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MICROBIOLOGY

Phosphorylation of shiftless is important for inhibiting
the programmed —1 ribosomal frameshift

Yueli Zhang1’2’3'41', Zhijian Li"%3**+, Huihui Chong1'2'3'4, Pengjiao Hou'?3%> Wei Hao"*34,
Mengyun Li"%34, Zhicheng Liu®, Wei Jia® Bo Qin"*3*, Yuxian He">3**, Sheng Cui'%34

Shiftless (SFL) is a broad-spectrum inhibitor of programmed —1 ribosomal frameshift (—1 PRF) and exhibits vari-
ous antiviral activities. Here, we characterized human SFL structurally and biochemically. The 2.0-angstrom reso-
lution crystal structure of SFL reveals a boat-like module comprising an N-terminal helical bundle and three zinc
fingers at the C terminus. A hyperphosphorylation loop (HPL) buried between the helical bundle and the zinc
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finger 1 harbors four phosphorylated residues (p-S249, p-T250 p-T253, and p-S256), which are important to pro-
tein folding. SFL forms monomers in solution and binds the HIV-1 —1 PRF sequence with nanomolar affinity
(Kp = 5.7 nanomolar). Disruption of HPL phosphorylation decreased the RNA binding affinity and undermined the
SFL-mediated —1 PRF inhibition of various viruses. Proximity-dependent biotinylation identified three cellular
Ser/Thr kinases—EEF2K, NEK9, and PBK—that phosphorylate SFL in cells. These findings shed light on the mecha-
nisms underlying —1 PRF regulation by SFL and provide insights into the role of SFL in virus inhibition.

INTRODUCTION

Human shiftless (denoted as SFL throughout this paper), also
known as C190rf66, is an interferon (IFN)-stimulated gene. It bears
many other aliases, including FLJ11286, IRAV (IFN-regulated anti-
viral gene) and RyDEN (Repressor of yield of dengue virus DENV),
based on identification of its antiviral activities (I-3). The protein
was most recently named “Shiftless” because it acts as a broad in-
hibitor of the programmed —1 ribosomal frameshift (—1 PRF) used
by viruses, which is exemplified by HIV-1 (2).

SFL also inhibits a wide range of other viruses including flavivi-
ruses such as dengue virus (DENV), West Nile virus (WNV), Zika
virus (ZIKV), Japanese encephalitis virus (JEV), and yellow fever vi-
rus (YFV) (3-6). Molecular mechanisms underlying SFL-mediated
antiviral activity are multifaceted. SFL inhibits DENV and WNV
protein translation via binding with two mRNA binding proteins
poly(A)-binding protein cytoplasmic 1 (PABPCI) and La motif-
related protein 1 (LARP1) (3). SFL binds RNAs and interacts with
two RNA decay-related proteins MOV10 and UPF1, indicating a role
in viral RNA destabilization (7). SFL suppresses ZIKV replication by
inducing degradation of viral protein NS3 through a lysosome-
dependent pathway (6). Mouse SFL is an ortholog of human SFL,
which restricts the replication of hepatitis C virus (HCV) and rodent
hepacivirus (RHV) through interaction with the double-stranded
RNA (dsRNA) intermediates within the viral replication factory (8).
SEL also inhibits viral RNA replication of ZIKV, DENV, YFV, and
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HCV following initial viral protein translation, and mouse SFL af-
fects ZIKV-induced neurological disease in mice (4).

One of the best-characterized antiviral mechanisms of SFL is the
inhibition of the —1 PRE, a recoding mechanism in mRNA transla-
tion that is exploited by viruses to increase their coding capacity (9).
SEL recognizes the —1 PRF signal in viral RNAs and binds to trans-
lating ribosomes, which ultimately causes premature translation ter-
mination, thereby inhibiting viral protein production. For example,
SEL recognizes the —1 PREF signal in the HIV-1 genome, leading to
inhibition of the Gag-Pol protein expression (2); in addition, they
also found that SFL could inhibit many different —1 PRF signals en-
coded by both viruses and cellular genes (2). SFLS, the isoform 4 of
SFL inactive in —1 PRF inhibition, lacks 36 amino acids (residue 164
to 199); it has been reported that this region of SFL is essential for
RNA binding and ribosome association (2, 10). In addition, alanine
scanning mutagenesis shows that basic amino acids in predicted
zinc finger of SFL are essential for the suppression of Gag-Pol ex-
pression (11). Likewise, SFL targets the —1 PRF signal between co-
dons 8 and 9 in the JEV NS2A sequence, inhibiting the expression of
NS1’ (5). SFL also suppresses the —1 PRF between the orfla and
orflb genes of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) to inhibit the translation of orflb (12).

RESULTS

Biochemical characterization of human SFL

To gain molecular insights into SFL-mediated inhibition of the
—1 PRE we performed biochemical characterization of SFL. Few
conserved domains could be identified from this 291-amino acid
protein, except for a zinc finger domain (13). SFL is highly con-
served from zebrafish to humans (fig. S1), underscoring its impor-
tant role in vertebrates. We ectopically expressed an N-terminal
6xHis-tagged full-length SFL in high-five insect cells. The His-tag
was cleaved using tobacco etch virus (TEV) proteinase before subse-
quent experiments (Fig. 1A). We conducted analytical ultracentrifu-
gation of the lastly purified SFL (Fig. 1B), and the calculated
molecular mass was 35.0 kDa, which is slightly higher than the
theoretical molecular mass of 33.0 kDa. This indicates that SFL is
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Fig. 1. Biochemical characterization of recombinant human SFL. (A) Final purification of human SFL by size exclusion chromatography. Top inset: SDS-PAGE analysis
of the peak fractions from the eluate. MW, molecular weight standards. (B) Analytical ultracentrifugation of the purified SFL protein. The calculated molecular mass is
shown on top of the peak. (C) Top left: EMSAs for the interaction of SFL with different RNA substrates. —1 PRF-short is a 55-nt segment derived from the HIV-1 —1 PRF
signal; its sequence and secondary structure are illustrated on the right, highlighted by red fonts. (CAA),q is an ssRNA containing 20 copies of “CAA! Representative of three
independent experiments. (D) BLI titration of SFL against biotinylated —1 PRF-short RNA immobilized on SA biosensors. SFL concentration series used in the titration are
labeled on the right. Binding kinetic parameters Kp, kon, and ko are shown on top. Dashed lines are the fitting of the experimental data. Representative of two indepen-

dent experiments.

monomeric in solution. The higher-than-theoretical molecular
mass suggests that SFL might undergo posttranslational modifica-
tions yet to be identified.

To investigate SFL-RNA interactions, we conducted electropho-
retic mobility shift assays (EMSAs) using two RNA substrates
(Fig. 1C). Because the complete —1 PRF signal between HIV-1 Gag-
Pol (Fig. 1C, right) was too large for EMSA, we designed a 55-nucleotide
(nt) truncation of the —1 PRF sequence, which included the slippery
sequence and the downstream stem-loop region, denoted —1 PRF-
short (Fig. 1C, right; template, NC_001802.1 1629-1683). A single-
stranded 60-nt RNA (CAA),, containing 20 tandem copies of the
CAA sequences was used as a nonspecific RNA control. Whereas
SFL and —1 PREF-short formed stable complexes at the protein con-
centrations of 8 to 16 pM, (CAA),o RNA could not bind SFL at the
same concentrations (Fig. 1C, left), indicating that SFL specifically
recognizes the —1 PRF-short substrate. Next, we investigated binding
kinetics of SFL for —1 PRF-short substrate using biolayer interferometry
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(BLI). Biotinylated —1 PRF-short RNA was loaded to streptavidin
(SA) biosensors for binding SFL proteins supplied with a twofold
serial dilution from 1 to 0.03 pM in solutions (Fig. 1D). The BLI
sensorgram was recorded and analyzed using the Octet Data Analy-
sis Software, which calculated an equilibrium dissociation constant
(Kp) of 5.66 nM, indicating high affinity. The fast on-rate (kop:
1.67 x 10° 1/Ms) and slow off-rate (ko 9.47 x 10™* 1/s) indicate
fast RNA association and slow RNA dissociation during binding
(Fig. 1D).

