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SUMMARY
Spike (S) glycoprotein of SARS-CoV2 exists chiefly in two conformations, open and closed. Most previous
structural studies on S protein have been conducted at pH 8.0, but knowledge of the conformational
propensities under both physiological and endosomal pH conditions is important to inform vaccine develop-
ment. Our current study employed single-particle cryoelectron microscopy to visualize multiple states of open
and closed conformations of S protein at physiological pH 7.4 and near-physiological pH 6.5 and pH 8.0.
Propensities of open and closed conformations were found to differ with pH changes, whereby around 68%
of S protein exists in open conformation at pH 7.4. Furthermore, we noticed a continuous movement in the
N-terminal domain, receptor-binding domain (RBD), S2 domain, and stalk domain of S protein conformations
at various pH values. Several key residues involving RBD-neutralizing epitopes are differentially exposed in
each conformation. This study will assist in developing novel therapeutic measures against SARS-CoV2.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2),

belonging to the Coronaviridae family, is the third known zoo-

notic virus to have plagued mankind in the 21st century (Drosten

et al., 2003; Huang et al., 2020; Zaki et al., 2012; Zhou et al.,

2020b). This formerly unexplored coronavirus was first isolated

from Hubei province, China, in December 2019 (Zhou et al.,

2020a). As of November 1, 2020, the World Health Organization

declared nearly 46.6 million infections and �1.2 million deaths

worldwide (WHODaily Report). Since the release of the complete

sequence of the SARS-CoV2 genome, a plethora of studies have

been performed in search of possible therapeutic and vaccine

candidates. One such thoroughly investigated vaccine genera-

tion target is the heavily glycosylated homotrimeric Spike (S)

protein responsible for the crown-like surface display in these

so-called coronaviruses (Tortorici and Veesler, 2019). Among

the three transmembrane envelope proteins, S protein is known

to mediate viral entry into host cells. The S protein in its pre-

fusion state has two distinct subunits called S1 and S2. S1 har-

bors the receptor-binding domain (RBD), N-terminal domain

(NTD), and two small subunits SD1 and SD2, while the S2 subunit

has three stable long helices, which tether the S1 domain as well

as the S protein with the viral envelope. Early studies have shown

that this recently emerged coronavirus binds tightly to human

ACE2 (hACE2) receptor, thereby facilitating its transmission

(Walls et al., 2020). Specifically, the RBD of the S protein exists

in two prominent conformations, up (open) and down (closed)
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(Toelzer et al., 2020; Walls et al., 2020; Wrapp et al., 2020; Xiong

et al., 2020). These surface proteins exist as dimorphic entities

before and after the fusion of viral and cellular membranes.

Following membrane fusion, the S protein is cleaved by host

cell proteases at the boundary between the S1 and S2 subunits,

transforming into an elongated post-fusion state (Kirchdoerfer

et al., 2016). Thus, owing to a pivotal role of S protein in eliciting

the infection cascade, it is the most well-characterized viral

structural protein and is widely used to isolate neutralizing anti-

bodies (Du et al., 2009; Elshabrawy et al., 2012; Jiang et al.,

2014; Li et al., 2015; Wang et al., 2015; Ying et al., 2015; Yu

et al., 2015). A large number of structural studies indicate appre-

ciable flexibility of the RBD region and unequivocally report the

presence of the distinct 1-RBD up-open and all-RBD down-

closed species of S protein trimers (Ke et al., 2020; Korber

et al., 2020; Melero et al., 2020; Walls et al., 2020).

Unless stabilized by mutations, purified soluble S protein tri-

mers have not been observed to display a 2-RBD up-open or

all-RBD up-open conformation that could possibly lead to a

more lethal SARS-CoV2 infection (Korber et al., 2020). Cryoelec-

tron tomography (cryo-ET) analysis of intact virions displaying S

proteins affirms past knowledge and reports a minor 14% pop-

ulation in 2-RBD up-open state (Ke et al., 2020). The envelope

proximal stalk of the S2 subunit was recently investigated in a

membrane-bound state and was found to act as a hinge around

which the S trimer is free to rotate (Ke et al., 2020; Turo�nová et al.,

2020). Extensive characterization of MERS-CoV and SARS-CoV

show a moderately flexible NTD, although the most dramatic
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movement is restricted to the RBD region (Xiong et al., 2020).

Also, recent findings have indicated the movements in RBD

upon binding with ACE2 and in the apo form at endosomal acidic

pH values (pH 4–5.5) (Zhou et al., 2020b). Although a wealth of

available structural information has furthered understanding

about RBD movement, mapping of these discrete elegantly

orchestrated intermediates at physiological pH still remains

elusive. Based on current understanding, we pooled the distribu-

tion of S trimers at physiological and near-physiological pH con-

ditions. Our results suggest a milieu of myriad conformational in-

termediates that have unique structural shifts directly impacting

the cavity lining the RBD and NTD. Interestingly, we were able to

trap different conformations of the ‘‘hip,’’ ‘‘knee,’’ and ‘‘ankle’’

movement of the S2 stalk showing that anchoring to a lipid layer

is notmandatory for rotational freedomof the S1 around the S2 in

the purified S trimer at physiological pH. Moreover, we also

report a predominantly receptor-accessible population of S

trimer at pH 7.4 as compared with slightly acidic or alkaline

pH. A thorough analysis of these diverse structural shifts will

augment existing knowledge and inform vaccine development

and drug design.

RESULTS

Several high-resolution cryoelectron microscopy (cryo-EM)

structures of the S protein of SARS-CoV, MERS-CoV, and

SARS-CoV2 S protein have been widely characterized in the

last few months (Henderson et al., 2020; Ke et al., 2020; Park

et al., 2019; Toelzer et al., 2020; Walls et al., 2020; Wrapp

et al., 2020; Xiong et al., 2020; Yuan et al., 2017; Zhou et al.,

2020b). However, most cryo-EM structures of S protein are

determined at pH 8.0, where one RBD up-open conformation

and the three RBD down-closed conformations of S protein

have been observed (Walls et al., 2020; Wrapp et al., 2020).

Additionally, recent studies that focused on a range of endoso-

mal acidic pH values observed variability in RBD regions in

both receptor-bound and apo form, which could be attributed

to pH-mediated conformational switches (Warwicker, 2020;

Zhou et al., 2020b). Therefore, in this study we investigated the

effect of pH on S protein, whereby we implemented our cryo-

EM-based structural study at near-physiological pH, namely

pH 8.0, pH 7.4, and pH 6.5. Furthermore, we inspected and clas-

sified the cryo-EM data more precisely to identify several inter-

mediate conformations of the RBD and NTD between the up

and down conformations of RBD of the S protein.

