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Abstract: Spike protein of SARS-CoV-2 contains a single-span transmembrane (TM) domain and
plays roles in receptor binding, viral attachment and viral entry to the host cells. The TM domain of
spike protein is critical for viral infectivity. Herein, the TM domain of spike protein of SARS-CoV-2
was reconstituted in detergent micelles and subjected to structural analysis using solution NMR
spectroscopy. The results demonstrate that the TM domain of the protein forms a helical structure
in detergent micelles. An unstructured linker is identified between the TM helix and heptapeptide
repeat 2 region. The linker is due to the proline residue at position 1213. Side chains of the three
tryptophan residues preceding to and within the TM helix important for the function of S-protein
might adopt multiple conformations which may be critical for their function. The side chain of W1212
was shown to be exposed to solvent and the side chains of residues W1214 and W1217 are buried in
micelles. Relaxation study shows that the TM helix is rigid in solution while several residues have
exchanges. The secondary structure and dynamics of the TM domain in this study provide insights
into the function of the TM domain of spike protein.
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1. Introduction

The epidemic of novel coronavirus disease (COVID-19) started in late 2019. COVID-19
was declared as a pandemic in March 2020 by the World Health Organization (WHO) [1-3].
The lifestyles of people from many countries were affected as this disease can be spread
through close contact. This disease is caused by a novel coronavirus which is named as
severe acute respiratory syndrome coronavirus 2 (SAR-CoV-2). SARS-CoV-2 belongs to
beta-coronavirus which also contains other important human pathogens such as SARS-
CoV which caused a viral outbreak in 2003 [4] and Middle East respiratory syndrome
(MERS) coronavirus which was the cause of MERS in 2012 [5]. Efforts have been made to
develop vaccines and antivirals, which plays important roles in preventing viral spread.
The genome of SARS-CoV-2 is very similar to that of SARS-CoV [6] and is a single-strand
and positive-sense RNA. The genome of the virus encodes 16 non-structural proteins
(nsp1-16), 4 structural and 9 accessory proteins that are indispensable for viral replication,
invasion and particle formation [6].

The viral lipid envelop contains three transmembrane proteins including spike (S),
membrane (M) and envelope (E) proteins. S protein is a type-I transmembrane (TM)
glycoprotein and functions as homotrimers on the viral surface [7]. S protein is highly
conserved among human coronaviruses and the molecular weight of the protein is at the
range of 180200 kDa [8]. S protein is an important target for antiviral development as it
plays important roles in binding to angiotensin-converting enzyme 2 (ACE2) receptors,
viral attachment to and entry into host cells [7,9,10]. S protein of SARS-CoV-2 is composed
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of 1273 amino acids and contains a long external region, a TM domain and a short C-
terminus [11]. S protein consists of several domains including an N-terminal signal peptide,
an N-terminal domain, a receptor binding domain, a fusion peptide, heptapeptide repeats
(HRs) 1 and 2, a TM domain and the cytoplasm domain [8]. The structures of the domains
and the entire S protein have been studied using X-ray crystallography and Cryo-EM. These
high-resolution structures provide clear information to understand its interaction with
ACE2 and its conformational changes under different conditions [7,8,12]. The structural
studies of S protein are critical for antiviral development and understanding its function.
Strategies affecting S protein interactions with ACE2 such as developing antibodies have
been explored in antiviral development [13,14].

The TM domain is close to heptad repeat 2 (HR2) and consists of a hydrophobic core
region with a tryptophan-rich region and a cysteine-rich region at its N- and C-termini,
respectively. The TM domain of S-protein is critical for viral infectivity and mutation
of the tryptophan residues in the TM domain was found to decrease viral infectivity
significantly [15]. A study shows that the TM domain of S protein is critical for the
infectivity and membrane fusion activity of coronavirus [16]. Despite the progress made in
structural studies of the N-terminal region of S-protein, only one structural study on the
TM domain in bicelles was reported recently [17]. Here, we use solution nuclear magnetic
resonance spectroscopy (NMR) to investigate the structure and dynamics of TM domain
of S protein in detergent micelles. The current study uses a longer construct reconstituted
in a different membrane system. The NMR studies will be helpful for choosing suitable
membrane systems in structural studies of membrane proteins. Although detergent micelles
may not be an ideal system for structural and functional studies of membrane proteins,
they still serve as a useful membrane system to understand the secondary structure of a
membrane protein.

