and bl denotes the background signal). Free Rh110 was used
as a standard to calibrate the instrument (diffusion coefficient of 4.4 x
107% cm® s~ ' in water at 25°C and the corresponding Ry, of ~0.56 nm
(20)). The diffusion times of the Rh110-labeled peptides were converted
to Ry by comparing their diffusion times with that of free Rh110 in
solution.

The average Ry, of the peptides were also measured using FCS. Rh110-
labeled SBP1 and SBP1™*¢ stocks were prepared in pH 7.5 PBS, as stated
in the previous section. The concentrations of the stocks (Cgockx = 2.7 uM)
were determined by monitoring the absorbance at Ap,,x = 499 nm (using
Rh110 £ (499 nm) = 80,000 M~! cm™"). These stocks were then diluted
in PBS to a final concentration of 140 nM. The data were also fitted with
Eq. 1 using a two-species approximation. Here, the two components corre-
spond to the monomeric peptide and the free dye in solution, respectively.
The same solutions were diluted to low nanomolar concentrations to follow
time-dependent changes in the Ry, of the peptides.

] + bl (1)

Far-UV CD spectroscopy

UV CD measures the secondary structure content of a protein or peptide.
Dry lyophilized powders of the unlabeled SBP1 and SBP1™? peptides
were dissolved in pH 7.5, 20 mM PBS (composition: 146 mM NaCl,
5.4 mM KCl, 0.4 mM KH,POy,, 20 mM Na,HPO, with 2 mM NaN3) at con-
centrations of 0.8 mM. These stocks were then centrifuged at 2000 x g for
10 min to discard large aggregates, if any. The concentration of the solution
before and after centrifugation was measured spectrophotometrically, as
described below. The concentration did not change after centrifugation,
indicating that the peptide is soluble at 0.8 mM concentration. The super-
natants were then divided into small aliquots, flash-frozen in liquid nitro-
gen, and finally stored at —80°C. They were thawed quickly and used for
the experiments straightaway. The concentrations of the stocks were esti-
mated by diluting them (at 20-fold dilution) in the same buffer (described
above) and measuring the absorbance at 280 nm on an Analytik Jena
(Jena, Germany) SPECORD 205 UV-Vis Spectrophotometer (using tyro-
sine € (280 nm) = 1280 M~! em™"). For the experiments, these stock solu-
tions were diluted 20-fold in pH 7.5, 20 mM phosphate buffer with sodium
fluoride (composition: 150 mM NaF, 0.4 mM KH,PO,, 20 mM Na,HPOy,),
yielding a final peptide concentration of 50 uM. Here, NaCl was replaced
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by NaF to avoid unwanted saturation of the detector at shorter wavelengths
(deep UV) without altering the ionic strength of the buffer.

Steady-state far-UV CD spectra were recorded on a JASCO (Easton,
MD) J-1500 Circular Dichroism Spectrophotometer. Spectra are recorded
by monitoring the CD signal (after baseline subtraction using only phos-
phate buffer with sodium fluoride) at room temperature (25°C) from 300
to 190 nm with a data interval of 0.1 nm, CD scale of 200 mdeg/1.0
dOD, data integration time of 4 s, and bandwidth of 1.00 nm, at a scanning
speed of 50 nm/min and average of five successive accumulations. The sec-
ondary structural analysis to calculate the secondary structure content was
performed using the Beta Structure Selection (BeStSel) software (21,22)
(http://bestsel.elte.hu/), and the parameters obtained from the deconvolu-
tion were plotted using OriginPro 2019.

Sample preparation and measurements for smPB
experiments

smPB (23-26) can detect the stoichiometry of protein oligomers, down to
the level of individual oligomers (27-30). The coverslips were precleansed
using alkali and piranha solutions, as described earlier (26), and then
finally plasma cleaned before starting any smPB measurements. Peptide
stocks (Csiock = 100 uM) were prepared in pH 7.5 PBS, as stated earlier.
The concentrations of the stocks were determined by diluting them (25-
fold) in PBS and monitoring the absorbance at 545 nm (using Cy3 ¢
(545 nm) = 1.3 x 10° M~! cm’]). These stocks were then diluted in
PBS to a final concentration of 1 nM. Concentrations were reconfirmed
from the FCS count rates using a standard solution of known concentra-
tion. The resultant solution was thoroughly mixed with a 0.25% polyvinyl
alcohol (PVA) solution and spin coated (for 30 s) on the top of a clean
glass coverslip with a spinning speed of 3000 rpm at room temperature
until a thin homogeneous film was created and the coverslip became
completely dry. During this process, PVA polymerizes into a solid matrix,
leaving each monomer or aggregate as an individual particle (i.e., they are
spatially well separated from each other), and these molecules, therefore,
do not exhibit any diffusive movements when they are subjected to the
smPB measurements.