Crystal structure of human SFL

To explore the molecular mechanism underlying the functions of
SFL, we determined the crystal structure of full-length SFL. The re-
combinant protein was concentrated to 4 mg/ml before crystallizing
in a buffer containing 0.02 M citric acid, 0.08 M bis-tris propane
(pH 8.8), and 17% (w/v) polyethylene glycol 3350. During analysis
of preliminary x-ray diffraction data, we observed high anomalous

20f17

9202 ‘20 |1dy uo Bio'a0us I0s" MMM/ SA1IY LWOJ) papeouUMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

intensity differences, suggesting that SFL might contain metal ions.
This is consistent with a previous study predicting a zinc finger do-
main within SFL (13). We therefore collected multiple diffraction
datasets using x-rays with wavelengths 1.269 and 1.282 A, close to
the zinc absorption edge. Multiwavelength anomalous diffraction
(MAD) data yielded a low-resolution electron density map (3.3 A)
and allowed building of a partial model. To improve resolution, we
rescreened the crystallization conditions and identified a previously
unidentified condition containing 0.2 M potassium sodium tartrate
tetrahydrate and 20% (w/v) polyethylene glycol 3350 (pH 7.4). This
crystal form diffracted the x-rays to 2.0-A resolution. We then de-
termined the final structure of SFL by molecular replacement using
the partial model from MAD as the search model. We located SFL

residues 1 to 277 in the final electron density map (fig. S2), with the
last 14 residues at the C terminus disordered. The extreme C-terminal
region contains poly-Glu segments (denoted E-rich motif), presum-
ably causing high flexibility. Statistics of data collection and refine-
ment are summarized in Table 1.

SFL is a boat-shaped molecule with dimensions of 77.8 A by 51.2 A
by 35.8 A (Fig. 2, A and B). The N-terminal portion of SFL is a distorted
helical bundle (HB, al to a6, residues 1 to 101) fused with three zinc
finger domains constituting the C-terminal portion. Zinc finger 1 (ZF1;
B1 to P4, residues 104 to 140) and zinc finger 2 (ZF2; p5 to B8, residues
147 to 182) belong to the “zinc ribbon” fold group (CCCC-type) accord-
ing to zinc finger domain classification (14). Strands p1 and p2 fold into
a primary p-hairpin, on which C112 and C115 form one zinc knuckle;

Table 1. Data collection and refinement statistics. °R merge = X% |Ihi; - Ihial/ZnkiZjnkij, where Ip is the average of symmetry-related observations of a unique reflection.
PR work = S [|Fobs(hKD|-|Fealc(hkD)||/Zhki|Fobs(hkl)|- R free = the cross-validation R factor for 5% of reflections against which the model was not refined.

Human SFL Human SFL (Protein Data Bank ID: 9KBO)
Data collection MAD phasing
Space group P2, P2:2:2

a,b,c () 86.66, 14347, 89.55 1212.27,89.64, 82.46
By 90.00, 94.78, 90.00 90.00, 90.00, 90.00
SLS X06DA SSRF BL19U1

X-ray source

1.269 (hrem) 1.282 (peak) 0.9785
Datarange &) 50.00-3.30 50.00-3.24 " 3985-200
e — o i e
Sl e T
99.70 (62.00) 99.70 (66.20) 1997 (43.7)
1011 (1.25) 9.47 (1.33) 13.40(1.60)
Completeness % (last shell) 99.60 (97.40) 99.60 (97.40) 944 (644) ellipsoidal
""" ndancy (lastshel) 6.94 (6.44) 6.95 (6.50) 13.10 (13.00)
e e s o
Refinement
: ; ot
: / Bt
Ruor®/Reee’ (12t shell) / / 0.24,0.28 (0.49, 0.44)
/ /
/ /
/ /
/ /
/ /
Protein (A2) / /
e : /
s i : /
..... : /
e : /
e —— : /
..... A2n9les () / /
/ /
""" % Residues in favored regions, allowed regions, / / " '95.84,3.88,0.28

outliers in Ramachandran plot
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Fig. 2. Structural characterization of human SFL. (A) Schematics of the human SFL domain organization. SFL contains an N-terminal helical bundle domain (HB), three
zinc fingers (ZF1 to ZF3), an HPL, and a C-terminal glutamate-rich domain (E-rich). (B) Ribbon model of human SFL with annotated secondary structures; o helices colored
cyan, and f sheets colored magenta. Three zinc fingers are indicated, in which residues coordinating zinc ions are shown with stick models. Three boxes on the right are
the magnified view of three zinc fingers with superimposed final 2F, — F. electron density maps (purple mesh, contour level 1.5 ¢). HPL is colored red, on which phos-
phorylated $249,7250,T253, and $256 are shown with stick models. (C) Left: Bottom view of SFL (90° rotation about the horizontal axis with respect to the pose in B). Right:
Stick model of HPL with superimposed final 2F, — F. electron density maps (purple mesh, contour level 1.5 ). (D) Electrostatic potential surface plot of SFL; red to blue
indicates negative to positive charge. Positively charged pockets 1 and 2 are identified on the SFL surface; residues constituting the positively charged pockets are shown
with stick models and labeled. (E) 90° rotation about the horizontal axis with respect to the pose in (D). (F) Detailed interaction of phosphorylated $249, T250, T253, and

$256 with neighboring residues; polar contacts are indicated with dashed lines.

strands B3 and 4 fold into a secondary p-hairpin, on which C132 and
C135 form another zinc knuckle; the two zinc knuckles coordinate a
zinc ion (Fig. 2, B and C). Likewise, strands (5 to 6 and p7 to 8 fold
into two p-hairpins, on which C155 to C158 and C174 to C177 from the
two zinc knuckles coordinate a zinc ion (Fig. 2, B and C). Zinc finger 3
(ZF3; residues 195 to 233) belongs to the “short zinc-binding loop” fold
group (HCCC-type; Fig. 2, B and C). ZF3 lacks regular secondary struc-
tures, and the zinc ion is coordinated by three zinc-coordinating residues
in close proximity in the amino acid sequence, namely, H203, C205, and
C210; the fourth zinc-coordinating residue, C223, is spaced by a longer
loop (Fig. 2, Band C).

We searched for structural homologs of SFL in the Protein Data
Bank using the Dali server (15) but identified few hits. The structure
of a nucleobase/ascorbic acid transporter (NAT) transporter (Protein

Zhang et al., Sci. Adv. 11, eadw7471 (2025) 19 December 2025

Data Bank ID: 7TAK) had the highest z-score (4.9) because the NAT
transporter is composed of numerous helical bundles akin to the
N-terminal HB domain of SFL; however, this failed to provide use-
ful insight into SFL functions.

We then plotted the surface electrostatic potential of the SFL struc-
ture and identified two positively charged pockets (pocket-1 and
pocket-2; Fig. 2, D and E). We identified seven positively charged
residues (R13, R16, H20, R97, R131, R136, and R138) in pocket-1,
and four positively charge residues (H117, R198, K227, and K236) in
pocket-2 (Fig. 2, D and E). The role of these positively charged pock-
ets was investigated by mutagenesis, and the results are analyzed in
the Discussion section.

In the C-terminal portion of SFL, we identified a Ser/Thr-
rich loop (residues 249 to 256) between helices a8 to a9. The final
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electron density map indicated that residues $249, T250, T253,
and S256 on this loop were likely phosphorylated (Fig. 2C, right),
suggesting that certain cellular kinases were involved in post-
translational modifications. Hence, we denoted this feature the
hyperphosphorylation loop (HPL). The HPL extends between the
HB and the ZF1 domains where it is largely buried in the SFL
core (Fig. 2C). Unexpectedly, the phosphate groups of the Ser/
Thr residues are involved in multiple salt bridge interactions with
the surrounding residues. For example, the phosphate group of
$249 forms a salt bridge with R126; the phosphate group of T250
forms three salt bridges with K127, R138, and H244 (Fig. 2F,
left); the phosphate group of T253 salt bridges with R121, and
S256 salt bridges with both K10 and R14 (Fig. 2F, right). These
phosphate-mediated salt bridges imply that phosphorylation
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plays an important role in maintaining the fold of SFL and thus
affects protein functions.

SFL is phosphorylated

To confirm phosphorylation of the HPL observed in the crystal
structure of SFL, we analyzed recombinant SFL using the liquid
chromatography-tandem mass spectrometry (LC-MS/MS). SFL
overexpressed in insect cells was treated with chymotrypsin be-
fore loading to LC-MS/MS. We achieved ~70.1% sequence cover-
age of SFL (fig. S3A) and identified four phosphorylation sites at
$249, T250, T253, and S256 (Fig. 3, A and B), matching our ob-
servations in the electron density map (Fig. 2C, right). Multiple
sequence alignment demonstrated that all four phosphorylated
Ser/Thr residues are invariant from animals to humans (Fig. 3C),
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Fig. 3. Ectopically expressed SFL is phosphorylated. (A and B) LC-MS/MS spectrum of the chymotrypsinized human SFL protein ectopically expressed in high-five in-
sect cells, which identified four phosphorylated residues, pS249, pT250, pT253, and pS256. (C) Multiple sequence alignment of SFL homologs from humans and various
animals, which shows that four phosphorylated residues 5249, T250, T253, and S256 are invariant. (D and E) LC-MS/MS spectrum of the chymotrypsinized human SFL
protein ectopically expressed in HEK293F mammalian cells, which identified four phosphorylated residues, pS249, pT250, pT253, and pS256.
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suggesting that the phosphorylation at HPL has been preserved
during evolution. To investigate whether SFL is similarly phos-
phorylated in human cells, we ectopically expressed SFL in hu-
man embryonic kidney (HEK) 293F cells. Likewise, LC-MS/MS
analysis of HEK293F-produced SFL (sequence coverage: ~88.8%)
identified the same phosphorylation sites as observed in insect
cell-derived SFL (Fig. 3, D and E, and fig. S3B). These results suggest
that SFL phosphorylation may be mediated by yet-to-be-identified

cellular Ser/Thr kinases, and the functional similarities between insects
and humans warrant further investigation.