The TM domain of the S protein of SARS-CoV-2 was expressed and purified from E. coli.
The purified protein was reconstituted into detergent micelles. Structural analysis using
solution NMR spectroscopy shows that the TM contains an x-helix and an unstructured
region is present between the helix from HR 2 and the TM domain. The indole amide
proton of W1212 exhibited close contact with water molecules, suggesting that it is exposed
to the solvent. Dynamics study shows that the TM helix is rigid in solution while Y1220 and
L1224 might undergo exchanges. Our current study provides useful structural information
to understand the function of the TM domain of S protein.

2. Results
2.1. Solution NMR Spectrum of S-TM in Micelles

To understand the structure of the TM domain in solution, a construct containing
residues 1201-1239 of SARS-CoV-2 S protein (S-TM) was obtained and expressed in E. coli
(Figure S1). The recombinant protein contains an N-terminal fusion tag for aiding in affinity
purification, a short stretch from HR2 (amino acids 1201-1213), the tryptophan-rich region,
the hydrophobic region of the TM domain and several residues from the cysteine rich
region (Figure 1). To prevent sample aggregation due to formation of disulfide bonds,
the cysteine residues in the construct were mutated into serine residues (Figure 2A). The
recombined protein was able to be purified from E. coli for structural studies. The S-TM
reconstituted into dodecylphosphocholine (DPC) micelles was obtained and subjected to
structural analysis using solution NMR spectroscopy. DPC is a widely used detergent in
membrane protein structural studies and DPC micelles have been successful for structural
studies of quite a few membrane proteins [18-22]. Dispersed cross-peaks were observed
in the 'H-""N HSQC spectrum collected at 40 °C (Figure S2). Similar to other helical
membrane proteins, S-TM exhibited narrow dispersion of the cross-peaks at the range of
6.8-9.2 ppm suggesting the presence of helical structures in this construct (Figure 2B).
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Figure 1. Sequence of S-TM used in this study. The domains of S protein of SARS-CoV-2. The model
of S-TM in a membrane is shown. Two cysteine residues that are mutated into serine are highlighted
in red. SP, signal peptide; NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion
peptide; HR, heptapeptide repeat; TM, transmembrane domain; CT, C-terminal cytoplasmic domain.
The N- and C-termini of the sequence are indicated as N and C, respectively.
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Figure 2. Secondary structure of S-TM in DPC micelles. (A). The sequence of S-TM used in this study.
(B). Assignment of the 'H-'>N-HSQC spectrum of S-TM in DPC micelles. The cross-peaks in the
spectrum are labelled with a single letter and sequence number. (C). Secondary structure of S-TM in
DPC micelles. The prediction of the secondary structures was obtained by analyzing Ca chemical shifts
and chemical shifts using TALOS + Residues in the transmembrane domain are underlined. Cross-peaks

1y

corresponding to residues from the fusion tag and side chains of Q residues are labeled with

2.2. Secondary Structures of S-TM

Backbone resonance assignment was obtained using conventional triple-resonance
NMR experiments. Nearly complete assignments for the backbone atoms were obtained
and the assignment has been deposited into BMRB under access number 51193. The
secondary structures of residues from S-TM were then predicted based on the obtained
chemical shifts of backbone resonances. Both chemical shift index analysis of Coc chemical
shifts and TALOS+ analysis show that S-TM contains two helical segments (Figure 2C).
Residues 1201-1209 from HR2 form a helix in solution. Residues from the hydrophobic
core region of TM form a helix which contains residues 1215-1236. The three amino acids at
the C-terminus of S-TM are not structured. Residues 1210-1215 between HR2 and the TM
are unstructured serving as a linker region between HR2 and TM domain, which may be
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due to the presence of a proline amino acid at position 1213 (Figure 2A). The linker might
provide freedom to the N-terminal region to alter its orientation under different conditions
without affecting the structure of the TM domain significantly.