smPB images were acquired using a total internal reflection fluorescence
microscope that was assembled earlier in the laboratory (26). An objective
lens with a high numerical aperture (NA = 1.49, 100x; Nikon, Tokyo,
Japan) was used for both illuminating (through the evanescent field) and
simultaneously collecting the emission. Cy3-labeled peptides were excited
using a 543-nm He-Ne laser (Melles Griot, Rochester, NY). Fluorescence
emission was separated from the excitation light with the help of a dichroic
mirror (565 nm) and a band-pass filter (605/55 nm, BA577-633; Nikon, To-
kyo, Japan) in the emission path. The fluorescence photons were finally
focused into an electron-multiplying charge-coupled device camera
(iXON DV887ECS-UVB; Andor, Belfast, United Kingdom). The Nikon
Perfect Focus System (Nikon, Tokyo, Japan) was utilized (in a dark envi-
ronment) to focus on the plane of the coverslip containing the fluorescently
labeled peptides, then the acquisition was started. The power at back aper-
ture of the objective was 1.3 mW, and the images were recorded at 90 ms/
frame.

smPB data analysis

We used Fiji (Windows 64 bit; ImageJ, National Institutes of Health, Be-
thesda, MD) (31) software to obtain the stoichiometry of the particles
from the smPB data. The TrackMate plugin (32) was used to track the par-
ticles. A minimal threshold was applied to the images to suppress the back-
ground (100 in the images shown here). For a single spot, the diameter was
restricted to 3 x 3 pixels (pixel size, 156 nm). A subsequent z-axis profile of
the individual particles with time reported the stoichiometry. The statistics
of oligomers were background subtracted (minor fluorescence impurities)
using a 0.25% PVA solution without the oligomers. Finally, the distribution
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was corrected for “prebleaching”. Although the “B-value” (prebleaching
probability) for carboxytetramethylrhodamine (TAMRA) is known previ-
ously, we used the relative bleaching time of Cy3 versus TAMRA to correct
for “prebleaching” in the final distribution.

RESULTS

Measurement of the binding of SBP1 and
SBP1™°¢ to the RBD

We measured the binding of both the peptides with the RBD
of the spike protein by FCS. The following concentrations
of the constituents were used for the experiments: 30 nM
of SBP1, 35 nM of SBP1™, and 1 uM of (unlabeled)
RBD. Each sample was incubated for 30 min. Fig. 1, D
and E shows the autocorrelation traces of SBP1 and
SBP1™ with and without RBD, respectively. The results
were fitted with Eq. 1 using two components, where one
component corresponds to the free peptide and the other
component corresponds to the peptide-RBD complex.
SBPI1 (Fig. 1 D) shows a 7p; of 78 + 1.6 us, which becomes
62 + 1 us in the presence of RBD. SBP1™ (Fig. 1 E)
shows a 7p; of 63 = 1 us, that becomes 68 *+ 1 us in the
presence of RBD. In each experiment, 7p, was fixed to
the free dye diffusion time of 21.5 us. The slight reduction
of the diffusion time in the SBP1 experiment is ascribed to a
somewhat higher dissociation of the peptide oligomers.
Overall, our FCS results show negligible binding of SBP1
or SBP1™ to the RBD at these concentrations.

Measurement of the secondary structure content
of the peptides

We measured the secondary structure content of the SBP1
peptide by performing a far-UV CD measurement (Fig. 2
A). The CD spectra were recorded using 50-uM peptide,
diluted from 0.8-mM stock (the peptide is soluble at least
up to 0.8 mM, see Materials and methods). The CD spectra
were analyzed in terms of the underlying secondary structure
using the BeStSel software (Fig. 2 B) (21,22). It is apparent
from the data that the SBP1 peptide does not have significant
helical content (Fig. 2 A, square). Even the modified peptide
(SBP1™) has negligible helical content (Fig. 2 C, square).
SBP1™ has the same sequence as SBP1, except for three
phenylalanine residues (F28, F32, and F40) in the latter,
which have been mutated to alanine. We also monitored
the increase of helicity with the addition of 2,2,2-trifluoroe-
thanol (TFE), at different TFE concentrations (Fig. 2, A
and C) to promote helical conformations (33—36). The helic-
ity increases with TFE, but the peptides become considerably
helical only when the TFE concentration is 20% (v/v) or
higher (Fig. 2, B and D). It is interesting to note that, despite
the greater helix forming propensities expected for alanine
relative to phenylalanine (14), SBP1 has higher helical con-
tent than SBP1™° in the presence of TFE.
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FIGURE 2 CD spectra of (A) SBP1 and (C) SBP1™¢ incubated in
buffer (square) and with 10% (v/v, circle), 15% (up-triangle), 20%
(down-triangle), 25% (rhombus), and 30% (star) 2,2,2-trifluoroethanol
(TFE), respectively. 50 uM of each of these two peptides were incubated
in 20 mM phosphate buffer with 150 mM NaF (pH 7.5) at 25°C. Spectra
(in symbols) shown are the averages of five consecutive accumulations;
they were fitted (solid lines) using the online version of the BeStSel soft-
ware (21,22) for secondary structure determination. Variation of
different secondary structures for SBP1 (B) and SBP1™°¢ (D) as a func-
tion of TFE concentration, showing helix (square), antiparallel (circle),
parallel (up-triangle), turn (down-triangle), and others (rhombus). Solid
lines are guide to the eye.