Initially, S protein was examined at three different pH condi-

tions, as mentioned earlier, using negative-stain transmission

electron microscopy (TEM) and two-dimensional (2D) classifica-

tion (Figures 1A, 1B, S1A, and S1B). A room-temperature TEM

study indicated no aggregation or distortion of the S protein at

three different pH values. However, a low-resolution TEM study

cannot adequately describe any conformational flexibility of RBD

or NTD of S protein, although some 2D class averages corre-

sponded to compact closed conformations while the rest of

the 2D class averages showed dispersed conformations of the

S protein (Figure 1B). Furthermore, oligomerization, homogene-

ity, and conformational heterogeneity of the S protein were visu-

alized using negative-stain TEM imaging at room temperature

(Figures 1A, 1B, S1A, and S1B). EM images of the S protein
indicated a uniform, cone-shaped monodispersed particle pop-

ulation, and the particles were broadly similar at the three

different pH values (Figure 1B). Therefore, we decided to further

investigate the conformational changes of S protein at three

different pH values using single-particle cryo-EM.

Single-particle cryo-EM studies of S protein at three
different pH values
In the current study, we investigated the pH-dependent morpho-

logical changes of S protein of SARS-CoV2. Viral protein confor-

mation is highly variable, diverse, and pH dependent in many

cases (Batishchev et al., 2016; Sturman et al., 1990; Yang

et al., 2004; Zhou et al., 2020b). To achieve our targets, we

collected data for the S protein ectodomain of SARS-CoV2 at

three different pH values whereby we acquired 2,405, 4,504

and 3,166 micrographs at pH 8.0, pH 7.4, and pH 6.5, respec-

tively, using a Talos Arctica 200kV cryo-transmission electron

microscope equipped with a K2 direct electron detector. We

classified and processed the cryo-EM data using the RELION

3.0 software package. Multiple three-dimensional (3D) classifi-

cation steps were implemented to identify conformational het-

erogeneity, which enabled us to identify several previously unre-

ported intermediate conformations of S protein (Figures S2–S4).

Cryo-EM reconstruction of S protein of SARS-CoV2 at
pH 8.0 and pH 7.4
Viral S glycoprotein at the virus surface adopts a kinetically sta-

ble pre-fusion conformation that binds the host cell hACE2 re-

ceptor, initiating viral infection. The S glycoprotein of many en-

veloped viruses, including SARS-CoV2, undergoes a

metastable pre-fusion to post-fusion conformational change

during cell entry. These conformational changes of S protein

depend on pH (Yang et al., 2004), proteolytic cleavage (Jaimes

et al., 2020), and protein-protein interaction (Hoffmann et al.,

2020). Additionally, the interaction of hACE2 receptors with the

pre-fusion state of viral S glycoprotein is highly pH dependent

(Zhou et al., 2020b). Therefore, in this study we performed

cryo-EM studies of S protein at physiological pH (pH 7.4) and

near-physiological pH (pH 8.0 and pH 6.5). There are several

cryo-EM structures of S protein available at pH 8.0. Therefore,

here our main intention was to characterize the S protein struc-

ture, structural variability, and conformational flexibility at pH

7.4 and pH 6.5. Recombinantly expressed S protein was well

distributed and monodispersed at the three different pH condi-

tions at cryogenic temperature (Figures 1C, S1C, and S1D).

Several high-resolution cryo-EM reconstructions of S protein at

three different pH conditions were obtained around 3.8- to 5.4-

Å resolution (Figures 1D, 2A, 2B, 3A, 3B, and S5B–S5E). The

3D reconstructions of S protein illustrate that the membrane-

proximal S2 region of S protein has 3-fold symmetry, whereas

the S1 region, mainly RBD and NTD of S protein, is highly flexible

and asymmetric. The S2 region of S protein is more stable than

RBD and NTD. Therefore, 3D reconstructions of S protein were

performed without any symmetry to identify the structural vari-

ability of the RBD domain of S protein (Figures S2–S4). We re-

constructed S protein at pH 8.0, and the overall structure was

in agreement with previous reports (Figure 1D) (Walls et al.,

2020; Wrapp et al., 2020). The 3D classification indicated that

at pH 8.0 the overall trend of variability of S protein is around
Structure 29, 834–845, August 5, 2021 835



Figure 1. Negative staining and 2D class av-

erages of S protein at pH 8.0, 7.4, and 6.5,

and 3D reconstruction at pH 8.0

(A) Representative negative-stain image of S

protein.

(B) Representative reference free 2D class averages

of negative-stain images at pH 8.0, 7.4, and 6.5.

Class averages indicate that S protein was stable

and formed a cone-shaped architecture at various

pH conditions. There is no observable aggregation

or distortion due to pH changes. Bottom panel

shows an enlarged view of three different class av-

erages where different orientations and the flexibility

of RBD and NTD are visible (marked by red arrow).

(C) Cryo-EMmicrograph and 2D class averages of S

protein at pH 7.4. Cryo-EM micrographs and 2D

class averages of S protein at pH 6.5 and pH 8.0 are

shown in Figure S1.

(D) 3D reconstruction of 1-RBD up-open and

all-RBD down-closed conformations of S protein at

pH 8.0.

See also Figures S1 and S2.
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61% in the 3-RBD down-closed conformation and 39% in the 1-

RBD up-open conformation (Figures 1D and 4E). As mentioned

earlier, several S protein structures were already characterized

by single-particle cryo-EM at pH 8.0. Therefore, in our study

we concentrated on studying the conformational changes and

dynamics of apo S protein RBD at physiological pH (pH 7.4).

