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The SARS-CoV-2 spike glycoprotein (spike) mediates viral entry by binding

ACE2 receptors on host cell surfaces. Spike glycan processing and cleavage,

which occur in the Golgi network, are important for fusion at the plasma

membrane, promoting both virion infectivity and cell-to-cell viral spreading.

We show that a KxHxx motif in the cytosolic tail of spike weakly binds the

COPb’ subunit of COPI coatomer, which facilitates some recycling of spike

within the Golgi, while releasing the remainder to the cell surface. Although

histidine (KxHxx) has been proposed to be equivalent to lysine within

di-lysine endoplasmic reticulum (ER) retrieval sequences, we show that

histidine-to-lysine substitution (KxKxx) retains spike at the ER and prevents

glycan processing, protease cleavage, and transport to the plasma membrane.

Keywords: COPI coatomer; COVID-19 SARS-CoV-2; di-lysine motif; ER

retrieval signal; spike glycoprotein

The spike glycoprotein (spike) of severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) has gar-

nered significant attention since the outbreak of a

pandemic (COVID-19) in early 2020 due to its impor-

tance in viral pathogenesis and immune response [1].

As of April 2021, all vaccines with emergency use

authorization for COVID-19 target spike by provid-

ing host cells with a genetic transcript (mRNA or

adenovirus) that ribosomes translate into a mutated

spike protein. However, how nascent spike protein

gets processed and traffics within the cell remains

unclear.

Spike is a type I transmembrane protein with a sig-

nal peptide that is initially synthesized in the cyto-

plasm. The rest of the protein, including the receptor

binding domain, is then cotranslationally translocated

into the lumen of the endoplasmic reticulum (ER)

while leaving a 39 aa cytoplasmic tail (C-tail) that is

anchored by a C-terminal transmembrane domain [2].

This inactive precursor polypeptide acquires up to

22 N-linked high-mannose glycan chains in the ER

that are further processed to complex glycans in the

Golgi [3]. Unlike spike from SARS-CoV, CoV-2 spike

is further processed by cleavage at a multibasic site

into S1 and S2 subunits by either furin at the trans-

Golgi network (TGN) [4,5], or by another proprotein

convertase [6]. Although the S1 and S2 subunits

remain noncovalently bound, this first cleavage step

likely primes them for binding with angiotensin I-

converting enzyme 2 (ACE2) at new host cell surfaces

and for subsequent cleavage of S2 by transmembrane

serine protease 2 (TMPRSS2) into an S2’ fragment [7].

During initial processing, after S1-S2 cleavage, spike

then either recycles back to the ER-Golgi intermediate

compartment (ERGIC) for assembly into SARS-CoV-

2 virions or traffics to the plasma membrane of the

host cell where it mediates cell–cell fusion, spreading

the viral infection.

Abbreviations

C-tail, C-terminal cytoplasmic tail; ER, endoplasmic reticulum; ERRS, ER retrieval signal; SARS-CoV-2, Severe Acute Respiratory Syndrome

Coronavirus 2.

1758 FEBS Letters 595 (2021) 1758–1767 ª 2021 Federation of European Biochemical Societies

https://orcid.org/0000-0002-7255-2715
https://orcid.org/0000-0002-7255-2715
https://orcid.org/0000-0002-7255-2715
https://orcid.org/0000-0002-6417-4478
https://orcid.org/0000-0002-6417-4478
https://orcid.org/0000-0002-6417-4478
https://orcid.org/0000-0003-3347-5013
https://orcid.org/0000-0003-3347-5013
https://orcid.org/0000-0003-3347-5013
mailto:


Much of our understanding of the Golgi recycling

of SARS-CoV-2 spike is based on previous studies

with spike protein from SARS-CoV [8–11]. There is

only one amino acid difference between the C-tails of

spike from SARS-CoV-2 and SARS-CoV, Cys1247 vs

Ala1229, respectively. Faced with an ongoing pan-

demic, scientists are rapidly studying spike and a

recent publication did partially address the trafficking

itinerary of SARS-CoV-2 spike in the context of the

viral envelope (E) and membrane (M) proteins [12].