Measurement of R,, of SBP1 and SBP1™°¢

The Ry, of the peptides were measured using FCS. For this
purpose, SBP1 and SBP1™* were labeled with the Rh110
dye at the N-terminal free amine. Peptide solutions were
prepared in 20 mM PBS from a stock solution of 2.7 uM.
At a concentration of 140 nM, both the peptides had
(Rp) > 2.5 nm (Figs. 3, A and C and S5). Interestingly,
SBP1 had an Ry, of 3.1 = 0.2 nm, which is larger than
that of the SBP1™ peptide (2.6 = 0.1 nm). After 24 h of
incubation, both the peptides had a very similar Ry of
~2.5 nm (Fig. 3 C). These values are too large for a mono-
meric 24-residue peptide. We hypothesized that this indi-
cates oligomerization of both peptides, with SBP1
forming a larger oligomer at 140 nM than SBP1™. If the
large size is indeed due to noncovalent oligomerization,
then the oligomers should dissociate at sufficiently low con-
centrations. When we incubate the peptides at a concentra-
tion of 3 nM for 70 min, we observed a decrease in the R;, for
SBP1 to 1.68 * 0.06 nm immediately after dilution, then to
a value of 1.43 = 0.04 nm in 65 min (Fig. 3, B and D,
square). Ry, of SBP1™*? decreases to ~1.8 nm but remains
similar thereafter. This suggests that the major fraction of
the peptide population for SBP1 was in an oligomeric state
at 140 nM and became nearly monomeric at low nanomolar
concentrations. Overall, our FCS results show that both
SBP1 and SBP1™¢ form oligomers at higher concentrations

Spike protein binding helix properties
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FIGURE 3 (A) Normalized fluorescence autocorrelation data obtained
from free Rh110 in solution (black solid line), 140 nM Rh110-labeled
SBP1 after 30 min (gray solid line) and 24 h (dark gray dotted line)
of incubation. (B) Autocorrelation traces obtained from 3 nM Rh110-
labeled SBP1 at time t = 0 (black solid line) and after 20 min (black
dashed line), 40 min (gray, solid line), and 1 h (black, dotted line) of in-
cubation. (C) Ry-values determined from the FCS experiments for
Rh110-labeled SBP1 and SBP1™“ at 140 nM after vortexing for
30 min (white) and after 24 h (gray). The error bars are plotted as SEs
of the mean (n = 5). (D) R, of Rh110-labeled SBP1 (square) and
SBP1™ (circle) as a function of time at a final peptide concentration
of 3 nM. The error bars are plotted as SEs of the mean (n = 10 for
SBPI, and n = 8 for SBP1™°Y). Solid lines are guide to the eye.

but dissociate to a monomeric or near-monomeric popula-
tion at lower concentrations.

We note that the same data collected for the FCS experi-
ment can be analyzed with the photon-counting histogram
(PCH) technique (37). In principle, PCH can yield the stoi-
chiometry of the oligomers. However, PCH fits including
more than two components, given the quality of the data,
do not provide unique parameter values. Nevertheless,
PCH analysis confirms that the solution must contain at least
one multimeric component in addition to monomers (see
Fig. S6).

We also investigated whether the fluorescence label has
a substantial role in the oligomerization process. We car-
ried out dynamic light scattering measurements using Dy-
naPro (Protein Solutions, Lakewood, NJ) of both SBP1
and SBP1™¢ (unlabeled). Fig. S7 shows the correlation
traces of SBP1 and SBP1™°% at 1 uM (Fig. S7, A and B)
and at 10 uM (Fig. S7, C and D, respectively) concentra-
tions. We observe multiple traces that show the presence
of larger aggregates in the solution. We conclude that
the peptide has a tendency to aggregate, even without
any fluorescent labels. We note that we cannot access con-
centration below this for such a small peptide because of
the lack of sensitivity of dynamic light scattering
(compared with FCS).
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Investigating the nature of the oligomer with
smPB

The stoichiometry of the initial oligomers and the presumed
monomers after dissociation can be directly observed using
smPB measurement (28,30,38). We performed smPB on two
different samples: 1) a freshly diluted one and 2) a sample
that is incubated for 24 h at a concentration of 1 nM.
Samples of Cy3-labeled SBP1 are subjected to smPB mea-
surements using a total internal reflection fluorescence mi-
croscope (Figs. S8 and S9), as described in the Materials
and methods. We observe a distribution of sizes in both
the cases (Fig. 4, A and B). However, the population at the
initial time has a mean stoichiometry of 1.6 *= (0.2, whereas
after 24 h of incubation, it becomes 1.3 * 0.1. We verified
that the overall concentration of the peptide remains rela-
tively unchanged (within 30%) during the 1-day incubation
period (Fig. S10). This confirms the oligomeric nature of the
peptide as observed by FCS and also implies that there is a
heterogeneous mixture of oligomers in the population.
These measurements overestimate the monomers because
some of the oligomers may be “prebleached” (38), despite
using a Perfect Focus System (Nikon, Tokyo, Japan) along
with the shutter. This can be corrected for, as shown in
Fig. 4, C and D. After the prebleaching correction, the stoi-
chiometry at the initial time has a mean of 1.9 = 0.3,
whereas after the 24 h of incubation, it has a mean of 1.4
+ 0.1. We note that we have not corrected for dissociation
that may occur within a short time (~5 min) of sample prep-
aration. We also note that the Ry, observed in FCS for the
SBP1™ is slightly higher than that of SBP1, whereas the
single-molecule data show a similar or lower oligomer stoi-
chiometry (Fig. S10). This is possibly due to a difference in
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FIGURE 4 A smPB study shows the population distribution of Cy3-
labeled SBP1 oligomers (A) at time O and (B) after 24-h incubation. (C
and D) are the same as (A) and (B), respectively, but after prebleaching
correction (38). The errors are plotted as the SE of means. For fresh
SBP1, N = 323 points (three sets); for SBP1 after 24 h, N = 319 points
(three sets). Each set consists of six regions of interest.
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shape between the two. We also cannot rule out small differ-
ences caused by the difference in the fluorescence labels
used in the two experiments.