Around 1,187,595 particles from 4,504 micrographs at pH 7.4

were extracted for 2D and 3D classifications. Finally the

723,229 best particles were selected for further 3D classification,

and the dataset was classified into 15 classes with C1 symmetry

to visualize the structural diversity of S protein (Figure S3). Our

3D reconstructions showed 1-RBD up-open states and 3-RBD

down-closed conformations of trimeric S protein, although we

were also able to identify various states of open and closed con-

formations. Structural variability of RBD and NTD of S protein

was observed at pH 7.4 (Figures 2A, 2B, and S3) and pH 6.5 (Fig-

ures 3A, 3B, and S4). Three open-state and two closed-state S

protein structures were determined after 3D classification and

final refinement of the pH 7.4 dataset. The dataset from the

open and closed conformations could be merged separately to

increase the particle number as well as the signal-to-noise ratio

to obtain a higher-resolution structure. Nevertheless, our main
836 Structure 29, 834–845, August 5, 2021
intention was to visualize the conforma-

tional flexibility between different open or

closed conformations of S protein. There-

fore, the dataset from three open and two

closed states of S protein were processed

separately, and we investigated the flexi-

bility and conformational dissimilarity of

the RBD and NTD of all the open and

closed states. Furthermore, phenix.real_

space_refinement was employed to

pinpoint the structural variability of RBD,

and NTD in open as well as closed confor-

mations. Remarkably, we noticed that the

RBD of two closed conformations of S pro-

tein are more than 8 Å displaced from each
other (Figure 2C), and a similar trend was also detected in the

NTD, which was shifted toward S2 from the original conforma-

tion by more than 10 Å (Figures 2C and 2D). However, no signif-

icant movement of the S2 domain between the two different

closed conformations of S protein was observed (Figure 2C),

and minute displacement was observed near the boundary of

the S2 and S1 regions, more precisely at amino acid T696

(0.68 Å) (Figures 2A and 2C). Similar types of displacement

(3.1–10.8 Å) were observed in the recently published cryo-EM

structure of S-hACE2 complex at pH 7.4 (Zhou et al., 2020b),

and displacements were measured at hACE2 molecules.

However, actual displacement occurs in the RBD or NTD of S1

subdomain to accommodate the hACE2 receptor, and move-

ment is observed in hACE2 molecules. This type of inherent flex-

ibility of RBD and NTD is prominent in the current study, which

was performed at pH 7.4 without any hACE2 receptor (Figure 6).

The structural analysis of complete superposition of atomic

model of the S-hACE2 complex with unliganded S protein

demonstrated the structural rearrangement of RBD. More pre-

cisely, conformational modification was highly significant in

two hACE2-binding loop regions (L441, K444, V445, Y449,

P499, T500, and Y505) to accommodate hACE2 (Figure 6).



Figure 2. Cryo-EM 3D reconstruction of S protein at pH 7.4

(A and B) Solid and transparent representation of cryo-EM 3D reconstruction of S protein at pH 7.4. The transparent representation of S protein is fitted with an

atomic model calculated from 3D reconstructions of S protein and PDB: 6vyb (1-RBD up) and PDB: 6zwv (3-RBD down). Yellow spheres represent T696 at the

boundary of S1 and S2 regions. The RBD and NTD of the solid representation of the S protein are colored orange and blue, respectively. At pH 7.4, two 3-RBD

down-closed conformations (A) and three 1-RBD up-open conformations (B) are observed. Distance between RBD and NTD is marked by black curved arrows.

(C) Comparison between two closed states, class 3 (cyan) and class 9 (purple), indicates the movement of RBD and NTD. Only one monomer of both the closed

conformers are superimposed and represented here to visualize the displacement of NTD and RBD. No displacement is noticed in S2 subunit, whereas a major

shift is observed in RBD (marked as red box) and NTD (marked as green box). The enlarged views of RBD and NTD are displayed alongside the full monomer.

Green and red arrows show the displacement between the atomic model of class 3 (cyan) and class 9 (purple).

(D) Comparison between two 1-RBD up-open conformations, class 5 (cyan) and class 8 (purple). Difference in NTD region is shown by green arrows, RBD region

by red arrows, and S2 region by orange arrows. A significant displacement is observed in S2 subunit, RBD, and NTD, marked by orange, red, and green boxes,

respectively. All these three boxed out regions are shown in enlarged view beside the full monomer.

See also Figure S3 and Tables S1–S3.
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This comparison strongly supports the notion that RBD adopts

various conformations at pH 7.4 to accommodate hACE2. Simi-

larly, the structural differences between the three high-resolution

cryo-EM structures of 1-RBD up-open conformation were exam-

ined, whereby three long helices at S2 region in all three open

states were comparatively well aligned and almost identical (Fig-

ure 2B). However, major dissimilarity (>11 Å) was noticed in the
membrane-proximal non-helical part of the S2 region of the

two open states of the S protein structure (Figure 2D). Neverthe-

less, the RBD and NTD in the open conformations are only

shifted �6 Å, leading to a marginal widening of the cavity lining

the RBD and NTD of the open conformations (Figure 4C). There-

fore, our study indicated that the S protein at physiological pH

exists in a variety of conformations in accordancewith previously
Structure 29, 834–845, August 5, 2021 837



Figure 3. Cryo-EM 3D reconstruction of S protein at pH 6.5

(A and B) Solid and transparent representation of cryo-EM 3D reconstruction of S protein at pH 6.5. The transparent representation of S protein is fitted with an

atomic model calculated from 3D reconstructions of S protein and PDB: 6vyb (1-RBD up) and PDB: 6zwv (3-RBD down). Yellow spheres represent T696 at the

boundary of S1 and S2 region. The RBD and NTD of the solid representation of the S protein are colored orange and blue, respectively. At pH 6.5, two 3-RBD

down-closed conformations (A) and two 1-RBD up-open conformations (B) are observed. Distance between RBD and NTD is marked by black curved arrows.

(C) Comparison between the atomic models of two closed (all-RBD down conformation) states, class 2 (cyan) and class 5 (purple), indicates the movement of

RBD and NTD. RBD and NTD are marked by red and green boxes, respectively. Black arrows show the enlarged view of RBD and NTD, where significant

displacement is observed.

(D) Comparison between atomicmodels of two open states, class 4 (cyan) and class 3 (purple). Difference in NTD region is shown by green arrows andRBD region

by red arrows.

See also Figure S4 and Tables S1–S3.
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observed open and closed conformations over a range of pH

values in a recent study (Zhou et al., 2020b). Various extents of

conformational diversity were also detected in the RBD, NTD,

and S2 regions of S protein in up and down conformations.
838 Structure 29, 834–845, August 5, 2021
Our study of the atomic models of open and closed cryo-EM

maps suggested that the RBD region is significantly flexible

and not ordered in the same fashion for all the conformations.

Four different types of neutralizing antibodies have been



Figure 4. Calculation of high-resolution sym-

metric closed states of S protein and mea-

surement of cavity between closed and

open conformers

(A) Solid and transparent representations of cryo-

EM reconstruction of S protein at pH 7.4 with C3

symmetry.