2.3. Structural Model of S-TM

A TH->N HSQC spectrum of S-TM in D,O was collected to understand secondary
structure and dynamics of S-TM in DPC micelles. Three residues from the HR helix including
Y1206, Y1209 and 11210 exhibited cross-peaks in the spectrum. These residues should be
involved in hydrogen bond formation confirming their helical structure in solution. Residues
W1217 to 51235 from the TM helix exhibited cross-peaks in the spectrum (Figure S3). These
residues having cross-peaks in the HSQC spectrum suggests their participation in hydrogen
bond formation or that they are buried in micelles. The structure of the TM domain of S
protein in bicelles was determined recently [17] (Figure 3A). Our study also shows that residues
1214 to 1216 form helical structure in solution. A structural model was built based on the
secondary structure analysis and the hydrogen-deuterium exchange experiment (Figure 3B).
The chemical shift analysis (Figure 3C), H/D exchange experiment, and lack of long-range
distance restraints strongly suggest that P1213 is a helix breaker in S-TM.
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Figure 3. Structure of S-TM in DPC micelles. (A). Trimer structure of the TM domain of S protein
determined in bicelles. The structure of TM in bicelles (PDB ID 7LC8) is shown [17]. W1217 in the
structure is shown as sticks. (B). A structural model of S-TM in DPC micelles. The model was generated
based on the backbone resonance assignment, H-D exchange experiment and a few NOE restraints. The
orientations of the helices are not defined as no restraints are applied. Residues with cross-peaks in the
HSQC spectrum of S-TM in D,O are shown as spheres. (C). Sequence alignment of current construct
(QHD43416.1) with the available NMR structure, SARS-CoV (AAS75868.1), and MERS (QDI73610.1).
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Three serine residues in S-TM construct are highlighted in blue. (D). Analysis of the side chains of Trp
residues in S-TM. Left panel, the TH-15N-HSQC spectra of S-TM collected at different temperatures.
Right panel, strip-plots of a 1®N-edited NOESY spectrum for the side chains of Trp residues are
shown. NOE between water molecules and indole amide proton of W1212 is indicated with a dashed
line, suggesting that it is exposed to the solvent.

2.4. Conformational Analysis of Residues in S-TM

There are three tryptophan residues in S-TM and these residues are conserved in
SARS-CoV and MERS S proteins (Figure 3C). We explored the conformational status of
these residues by overserving the signals from the indole ring as they appear in a distinct
region of the 'H-1°N-HSQC spectrum (Figure 3C). Three peaks corresponding to the side
chains of tryptophan residues were observed at 25 °C while more peaks were observed
at 40 °C for W1212. The appearance of multiple peaks of W1212 in the spectrum suggests
that its side chains might adopt multiple conformations in DPC micelles or are located
in different environments [23]. It is obvious that the side chain of W1212 is exposed to
the solvent as it exhibited close contact with water molecules, evidenced by NOE with
water molecules identified in the NOESY spectrum (Figure 3D). The side chains of W1214
and W1217 are buried in micelles as no NOEs were identified in the spectrum (Figure 3D).
Interestingly, the cross-peak of amide and amide proton for W1214 in the HSQC spectrum
is broadened compared with that of W1217 (Figure 2B). Such a difference suggests that
there might be exchanges for residue W1214. Taking together, W1212 localizes in the linker
between these two helices, giving rise to multiple conformations. W1214 localizes at the
interface of cell membrane with its side chain buried in the membrane, and conformational
exchanges may exist to result in line broadening in the spectrum (Figure 3D). W1217 is
buried in the membrane and may play important roles in stabilizing the structure of the
transmembrane region. Further mutation studies on these residues will be helpful for
understanding their roles.