DISCUSSION

A short 23-residue peptide mimicking the binding interface
of the spike protein with ACE2 would be a prime candidate
for recognition of the spike protein and for reducing its in-
fectious abilities by competitive inhibition of its binding
to ACE2. However, initial efforts with the SBP1 have failed
to achieve the binding constant observed for ACE2 with the
spike RBD (13), and our own experiments using FCS show
an absence of binding (Fig. 1, D and E). The real dissocia-
tion constant is actually several micromoles (13), much
higher than the initially reported value of 47 nM (9). So
the concentration of the peptides needs to be >1 uM to
have substantial binding. However, if the concentration of
the viral protein in the pathological sample is small, this
would mean that almost all of that peptide would be free,
providing an unwanted, large background. This is the reason
why the artificial peptides have failed as diagnostics so far.
A systematic understanding of this failure can lead to strate-
gies for tuning the binding affinity of SBP1 to the spike.
Here, we have studied the biophysical properties of the
SBP1 peptide that should indicate where the problem lies.

First and foremost, SBP1 does not retain the secondary
structure observed in the ACE2 protein. This is perhaps
not surprising because the ACE2 environment provides sta-
bilizing interactions to keep the SBP1 sequence helical.
However, what is perhaps notable is how little helicity is
observed for this isolated peptide. Analyses of our CD
data (Fig. 2, A-D) show that the helicity is less than 1%.
There is considerable turn and some (-sheet structure,
which suggests that this peptide takes an alternative form
when isolated. However, such a secondary structure is rather
unlikely to form a binding interface with the spike protein.
A simplistic docking and molecular dynamics study (Sup-
porting materials and methods, Section S2) shows that non-
helical conformations of the SBP1 peptide tend to produce
lower binding energy scores. They form fewer hydrogen
bonds and salt bridges at the RBD interface relative to the
stable helical peptide conformation (Fig. S11; Tables S2—
S4) presented by the ACE2 receptor. What is also notable
is that the helix promoter TFE is only moderately effective
in promoting helicity within SBP1 because the peptide be-
comes strongly helical only at TFE concentrations
exceeding 20%.

A peptide that does not fold into a well-defined secondary
structure can be aggregation prone. However, the solubility of
SBP1 is reasonably high, which suggests that the peptide has
the means to stabilize its structure, although a nonnative one.
Probing the size (R;,) of the peptide using FCS yields a Ry, of
2.5 nm (Fig. 3, A and C). We note that if the helix retained its
structure, the expected R;, would be ~1.06 nm (see



Supporting materials and methods). On the other hand, if the
peptide is unfolded and behaves like a random coil, the ex-
pected Ry, would be 1.32 nm (see Supporting materials and
methods). So the observed radius of 2.5 nm indeed suggests
that the peptide is oligomeric at concentrations above
140 nM. A PCH analysis of the data also suggests oligomer-
ization (Fig. S6). However, the peptide dissociates into a
monomeric and/or low oligomeric state at low nM concentra-
tions (Fig. 3 D). A part of this dissociation happens immedi-
ately upon dilution, whereas for SBP1, a further dissociation
happens over time, resulting in a final Ry, of ~1.5 nm.
SBP1™ remains somewhat larger (~1.8 nm), possibly
because it retains some dimeric population.

The FCS results, of course, cannot determine what the olig-
omeric state is and whether the final size obtained at low con-
centrations is that of a true monomer. This required us to probe
the solution with smPB. Our results show that the SBP1 solu-
tion at low concentrations, immediately after dilution from
higher concentrations, is a mixture of monomer, dimer, trimer,
and even higher oligomers (Fig. 4 C). The solution after a 24-h
incubation period is still not monomeric, but it is considerably
enriched with the monomeric species (Fig. 4 D). We note that
oligomerization is a concentration-driven process. The rela-
tive fraction of monomers is substantial only at low nM con-
centrations and would be progressively smaller at higher
concentrations. So at uM levels, which will be appropriate
for a diagnostic sample, there would be a negligible fraction
of monomers available for binding to the RBD. This is what
is shown by our RBD binding experiments (Fig. 1, D and E).