(B) Nineteen glycan chains out of 23 predicted

glycosylation sites are clearly visible in the high-

resolution cryo-EM 3D reconstruction of closed-

state S protein structure. All the glycan chains are

colored green (transparent model). In the solid

model, glycosylation residues are marked in blue.

(C) Cavity between RBD and NTD is marked by blue

color in open and closed conformations at pH 7.4.

(D) Cavity between RBD and NTD is marked by blue

color in open and closed conformations at pH 6.5.

(E) Bar diagram (percentage values ± standard error

of mean) showing distribution of open and closed

conformations of S protein at three different pH

conditions (pH 8.0, 7.4, and 6.5).

See also Figures S2–S4.
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reported so far: neutralizing antibody blocking hACE2 and bind-

ing only to up conformation (such as C105, B38); neutralizing

antibody binding to both up and down conformations at ACE2

site (such as P2B-2F6, Fab 2-4); neutralizing antibody binding

to both up and down conformations other than hACE2 interac-

tion sites (such as S309); and neutralizing antibody binding

only to up conformation without blocking hACE2-binding site
(such as CR3022) (Barnes et al., 2020; Liu

et al., 2020). Antibody-binding sites were

recognized from previous literature and

identified in the atomic models of different

conformations (Figures 5A and 5B). Rela-

tive solvent-accessible surface areas of re-

sidual side chains of atomic models ob-

tained from the three pH studies were

calculated using NACCESS (Hubbard and

Thornton, 1993). Analysis of the RBD indi-

cated varied extent of accessibility of

the antibody-binding epitopes in each

conformer (Figure 5C). Nearly 40 key inter-

acting residues showed remarkable het-

erogeneity in solvent accessibility, which

could indicate the presence of a diverse

population of S proteins at neutral pH that

facilitates elicitation of antibodies to epi-

topes that are buried in the closed confor-

mation of the S trimer.

To obtain new structural information

from our dataset, we imposed C3 symme-

try on the 3D classification of particles to

improve the resolution of only the closed

conformations. Thereby, we refined a 3-

RBD down-closed structure to a resolution

of 3.8 Å (Figure 4A).

Comparison of the resultant closed

structure with a glycosylated full atomic

model (Woo et al., 2020) of S protein re-
vealed that among the 23 predicted sites, our map clearly

showed strong densities for 18 N-linked and 1O-linked glycosyl-

ation sites. We were also able to visualize a previously unob-

served N-linked glycosylation at His625. This also indicates

that 200-kV cryo-EM is capable of achieving a high-resolution

cryo-EM structure of S protein and able to resolve almost all

the glycan side chains of S protein (Figure 4B). Furthermore,
Structure 29, 834–845, August 5, 2021 839



Figure 5. Relative solvent-accessible surface area calculation of each residue side chain at the RBD region

(A) Amino acid residues (marked red) at RBD and NTD regions of 3-RBD down S protein, involved in interactionwith neutralizing antibodies at pH 8.0, 7.4, and 6.5.

(B) Amino acid residues (marked red) at RBD and NTD regions of 1-RBD up S protein, involved in interaction with neutralizing antibodies at pH 8.0, 7.4, and 6.5.

(C) Comparison between relative solvent-accessible surface area of residue side chain at RBD region of closed and open models. Heatmap shows the change of

relative solvent-accessible surface area for residue side chain (%) at the RBD region of closed and open models at pH 8.0, 7.4, and 6.5.
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we noticed that approximately 68%of particles from this dataset

are in 1-RBD up-open states (Figure 4E), suggesting that open S

protein complexes dominate the population at physiological pH

(pH 7.4). Superimposition of RBD-bound ACE2 receptor (PDB:

7A94 [Benton et al., 2020]) with closed and open atomic models

obtained from our dataset reveals steric clashes with adjacent

RBD in closed conformations of S homotrimers making the up

conformation a prerequisite for entry of SARS-CoV2, akin to

SARS-CoV (Gui et al., 2017) (Figure S6). Several past reports

show that mutations stabilize the 2-RBD and 3-RBD up-open

conformations, leading to majorly open forms of S homotrimer

(Henderson et al., 2020; Ke et al., 2020; Korber et al., 2020). It

is interesting that at pH 7.4 we are able to observe nearly 68%

of S protein in a single RBDup conformationwith only two proline

mutations at residues 986 and 987 that are far from the RBD and

unlikely to influence the aforementioned conformational

distribution.
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The membrane-proximal region or stalk of the S protein is also

flexible and adopts multiple conformations. Based on various

conformations of the stalk domain, the orientation of the S1

and S2 domain of the spike head were diverse (Figure S5A).

These results support the recently published cryo-ET structure

and molecular dynamics (MD) data (Ke et al., 2020; Turo�nová

et al., 2020). The stalk showed various lengths and orientations

in all of the 3D reconstructions, affirming the flexible nature of

the stalk (Ke et al., 2020; Turo�nová et al., 2020). Additionally, in

some reconstructions the stalk is exceptionally long (Figures

S3 and S5A), altering the position of the spike head and its dis-

tance from the virion surface. However, we were unable to

resolve the complete stalk domain in all of the high-resolution

structures. The stalk domain was also visible in most of the

high-resolution S protein structure, but the density of stalk ap-

peared at a higher contour level. This also supported our previ-

ous observations that the stalk domain is extremely flexible



Figure 6. Comparison between 1-RBD up single ACE2 bound S protein with 1-RBD up apo S protein at physiological pH

Superimposition of 1-RBD up single ACE2 bound S protein (PDB: 7KNB) and 1-RBD up S protein atomic model from this study (class 5 at pH 7.4). Magnified view

represents the difference in the RBD region (top right) between ACE2 bound and apo S protein. Bottom right panel illustrates good correlation between the

secondary structures of S2 region of former and latter.
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and adopts multiple conformations. Recently published MD

simulation results describe the ‘‘hip,’’ ‘‘knee,’’ and ‘‘ankle’’ of

the stalk region that could be identified in all of the low-resolution

single-particle reconstructions (Turo�nová et al., 2020). Thus,

these single-particle cryo-EM reconstructions showed the

conformational flexibility of stalk domain and spike-head rotation

at different directions relative to the viral membrane. Neverthe-

less, we were unable to find the 60� twist of the stalk domain

(Ke et al., 2020), which might be difficult to identify without the

viral membrane. Single-particle cryo-EM reconstructions of

this study have revealed that the inherent flexibility of the stalk

domain could facilitate various orientations and rotation of the

spike head (Figure S5A).