2.5. Dynamics of S-TM

The dynamics of S-TM in DPC micelles were investigated by measuring >N-T; (spin—
lattice relaxation), T, (spin-spin relaxation) and steady-state 'H->N NOE values (Figure 4).
The data offer additional information relevant to understanding the structure of S-TM
in DPC micelles. The two helices are rigid while the linker between these two helices is
flexible. Such flexibility might be important for the function of S-protein. The T; values of
residues from the helix in HR2 are lower than those of residues in the TM region, which
is not surprising as residues in the TM region are buried in DPC micelles. A correlation
time of approximately 13 ns was estimated based on the average Ty /T, value for residues
in the TM region [20], which suggests that S-TM under current conditions is monomeric.
Further dynamics study of S-TM in different membrane systems and data acquisition
under different magnetic fields will be helpful for understanding its dynamics. In addition,
analyzing the simulated relaxation rates based on the structures will be very helpful for
determining the oligomeric states of the sample and identifying changes in different time
scales [24].

To detect whether S-TM in DPC can form oligomers we performed a cross-linking
study using glutaraldehyde [25]. In the absence of the cross linker, S-TM exhibited a
band at the molecular weight of 10 kDa which is above its molecular weight (~7 kDa).
Such difference may be due to the presence of DPC micelles in the sample. A band corre-
sponding to a higher molecular weight (~14 kDa) was observed in SDS-PAGE (Figure S4),
demonstrating that the construct in DPC micelles can form dimers under such conditions.
Further optimization of the experimental conditions is needed to obtain trimeric S-TM.
The Ty /T, values of residues in the HR2 helix are lower than those of residues in the TM
domain, suggesting that the HR2 helix does not have interactions with DPC micelles. This
is consistent with the fact that folding of HR2 does not require the presence of membrane
systems. Residues including Y1220 and L1224 exhibited lower T; /T, values than those in
the transmembrane helix. These residues may undergo exchanges under current conditions.
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Figure 4. 1°N-Ty, T, and hetNOE analysis of S-TM in DPC micelles. The data were collected on a
Bruker Avance 600 MHz spectrometer equipped with a cryo-probe. 15N-Ty, T, and hetNOE values of
S-TM are plotted against sequence number. The secondary structures of HR2 and TM domain are
indicated as blue boxes.

3. Discussion

SARS-CoV-2 spike protein is an important target for antiviral development [26]. The
structures of spike protein have been investigated by different methods, providing critical
information for developing antivirals. Only one study was carried out to explore the
structure of the TM domain of spike protein in bicelles using NMR spectroscopy to provide
the structural basis for trimer formation [17]. In the current study, we obtained S-TM in
detergent micelles. The secondary structure of S-TM in micelles was obtained based on the
chemical shifts and an H/D exchange experiment (Figures 2 and 3). The TM domain exists
as a helical structure in detergent micelles, which is same as in bicelles. The TM forms
a rigid structure in both bicelles and DPC micelles, while exchanges were observed for
some residues in micelles. This may be due to the monomeric structure in the current study.
In addition, we have identified a linker region formed by residues 1211 to 1213 between
TM and HR2. Proline 1213 is critical for formation of the linker between the HR2 and TM
helices (Figure 3). The presence of the linker might be critical for the function of S protein
under different conditions.

The tryptophan residues are critical for the function of spike protein and mutations
of the residues in the TM domain were found to have an impact on viral infectivity [15].
We demonstrate that the side chain of W1212 is exposed to the solvent and exhibits confor-
mational changes under different conditions. W1212 localizes at the linker between HR2
and TM domain. W1214 is close to the water and membrane interface and W1217 is within
the transmembrane region. No NOEs with water molecules were observed, suggesting
that the side chains of W1214 and W1217 are buried in the micelles. Relaxation analysis
also support this conclusion (Figure 4). W1212 exhibited similar dynamics parameters
to those in the HR2 helix while W1214 and W1217 behave similarly to those residues in
the transmembrane helix (Figure 4). It has been noted that the side chain of a tryptophan
is critical for the stability and orientation of a transmembrane protein [27]. Our study
provides insights into the location of these residues, which will be useful for interpreting
their functional roles in viral infectivity. Further mutations can be made to elucidate the
effect of these residues on protein structure and dynamics.