We reasoned that oligomerization can be a factor in stabi-
lizing a random conformation. An inspection of the peptide
bound to the RBD (Fig. 1, A and B) shows that the surface
of the helix that is on the opposite side from the binding inter-
face has three phenylalanine residues that can be expected to
make it prone to form oligomers. We mutated these residues
with alanine, which is known to promote helix formation (14)
and is not very hydrophobic, to create the variant peptide
SBP1™ (Fig. 1 C). However, the results remain qualitatively
similar for the new peptide. The helicity of SBP1™* is only
marginally higher than that of SBP1 (in buffer). Further,
SBP1™ still forms oligomers, although of a smaller size
at the higher concentrations and of a somewhat higher size
at lower concentrations (Figs. 3, C and D and S5).

Overall, our results indicate that designs of high-affinity
spike RBD binders based on the SBP1 peptide must over-
come at least two major hurdles. These are the lack of helicity
of the SBP1 peptide and its tendency to oligomerize in solu-
tion. Also, simple alterations of the sequence are unlikely to
make this peptide change these fundamental attributes.
Indeed, in recent reports (39) yet to be peer-reviewed, the
lack of helicity of SBP1 has been tackled using chemical sta-
ples. Nevertheless, the binding affinity of such modified pep-
tides to the spike remains low. Our results suggest that this
may be due to the oligomerization of the peptide, which
has not been accounted for in all such approaches so far. If

Spike protein binding helix properties

the goal is to design a short SBP1-based peptide as a spike
protein binder, one must stabilize both the helical secondary
structure and the monomeric state of the peptide.
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Figure S1. Matrix-assisted laser desorption/ionization - time-of-flight (MALDI-TOF) mass
spectrum (in reflector positive mode) of the N-terminal Fmoc-protected SBP1-CONH,. The
peptide was dissolved in 1:1 acetonitrile-water mixture containing 0.1% trifluoroacetic acid
and used for the MS analysis.
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Figure S2. MALDI-TOF mass spectrum (in reflector positive mode) of the N-terminal Cyanine
3-labelled SBP1-CONH; (Cy3-SBP1-CONH,). The peak at m/z = 3369.58 (highest intensity peak)
corresponds to dye labelled SBP1 peptide. This indicates that the dye labelling was complete
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Figure S3. Electrospray ionization mass spectrometric (ESIMS) analysis of the Cy3-SBP1-
CONH; peptide. The lyophilized peptide was dissolved in 1:1 acetonitrile-water mixture
containing 0.1% trifluoroacetic acid and directly injected in the MS for the analysis. (A) Shows
the ESI-MS spectra of the peptide in the positive mode (in the spectrum view), Event#: (1)
from m/z =0to 1000, (2) m/z = 1000 to 2000 and (3) Profile mode: from m/z = 0 to 2000, with
the [M + 3H]3*, [M + 4H]* and [M + 5H]** peaks (highlighted in red) having the maximum
intensities. (B) Shows the elution profile in the contour view confirming the presence of the
Cy3-labelled peptide.
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Figure S4. MALDI-TOF mass spectrum (in reflector positive mode) of the SBP1™°4-CONH (H2N-

SBP1™M°4-CONH,, modified SBP1) peptide. The peak at m/z = 2702.21 (highest intensity peak)

corresponds to SBP1™°9-CONH; peptide.
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Figure S5. Normalized fluorescence autocorrelation data obtained from free rhodamine 110
in solution (black, solid line), 140 nM Rh110-labelled SBP1™°d peptide after 30 minutes (green,

dotted line) and 24 hours (violet, dashed line) of incubation.
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Photon Counting Histogram (PCH) Analysis:

We have carried out a PCH analysis of the FCS data. The experimental PCH data is obtained
using a MATLAB program from time trace measurement in Time Tagged Time-Resolved (TTTR)
mode using PicoHarp 300 software (Picoquant). The PCH data is fitted with the following
equation for multiple independent species! using a code written in Python.

n(k; N1, N2, €1, €) = ri(k; N1, €1) * mi(k; Na, €)

Where the function ni(k; N, €) describes the probability of observing k photon counts in an
open system for a single species particle solution with N1, N2 representing the average
number of particles corresponding to species 1 and 2 respectively and €1, €, representing
brightness of molecule of species 1 and 2 respectively.

While a solution containing monomers and dimers [Fig. S6 (A)] does fit well. A solution
containing only monomers do not fit well [Fig. S6 (B)]. PCH fits including larger number of
components, given the quality of the data, does not provide unique parameter values.
However, this analysis shows that the solution cannot have just monomers.