Cryo-EM reconstruction of S protein of SARS-CoV2 at
pH 6.5
Similarly, cryo-EM reconstruction of S protein at near-endoso-

mal pH 6.5 was investigated to further probe the conformational

flexibilities of RBD and NTD. Similar strategies were imple-

mented for the structural characterization of S protein. We also

calculated the 3D reconstruction and variability of the RBD of

S protein for this particular dataset. We performed 3D classifica-

tions using RELION 3.0 to identify the open and closed confor-

mations of RBD of S protein (Figure S4). An interesting phenom-

enon was noted in the 3D reconstruction, whereby a significant
amount of structural variability was observed in the RBD position

in the closed states of S protein (Figures 3A and 3B). From 3D

classification, two closed states were isolated from the dataset

whereby a compact closed state and a loosely packed closed

state was observed (Figures 3A, 3B, and S4). The NTD of S pro-

tein was shifted outward in the loosely packed S protein. In both

of the closed conformations, the NTD and RBDwere slightly dis-

placed from each other, and overall displacement of the NTD

and RBD was <7.5 Å and <7 Å, respectively (Figure 3C). Howev-

er, no displacement was observed in the S2 domain in both of the

closed states. As denoted by the 3D volumes, outward shift in

the NTD results in concomitant crevice formation between the

adjacent RBDs. This could indicate a plausible intermediate

where transition between a closed to open form commences

(Figure 4D). Therefore, a compact closed state and a loosely

packed closed state of S protein structures indicated that the

RBD and NTD are significantly flexible, like the closed structures

of S protein at pH 7.4. At this same pH two conformations were

identified, whereby 1-RBD up-open conformations were charac-

terized at resolutions of 4.9 Å and 5.44 Å. Due to the low resolu-

tion, we were unable to perform model building to determine the

atomic model of up conformations. However, we calculated the

morph map wherein we observed a significant amount of move-

ment in RBD domain and adjacent NTD between the two 1-RBD

up-open conformations (Figures 3A and 3B). Furthermore, all
Structure 29, 834–845, August 5, 2021 841
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four high-resolution structures (two closed and two open confor-

mations) showed the variable length and orientation of the stalk

domain, which could be designated as the ‘‘hip,’’ ‘‘knee,’’ and

‘‘ankle’’ of the stalk region. These were visible in all of the 3D

reconstructions of S protein at pH 6.5 and control the orientation

of the spike head (Figure S5A).

DISCUSSION

The viral S protein of SARS-CoV2 is one of the primary targets for

vaccine development, and several studies of viral S protein com-

plexed with neutralizing antibodies have been published in the

last couple of months (Du et al., 2009; Elshabrawy et al., 2012;

Jiang et al., 2014; Li et al., 2015; Wang et al., 2020; Ying et al.,

2015; Yu et al., 2015). Several published data also suggest that

coronaviruses are able to mask the receptor-binding site and

employ the glycan chains to protect themselves from the host

immune responses (Walls et al., 2016, 2019, 2020; Xiong et al.,

2017). Many prior studies have pinpointed the structural flexi-

bility and variability of S protein, where RBDs exist in several

discrete conformational states. However, except for a recent

cryo-ET study, most single-particle cryo-EM analyses of recom-

binant S protein reveal that 1-RBD up-open and all-RBD down-

closed conformations of S protein co-exist at pH 8.0 (Walls et al.,

2020; Wrapp et al., 2020). These distinct open conformational

states of RBD are essential for hACE2 receptor engagement

(Figure S6). However, the functional and mechanistic signifi-

cance of 1-RBD up-open and 3-RBD down-closed states is

ambiguous, demonstrating our limited understanding of the

interaction of RBD with hACE2 (Beniac et al., 2006; Gui et al.,

2017; Kirchdoerfer et al., 2016; Pallesen et al., 2017; Shang

et al., 2020; Song et al., 2018; Walls et al., 2016; Yuan et al.,

2017). This raises some important questions. What is the role

of pH? How does pH regulate the conformational changes of S

protein? How flexible are RBD and NTD of S protein? Do inter-

mediate conformations of RBD and NTD exist? In the current

study, we explored the possible existence of several distinct

conformational states of SARS-CoV2 S protein at physiological

pH 7.4 and near-physiological pH 6.5 and pH 8.0.

At all three different pH values, two discrete conformational

states, 1-RBD up-open and all-RBD down-closed conforma-

tions, were observed in this study. However, the percentage of

open and closed conformations varied as a function of pH,

whereby we noticed that around 68% of S protein molecules

exist as an open conformation at pH 7.4 and that the percentage

of closed conformations increases at pH 6.5 and pH 8.0 (Fig-

ure 4E). Most surprisingly, we observed various relative localiza-

tions of RBD and NTD in 1-RBD up and all-RBD down conforma-

tions. Additionally, overall movement and displacement were

observed in both 1-RBD up-open and all-RBD down-closed

conformations captured in our dataset. A similar feature was

also noticed in the NTD, where the NTD is shifted 10 Å toward

the S2 domain (Figures 2C, 2D, 3C, and 3D). Due to this move-

ment of NTD, two distinct open conformations were observed.

In one conformation, NTD is close to RBD, named as a compact

1-RBD up conformation, and in another conformation NTD is

separated from RBD, termed as a loosely packed 1-RBD up-

open conformation. Simultaneously, a movement was also

noticed in both the closed conformations, where NTD moves
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either toward or away from the RBD. This also results in either

a loosely packed or compact closed-state S structure. Both

these conformations indicate NTD and RBD are extremely flex-

ible, even when the majority of the population exists as either

open or closed state. Intermediate, distinct conformational

states of RBD obtained from this study are in accordance with

previous structural characterizations indicating a remarkable

flexible nature of the RBD and NTD (Ke et al., 2020; Melero

et al., 2020; Turo�nová et al., 2020; Walls et al., 2020; Yuan

et al., 2017).