Phosphorylation at HPL is important for RNA binding

Because phosphorylated HPL is a highly conserved region in
SFL, phosphorylation at HPL might affect functions such as
RNA binding (Fig. 4). To test this postulation, we prepared four
SFL mutants (S249A, T250A, T253A, and S256A), each containing
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Fig. 4. Phosphorylation at HPL affects RNA binding. (A) EMSAs of the indicated SFL and SFL variants with the 55-nt —1 PRF-short RNA. Increasing protein concentra-
tions used in EMSA are indicated on top of the gels. Representative of three independent experiments. (B) SDS-PAGE analysis of purified insect cell-expressed SFL,
E. coli-expressed SFL, and insect cell-expressed SFL mutants S249A, T250A, T253A, S256A, S249D, T250D, T253D, and S256D. (C to G) BLI titrations of SFL mutants binding
with —1 PRF-short RNA. Biotinylated —1 PRF-short RNAs were immobilized on SA biosensors for binding with SFL in solutions with a concentration series indicated on the
top right. Binding kinetic parameters Kp, kon, and ko are shown on top of each graph. Dashed lines are the fitting of the experimental data. Representative of two inde-
pendent experiments. (C) Mutants S249A and S249D. (D) Mutants T250A and T250D. (E) Mutants T253A and T253D. (F) Mutants S256A and S256D. (G) Nonphosphorylated
SFL expressed from E. coli. (H) Histogram illustrating the comparison of Kp values of WT SFL and that of SFL mutants from the fitting of representative datasets. Error bars
represent the fitting-derived Kp error. (1) Western blot analyses of insect cell-expressed SFL alone, SFL treated with ALP of different enzyme units (2.5 and 5.0 U), and
E. coli-expressed SFL; the samples were stained with SFL pAb or pan phosphor-Ser/Thr mAb. Representative of two independent experiments.
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an Ala substitution at the Ser/Thr residues in the HPL domain.
The EMSA results did not clearly distinguish binding affinities
(Fig. 4A); hence, we performed BLI titrations to investigate
RNA binding in detail.

As shown in Fig. 4 (B to F and H) and fig. S4, the SFL mutants
bearing mutation S249A, T250A, T253A, or S256A exhibited re-
duced binding affinity for the —1 PRF-short substrate to varying
extents. Whereas S249A lost nearly half of binding affinity, the RNA
binding affinities of T250A and T253A decreased more than four-
fold. By contrast, the S256A mutation had negligible impact on
RNA binding, with a Kp value for RNA binding similar to the wild-
type (WT) SFL. The crystal structure of SFL showed that, whereas
T250 and T253 are buried inside the protein core, $249 and $256 are
solvent accessible (Fig. 2, B to E), and the phosphate groups of these
Ser/Thr residues are involved in multiple polar contacts with the
neighboring residues (Fig. 2F). To further support that phosphory-
lation of the HPL residues is important to —1 PRF RNA binding, we
engineered additional SFL mutants containing aspartate substitu-
tions at the HPL, namely, $249D, T250D, T253D, and S256D, which
presumably mimicked the phosphorylation. To our surprise, the
mutants bearing single phosphomimetic mutation all exhibited low-
er binding affinity for the —1 PRF RNA than those bearing the ala-
nine substitutions (Fig. 4, B to F and H, and fig. S4). It is possible
that aspartate substitutions could not fully restore the functionality
of the phosphate modifications; rather, introduction of negatively
charged aspartate undermined RNA binding in vitro.

Last, we investigated the binding of unphosphorylated SFL for
—1 PRF RNA (Fig. 4, G to I, and fig. S4). We attempted to dephos-
phorylate the purified SFL from insect cell expression using alkaline
phosphatase (ALP); unfortunately, ALP only dephosphorylated the
insect cell-expressed SFL partially (Fig. 41). Therefore, we expressed
SFL in Escherichia coli and verified that the E. coli-expressed SFL
was phosphorylation-free by Western blot (Fig. 4I) and mass spec-
trometry (MS) analyses (Fig. S3C). The binding affinity of unphos-
phorylated SFL for —1 PRF RNA reduced by ~4-fold (Fig. 4G and
fig. S4), which supports that phosphorylation at HPL is important to
SFL binding for —1 PRF RNA.

To investigate impact of SFL phosphorylation on binding with
—1 PRF RNA using a method distinct from BLI experiments, we
carried out isothermal titration calorimetry (ITC) experiments
(fig. S5). Binding of SFL for HIV-1 —1 PRF RNA was an endother-
mic process with AH = 41.9 + 2.4 kcal/mol with binding affinity
Kp = 0.39 + 0.08 pM (fig. S5 and table S1). Consistent with the BLI-
based experiments, four phosphorylation mutants of SFL exhibited
reduced binding affinity for —1 PRF-short RNA in the ITC experi-
ments, in which mutations T250A and T253A accounted for greater
losses of binding affinity than those caused by S249A and S256A.

Collectively, these results support a hypothesis that the phos-
phorylation modifications at HPL are likely important for the cor-
rect folding of SFL, particularly phosphorylation of two buried
residues T250 and T253.

Phosphorylation at HPL affects SFL-mediated

HIV-1 inhibition

To explore whether phosphorylation at HPL plays a role in SFL-
mediated —1 PRF inhibition of HIV-1 Gag-Pol, we analyzed the
expression of HIV-1 proteins in HEK293T cells expressing SFL or
its phosphorylation mutants (Fig. 5A). HIV-1 backbone plasmid
pNL4-3.Luc.R™.E™ was cotransfected with mammalian expression
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vector pcDNA3.1 harboring the coding sequence for WT SFL,
SFLS, or mutant (S249A, T250A, T253A, or S256A) in HEK293T
cells. Whereas expression of HIV-1 Gag-Pol was greatly inhibited
by WT SEL upon overexpression, coexpression of SFLS did not
reduce the Gag-Pol level, which validated the SFL-mediated —1 PRF
inhibition (Fig. 5A). S-to-A mutations (S249A and S256A) at HPL
preventing phosphorylation on the surface of SFL had negligible
impact on —1 PRF inhibition, but T-to-A mutations (T250A and
T253A) preventing phosphorylation buried in the core of SFL re-
sulted in markedly higher HIV-1 Gag-Pol levels than with WT
SFL, suggesting that phosphorylation at these two sites is more im-
portant for SFL-mediated —1 PRF inhibition (Fig. 5A). To further
support this hypothesis, we engineered aspartate substitutions for
T250 and T253 mimicking phosphorylation at these two sites. As
anticipated, overexpression of the T250D or T253D mutant led to
reduction in HIV-1 Gag-Pol level similar to that by WT SFL, indi-
cating that the phosphomimetic mutant-mediated inhibition of
—1 PRF was largely restored (Fig. 5B).

To explore the impact of SFL phosphorylation on the production of
HIV-1 pseudovirus, we prepared both vesicular stomatitis virus G pro-
tein (VSV-G) pseudotyped HIV-1 particles and HIV-1 envelop (Env)
pseudotyped HIV-1 particles in the presence of SFL, SFLS, or the
phosphorylation mutants (Fig. 5, C and D). Whereas the VSV-G pseu-
dotyped HIV-1 was transduced to HeLa and HEK293T cells, respec-
tively, the HIV-1-Env pseudotyped HIV-1 was transduced to MT4 and
TZM-bl cells, respectively. To our surprise, in most pseudovirus-based
experiments, the SFL mutants S249A, T253A, and S256A exhibited an
enhancement in the inhibition of HIV-1 pseudovirus production com-
pared to the WT SFL; only the T250A mutant showed comparable or
diminished effects (Fig. 5, C and D). It is worth noting that the mutant
T250A did exhibit significantly reduced anti-HIV-1 pseudovirus ac-
tivity in MT4 cells, a human T cell line physiologically relevant to HIV-
1 infection.