Together, these previous studies identified an ER

retrieval motif in the C-tails of both SARS-CoV and

SARS-CoV-2, and for SARS-CoV demonstrated inter-

action with whole COPI coatomer complex. In addi-

tion, the histidine reside within this motif has been

proposed as functionally equivalent to lysine, which is

present in the canonical KxKxx ER retrieval signals

(ERRS) of many endogenous human ER type I trans-

membrane proteins [9,13]. Given that SARS-CoV-2

spike alone is the basis for currently available COVID-

19 vaccines, we chose to study its trafficking in the

absence of viral envelope and membrane proteins.

Here, we present data showing that in the context of

SARS-CoV-2 spike, a histidine-to-lysine substitution

within the KxHxx motif changes the steady-state dis-

tribution of spike from the Golgi to the ER and pre-

vents protease cleavage, glycan processing, and

transport to the plasma membrane. We also determine

to which subunit within COPI coatomer SARS-CoV-2

spike binds, namely the COPb’ subunit.

Materials and methods

Cell lines

HeLa and HEK 293 cell lines were maintained in Dul-

becco’s modified Eagle medium (Life Technologies, Carls-

bad, CA, USA) containing 0.11 g�L�1 sodium pyruvate

and 4.5 g�L�1 glucose, supplemented with 10% (vol/vol)

FBS (Atlanta Biologicals, Flowery Branch, GA, USA),

100 000 U�L�1 penicillin, 100 mg�L�1 streptomycin (Life

Technologies, Carlsbad, CA, USA), and 2 mM L-glutamine

(Life Technologies, Carlsbad, CA, USA).

DNA constructs

Using the Tac-TGN38 C-tail chimera cDNA clone that

was kindly provided by Ruben Aguilar (Purdue Univer-

sity), the native Tac C-tail was restored by QuickChange

mutagenesis. To make the Tac-spike C-tail chimera, a 138

nucleotide Ultamer Duplex (IDT, Coralville, IA, USA)

was synthesized with a 50 XbaI site and a 30 BamHI site.

TAC-TGN38 cDNA was then cut with the same two

enzymes as described [14], and the TGN38 C-tail was

replaced with the double-digested Ultramer. QuickChange

mutagenesis generated mutant Tac-spike cDNA constructs.

The various GST-peptide cDNA constructs were made syn-

thesizing Ultramers with a 50 EcoRI site and a 30 XhoI site

and ligated into double-digested pGEX5X3 vector cut with

the same enzymes. The codon-optimized full-length spike

cDNA (Plasmid #145032) in pCDNA3.1 was purchased

from Addgene (Watertown, MA, USA). This cDNA

encodes a 1D4 epitope at the C terminus of spike. To

avoid any unnecessary perturbations to the trafficking itin-

erary of spike, this additional sequence was removed by

swapping an approximately 900 bp BbvCI/XhoI PCR frag-

ment into the cDNA to restore the untagged, native 30

end. The C-tail mutants in the full-length spike were gener-

ated in a similar way using mutant reverse primers. The

COPa-myc and COPb’-myc cDNA clones have been

described [15]. All cDNA constructs were verified by San-

ger sequencing.