Several previous studies acknowledged that the RBD up

conformation is important for binding with hACE2 (Benton

et al., 2020; Toelzer et al., 2020; Zhou et al., 2020b). Additionally,

it is reported that pH-dependent switches also play a vital role for

switching between open and closed RBD conformations of S

protein. Therefore, it is reasonable that a majority of the S protein

should be in open conformation at physiological pH to accom-

modate the hACE2 receptor. This is indeed observed in our

study, where in the range of 64%–68% S protein molecules

are in the open conformation and available to interact with

hACE2 at pH 7.4. Similarly, a previous study reported that

around 50% of S protein is in open conformation and 41% is un-

defined at pH 5.0 (Zhou et al., 2020b). It was further shown that at

and below pH 4.5, S protein adopts more homogeneous stable

closed conformation. This is supported by our observation of

trends in increasing percentage of closed conformations at pH

6.5 as compared with pH 7.4. Several other published studies

suggest that open-closed conformations of S protein are highly

variable and that 50%–70% of S protein is in open conformation

at pH 8 (Toelzer et al., 2020; Walls et al., 2020; Wrapp et al.,

2020). It is also documented that D830, D839, D843, and D848

and a disulfide bond between C840 and C851 undergo a pH-

induced protonated/deprotonated switch to regulate the open

and closed conformations of S protein. Furthermore, amino

acid residues F833, Y837, A846, L849, and P855 provide extra

stability to one particular S protein conformation through the hy-

drophobic core due to this protonated/deprotonated switch on-

off mechanism (Zhou et al., 2020b). Similar types of change in

conformational distribution are observed in S protein in our study

as the pH is varied from 8.0 to 7.4 to 6.5. A recent computational

study (Warwicker, 2020) discusses the role of ambient pH on the

pKa of D398 in mediating the open-closed RBD equilibrium,

which also intriguingly correlates with our results. Our solvent-

accessibility results also show significant variability in the pack-

ing of amino acid residues with respect to solvent environment,

even with small changes in pH (Figure 5). Therefore, we hypoth-

esize that the distribution of S protein conformationsmay be pre-

cisely orchestrated by a combinatorial impact of pH-regulated

switches that lead to an increased population of 1-RBD up S pro-

tein at physiological pH, conducive to host cell receptor binding,

and a concomitant gradual decrease of open conformations on

either side of neutral pH.

The flexible nature of RBD and NTD undoubtedly will facilitate

the accommodation of drug molecules, large Fab fragments, or

antibodies within the grooves of RBD and NTD. Relative solvent-

accessible surface area of representative amino acids varied

even in different closed conformations, which may result in dif-

ference in antibody interaction. We observed the same in each

open conformation (Figure 5). Therefore, we speculate that there
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is a continuous movement and rearrangement of RBD residues

that could influence the strength of antibodies binding to open

and closed S trimers. From our study, we propose that RBD

and NTD co-exist in various distinct conformational states

even in a predominantly open or closed architecture.

Flexibility of the stalk domain was highlighted in recent cryo-

ET and MD simulation studies (Ke et al., 2020; Turo�nová et al.,

2020). Our single-particle cryo-EM study can distinguish the

aforementioned ‘‘hip,’’ ‘‘knee,’’ and ‘‘ankle’’ arrangement of the

stalk region, which display the rotation of the spike head. There-

fore, the presence of viral membrane is not essential for various

conformational states of the stalk domain, which facilitates the

rotation of the bulky S1 subunit.

The observation of various intermediate conformational states

of the stalk, NTD, and RBD as well as the high proportion of open

conformations at pH 7.4 are the salient highlights of this study.

The high proportion of open conformations at physiological pH

helps explain why it is possible to elicit several neutralizing anti-

bodies that recognize epitopes inaccessible in the closed

conformation (Barnes et al., 2020; Liu et al., 2020). Our future

plan, therefore, is to explore the interaction of drug candidates,

neutralizing antibodies, and hACE2 with S protein at physiolog-

ical pH. This will further assist us to understand the dynamics

of S protein and discover new therapeutics against this disease.
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This paper EMD: 31092
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This paper EMD: 31093

SARS-CoV2 Spike Protein structure at pH

6.5 with C1 Symmetry (Class 4)

This paper EMD: 31094

SARS-CoV2 Spike Protein structure at pH

6.5 with C1 Symmetry (Class 5)

This paper EMD: 31095

SARS-CoV2 Spike Protein structure at pH
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This paper EMD: 31096
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SARS-CoV-2 spike ectodomain structure
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Walls et al., 2020 PDB: 6VYB

(Continued on next page)

e1 Structure 29, 834–845.e1–e5, August 5, 2021



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cryo-EM structure of SARS-CoV-2 Spike

Proteins on intact virions: 3 Closed RBDs

Ke et al., 2020 PDB: 6ZWV

SARS-CoV-2 Spike Glycoprotein with 1
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Zhou et al., 2020b PDB: 7KNB
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System 2.4.0
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact,

Dr. Somnath Dutta (somnath@iisc.ac.in)

Materials availability
This study did not generate new unique reagents.

Data and code availability
Cryo-EM electron density maps of SARS-CoV2 spike proteins have been deposited in Electron Microscopy Data Bank (EMDB). Data

identifier at EMDB for SARS-CoV2 Spike Protein structure at pH 7.4 with C1 Symmetry (Class 3) is EMD: 31096, SARS-CoV2 Spike

Protein structure at pH 7.4 with C1 Symmetry (Class 9) is EMD: 31100, SARS-CoV2 Spike Protein structure at pH 7.4 with C1

Symmetry (Class 5) is EMD: 31097, SARS-CoV2 Spike Protein structure at pH 7.4 with C1 Symmetry (Class 8) is EMD: 31101,

SARS-CoV2 Spike Protein structure at pH 7.4 with C3 Symmetry is EMD: 31098, SARS-CoV2 Spike Protein structure at pH 6.5

with C1 Symmetry (Class 2) is EMD: 31092, SARS-CoV2 Spike Protein structure at pH 6.5 with C1 Symmetry (Class 5) is EMD:

31095, SARS-CoV2 Spike Protein structure at pH 6.5 with C1 Symmetry (Class 4) is EMD: 31094, SARS-CoV2 Spike Protein structure

at pH 6.5 with C1 Symmetry (Class 3) is EMD: 31093, SARS-CoV2 Spike Protein structure at pH 8.0 with C1 Symmetry (Class 1) is

EMD: 31099, SARS-CoV2 Spike Protein structure at pH 8.0 with C1 Symmetry (Class 2) is EMD: 31102.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Expi293F cells (Female fetal kidney cell) were transfected using the manufacturer’s guidelines (Gibco, Thermo Fisher) to purify Spike

ectodomain protein. Passaging of the cells was conducted at a density of 2x106 cells/ml in pre-warmed Expi293F expression media
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(Expi293FTM Expression Medium, Gibco, Thermo Fisher). After 24 hours, a fresh dilution of 4x106 cells/ml was prepared for the

transient transfection with plasmid of interest.