Given that T250A and T253A mutations could abolish SFL-
mediated inhibition of HIV-1 —1 PRE, but the activity of anti-HIV-
1 pseudovirus production of the mutants was not severely ablated,
SEL is probably involved in other anti-HIV mechanisms in addi-
tion to —1 PRF inhibition. This motivated us to investigate the SFL-
mediated anti-HIV-1 activity using an authentic virus replication
model (Fig. 5E). We produced replication-competent HIV-1 SG3
virus by transfecting the pSG3.1 infectious molecular clone (from
S. Ghosh, B. Hahn, and G. Shaw) (16) into HEK293T cells. We har-
vested the HIV-1 SG3 viruses and determined the median tissue
culture infectious dose (TCIDs) values as reported previously (17).
We then transfected Jurkat cells with the plasmid encoding SFL
(pLV-UBC-SFL-Myc-EF1a-GFP), SFLS, and SFL mutants S249A,
T250A, T253A, or S256A. At 24 hours posttransfection, we infected
the Jurkat cells with 200 TCIDsy HIV-1 SG3 per well and recorded
virus growth curves by quantifying HIV-p24 protein from 72 to
168 hours postinfection. The virus growth curves demonstrate that,
whereas WT SFL inhibited the replication of HIV-1, only mutation
S256A impaired the SFL-mediated HIV-1 inhibition (Fig. 5E). By
contrast, mutations S249A and T250A enhanced the SFL-mediated
HIV-1 inhibition (Fig. 5E). Unexpectedly, despite being deficient in
inhibiting —1 PRE, the isoform SFLS exhibited potent anti-HIV-1
activity in the authentic virus model. These results strongly suggest
that SFL-mediated inhibition of —1 PRF is not directly coupled to
its anti-HIV-1 activity. In other words, SFL could inhibit HIV-1 via
profound mechanisms beyond —1 PRF inhibition.
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Fig. 5. Phosphorylation at HPL affects SFL-mediated HIV-1 inhibition. (A and B) Western blot analysis of HIV-1 protein expression in HEK293T cells cotransfected with
an HIV-1 reporter and constructs expressing SFL, SFLS, or indicated phosphomutants. [(A), top] Diagram of HIV-1 Gag-Pol genes and production of HIV-1 proteins Pr160
GagPol (dependent on —1 PRF), Pr55 Gag, and Pr24 CA (independent of —1 PRF). Western blot of HIV-1 protein expression, SFL and SFLS and p-actin in cells expressing the
SFL mutants S249A, T250A, T253A, and S256A [(A), bottom] or mutants T250A, T250D, T253A, and T253D (B). Representative of three independent experiments. (C and
D) Production of VSV-G (C) and HIV-1 Env (D) pseudotyped HIV-1 in HEK293T cells expressing SFL, SFLS, or indicated phosphomutants. Virus titers were determined by
transduction in HeLa [(C), top], HEK293T [(C), bottom], MT4 [(D), top], and TZM-bl [(D), bottom] cells. n = 3 biological replicates. (E) Top: HIV-1 SG3 replication in Jurkat cells
expressing SFL, SFLS, or phosphomutants. Virus growth was recorded from 72 to 168 hours postinfection. Bottom: Western blot analysis of the expression of Myc-SFL and
mutants. n = 4 biological replicates. (F) Diagrams of SFL and SFLS with the indicated HB domain, ZF domain, HPL domain, and E-rich domain. The structural variable region
is indicated by a yellow background. aa, amino acids. (G) Structure superimposition of the crystal structure of SFL (cyan) with an AlphaFold model of SFLS (magenta),
which reveals structurally conserved portion between two proteins comprising HB and ZF1 domains and structurally variable region comprising ZF2 and ZF3 domains.
EV, empty vector. Data are presented as means + SD. Statistical significance was determined by two-tailed unpaired t test [(C) and (D)] or two-way ANOVA with multiple

comparisons (E) relative to WT SFL (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; n.s., not significant).

Phosphorylation at HPL is important to SFL-mediated
inhibition of —1 PRF

The —1 PREF signals are prevalent throughout all organisms, and SFL
acts as a broad-spectrum inhibitor against various —1 PRFs (2, 5, 12).
We therefore investigated the role of HPL phosphorylation in
inhibiting different —1 PRF signals using a dual-luciferase reporter
system (2, 18) (Fig. 6A). Between a Renilla luciferase (Rluc) gene and
a firefly luciferase (Fluc) gene (in the —1 frame), we inserted the
—1 PRF sequences from viruses and humans, including HIV-1, hu-
man T-lymphotropic virus type 2 (HTLV-2), SARS-CoV-2, Middle
East respiratory syndrome coronavirus (MERS-CoV), JEV, Chikun-
gunya virus (CHIKV), and PEGI0 or CCR5 genes (human). Accord-
ing to guidelines for the use of eukaryotic dual gene expression
reporters (19), we engineered a positive control of the dual-luciferase
—1 PRF reporter, in which an additional nucleotide was added in the
slippery sequences of the —1 PRF signals, so that both Fluc and Rluc
genes were translated without frameshifting (Fig. 6A, top). We
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engineered a negative control of the dual-luciferase —1 PRF reporter,
in which a premature stop codon was added in the slippery sequenc-
es to prevent Fluc translation (Fig. 6A, top). These constructs were
transfected to HEK293T cells, and the Fluc/Rluc ratio was measured
to evaluate activities of various —1 PRF signals in the absence of protein
factors (Fig. 6A, bottom, and fig. S6). The —1 PRF signals from vari-
ous organisms exhibited different frameshift efficiencies (Fig. 6A,
bottom, and fig. S6), which validated the functionality of the —1 PRF
reporter systems.

Next, we measured the Fluc/Rluc ratio to assess the —1 PRF ef-
ficiency in the presence of SFL or its mutants (Fig. 6B and fig. S7).
The —1 PRF from retroviruses HIV-1, HTLV-2, and CHIKV were
greatly inhibited by SFL. The T-to-A mutations T250A and T253A
abrogated the —1 PRF inhibition, whereas the S-to-A mutations
S249A and S256A had less impact, indicating that phosphorylation
at HPL is important for —1 PRF inhibition in the cases of HIV-1,
HTLV-2, and CHIKYV (Fig. 6B and fig. S7). Likewise, the —1 PRFs of
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coronaviruses SARS-CoV-2 and MERS-CoV, as well as the flavivi-
rus JEV, were also inhibited by SFL, but phosphorylation at the four
phosphorylation sites had minimal impact on —1 PRF inhibition
(Fig. 6B and fig. S7). The —1 PRFs from human genes CCR5 and
PEG10 were also inhibited by SFL (Fig. 6B and fig. S7). Whereas the
T-to-A mutations had a significant impact on the —1 PRF of CCRS5,
the phosphorylation mutations were less effective against the —1 PRF
of PEGI0 (Fig. 6B and fig. S7).

Collectively, our results suggest that phosphorylation at HPL is
important for the SFL-mediated inhibition of —1 PRF activities of
many organisms, if not all. In particular, the phosphorylation of Thr
residues (buried) is more important than the phosphorylation of Ser
residues (surface) in the cases of HIV-1, HTLV-2, and CHIKV. This
is consistent with our structural characterization of SFL (Fig. 2),
demonstrating that phosphorylated T250 and T253 are buried in-
side the SFL core and thus may be important for protein folding.

Identification of cellular kinases that phosphorylate SFL
Given that phosphorylation of SFL is important for —1 PRF inhibi-
tion, we sought to identify cellular kinases responsible for SFL phos-
phorylation (Fig. 7). We used a proximity-dependent biotinylation
(PDB) method coupled with MS to identify the responsible kinases
in living cells (20-25). We constructed three expression plasmids
encoding AirID (a PDB enzyme) (23) and SFL-AirID fusion pro-
teins harboring different linker regions (Fig. 6A). We engineered a
short and a long linker between SFL and AirID to modulate the
proximity of biotinylation (i.e., 10- and 35-nm radii, respective-
ly; Fig. 7, A and B). At 16 hours posttransfection, HEK293T cells
were lysed, and the biotinylated proteins were enriched by SA mag-
netic bead pulldown (Fig. 7B). Cell lysates before and after SA mag-
netic bead-based enrichment were analyzed by Western blot to
validate the robustness and reliability of the PDB approach. The re-
sults clearly showed that, whereas SFL was efficiently enriched by SA
magnetic bead pulldown, p-actin was lost (Fig. 7C).

Next, the SA bead-enriched samples were subjected to LC-MS/
MS analysis. As shown in Fig. 7D, SFL was identified as the most
biotinylated protein in the MS along with 27 cellular Ser/Thr kinases
of 478 proteins exhibiting more than fourfold up-regulation as com-
pared with the AirID-alone control for both 10- and 35-nm radii. To
further narrow down the candidates, we used the PhosphositePlus
software (26) to independently predict kinases responsible for the
SEL phosphorylation. By combining the LC-MS/MS results with the
kinase predictions (site percentile: >90%), we selected six cellular
kinases, namely, EEF2K, MAP3K1, MAP3K7, NEK9, PBK, and
TTK (Fig. 7E). A full list of the enriched kinases shown in Fig. 7E is
provided in table S2.

To prove whether the selected kinases could phosphorylate SFL,
we conducted in vitro protein kinase assays and used Phos-Tag
polyacrylamide gel electrophoresis (PAGE) to analyze phosphory-
lated SFL species. Each of the six selected kinases was added to the
protein kinase reactions containing phosphorylation-free SFL pro-
tein expressed from E. coli as the substrate (Fig. 7F). Comparing to
control reactions without enzymes, the addition of kinase EEF2K,
NEKO9, or PBK kinases yielded discrete bands with markedly slower
migration rates, suggesting multiple phosphorylation sites in SFL.
We then excised the bands from the Phos-Tag PAGE for LC-MS/MS
analysis (Fig. 7G). The sequence coverages of these bands ranged
from 60 to 70% (fig. S3C). The MS data revealed that these bands
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were different phosphorylation forms of SFL, and the phosphoryla-
tion sites were not confined within the HPL region. In particular,
EEF2K, NEKO9, and PBK all phosphorylated SFL at S11 and T250,
and EEF2K exhibited broader specificity than that of NEK9 and
PBK, which included the phosphorylation of $249 (Fig. 7G).