Antibodies and reagents

The following antibodies were used in this study: anti-spike

1A9 mouse monoclonal antibody (Cat #GTX632604) from

GeneTex (Irvine, CA, USA), anti-giantin rabbit polyclonal

antibody (Cat #924302) from BioLegend (San Diego, CA,

USA), anti-Tac 7G7/B6 mouse monoclonal antibody (Cat

#05-170) from Millipore-Sigma (St. Louis, MO, USA),

anti-b-COP rabbit polyclonal antibody (Cat #ab2899) from

Abcam (Cambridge, MA, USA), anti-d-COP rabbit poly-

clonal antibody (Cat #PA5-21484) from Life Technologies,

Carlsbad, CA, USA, anti-GGA2 mouse monoclonal (Cat

#612612) from BD Biosciences (San Jose, CA, USA), anti-

HA mouse monoclonal antibody (Cat #MMS-101P) from

Covance (Princeton NJ, USA), anti-Flag mouse mono-

clonal antibody (Cat #200472-21) from Agilent (Santa

Clara, CA, USA), and anti-myc 9E10 mouse monoclonal

antibody from Development Studies Hybridoma Bank

(Iowa, City, IA, USA). The anti-µ1 polyclonal antibody

RY/1 was kindly provided by the late Linton Traub

(University of Pittsburgh School of Medicine, Pittsburgh,

PA, USA). Endo H and PNGase F were purchased from

New England BioLabs (Ipswich, MA, USA), while jetOP-

TIMUS transfection reagent was from Polyplus (Illkirch,

France).

Protein expression, purification, and GST

pull-down assays

All GST-fusion proteins were expressed in the

Escherichia coli strain BL-21 (RIL) (Agilent) and purified

as described previously [16]. 50 µg of each fusion protein

was immobilized on glutathione superflow agarose beads,

and the binding assays were performed essentially as

described [16] using either untransfected HEK 293 cell

lysates, or cells transfected with the indicated cDNAs.
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Immunoblotting

Proteins resolved by sodium dodecyl sulfate (SDS)/poly-

acrylamide gel under reducing conditions were transferred

to nitrocellulose membrane and detected with antibodies as

described in the figure legends. Equal amounts of whole-

cell extract were loaded on the gels.

Immunofluorescence microscopy

To determine the subcellular localization of the TAC chi-

meras or spike glycoprotein, the various constructs were

transfected into HeLa cells on sterile glass coverslips using

jetOPTIMUS transfection reagent according to the manu-

facturer’s protocol. Cells were fixed the following day with

4% formaldehyde (Sigma-Aldrich) for 10min, permeabi-

lized, and blocked with PBS containing 0.4% (v/v) Triton

X-100% and 2% immunoglobulinG-free BSA (Jackson

ImmunoResearch) for 1 hr, and then probed with the indi-

cated antibodies in PBS containing 0.1% Triton X-100%

and 0.5% BSA. Following fluorophore-conjugated sec-

ondary antibody treatment and washing, the processed cells

were mounted in ProLong� Glass antifade mounting med-

ium (Life Technologies, Carlsbad, CA, USA), and the

images were acquired with an LSM880 confocal microscope

(Carl Zeiss Inc., Peabody, MA, USA). Images were ana-

lyzed by IMAGEJ software (NIH, Bathesda, MD, USA).

Results

Replacement of the ER retrieval signal (ERRS)

histidine with lysine prevents spike from being

transported to the plasma membrane

The 39 amino acid cytosolic tail of SARS-CoV-2 spike

differs from that of SARS-CoV at only one position,

namely a cysteine for alanine substitution at amino acid

1247 (Fig. 1A, underlined cysteine). While others have

studied the effect of mutating both the lysine and his-

tidine residues to alanine in the C-terminal
1251KLHYT1255 of SARS-CoV [9–11], or deleting the

last 19 aa of SARS-CoV-2 [12], the consequence of a

H1271K change, generating a canonical ERRS, has not

been previously reported. In order to assess the behav-

ior of mutant SARS-CoV-2 spike harboring a canonical
1269KLKYT1273 motif [17], we initially made a Tac chi-

mera containing the 39 amino acid SARS-CoV-2 spike

C-tail, similar to constructs used to test SARS-CoV

spike [9]. The 1269KLHYT1273 sequence within this chi-

mera was then mutated to 1269KLKYT1273 or
1269ALAYT1273 (Fig. 1A). A Tac-Tac construct having