0.1 - (A) —m— Exp PCH
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Figure S6. Photon counting histogram for SBP1™° at 140 nM. (A)The histogram is fitted with
2 species having different brightness (€) values (€1 =0.12, €; = 0.24, for the monomer and the
dimer) with 1:2.3 ratio for N1 and N> respectively, using the theoretical PCH function m(k;
N1, Na, €1, €)'.The inset displays the same data in linear scale for comparison. (B) The
histogram is fitted with 1 species using the theoretical PCH function ri(k; N, €)* having € =0.20
and N = 95. The inset displays the same data in linear scale for comparison.
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Dynamic Light Scattering (DLS) for Monitoring Aggregation of SBP1 and SBP1™¢:

It is well-known that adding a fluorescence label can potentially alter the properties of any

peptide. We have now carried out DLS measurements of both SBP1 and SBP1™°¢ (unlabelled)

to clarify whether the observed oligomerization is an effect of the labelling or is somehow
altered upon dye labelling. Fig. S7 shows the correlation traces of SBP1 and SBP1™ at 1 uM
[Panels (A) and (B)] and at 10 uM [Panels (C) and (D), respectively] concentrations. We

observe multiple traces which show the presence of larger aggregates in the solution. We

cannot access concentration below this for such a small peptide, due to the lack of sensitivity
of DLS (compared to FCS). We conclude that while the fluorescent labels may change some

properties, the peptide has a tendency to aggregate even without any fluorescent labels.
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Figure S7. Correlation curves obtained from the dynamic light scattering (DLS) measurements
of SBP1 and SBP1™M°¢ at concentrations of 1 uM [Panels (A) and (B)] and at 10 uM [Panels (C)

and (D)], respectively.
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Figure S8. (A) TIRF image of freshly prepared Cy3-labelled SBP1 (1 nM) on glass coverslip.
Scale bar is 5 um. (B) Time traces observed during the photobleaching of individual SBP1

oligomers.
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Figure S9. (A) TIRF image of Cy3-labelled SBP1 (1 nM) after 24 hours of incubation. Scale bar
is 5 um. (B) Time traces observed during the photobleaching of individual SBP1 oligomers.
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135 Comparison of the extent of oligomerization of SBP1 and SBP1™ from Single-

136  Molecule Photobleaching (smPB) Experiment:
137

138  We have checked the decrease in the Cy3-SBP1 peptide concentration as a result of sticking
139  to the wall of the tube by measuring the Cy3 fluorescence in the solution. We see that the
140  concentration of a 1 nM solution, after 24 hrs, decreases to 720 pM. We then measured the
141  stoichiometry of the oligomers of a freshly prepared solution having the same 720 pM
142  concentration. We also repeated the same experiments with Cy3-SBP1™M°9, In this case, the
143  concentration reduces to 733 pM after 24 hrs.

? 1.2 4
: 7 (A) §rol (B)
32-5 g_u.s
.gzo %‘06
g 054 / % Zo 02

monomer dimer trimer  tetramer monomer dimer trimer tetramer
1.0 1.0
c c
S (C) S (D)
708 T 08
= =
g g
Sos 206
=] =]
[++] [+]
2 @2 T
= 04+ T = 0.4+
[=] [=]
Z 0.2 = 0.2
T
0.0 : 2 : % | 0.0 \ ; | § N.\\“l
monomer  dimer trimer tetramer monomer dimer trimer tetramer

144

S11



145

146
147
148
149
150
151
152
153
154

155

156

157
158
159
160
161
162
163
164

165
166
167
168
169
170

171
172

173

N (E)

(F)

=y
N
i

=y
o
M

©

e
©

/‘//

=
IS
M

Normalised population
=y [X}
Normalised population
o
[=2]

e
%}
M

A _

monomer dimer trimer tetramer monomer dimer trimer  tetramer

e
o

Figure S10. Pre-bleach corrected oligomer distributions of (A) a fresh 1 nM solution of Cy3-
SBP1 peptide, (C) after 24 hrs rotation with a final concentration 720 pM, (E) a fresh 720 pM
peptide solution. Similarly, for Cy3-SBP1™¢ (modified SBP1), (B) oligomeric distribution of a
fresh 1 nM solution, (D) after 24 hrs rotation with a final concentration of 733 pM, (F) a fresh
733 pM solution. For SBP1 fresh N = 485 points (3 sets), SBP1 after 24 hrs N = 373 points (3
sets), SBP1 720 pM N = 428 points (3 sets), SBP1™°d fresh N = 392 points (3 sets), SBP1™°9 after
24 hrs N = 305 points (3 sets), SBP1™m°d 733 pM N = 354 points (3 sets). For each sets 6 ROIs
(region of interest) are taken. Average and standard error of the mean (plotted error) are
calculated.

Figure S10 (A) represents the SBP1 pre-bleach corrected oligomeric distribution of a fresh 1
nM stock. This, after 24 hrs, changes to a monomer heavy distribution [Figure S10 (C)]. The
concentration in Figure S10 (C) is 720 pM. A fresh SBP1 stock of the same concentration
[Figure S10 (E)], on the other hand, shows a very similar distribution as that in Figure S10 (A).
This suggests that monomerization was not due to a mismatch in concentration. Data shown
in Figure S10 (A) and S10 (C) are fresh repeats of those shown in Figure 4 (C) and 4 (D)
respectively. We observe a slight variation in the relatively ratios of the population of different
oligomers, however, the data does not change qualitatively.