To investigate the role of the phosphorylation outside of SFL
HPL, we tested the impact of mutations S11A, S45A, T82A, S83A,
and T88A mutations on —1 PRF activity (fig. S8). S11A, S45A, and
T88A mutations significantly decreased the SFL-mediated —1 PRF
inhibition, which is similar to that of T250A and T253A mutations.
Notably, none of these phosphorylation sites were identified in SFL
expressed in high-five insect or HEK293F mammalian cells (Fig. 3).
Only S45 was predicted to be a phosphorylation site by the Phos-
phositePlus software. This suggests that the phosphorylation outside
the HPL might be physiologically irrelevant. Even if these non-HPL
sites of SFL were phosphorylated, the level of phosphorylation was
too low to be detected by LC-MS/MS.

Of note, we did not identify any kinases responsible for phos-
phorylation at T253 and S256 of SFL, suggesting that additional cel-
lular kinases targeting HPL remain to be identified. It is likely that
our current method did not find all kinases targeting SFL. Elucida-
tion of a comprehensive phosphoproteome of SFL is therefore im-
portant in understanding the role of phosphorylation in regulating
SFL functions.

To investigate whether EEF2K, NEK9, and PBK responsible for
SFL phosphorylation affect the SFL-mediated —1 PRF inhibition, we
knocked down the endogenous expression of EEF2K, NEK9, or PBK
in HEK293T cells. HIV-1 backbone plasmid pNL4-3.Luc.R™.E™ was
transfected to the kinase knockdown cells ectopically expressing SFL
(Fig. 7H). Unfortunately, we did not observe any evident impact on
the inhibitory activity of SFL. SFL-mediated inhibition of HIV-1 pro-
tein expression was largely unaffected in the absence of these kinases
(Fig. 7H). The explanations could show that many cellular kinases
are involved in phosphorylating SFL; thus, lack of one could be com-
pensated by other kinases targeting the same sites.

DISCUSSION
A working model of SFL-mediated —1 PRF inhibition has been pro-
posed previously (2). In the process of —1 PRE, ribosomes undergo
a conformational rearrangement between their large and small sub-
units to create a binding interface for SFL, so that SFL can simulta-
neously bind the translating ribosome and a stimulatory RNA. SFL
binding traps the ribosome in a nonproductive, semirotated confor-
mation. However, experimental evidence supporting binding of SFL
to ribosome and stimulatory RNA remains lacking. To unravel the
molecular mechanism underlying the SFL-mediated —1 PRF inhibi-
tion, we attempted to determine the structure of SFL complexed by
HIV-1 —1 PRF RNA but the intrinsic flexibility of the complex,
which precluded structure determination by single-particle cryo-
electron microscopy or an x-ray crystallography approach.
Previous studies indicate that SFL undergoes self-oligomerization
and may exist as dimers or oligomers in solution (2, 11). Neverthe-
less, we carried out analytical ultracentrifugation experiments and
demonstrated that purified SFL formed primarily monomers in so-
lution (Fig. 1B). It is possible that SFL oligomerization observed in
previous studies involved another partner (intermediary) molecule
yet to be identified.
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0.5 pM biotins were supplemented in the cell culture to promote biotinylation. The cells were harvested and lysed 16 hours posttransfection and analyzed by Western blot.
Input: proteins before SA magnetic bead enrichment. Output: proteins after SA magnetic bead enrichment. Representative of three independent experiments. (D) LC-MS/
MS analysis of SA magnetic bead-enriched samples from three independent biological replicates. Gray dots were proteins detected in both the 10- and 35-nm groups;
black dot was SFL, and red dots were Ser/Thr kinases with expression levels at least fourfold higher than the AirlD group (both 10 and 35 nm), among which six kinases
(indicated with blue fonts) were selected for further analysis. FC, fold change. (E) Left: The purple and blue circles represent Ser/Thr kinases with expression levels up-
regulated at least fourfold compared to the AirlD group in the 10- and 35-nm subgroups. The green circle includes 58 kinases predicted by the PhosphositePlus software.
Right: Six Ser/Thr kinases were selected because they represented the consensus of three cycles. (F) Phos-Tag PAGE analysis of in vitro kinase assays. Six selected kinases
were tested for the ability to phosphorylate SFL. Phosphorylation species are marked by red numbers. Representative of two independent experiments. (G) Identification
of phosphorylation sites in SFL from the marked bands in (F) by LC-MS/MS. (H) Expression of HIV-1 proteins in HEK293T cells with knockdown of EEF2K, NEK9, or PBK genes
in the presence or absence of SFL. Representative of two independent experiments.
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SELS is the isoform 4 of SFL lacking a short segment (residues
164 to 199). To understand why SFLS is inactive in —1 PRF inhibi-
tion and has anti-HIV-1 activity, we compared a predicted model of
SELS (by AlphaFold 3) with the crystal structure of SFL (Fig. 5, F
and G). The overall root mean square deviation (RMSD) value
between the two structures was 2.6 A, indicating structural similar-
ity between the two isoforms. The structural comparison revealed
that SFL and SFLS share a structurally conserve portion composed
of the HB and ZF1 domains and a structurally variable portion com-
posed of the ZF2 and ZF3 domains (Fig. 5, F and G). The major
structural difference is that SFLS lacks the entire ZF2 domain in the
structurally variable portion. We considered the zinc coordination
in predicting the structure of SFLS and the model clearly revealed
ZF1 and ZF3 domain with canonical fold for ion coordination. By
contrast, ZF2 could not formed due to missing of zinc coordinating
Cys/His residues (Fig. 5, F and G). Zinc fingers are versatile modules
for interaction with nucleic acid and protein binding partners.
Available experimental evidence showed that SFL can enrich RNA-
containing HIV-1 Gag-pol, but SFLS cannot (2). Combining these
results, we postulate that ZF2 of SFL presents a key module that rec-
ognizes the —1 PRF RNA sequences. Although HPL is not adjacent
to ZF2, phosphorylation on HPL appears to play a regulatory role in
RNA binding.

We show that both SFL and SFLS exhibited anti-HIV-1 activity
(Fig. 5E) despite that SLES did not have —1 PRF inhibition activity.
It is therefore reasonable to postulate that their structurally con-
served portions, i.e., the HB and ZF1 domains, might be implicated
in antiviral mechanisms in addition to —1 PRF inhibition. The HB
and ZF1 domains may well target critical steps in the authentic HIV-
1 life cycle that were omitted in pseudovirus production. For in-
stance, the pseudovirus packaging system used here contained an
HIV-1 backbone with deficient Nef, Env, and Vpr, and the pseudo-
virus production did not involve the reverse transcription steps.
Furthermore, Nef and Vpr play multiple roles in antagonizing host
immune defense (27-31), which were also omitted in pseudovirus
production. Therefore, discrepancy in the SFLS-mediated anti-
HIV-1 activity observed from the pseudovirus assay (Fig. 5, C and
D) and the replication-competent authentic virus assay (Fig. 5E)
may stem from intrinsic differences between these assays. Unravel-
ing anti-HIV-1 mechanism shared by SFL and SLFS warrants fur-
ther investigation in the future.

Two positively charged pockets identified on the SFL surface may di-
rectly interact with RNA substrates (Fig. 2, D and E). We therefore car-
ried out mutagenesis analysis of the positively charged residues residing
in pocket-1 and pocket-2 to investigate their role in SFL-mediated
—1 PRF inhibition. As illustrated in fig. S9A, five mutants (R13A, R97A,
and R138A in pocket-1 and R198A and K227A in pocket-2) exhibited
significantly reduced —1 PRF inhibition activity; three mutants (R16A,
H20A, and R131A in pocket-1) exhibited elevated —1 PRF inhibition
activity; and all other mutants were similar to WT SFL. These results
suggest that both positively charged pockets are important to —1 PRF
inhibition. To analyze the role of positively charged residues identified in
pocket-1 and pocket-2 of SFL in —1 PRF RNA binding, we mutated each
positively charge residue to alanine and produced the resulting mutants
from insect cell expression. We performed BLI titrations to investigate
binding affinity of —1 PRF-short RNA with SFL or its mutants. The re-
sults show that, whereas mutations R13A, R16A, H20A, and K236A re-
sulted in losses of RNA binding affinity, the remaining mutations
resulted in enhanced binding affinity (fig. S9B). Comparing the results
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from the —1 PRF inhibition assays (fig. S9A) and the RNA binding ex-
periments (fig. S9B), we could not find a correlation between the —1 PRF
inhibition activity and the RNA binding affinity.