the native C-tail of Tac, which lacks an ERRS, is

known to traffic to the cell surface [18]. Confocal

immunofluorescence microscopy for Tac or the Golgi

marker giantin reveals Tac-Tac and Tac-ALAYT to be

predominantly on the plasma membrane with little

overlap with giantin. Tac-KLHYT showed both plasma

membrane and Golgi localization (Fig. 1B), in agree-

ment with published work for SARS-CoV [9]. In con-

trast, Tac-KLKYT displayed a cytoplasmic reticular

pattern typical of the ER with no apparent surface

staining (Fig. 1B). To detect Tac only on the cell sur-

face, the immunofluorescence was repeated without per-

meabilizing cells. Cell surface localization was observed

for Tac-Tac, Tac-KLHYT, and Tac-ALAYT, but not

Tac-KLKYT (Fig. 1C). This indicates that the C-tail of

SARS-CoV-2 alone with a H1271K substitution is suffi-

cient and very effective at retaining or recycling Tac to

the ER.

Since the histidine-to-lysine substitution elicited such

a marked change in cellular localization of the Tac chi-

mera, we next asked if a similar redistribution from

plasma membrane to ER would also be seen with

untagged, native, full-length spike, which in HEK 293

cells has been shown to form a homotrimer [19], likely

not present in our Tac chimeras. Confocal immunoflu-

orescence microscopy of HeLa cells expressing

untagged WT, 1269
KLKYT1273, or 1269

ALAYT1273 full-

length spike constructs showed only WT spike and the
1269ALAYT1273 mutant on the cell surface (Fig. 2A,B),

whereas the 1269KLKYT1273 mutant was predominantly

ER (Fig. 2A) with no plasma membrane staining in

nonpermeabilized cells (Fig. 2B), similar to the Tac

chimera.

Replacement of the ERRS histidine with lysine

enhances binding of spike C-tail to COPa and

COPb’

The canonical KxKxx motif and its variant KxHxx

have both been shown to immunoprecipitate COPI

coatomer complex from whole-cell lysates [9,13,20]. As

reported for SARS-CoV spike [9], the SARS-CoV-2

spike C-tail fused to GST (Fig. 3A) also bound COPI

coatomer complex (probed for endogenous COPIb and

COPId subunits) from untransfected whole-cell lysate

but not the clathrin adaptor GGA2 (Fig. 3B). Since

di-lysine-based motifs are known to specifically inter-

act with the COPa and/or COPb’ subunits of COPI

coatomer [21], we questioned whether the KxHxx

motif of spike also bound these subunits. Individual

myc-tagged COPa and COPb’ subunits of COPI coat-

omer were expressed in HEK293 cells, and cell lysates

were used to performed pull-down assays with various

purified GST C-tail fusion constructs (Fig. 3A). A

control, GST UGT2B15 tail, with overlapping KxKxx

and KKxx motifs (Fig. 3A) bound both coatomer
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subunits robustly (Fig. 3C, lane 6). In contrast, the

GST SARS-CoV-2 spike WT C-tail only weakly

bound COPb’ and not at all to COPa. As expected,

the H1271K substitution within spike, which created a

canonical KxKxx motif, resulted in strong binding of

both COPb’ and COPa (Fig. 3C). To rule out interac-

tion with other tail regions, an AxAxx mutation within

GST SARS-CoV-2 spike tail was tested and totally

abrogated binding (Fig. 3C, KH?AA). In addition to

the COPb’/a/e subcomplex, the seven subunits of

COPI form two other subcomplexes: COPb/d and

COPc/f. Binding to these subcomplexes was tested by

coexpressing epitope-tagged subunits in Sf9 cells [15]

and GST pull-down. The GST SARS-CoV-2 spike C-

tail did not bind to either COPb/d or COPc1/f1 hemi-

complexes, or to COPe alone beyond background level

(Fig. 3D).