METHOD DETAILS

Purification of recombinant S protein from mammalian cell culture
An S protein construct was prepared containing two proline mutations in the S2 subunit (S-2P) at residues 986 and 987 was synthe-

sized at Genscript, USA (Walls et al., 2020) and expressed under control of a CMV promoter in mammalian cell culture (Expi293F�
Cells, Gibco, Thermo Fisher). Transfection of the mammalian cells (1mg Plasmid DNA per 1ml of Expi293F cells) (ExpiFectamine 293

Transfection kit, Gibco, Thermo Fisher) was performed according to the protocol of Gibco, Thermo Fisher. Culture supernatant was

collected from transfected cells after 5 days and S-2P was purified by immobilized metal affinity chromatography (IMAC) using Ni-

Sepharose 6 Fast flow resin (G-Biosciences). Ni-NTA beads were equilibrated with PBS (pH 7.4) (137 mM Sodium Chloride

(Qualigens), 2.7 mM Potassium Chloride (Sigma Aldrich), 10 mM Di-sodium hydrogen orthophosphate (SD Fine Chemicals),

1.8 mM Potassium di-hydrogen orthophosphate (Qualigens)) followed by incubation with culture supernatant in presence of 1 mM

PMSF (Phenylmethanesulfonyl Fluoride, Sigma Aldrich). The protein was eluted with a gradient concentration of Imidazole

(200 mM – 500 mM) (Imidazole, Sigma Aldrich). The Ni-NTA purified protein was dialysed against Imidazole-free PBS (pH 7.4) using

dialysis membrane (14 kDa cutoff, Merck). The His-tag from S protein was removed by HRV-3C protease digestion (HRV-3C clone

synthesized at Genscript, USA, purified in-house). Extended protocol is described in recent literature (Malladi et al., 2020). Initially, S

protein was purified in PBS buffer at pH 7.4. The protein was dialysed (Amicon Ultra-15 Centrifugal filter unit 100K, Dialysis Tubing

Cellulose Membrane 14 kDa cutoff, Merck) with 25 mM Tris (pH 8.0, 7.4 and 6.5) (Tris Base, HiMedia) and concentrated (Amicon

Ultra-4 Centrifugal filter unit 10K, Amicon Ultra-0.5 Centrifugal filter unit 100K) for cryo-EM grid freezing at 250C.

Sample preparation for negative staining transmission electron microscope
S protein samples at three different pH conditions (pH 8.0, pH 7.4 and pH 6.5) were analysed for overall homogeneity and distribution

using conventional Negative Staining (NS) TEM. Carbon coated Cu grids (EM grid, 300 mesh, Electron Microscopy Sciences) were

glow discharged for 30 sec and 3.5 ml of samples (0.1mg/ml) were added and incubated on the grid for 1.5 min. Excess buffer was

blotted and negative staining was performed using 1% uranyl acetate (Uranyl Acetate 98%, ACS Reagent, Polysciences, Inc.). The

samples were checked, and data acquisition was performed at room temperature using a 120 kV Tecnai T12 electron microscope.

Data were collected at 120 kV using side-mounted Olympus VELITA (2Kx2K) CCD camera calibrated pixel size as 2.96 Å/pixel.

Negative staining TEM data processing
The evaluation of micrographs was done with EMAN 2.1 (Tang et al., 2007). Particles were picked manually as well as automatically.

Particle co-ordinates were extracted using e2boxer.py in EMAN2.1 software. Reference free 2D classification of different projections

of particle were performed using RELION 2.0 (Scheres, 2012).

Cryo-EM sample preparation and data collection
R1.2/1.3 300 mesh gold grids (Quantifoil) (Electron Microscopy Sciences) were glow discharged for 130 seconds at 20 mA before

sample preparation. Freshly prepared S protein samples (3 ml) at three different pH conditions (pH 8.0, pH 7.4 and pH 6.5) were added

to the glow discharged grids, incubated for 10 seconds, followed by blotting for 7.5 seconds at 100% humidity and then quickly

plunged into liquid ethane using FEI Vitrobot IV plunger.

Cryo-EM data acquisition
Cryo-EM data acquisition was performed using Thermo Scientific� Talos Arctica transmission electron microscope at 200 kV equip-

ped with K2 Summit Direct Electron Detector. Images were collected automatically using LatitudeS automatic data collection soft-

ware (Gatan Inc) at nominal magnification 42000x at the pixel size 1.17Å at specimen level. Total electron dose of about 80 e-/Å2 at

the defocus range of �0.75 mm and �2.25 mm and calibrated dose of about 4 e-/Å2 per frame was subjected to the specimen. Data

were recorded for 8 sec for a total of 20 frames. Around 2405, 4504 and 3166 movies were collected for S protein at pH 8.0, pH 7.4

and pH 6.5, respectively, for further data processing (Table S1).

Cryo-EM data processing
Data processing was primarily performed using RELION 3.0 (Scheres, 2012). Initially, beam-induced motion correction of the indi-

vidual movies was performed using MotionCor2 software (Li et al., 2013). All the motion-corrected micrographs were manually

screened using cisTEM software package (Grant et al., 2018), and the best micrographs were considered for further processing.

Contrast transfer function (CTF) was estimated using CTFFIND 4.1.13 (Rohou and Grigorieff, 2015). Initially, particles were manually

picked using RELION 3.0 for all three different pH (pH 8.0, pH 7.4 and pH 6.5) followed by 2D classification. Best 2D class

averages were then selected as template for auto-picking for all three datasets. Automatically picked particles were extracted

with box size 256 pixel, calibrated pixel size of 1.17 Å. Several rounds of 2D classification were run subsequently to clean all three

datasets (Figures S2–S4). Around 10% particles from best 4-5 class averages were selected for ab-initio model generation. After
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several rounds of 2D classification, about 303,194 (for pH 8.0), 723,229 (for pH 7.4), and 330,534 particles (for pH 6.5) were selected

for 3D classification without imposing any symmetry (C1) (Figures S2–S4).

For pH 8.0, 303194 particles were selected for subsequently three rounds of 3D Classification without imposing any symmetry (C1)

to distinguish different S protein conformation (with Tikhonov regularization parameter 3) using RELION 3.0. Finally, two different

conformations were observed - (i) 1-RBD up (34904 particles) and (ii) 3-RBD down (54153 particles) (Figure S2).