It has been previously reported that SFL can inhibit viral replica-
tion via at least two mechanisms (2, 3, 5-7, 13, 32, 33): First, it mod-
ulates cellular antiviral defenses, such as IFN responses and related
signaling pathways; second, it directly interacts with viral proteins or
nucleic acids to undermine virus replication, for example, by bind-
ing the viral —1 PRF sequence and thereby impairing viral protein
expression. Both mechanisms are effective against viral prolifera-
tion. In this study, we demonstrate that SFL can inhibit HIV-1
through a mechanism independent of —1 PRF inhibition. This find-
ing confirms previous research suggesting that SFL has anti-HIV-1
activity independent of the —1 PRF suppression (11). Further inves-
tigation is warranted to reveal other mechanisms underlying the an-
tiviral role of SFL.

Dual-luciferase reporter experiments showed that eight distinct
—1 PRF signals were regulated by SFL. Although the —1 PRF of
coronaviruses, JEV, and the human PEGI0 gene were inhibited by
SFL, its inhibitory activity was largely unaffected by phosphoryla-
tion of SFL (Fig. 6B). The —1 PRF sequences of HIV-1, HTLV-2, and
CHIKV form stem-loop structures (34-36), whereas the —1 PRF
sequences of SARS-CoV-2, MERS-CoV, JEV, and the PEGI0 gene
form pseudoknot structures (37-39). Therefore, the SFL-mediated
—1 PRF inhibition might be structure-specific. Availability of high-
resolution SFL-RNA structures is essential to understand the mech-
anism underpinning —1 PRF inhibition, which warrants future
structural investigation.

Phosphorylation plays vital roles in regulating gene expres-
sion; specifically, translation is regulated by the phosphoryla-
tion of initiation/elongation factors and ribosomal proteins
comprising the translational complexes (40). SFL is also a com-
ponent of the translational complexes, which is implicated in sur-
veillance of translational fidelity and control of gene expression in
cells (41). In the absence of virus, SFL is constitutively expressed
at low levels to recognize and arrest spontaneously frameshifted
ribosomes, which may assist large cellular proteins synthesis (41).
Under viral infection SFL expression is stimulated, so that viral
protein synthesis is suppressed by SFL-mediated —1 PRF inhibi-
tion. Our results provide further insights that the function SFL is
modulated by phosphorylation (Figs. 5, A and B, and 6B), which
implies that SFL is implicated in phosphorylation-dependent reg-
ulation of cellular and viral gene expression. Signaling pathways
controlling the phosphorylation/dephosphorylation of SFL re-
mained to be investigated.

In summary, we determined a high-resolution crystal structure
of SFL and identified a hyperphosphorylation site, which was con-
firmed by MS. We demonstrate that phosphorylation of SFL is im-
portant for both RNA binding and the —1 PRF inhibition activity.
We identified three cellular kinases responsible for SFL phosphory-
lation. These findings illuminate the molecular mechanism underly-
ing the function of SFL as a broad-spectrum, highly conserved host
restriction factor.

MATERIALS AND METHODS

Plasmid construction

The gene of full-length SFL (UniProtKB: QINUL5.2) was optimized
and synthesized by GenScript. The amplified gene was then cloned
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into three vectors to construct plasmids: pET28a-6xHis-SUMO-SFL,
pFastBac-HTB-6xHis-TEV-SFL, and pcDNA3.1-6xHis-SUMO-
SFL, which were used to express SFL in E. coli, insect cells, and mam-
malian cells separately.

The pcDNA3.1-SFL-myc plasmids containing WT and mutant
SFL were synthesized by GenScript and used for dual-luciferase assay
and pseudovirus infection. The following plasmids were obtained
through the NIH AIDS Reagent Program, Division of AIDS, NIAID,
NIH: pNL4-3.Luc.R™.E™ from N. Landau, pNL4-3 Env clones from
D. Montefiori, and pSG3.1 molecular clone from S. Ghosh, B. Hahn,
and G. Shaw. The pVSV-G plasmid encodes vesicular stomatitis virus
glycoprotein and was purchased from MiaoLingBio.

In the dual-luciferase assay system, an ~100-base pair (bp) —1 PRF
sequence was inserted between the Rluc gene and the Fluc gene.
Only when —1 PRF occurs can the downstream Fluc be correctly
expressed. Linkers (genes encoding 4XGGS) were added to both ends
of the —1 PRF sequence. The plasmids pcDNA3.1-dual-luc-(—1 PRF)
were synthesized by GenScript. Eight —1 PRF sequences were ob-
tained from HIV-1, HTLV-2, SARS-CoV-2, MERS-CoV, JEV,
CHIKYV, and PEG10 and CCR5 genes from humans. The detailed
—1 PRF sequence was shown in table S3, and slippery sequences
were underlined. To evaluate the activity of various —1 PRF sequenc-
es and prevent false-positive signals, negative and positive controls
were created using site-directed mutagenesis. To ensure that only
Rluc was expressed for the negative controls, a stop codon was intro-
duced into the slippery sequence to disrupt it. The positive controls
were created by inserting a nucleotide to place both Rluc and Fluc in
the same open reading frame, resulting in simultaneous production
and an amino acid sequence similar to the frameshift product. The
insert sequence and the pcDNA3.1-dual-luc backbone details used
for construction are presented in table S3.

The pLV-UBC-SFL-Myc-EF1la-GFP plasmids containing WT
and mutant SFL were synthesized by Beijing Tsingke Biotechnology
Co. Ltd. and used for Jurkat cell transfection.

Constructing plasmids for PDB-MS, the pPCMV-C-AirID-Flag vec-
tor was procured from Beyotime. Site-directed mutagenesis yielded the
pCMV-AirID, enabling the expression of AirID-Flag. The SFL gene
was polymerase chain reaction (PCR) amplified and cloned into the
pCMV-C-AirID-Flag vector using Hind III and BamH I to generate
pCMV-SFL-AirID-Flag. Meanwhile, the SFL gene was reamplified and
cloned using Hind IIT and EcoRI to produce pCMV-SFL-13XGGGGS-
AirID-Flag, incorporating a 13-repeat GGGGS sequence. All primers
used in this study were listed in table S4.

Cell culture and antibodies

HEK293T [American Type Culture Collection (ATCC), CRL-1573],
HeLa (Procell, CL-0101), and TZM-bl (from J. C. Kappes and
X. Wu), which were obtained through the AIDS Reagent Program,
Division of AIDS, NIAID, NIH, were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, 11960-085) supplemented with
10% fetal bovine serum (FBS; Gibco, A5669701). MT4 (Procell, CL-
0655) and Jurkat (Clone E6-1; ATCC, TIB-152) were cultured in
RPMI 1640 medium (Gibco, C11875500BT) supplemented with
10% FBS. HEK293F (Thermo Fisher Scientific, R79007) were main-
tained in SMM 293-TII (Sino Biological, M293TII). High-five cells
(Thermo Fisher Scientific, B85502) were cultured in EXPRESS FIVE
SEM (Gibco, 10486025) supplemented with 18 mM L-Glutamine
(Gibco, 25030081). E. coli BL21 (DE3; Thermo Fisher Scientific,
EC0114) cells were grown in Luria-Bertani (LB) medium.
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The antibodies used in the Western blot assay were as follows: HIV-
1 p24 Rabbit monoclonal antibody (mAb) (Sino Biological, 11695-
R002), Myc-Tag Mouse mAb (ABclonal, AE010), f-Actin Mouse mAb
(ABclonal, AC004), SFL Rabbit polyclonal antibody (pAb) (Abcam,
ab122765), pan Phospho-Serine/Threonine Mouse mAb (ABclonal,
AP1067), EEF2K Rabbit pAb (Sino Biological, 207341-T36), PBK
Mouse mAb (Sino Biological, 10729-MMO05), NEK9 Rabbit mAb
(MCE, HY-P81617), FLAG-Tag Rabbit mAb (Abcam, ab205606),
horseradish peroxidase (HRP)-conjugated Goat anti-Mouse IgG
(ABclonal, AS003), HRP-conjugated Goat anti-Rabbit IgG (ABclonal,
AS014), and HRP-labeled Streptavidin (Beyotime, A0303).