Inspection of the SARS-CoV-2 spike C-tail amino

acids (Fig. 1A) revealed the presence of a DEDD-

SEPVL sequence reminiscent of the [D/E]XXXL[L/I]

motif that binds the c/r1 and a/r2 hemicomplexes of

clathrin adaptors AP1 and AP2, respectively [22–24].
In addition, the acidic cluster could also potentially

bind the µ subunit of AP-1 [25]. However, pull-down

experiments with c/r1 and a/r2 (Fig. 3E), or b1/µ1
(Fig. 3F) showed no binding of GST spike WT C-tail

to any of these subunits of AP-1 and AP-2, whereas

the control GST-LRP9 and GST-YSKV peptide

fusions bound as expected (Fig. 3E,F) [23].

Finally, we asked how the spike C-tail from two

other viruses compared with SARS-CoV-2. For this,

we chose the spike C-tails of Middle East Respiratory

Syndrome (MERS) coronavirus and porcine epidemic

diarrhea virus (PEDV). Pull-down assays with GST

MERS spike C-tail and GST PEDV spike C-tail

showed that GST MERS spike C-tail, like GST

SARS-CoV-2 spike C-tail, bound weakly to COPb’
and not at all to COPa (Fig. 3G). GST PEDV spike

C-tail, on the other hand, bound COPb’ as well as

GST UGT2B15, with only trace binding to COPa.

Replacement of the ERRS histidine with lysine

prevents spike cleavage and glycan processing

Our immunofluorescence data showing that spike with

the ERRS histidine mutated to lysine does not traffic

Fig. 1. Analysis of Tac-SARS-CoV-2 spike

C-tail chimeric proteins in HeLa cells. (A)

Schematic representation of full-length Tac

with its native C-tail, or the C-tail replaced

with WT or mutant SARS-CoV-2 spike C-

tail. Sequence of SARS-CoV-2 spike C-tail

is shown with the one amino acid

different from SARS-CoV spike underlined.

(B) Confocal immunofluorescence images

of transfected HeLa cells, permeabilized

and stained for Tac (green) and the Golgi

marker protein giantin (red). (C) HeLa cells,

treated as in (B), but without

permeabilization to detect only surface

localized Tac-spike chimeras (green).
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to the plasma membrane suggest that mutant spike

may be efficiently recycled back to the ER via COPI

vesicles without ever reaching the TGN, where the

protease furin and other glycan processing enzymes

reside. To test this possibility, HEK293 cells were

transfected with either WT, KH?KK, or KH?AA

full-length spike, and cell lysates were tested for cleav-

age and glycan processing by immunoblotting with an

anti-spike S2 subunit antibody. WT spike (Fig. 4, lane

1) and KH?AA spike (lane 7) showed similar bands

representing uncleaved, glycosylated precursor

(S1S2Glyco) and cleaved S2 fragments (S2Glyco). In con-

trast, in cell lysates with KH?KK spike only the

uncleaved, glycosylated precursor was detected (lane

4), suggesting that this mutant never reached the TGN

for furin cleavage.

Endoglycosidase H (Endo H) only removes high-

mannose, N-linked glycan side chains whereas peptide-

N-glycosidase F (PNGase F) removes all N-linked sug-

ars. The glycan status of the three spike constructs

was compared using these enzymes. The glycosylated

precursors of all three spike constructs shifted similarly

when treated with Endo H or PNGase F (compare

lanes 2 & 3, 5 & 6, and 8 & 9), suggesting that all

three precursors are similarly N-glycosylated and con-

tain high-mannose glycans. However, the S2 fragment

of WT spike is mostly Endo H resistant (lane 2, ratio

S2Glyco to S2 bands) indicating complex glycan side

chains processing within the Golgi. In contrast, the S2

fragment of KH?AA spike was only partially Endo

H resistant (lane 8, ratio S2Glyco to S2 bands). This

may reflect the ability of WT spike to recycle within

the Golgi developing complex, Endo H-resistant gly-

can side chains versus KH?AA spike which may

traverse the Golgi once before being transported to the

plasma membrane. Importantly, the S2 fragment was

not detected with the KH?KK mutant, even with a

long exposure, indicating the failure of this mutant to

undergo cleavage.