The S-TM in the current study exists as monomers in DPC micelles as evidenced by the
relaxation analysis (Figure 4), and the cross-linking experiment shows it can form dimers
in the presence of the cross linker (Figure S4). The TM domain of S protein is functional as
trimers [28] and a recent study by Chou’s team showed that the TM domain of S protein
exists as a strong trimer in bicelles [17]. The current S-TM construct in DPC micelles did
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not form functional trimers, which may be due to the following aspects. First, the fusion
tag was not cleaved after protein purification. The presence of fusion tag may affect the
formation of oligomers. Second, DPC was used in the current study. It is known that
detergent micelles might not be the ideal system for exploring the structures of membrane
proteins [29-31] although several structures of membrane proteins have been determined
in DPC micelles [18,32,33]. Optimization of the experimental conditions such as the ratio
of DPC to S-TM needs will be helpful to obtain functional trimers in solution. Finally, the
M1229 in the current construct might affect trimer formation. A previous study showed
that L1229Y mutation disrupted trimer formation as it is part of the hydrophobic core [17].
Further optimization of the conditions will be helpful for obtaining S-TM trimers. Although
detergent micelles might not be an ideal system for structural study of a membrane protein,
this study provides secondary structural information to understand the roles of this domain.

4. Materials and Methods
4.1. Protein Expression and Purification

The cDNA encoding residues 1201-1239 of SARS-CoV-2 S protein (S-TM) was syn-
thesized and cloned into pET15b. The resulting plasmid encodes a recombinant protein
containing a fusion tag and thrombin cleavage site to remove the fusion tag containing the
following amino acids MGSSHHHHHHSSGLVPRGS. The plasmid was transformed into
Escherichia coli (E. coli) BL21 (DE3) competent cells from Stratagene (La Jolla, CA, USA),
which were grown in M9 medium supplied with 100 pg/mL ampicillin. When ODgg
reached 0.6-0.8, protein induction was initiated by adding 3-D-1-thiogalactopyranoside
(IPTG) to 1 mM and the cells were further cultured at 37 °C and 200 rpm overnight. The
recombinant protein was purified into detergent micelles as described previously [20,34].

The E. coli cells with recombinant S-TM were harvested by centrifugation at 9000 x g
for 10 min. The cell pellet was suspended into a lysis buffer (20 mM Tris-HCl, 300 mM NaCl,
pH 7.8, and 2 mM [3-mercaptoethanol) and cells were lysed by sonication. Inclusion bodies
were obtained by centrifugation at 18,000 g for 20 min. The inclusion bodies were washed
with the lysis buffer and suspended in a urea buffer (8 M urea, 300 mM NaCl, 10 mM
SDS, 20 mM Tris-HCI, pH 7.8). The solution was cleared by centrifugation at 48,000 g
for 20 min. The supernatant was mixed with nitrilotriacetic acid saturated with nickel
(Ni?*-NTA) resin from Qiagen (Gmbh, Germany) which was loaded in a gravity column.
The resin was washed with a washing buffer (8 M urea, 300 mM NaCl, 10 mM SDS, 20 mM
Tris-HCl, pH 7.8 and 20 mM imidazole). The resin was then washed with washing buffer 2
(20 mM Tris-HCl, pH 7.8, 300 mM NaCl and 10 mM SDS) to remove urea. To reconstitute
the protein in DPC micelles, the resin was washed with washing buffer 3 (20 mM Tris-HCl,
pH 7.8, 300 mM NaCl and 15 mM DPC). Recombinant protein was eluted using an elution
buffer (300 mM imidazole, pH 6.5 and 15 mM DPC). Purified protein was then further
purified through gel filtration using a gel filtration buffer (20 mM sodium phosphate, pH 6.5
and 15 mM DPC) on a superdex™ 200 10/300 GL column. The sample was then combined
and concentrated to 1 mM and the concentration of DPC was estimated to 150 mM. IPTG,
DTT and detergents used in the study were purchased from Anatrace (Maumee, OH, USA)
or Avanti Polar Lipids (Birmingham, AL, USA). The >NH,CI, 3C-glucose and D20 were
obtained from Cambridge Isotope Laboratories (Andover, MA, USA). All other chemicals
used in this study were purchased from Sigma—-Aldrich.