Protein expression and purification

For biochemical experiments and crystallization, the pFastBac-
HTB-6xHis-TEV-SFL construct and its mutations were expressed
in high-five cells using the Bac-to-Bac Baculovirus Expression Sys-
tem (Invitrogen). One liter of high-five cells (2.0 X 10° cells/ml) was
infected with 30 ml of recombinant baculovirus at 27°C for 48 hours,
and the cells were harvested at 5000¢ for 20 min. The cell pellets
were resuspended in the lysis buffer [20 mM Hepes-NaOH (pH 8.0),
300 mM NaCl, and 20 mM imidazole] and lysed by sonication. After
centrifugation at 47,850¢ for 60 min, the supernatant was incubated
with Ni-NTA resin. The column was washed with 10 column vol-
umes of lysis buffer, and the protein was eluted using 5 column vol-
umes of elution buffer [20 mM Hepes-NaOH (pH 8.0), 300 mM
NaCl, and 250 mM imidazole]. The 6XHis tag was removed after
TEV protease cleavage and reloading onto Ni-NTA resin. The pro-
tein was lastly purified by gel filtration chromatography on a Super-
dex 200 10/300 column (GE Healthcare) in the GF buffer containing
10 mM Hepes-NaOH (pH 8.0) and 100 mM NaCL

To investigate the posttranslational modifications of the protein in
mammals, SFL was expressed in HEK293F cells. One liter of cells
(2.0 x 10° cells/ml) was transfected with 2 mg of pcDNA3.1-6xHis-
SUMO-SFL plasmids using polyethylenimine (6 pg/ml) at 37°C for
48 hours, and the cells were harvested at 5000g for 20 min. The protein
purification protocols were similar to those for protein expression in
high-five cells, except that, after Ni-NTA affinity chromatography, gel
filtration was used directly for purification without removing the
SUMO tag.

For in vitro kinase assay, construct pET28a-6xHis-SUMO-SFL
was expressed in E. coli BL21 (DE3) cells. The cells were cultured at
37°C until the optical density at 600 nm (ODgq) reached 0.6 to 0.8,
at which point IPTG (isopropyl-p-p-thiogalactopyranoside) was
added to the culture medium to a final concentration of 0.2 mM,
and the cells were further cultured at 16°C for 18 hours before being
harvested. The protein purification protocols were similar to those
for protein expression in high-five cells, except that the 6xHis-
SUMO tag was cleaved using the Ulp1 protease.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a Pro-
teomeLab XL-I analytical ultracentrifuge (Beckman Coulter, Brea,
CA), equipped with an AN-60T1i rotor (4-holes) and conventional
double-sector aluminum centerpieces of 12-mm optical path length.
A 380-pl solution of SFL (~0.8 mg/ml) and 400 pl of buffer [10 mM
Hepes-NaOH (pH 8.0) and 100 mM NacCl] were loaded. The rotor
was equilibrated for ~1 hour at 20°C before running, and then ex-
periments were carried out at 20°C and 52,000 rpm, using continu-
ous scan mode and radial spacing of 0.003 cm. Scans were collected
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in 3-min intervals at 280 nm. The fitting of absorbance versus cell
radius data was performed using the SEDFIT software and continu-
ous sedimentation coefficient distribution c(s) model, covering a
range of 0 to 15S.

Electrophoretic mobility shift assay

55-nt HIV-1 —1 PREF single-stranded RNA (ssRNA) “—1 PRE-short”
(NC_001802.1 1629-1683) and 60-nt (CAA),9 ssSRNA were modi-
fied by CY5.5 at the 5’ terminal and synthesized by GenScript.
ssRNA (0.5 pM) was incubated with 0, 2, 4, 8, and 16 uM SFL or its
mutations in binding buffer [25 mM tris-HCl (pH 8.0), 100 mM
NaCl, 1 mM MgCl, and 4% glycerol] for 1 hour on ice. After adding
one-third volume of 4Xxloading buffer [50% glycerol and 2.5X tris-
borate EDTA (TBE)], the electrophoresis was performed on a 6%
native PAGE gel in 1XTBE buffer. The gel was visualized using
Odyssey CLx (LI-COR) under the 700-nm detection channel.

Biolayer interferometry

The Kp between WT or mutant SFL and —1 PRF-short ssRNA was
measured using the Octet RED96 Analysis System (ForteBio). SA
biosensors were activated with phosphate-buffered saline (PBS),
and then 200 nM 5’ biotinylated —1 PRF-short ssRNA was annealed
and loaded onto the SA biosensor. The association was performed
with various concentrations of SFL or its mutants for 70 s, followed
by a dissociation phase in GF buffer for 150 s. The experiment was
conducted at 25°C with a shaking speed of 1000 rpm. Data analysis
was performed using ForteBio Data Analysis v11.1, using a refer-
ence well subtraction method and a 1:1 model for global fitting.

Dephosphorylate the insect SFL by ALP

The reactions were performed under the following conditions: 2 pM
insect SFL or E. coli SFL, 10 mM tris-HCI (pH 8.0 at 37°C), 5 mM
MgCl,, 100 mM KCl, 0.02% Triton X-100, 1 mM 2-mercaptoethanol,
and bovine serum albumin (BSA; 0.1 mg/ml) with or without Bal-
bAP Alkaline Phosphatase (Beijing BioRab, YT405). The reactions
were incubated at 37°C for 60 min. The reaction samples were ana-
lyzed using Western blot.

Isothermal titration calorimetry

The binding of HIV-1 —1 PRF-short ssRNA to SFL or its mutants
was carried out using MicroCal PEAQ-ITC (Malvern Panalytical,
USA) at 25°C as previously described (42). The HIV-1 —1 PRF-short
ssRNA and proteins were dissolved in GF buffer. A total of 19 con-
secutive 2-pl aliquots of HIV-1 —1 PRF-short ssRNA at a concentra-
tion of 50 uM in the syringe were injected into the sample cell
containing 10 pM SFL or mutants at 150-s intervals with a stirring
rate of 750 rpm. Data were fit to a one-site binding model using the
MicroCal Origin software provided by the manufacturer.

Crystallization and structure determination

SFL expressed from high-five cells was concentrated at 4 mg/ml be-
fore crystallization. The protein was crystallized by mixing 1 pl of
the sample with 1 pl of buffer containing 0.2 M potassium sodium
tartrate tetrahydrate and 20% (w/v) polyethylene glycol 3350 (pH 7.4)
in a hanging drop vapor diffusion system at 18°C. Crystals were
flash-frozen in liquid nitrogen before measurement. The final data
were collected at BLI9U1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF). Diffraction data were processed with the
XDS package. The SFL structure was determined by molecular
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replacement using the software Phaser with a previously established
partial model at a resolution of 3.3 A. Manual model building was
conducted using the software Coot. The crystal structure was re-
fined using software package Phenix Data collection, and refine-
ment parameters are summarized in Table 1.

Pseudovirus infection

The HEK293T cells were seeded in 12-well plates with 6 x 10° cells
per well. After 18 hours, 500 ng of pNL4-3.Luc.R™.E", 150 ng of
pVSV-G or pNL4-3 Env, and 100 ng of either empty control,
pcDNA3.1-SFL-myc, or SFL mutants plasmids were cotransfected
into cells per well. Forty-eight hours later, the cell culture medium
was centrifuged at 8000g for 5 min to obtain pseudoviruses. The
HeLa cells or HEK293T cells were seeded in 96-well plates at a den-
sity of 4 x 10* cells per well, with 40 pl of pseudovirus solution add-
ed to each well for a 48-hour infection. To infect MT4 or TZM-bl
cells, 40 pl of HIV-1 NL4-3 Env pseudovirus was introduced to each
well of 96-well plates at a density of 4 x 10* cells per well for 48 hours.
Then, the activity of Fluc in cells was detected according to the rec-
ommended method of Luciferase Assay System (Promega) with
slight modifications. Briefly, cell lysis was first performed and lysate
was transferred to a fresh 96-well opaque plate. Then, 50 pl of Lucif-
erase Assay Reagent was added to each well and the activity of Fluc
was measured using a GloMax Navigator microplate luminometer
(Promega) immediately. After measurement, each sample’s Fluc
value was calculated by comparing to the empty vector, which was
designated as 100%. All data were shown as means + SD. The assay
was performed in triplicate and repeated three times. All statistical
analyses were performed relative to WT SFL and calculated using a
two-tailed unpaired ¢ test (¥*P < 0.05; **P < 0.01; ***P < 0.001;
###%P < 0.0001; n.s., not significant).

Dual-luciferase assay
The activity of various —1 PFR reporters was assessed by a dual-
luciferase reporter. The HEK293T cells were seeded in 96-well
plates at a density of 5 x 10* cells per well. After 18 hours, Lipo-
fectamine 2000 (Invitrogen) was used to transfect the plasmids,
with 50 ng of either the —1 PRF reporter, negative control, or posi-
tive control from a different source per well. After transfection for
24 hours, the activity of Fluc and Rluc reporter genes in cells was
detected according to the recommended method of Dual-Luciferase
Reporter Assay System (Promega). Briefly, cell lysis was first per-
formed, and the lysate was transferred to a fresh 96-well plate. Then,
50 pl of Luciferase Assay Reagent II containing Fluc substrate was
added to each well. Immediately after, the activity of Fluc was mea-
sured using a plate reader. Then, 50 pl of Stop&Glo Reagent, con-
taining the Rluc substrate, was added to each well. The catalytic
reaction of Rluc was initiated, terminating the previous reaction,
and the activity of Rluc was measured immediately. After measure-
ment, each sample’s Fluc/Rluc value was calculated relative to the
corresponding positive control, which was designated as 100%. All
data were shown as means =+ SD. The assay was performed in tripli-
cate and repeated three times.