A similar observation is seen in the case of Cy3-SBP1™m°¢ also. Figure S10 (B) represents the
oligomeric distribution of the fresh 1 nM stock of Cy3-SBP1™°d, The oligomerization status
shows that it is less aggregation prone than SBP1. After 24 hrs, the oligomer changes to a
monomer heavy distribution as shown in Figure S10 (D). The concentration was measured to
be 733 pM. A fresh stock solution of the same concentration [Figure S10 (F)] showed a very
similar oligomer distribution as in Figure S10 (B).

Hence, for both the systems, we see that the observed monomerization is a time dependent
phenomenon, and is not caused by a mismatch in concentration between the samples.
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Section S1: Theoretical calculations of hydrodynamic radius and comparison with
the experimental results

We have calculated the expected hydrodynamic radius of the SBP1 peptide given its length
(and aspect ratio) in the crystal structure. Detailed calculations are shown below:

The axial ratio or aspect ratio p = (a/b), where a = end to end distance (C-alpha, measured) =
3.3 nm and b = diameter (including side chain, from ideal helix assumption) = 1.2 nm. Hence,
p = 32.88/12 = 2.74. For a prolate spheroid of this aspect ratio, the Perrin factor is ~1.12.

1
Hence the expected effective hydrodynamic radius, R, = (%)(5) X fp ~1.06 nm

From our FCS measurements, we observe that SBP1 has a hydrodynamic radius of 3.1 £ 0.2
nm, and the SBP1™¢ peptide has a radius of 2.6 + 0.1 nm. Both of these values are larger than
that calculated for the helical monomer (above), so it suggests oligomerization. After 24 hours
of incubation, both the peptides have a very similar hydrodynamic radii of ~2.5 nm. If we
assume a quasi-spherical shape for the oligomer, then the initial aggregation state (average)
of SBP1 is ~25-mers and that of SBP1m°¢ is ~15-mers, while after 24 hours, the average
stoichiometry becomes ~13-mers. This of course assumes that the peptide remains in the
helical state, which is not true. If the peptide is more disordered, the actual number of
monomers in an oligomer would be smaller, as we show below.

A random coil is likely to be smaller than the long helix, so formally it might be suggested that
the slow change in radius represents a loss of secondary structure by hydrophobic solvation
of the molecule. However, as we see below, it turns out not to be true.

For a Gaussian random coil peptide in a good solvent, an estimate for the hydrodynamic
radius (Rn) of random coil peptides is provided by Wilkins et al.3. For unfolded proteins, Ry =
2.21 x N%%7), which yields a value of 1.32 nm. Therefore, a random coil would actually have a
higher Rn than a compact cylinder (~1.06 nm, as shown before), as far as SBP1 is concerned.
Therefore, the slow reduction of the radius is unlikely to represent a loss of secondary
structure.

This supports our inference that the initial solutions as well as 24-hours incubated solutions
of both SBP1 and SBP1™°¢ (at 140 nM) contain oligomeric species. If we calculate on the basis
of the random coil radius (taken to be 1.32 nm), the average oligomer size of 2.5 nm
corresponds to about 7-mers. At lower concentration, the Ry, for SBP1 initially becomes ~1.7
nm, which corresponds to dimers on an average, and after incubation, it becomes ~1.4 nm
(which corresponds to a nearly monomeric state) [Fig. 3B and 3D]. This is not far off from the
values measured in our single molecule photobleaching measurements, where we incubated
the SBP1 peptide at a concentration of 3 nM for 70 minutes.
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Section S2: Computational methods

In order to examine the binding of the SBP1 in the helical as well as in the non-helical
(unwound) form, we docked the structure with the RBD of the S-protein. The helical
conformation of the peptide and RBD were both modelled using the crystal structure of ACE2
bound to the RBD, present in RCSB database with PDB ID: 6MO0J* (Fig. 1A). For docking,
Haddock 2.4 (July 2020) with CNS 1.3 was used>®. The results were analyzed using in-house
scripts and visualizations were carried out using VMD’.

In order to define the binding interface for docking studies, the crystal structure of
RBD bound to ACE2 complex (PDB ID: 6M0J4) was used to include all residues within 10A of
the ACE2 N-terminal segment 21 to 44. All the residues were considered as ‘active’ residues
for docking purposes. In order to model the SBP1, we extracted residues 21 to 44 of ACE2
from the same complex (PDB ID: 6MO0J%) and mutated the 44th residue to lysine using
CHARMM-GUI8. The whole a-helical SBP1 peptide was considered to also be ‘active’ during
docking. The whole peptide was considered to be semi-flexible although strict conditions
were provided to preserve the secondary structure of SBP1 to be a-helical. In docking the
helical form of SBP1 with RBD, 6000 structures were initially selected for rigid body docking,
with the best 400 (based on binding energy scores) chosen for final full flexible refinement
and further analysis. All other docking options were set as per default values defined in
Haddock (see Table S1).