For pH 7.4, 723,229 particles were selected for 3D Classification without imposing any symmetry (C1) to distinguish different S

protein conformation into 15 classes (with Tikhonov regularization parameter 3) using RELION 3.0. After first round of 3D classifica-

tion, two 1-RBD up conformation (Class 5 – 217396 particles and Class 8 – 140411 particles) and two 3-RBD down conformation

(Class 3 – 85701 particles and Class 9 – 132606 particles) were observed (Figure S3). Other 11 classes from first round of 3D

Classification weremerged (147115 particles) for another round of 3D Classification without imposing any symmetry (C1) to separate

different conformations using RELION 3.0. Second round of 3D Classification resulted three 1-RBD up model (Class 3 – 31199 par-

ticles, Class 4 – 22068 particles and Class 6 – 62109 particles) and one 3-RBD down model (class 1- 11150 particles) (Figure S3).

To achieve a high-resolution model, at pH 7.4, 723229 particles were again selected for 3D classification with C3 Symmetry using

RELION 3.0. 3D Classification resulted one 3-RBD down model (347752 particles) (Figure 4A).

For pH 6.5, 330534 particles were selected for 3D classification without imposing any symmetry (C1) (with Tikhonov regularization

parameter 3) to observe different S-protein conformation. 3DClassification result showed two 1-RBD upmodel (Class 3 – 49730 par-

ticles and class 4 – 94237particles) and two 3-RBD downmodel (Class 2 – 78742 particles and Class 5 – 87829 particles) (Figure S4).

3D auto-refinement was carried out for best classes obtained from 3D classification for all three datasets (pH 8.0, pH 7.4 and pH

6.5) using soft mask in RELION 3.0. Followed by 3D auto-refinement, per particle defocus refinement with correcting beam tilt were

done for each model from all three dataset (pH 8.0, pH 7.4 and pH 6.5). Particles were subjected for Bayesian polishing followed by

another round of 3D auto-refinement with polished particle set (for all different models of pH 8.0, pH 7.4 and pH 6.5) using

RELION 3.0.

Cryo-EM map sharpening and local resolution estimation
3D auto-refined maps were sharpened using RELION 3.0 and PHENIX (Adams et al., 2010). Fourier shell correlation (FSC) were

estimated for all the maps (at pH 8.0, pH 7.4 and pH 6.5) at 0.143 (Figure S5B). Local resolution estimation was performed using

unfiltered auto refine maps with ResMap (Kucukelbir et al., 2014) (Figures S5C–S5E).

Real space refinement and structural assessment
Cryo-EMmaps were docked with PDB: 6vyb (Walls et al., 2020) – for 1 RBD up and PDB: 6zwv (Ke et al., 2020) - 3 RDB down). PDB:

6vyb and PDB: 6zwv models were used as initial model for phenix.dock_in_map in PHENIX. The resultant model was refined with

phenix.real_space_refine with respect to the cryo-EM map in PHENIX. The structural assessment of the final phenix.real_space_r-

efine model was done in PHENIX (Table S2). The phenix.real_space_refine models at pH 7.4 (both C1 and C3 symmetry) and pH 6.5

were fitted to respective cryo-EM density maps using UCSF Chimera (Pettersen et al., 2004). Further,

phenix.real_space_refine models at pH 7.4 and pH 6.5 were aligned separately using UCSF Chimera to evaluate the difference

between 1-RBD up and 3-RBD down conformations of S at different pH.

EMRinger scores and RMSD calculation
Cryo-EM maps were sharpened and atomic models were refined in PHENIX (Adams et al., 2010). EMRinger scores (Barad et al.,

2015) for all cryo-EM maps were calculated using PHENIX. RMSD (aligning Ca) between different conformational states atomic

models were calculated using PyMOL (Table S3). All structural analyseswere performed using USCFChimera (Pettersen et al., 2004).

Solvent accessible surface area calculation of each residue at RBD region
Solvent Accessible Surface Area (SASA) of each conformer was calculated through NACCESS (http://wolf.bms.umist.ac.uk/

naccess/). Relative solvent accessible surface area calculation of each side chain residue was calculated with atomic models at

pH 7.4, 6.5 and 8.0 to identify the possibility of neutralizing antibody binding. The solvent accessibility of each residue was calculated

using the NACCESS program (http://wolf.bms.umist.ac.uk/naccess/). Representative amino acids responsible for neutralizing anti-

body binding are marked in the atomic model (monomer) using PyMOL (The PyMOL Molecular Graphics System, Version 2.0

Schrodinger, LLC.). The difference of relative solvent accessibility of neutralizing antibody binding site of different cryo-EM models

represented in a heatmap generated using R (https://www.r-project.org/).

Identification of glycosylation residues
Cryo-EM map generated with C3 symmetry at pH 7.4 was docked with 6VXX_1_1_1 (Woo et al., 2020) using UCSF Chimera. The

glycosylated residues were identified in the cryo-EM map and marked.

QUANTIFICATION AND STATISTICAL ANALYSIS

The best cryo-EM movies from pH 6.5, 7.4, and 8.0 were selected for beam-induced motion correction and beam-induced motion

correction were performed using MotionCor2 software (Li et al., 2013). Micrographs were screened using cisTEM software package
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(Grant et al., 2018) and high-resolution (3.7-6Å) data were selected for image processing. CTF parameters were calculated for all the

micrographs using CTFFIND 4.1.13 (Rohou and Grigorieff, 2015). Cryo-EM data processing was carried out using RELION 3.0

(Scheres, 2012) as described in ‘‘Cryo-EM data processing’’ section. Particles sorted into different classes using relion_refine 3D

classification were used to determine the percentage of 1-RBD up and 3-RBD down conformations of S protein. Cryo-EM maps

were sharpened using RELION 3.0 and PHENIX (Adams et al., 2010). Local resolution for high resolution maps were estimated using

ResMap (Kucukelbir et al., 2014). Real space refinement was carried out in PHENIX (Adams et al., 2010). All the cryo-EM maps and

PHENIX refined models were visualized in UCSF Chimera (Pettersen et al., 2004) and PyMOL (Schrödinger, 2021).

RMSD values (aligning Ca) were calculated using PyMOL (Schrödinger, 2021). Solvent Accessible Surface Area (SASA) was calcu-

lated using NACCESS (http://wolf.bms.umist.ac.uk/naccess). The Heatmaps for SASA results were generated using R (https://www.

r-project.org/). EM Ringer scores were calculated in PHENIX (Adams et al., 2010). The details was described in Cryo-EM map

assessment.
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