Discussion

The data presented in this study provide an explana-

tion for why SARS-CoV-2 uses a histidine instead of a

lysine within the C-tail of spike. Replacement of the

histidine with a lysine not only prevented transport of

spike to the plasma membrane but also prevented pro-

teolytic cleavage of spike precursor into S1 and S2

fragments necessary for fusion [7]. This cleavage is, for

the most part, performed by furin at the TGN [4,5],

although the requirement for furin is not absolute

since some cleavage, presumably mediated by another

protease, still occurs in a furin knockout cell line [6].

Although its identity is unknown, this secondary spike

protease likely resides later in the Golgi trafficking

pathway as the efficiently recycled KxKxx spike

showed no cleavage even at long exposures (Fig. 4).

Cleavage at the multibasic site is critical not only

for priming of SARS-CoV-2 spike on assembled viri-

ons to mediate viral entry, but also allows for the cell-

to-cell spreading of infectivity in a virion-independent

manner [6]. In the presence of furin inhibitors,

uncleaved spike can incorporate into virions but can-

not serve as a substrate for cleavage by TMPRSS2 fol-

lowing attachment of spike to ACE2 at the plasma

membrane [4]. We propose that SARS-CoV-2 spike

includes a histidine instead of lysine to achieve TGN

cleavage and glycan processing while maintaining

Fig. 2. Subcellular distribution of

untagged, full-length WT SARS-CoV-2

spike and C-tail mutants in HeLa cells. (A)

HeLa cells were transfected with the

indicated constructs. After 24 h, cells

were fixed, permeabilized, and

immunostained with anti-spike (green) and

for the Golgi marker protein giantin (red).

(B) HeLa cells, treated as in (A), but

without permeabilization to detect only

surface localized full-length spike

constructs (green).
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dual-targeting to both the ERGIC, by recycling back

for virion assembly, and trafficking to the PM, for

cell-to-cell infection. However, it is possible that in the

presence of membrane and envelope viral proteins,

spike assembly into a virion could also occur prior to

cleavage and glycan processing, in which case, spike

Fig. 3. The SARS-CoV-2 spike C-tail binds

the COPI b’ subunit. (A) The indicated

cytoplasmic C-tails were cloned

downstream of GST and expressed and

purified from bacteria. (B) HEK293 whole-

cell lysate (input) was incubated with WT

SARS-CoV-2 spike tail or GST, to control

for nonspecific binding. Proteins in the

pellet fraction were immunoblotted for

endogenous COPb and COPd subunits

and the monomeric clathrin adaptor GGA2.

(C) GST pull-downs were performed

similar to (B) except HEK293 cells were

transfected with either full-length, human

COPb’-myc, or COPa-myc before

preparing whole-cell lysate. Blots were

probed with anti-myc antibody. (D) GST

pull-downs performed similar to (B) except

using Sf9 insect cell lysates expressing

COPI hemicomplexes b-HA/d (probed with

anti-HA) or c1-Flag/f1 (probed with anti-

Flag), or COPe-ProtC alone. (E &F) GST

pull-downs performed using Sf9 insect cell

lysates expressing the clathrin adaptor

hemicomplexes AP-1 c1-HA/r1 (probed

with anti-HA), AP-2 a-HA/r2 (probed with

anti-HA), or AP-1 b1/µ1 (probed for µ1). (G)

GST pull-downs performed similar to C

with other viral spike tails and probed with

anti-myc antibody.
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modification would need to happen as the preassem-

bled virion traffics through the Golgi.