In order to carry out the docking studies with the ‘unwound’ form of SBP1, we
generated extended SBP1 conformations using a combination of MD simulations and
simulated annealing protocols. These computations were carried out using NAMD software
version 2.13° and the CHARMM36 force field!® for the peptide. For modelling SBP1, the
coordinates of residue 21 to 44 were extracted from the crystal structure of RBD-ACE2
complex (PDB ID: 6M0J) and the residue 44 was mutated to lysine using CHARMM-GUI. Then,
we heated the protein in vacuum from 0 to 700 K at a rate of 6K/ps and then evolved the
system for ~2 ns with a time step of 1 fs. After that the protein was cooled from 700 to 300
K at a rate of 6K/ps and then evolved again for ~2 ns. The cooling step was repeated 5 times
to generate different non-helical conformation of SBP1. The 5 non-helical structures of SBP1
thus obtained were solvated in a rectangular TIP3P water box with a solvent padding of 12 A
around the protein and neutralized by adding 4 sodium ions. The Particle mesh Ewald (PME)
method for electrostatics with a cutoff value of 12 A for long-range non-bonded interactions
was used. Langevin dynamics and the Nose-Hoover Langevin piston barostat method are used
to implement temperature and pressure control respectively. The solvated system was first
minimized for 1000 steps and then gradually heated to 300 K while keeping the protein non-
hydrogen atoms fixed. Finally, an unconstrained 1 ns NPT run was performed to equilibrate
the system at a pressure of 1 bar and temperature of 300 K. This is followed by 10 ns
production runs under NVT conditions with a time step of 2 fs. The structure of the peptides
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279

obtained at the end of 5 independent NVT runs are taken as input SBP1 conformations for
docking to RBD to check the binding energies. For docking of the non-helical (unwound) SBP1
structures, the definition of the binding interface remained the same as given above for the
helical conformation). However, in order to account for the greater flexibility of the non-
helical conformation during the process of docking, 10000 structures were generated from
rigid body docking, out of which the 1000 best (based on binding energy scores) structures
were chosen for fully flexible optimizations and further analysis. In this case, the number of
steps used during optimization including heating and dynamics stages were four times longer
than the default values. In all cases, cluster analysis was performed using root mean square
deviation (RMSD) based clustering with a cutoff of 5A. A complete list of parameters which
differ for docking helical and non-helical conformers along with Haddock defaults is given in
Table S1. All other setting/parameters used were as per Haddock defaults.

Parameter Default Helix Non-Helical
ssdihed none alphabeta none
structures_0 6000 6000 10000
structures_1 400 400 1000
anastruc_1 400 400 1000
waterrefine 400 400 1000
waterheatsteps 100 100 500
watersteps 1250 1250 5000
watercoolsteps 500 500 2000
clust_meth FCC RMSD RMSD
clust_cutoff 0.6 5 5

Table S1. Docking options used in Haddock for docking of helical and non-helical states of
SBP1 with RBD of S-protein. Haddock default values are provided as a reference.
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Figure S11. (A) Comparison of the binding mode for the N-terminal segment 23-41 of ACE2
and the helical conformation of SBP1 with RBD (surface and secondary structure
representation). (B) Binding energies for the 1000 best RBD docked structures of helical and
non-helical SBP1 peptides. (C) Binding modes of the 5 non-helical SBP1 structures derived from
MD and simulated annealing with RBD.
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No SBP1 Structure Binding Energy Scores

1 Helix -416.888 kcal mol™
2 Non-helical 1 -346.787 kcal mol™
3 Non-helical 2 -361.570 kcal mol™
4 Non-helical 3 -311.241 kcal mol™
5 Non-helical 4 -432.882 kcal mol™
6 Non-helical 5 -309.539 kcal mol™
7 Non-helical Average -352.404 kcal mol*

295
296  Table S2. Haddock binding energy scores of the best docking poses of SBP1 (helical and 5 non-
297  helical conformations) with RBD of S-protein (PDB ID: 6MO0J4).

298

299

300

301

302

303

304

305
SBP1(H):RBD SBP1(NH1):RBD SBP1(NH2):RBD SBP1(NH3):RBD SBP1(NH4):RBD SBP1(NH5):RBD
RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1
Y505 E37 Q493 K26 Y449 Q42 K417 E23  S494 Q42 Q493 T27
K417 D30 Y489 E22 R408 E23 G502 S43 Q493 S43 Y489 Y4l
N487 121  N487 E22 D405 K26 Q493 T27 N487 Q24 N487 Q42
N487 Q24 K417 E23 E484 K31 K417 E23 K417 E35
Q498 Q42 Q409 E37 N501 K31
E484 K31 K417 E37 K417 E35
S477 Q24 Y505 F32
F497 Q42 E484 S43

306

307

308 Table S3. H-bonding interactions of helical and non-helical SBP1 with the spike RBD. The table
309 shows the residues of SBP1 and RBD which form H-bonds with each other in SBP1:RBD
310 complexes.

311
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339
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342

343

SBP1(H):RBD SBP1(NH1):RBD SBP1(NH2):RBD SBP1(NH3):RBD SBP1(NH4):RBD SBP1(NH5):RBD
RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1 RBD SBP1
K417 D30 K417 E23 D405 K26  E484 K31 K417 E23 K417 E35
E484 K31 D405 K44  R408 E23

R403 E37

Table S4. Salt-bridge interactions of helical and non-helical SBP1 with the spike RBD. The table
shows the residues of SBP1 and RBD which form salt-bridges with each other in SBP1:RBD
complexes.
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