4.2. Resonance Assignment

All the NMR spectra were collected at 40 °C to gain signals in the spectra for reso-
nance assignment. The experiments were carried out on a Bruker Avance spectrometer
(Bruker, Germany) with a proton frequency of 600 MHz and equipped with a cryogenic
triple-resonance probe. Data were acquired using Topspin 2.1 and were processed with
NMRPipe [35] and analyzed using NMRView [36]. Sequence-specific assignments of back-
bone resonances were obtained based on triple-resonance experiments using a >N /13C-
labeled S-TM in DPC micelles. These experiments include HNCACB, HN(CA)CO, HNCA,
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HN(CO)CACB, HN(CO)CA, and HNCO. The chemical shifts of Hoc and H{3 were assigned
using a HBHA(CO)NH experiment. Secondary structure of S-TM in DPC micelles was
identified by analysis of BCux chemical shifts [37] and TALOS+ [38]. A 3D °N-edited
NOESY (mixing time = 100 ms) was collected and some peaks were manually assigned
and the peak intensities were converted into distance restraints using CYANA [39]. The
restraints include dihedral angles, hydrogen bonds derived from a H/D exchange experi-
ment and NOE distance restraints [40—-42]. In total, one hundred structural models were
built, and one structure was selected as the model to understand the structure of S-TM in
DPC micelles. More restraints will be required for determining the orientation of the two
helices in S-TM.

4.3. Collection of the 'H-1"N HSQC Spectrum in D,0O

The hydrogen-deuterium exchange experiment was performed to identify residues
that form hydrogen bonds. Recombinant S-TM was first purified into DPC micelles as
previously described. The sample was then frozen in liquid nitrogen. After removing water
from the sample through lyophilization, 99.9% D,0O was added into the sample. The sample
was then subject to data acquisition. The acquisition time of the 'H-'>N HSQC spectrum
took approximately 10 min. The data was then processed and visualized. Residues that
exhibited cross peaks in the 'H-'>N HSQC spectrum are involved in hydrogen bond
formation or buried deeply in the micelles.

4.4. Relaxation Analysis

Ty, T and 'H-°N steady-state NOE values [43] were obtained by collecting the data
acquired at 313 K on a Bruker Avance 600 MHz spectrometer. For T; and T, measurements,
pseudo-3D experiments with different delays were collected and processed as described
previously [44-46]. Steady-state 'H-'>N NOEs (hetNOE) were calculated by analyzing two
datasets that were collected with and without initial proton saturation for a period of 3 s [47].

4.5. Cross-Linking Experiment

A cross-linking experiment using glutaraldehyde (GA) was performed as previously
described [20,21,34,46]. Briefly, the mixture contained 25 pM S-TM in a buffer containing
20 mM sodium phosphate, pH 6.5 and 15 mM DPC. GA was added to 16 mM concentration.
The mixture was kept and the samples at different time points were collected and mixed
with SDS loading dye. The samples were then subjected to analysis by SDS-PAGE.

5. Conclusions

The structure of S-TM in detergent micelles was explored. A flexible linker was
identified between HR2 and the TM helix. The structure and dynamics of S-TM in DPC
micelles show that the TM domain adopts a helix, and some residues might undergo
exchanges. The current study provides structural information to assist in understanding
the function of S-protein.
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