One open question that remains is why the KxHxx

motif of SARS-CoV-2 only weakly pulled down

COPb’ whereas the corresponding KxHxx tail from

PEDV strongly bound COPb’ and even a little to

COPa (Fig. 3G). This suggests that the histidine is not

always suboptimal for binding COPI subunits. The

identity of the x residues within the KxHxx motif, as

well as upstream amino acids within these viral spike

C-tails, can likely enhance or reduce binding affinity.

We have demonstrated that the terminal methionine

residue within the cytosolic tail of cation-dependent

mannose phosphate receptor (CD-MPR,

. . .DDHLLPM) strongly inhibits binding of the

DxxLLxx motif to Golgi-localizing, c-adaptin ear

Fig. 4. SARS-CoV-2 spike C-tail requires KxHxx for cleavage and glycan processing. (A) Molecular weight estimates for various SARS-CoV-2

spike fragments after signal peptide removal were calculated. The number of glycan sites in spike has been published [3]. (B) Whole-cell

lysates from HEK293 cells expressing full-length SARS-CoV-2 WT, KxKxx, or AxAxx spike proteins were either untreated, treated with Endo

H, which removes high-mannose but not complex N-linked glycans, or treated with PNGase F, which removes all N-linked glycans. Glyco

indicates glycosylated bands. Immunoblots were probe with an antibody against the spike S2 fragment. Exposure on the left is 40 s, longer

exposure is 200 s.
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homology, ARF-binding (GGA) proteins [26], and

CD-MPR-mediated lysosomal enzyme sorting [27].

Mutation of this terminal methionine to alanine

(. . .DDHLLPA) relieves both inhibition to GGA bind-

ing and restores efficient sorting by the receptor.

In the study by Ma and Goldberg, [13], the structure

of the PEDV KxHxx peptide bound to COPb’
revealed a highly similar binding mode to that of

KxKxx. Yet, the binding affinity of the PEDV peptide

(FEKVHVQ) for COPb’, as determined by isothermal

calorimetry, was extremely weak (> 800 µM) as com-

pared to COPa (82 µM). Our GST pull-down assay

showed the opposite specificity; namely that binding of

the PEDV tail to COPb’ is similar to a canonical

KxKxx sequence (Fig. 3G). PEDV compared to KH?
KK or UGT2B15, and only trace binding was detected

to COPa. The reason for this discrepancy is not clear.

One possibility is that Ma and Goldberg used frag-

ments of yeast COPI subunits, whereas we used full-

length human subunits. Nevertheless, the weak binding

of the SARS-CoV-2 KxHxx to COPb’ when compared

with that of PEDV suggests that the residues sur-

rounding the lysine and histidine may in fact play a

more important role than originally thought. A sys-

tematic investigation of the residues within and sur-

rounding the KxHxx motifs of SARS-CoV-2 and

PEDV spike could shed light on their binding differ-

ences to coatomer subunits. It could also aid in deter-

mining whether the twelve endogenous, human

transmembrane proteins with cytoplasmic KxHxx

motifs identified in our unpublished in silico search

also bind COPI subunits. Current mRNA vaccines for

COVID-19 cause host cell production of spike antigen

that to varying degrees activates both cell-mediated

immunity, through an ER-based pathway involving

MHC class I molecules, and antibody-mediated immu-

nity, through a plasma membrane secretion pathway

and MHC class II molecules [28]. Understanding how

residues surrounding the KxHxx motif of spike influ-

ence its recycling and trafficking to these pathways

could allow for the design of new mRNA vaccines

with tailored spike C-tail sequences that cause a more

desirable immune response. In the case of WT SARS-

CoV-2 spike, it is reasonable to assume that the sur-

rounding residues weaken binding to ensure decreased

recycling to the ER and increased trafficking through

the Golgi for proper cleavage, glycan processing, and

plasma membrane display.
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