The activity of SFL or its mutants was assessed to inhibit the shift
of various —1 PRF reporters. The HEK293T cells were seeded in 96-
well plates with 5 x 10* cells per well. After 18 hours, Lipofectamine
2000 was used to transfect the plasmids, with 50 ng of pcDNA3.1-
dual-luc-(—1 PRF) and 50 ng of either empty control, pcDNA3.1-
SFL-myc, or SFL mutants per well. After transfection for 24 hours,
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the activity of Fluc and Rluc reporter genes in cells was detected as
described above. After measurement, each sample’s Fluc/Rluc value
was calculated by comparing to the empty vector, which was desig-
nated as 100%. All data were shown as means + SD. The assay was
performed in triplicate and repeated three times. All statistical anal-
yses were performed relative to WT SFL and calculated using a
two-tailed unpaired ¢ test (*P < 0.05; **P < 0.01; ***P < 0.001;
*kEkP < 0.0001; n.s., not significant).

Sample preparation for PDB-MS

HEK293T cells were cultured in 10-cm dishes and allowed to reach
80% confluence. The cells were then transfected with 1.5 pg each of
pcDNA3.1-AirID-Flag, pcDNA3.1-SFL-AirID-Flag, and pcDNA3.1-
SFL-13XGGGGS-AirID-Flag plasmids using Lipofectamine 2000. At
5 hours posttransfection, the medium was replaced with a fresh cul-
ture medium containing 0.5 pM biotin (MCE). After 16 hours of in-
cubation, the cells were washed twice with prechilled PBS. The cells
were collected and lysed in 1 ml of radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime), followed by centrifugation at 12,000 rpm
for 15 min at 4°C to obtain the cell lysate. Four percent of the lysate
was separated for quality control analysis of expression and labeling
by Western blot. The remaining 96% of the lysate was used to enrich
biotinylated proteins. Briefly, 200 pl of Streptavidin Magnetic Beads
(Beyotime) were washed three times with tris-buffered saline (TBS)
buffer (Beyotime) before the addition of the lysate, and the mixture
was incubated overnight at 4°C on a rotating shaker. The beads were
washed five times with phosphate-buffered saline with Tween 20 (So-
larbio). The beads were then resuspended in RIPA lysis buffer, and
10% of the resuspended solution was taken as the output sample for
Western blot analysis. After removing the RIPA lysis buffer, the beads
were washed twice with TBS buffer, and the beads were lastly stored
at —80°C for subsequent LC-MS/MS analysis.

Proximity-dependent biotinylation-mass spectrometry

The sample was incubated with buffer 1 [2 M urea, 50 mM Hepes,
and trypsin (0.25 pg/pl) (Promega)] at 37°C for 1 hour and buffer 2
(2 M urea and 50 mM Hepes) at 37°C for 5 min twice to elute pro-
teins from SA magnetic beads. All supernatant was collected by cen-
trifugation at 3000¢ for 5 min in the same tube. For digestion,
proteins were reduced with 1 M dithiothreitol (DTT) for 30 min at
37°C and alkylated with 1 M indole-3-acetic acid (IAA) for 45 min
at room temperature in the dark, and then trypsin (0.25 pg/ul) was
added at 37°C for on-bead digestion overnight. After trypsin diges-
tion, peptides were desalted by an SP2 column and dried by vacuum
centrifuging.

All nano LC-MS/MS experiments were performed on an Orbitrap
Exploris 480 (Thermo Fisher Scientific) equipped with an EASY-
nLC1200 system (Thermo Fisher Scientific). Peptides were loaded
onto a 100-pm inside diameter (ID)-by-8-cm trap column and sepa-
rated on a 75-pm ID-by-200-mm C18 column with a 120-min linear
gradient of solvent A (0.1% formic acid) and solvent B (80% acetoni-
trile and 0.1% formic acid). The MS analysis was performed with an
Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific).
The mass spectrometer was operated in positive mode with the
FAIMS Pro interface, using data-independent acquisition (DIA)
mode for high-resolution MS scans [120,000 at mass/charge ratio
(m/z) 200] and MS/MS scans (30,000 resolution) with variable isola-
tion windows. For nanoelectrospray ion source settings, the spray
voltage was 2.2 kV; the heated capillary temperature was 320°C.
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The DIA data were processed using the DIA-NN (v1.8.1) soft-
ware (43). The protein sequence database was composed of reviewed
human proteome (UP000005640_9606.fasta, 20598 entries, down-
load date: 7 May 2024) and common contamination proteins (44).
Trypsin (full) was specified as the proteolytic enzyme allowing up to
two missed cleavages. Carbamidomethylation on Cys was specified
as a fixed modification, and oxidation on Met and acetylation on
protein N terminus were specified as variable modifications. The
range of peptide length was set from 7 to 50. Precursor false discov-
ery rate (FDR) was adjusted to be less than 1%. All other parameters
in DIA-NN were set to their default values.

In vitro kinase assay

The kinases tested include EEF2K (MCE, HY-P701676), MAP3K1
(MERCK, SRP5047), MAP3K7 (Sino Biological, M15-13G), NEK9
(Sino Biological, N11-11G), PBK (Sino Biological, T14-10G), and
TTK (MERCK, SRP5095). The reactions were performed using
E. coli-expressed SFL as the substrate under the following condi-
tions: 5 pM substrate, 20 nM kinase, 1 mM ATP (adenosine triphos-
phate), 40 mM tris-HCI, 20 mM MgCl,, BSA (0.1 mg/ml), and 50 pM
DTT. For the EEF2K reaction, additional components were re-
quired: calmodulin (0.03 pg/pl) and 0.5 mM CaCl,. The reactions
were incubated at 30°C for 90 min. The reaction samples were ana-
lyzed using Phos-tag SDS-PAGE and Coomassie blue staining.

LC-MS/MS analysis of phosphorylated SFL

Protein bands were destained overnight and dehydrated with aceto-
nitrile until white, reduced with DTT and alkylated with iodoacet-
amide in the dark at room temperature, and dehydrated again, and
trypsin or chymotrypsin was added for overnight digestion at
37°C. Peptides were extracted with 50% acetonitrile and 0.5% for-
mic acid, with an additional extraction for hydrophobic peptides if
expected. Extracts were dried and redissolved in 20 pl of 0.1%
formic acid.

LC-MS/MS experiments were conducted on a Q Exactive Plus
Bio mass spectrometer coupled with a Vanquish UHPLC system
(Thermo Fisher Scientific). Peptides were resolved on an ACQUITY
UPLC Peptide BEH C18 column (Waters) with a flow rate of 0.2 ml/
min. The mass spectrometer operated in positive mode with a full
MS scan range of 350 to 2000 m/z and a resolution of 70,000 and a
MS/MS scan resolution of 17,500.

Data were analyzed using thee Thermo Fisher Scientific BioPhar-
ma Finder software (version 3.1) with fixed algorithm parameters.
Identified peptides were screened with confidence score > 90, A
(parts per million) < 15, and overall best average structural resolu-
tion < 2. The extracted ion chromatogram of phosphopeptides was
extracted on the basis of m/z values, and those with poor peak char-
acteristics or signals below noise were recorded as 0. The XIC peak
areas of all phosphopeptides at the same phosphorylation site were
summed up.

CRISPR-Cas9-mediated gene knockdown

HEK293T cells with kinase knockdown were generated using com-
mercial CRISPR-Cas9 plasmids. To achieve maximum knockdown
efficiency, the CRISPR-Cas9 plasmid for each kinase consists of three
plasmids transfected according to a 1:1:1 mass ratio. Each plasmid
encodes the Cas9 nuclease, green fluorescent protein (GFP), and a
target-specific guide RNA (gRNA). HEK293T cells were deposited in
a 10-cm dish and transfected with 15 pg of EEF2K KO plasmids (Santa
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Cruz Biotechnology, sc-402166), NEK9 knockout (KO) plasmids
(Ubigene, YKO-RP003-hNEK9 [gRNA1], YKO-RP003-hNEK9
[gRNA2], and YKO-RP003-hNEK9 [gRNA3]), and PBK KO plas-
mids (Ubigene, YKO-RP003-hPBK [gRNA1], YKO-RP003-hPBK
[gRNA2], and YKO-RP003-hPBK [gRNA3]) using Lipofectamine
2000, respectively. After 36 hours posttransfection, cells were col-
lected and sorted using a BD FACSAria ITu Flow Cytometer to en-
rich for cells that expressed GFP successfully, and the sorted cells
were expanded and cultured. The expression levels of the targeted
kinases in the sorted cells were confirmed by Western blot using
specific antibodies: anti-EEF2K Antibody, anti-NEK9 Antibody,
and anti-PBK Antibody. Cells with confirmed gene knockdown were
then used for further experiments.

Western blot analysis

HEK293T cells or HEK293T cells with a knockdown of a kinase gene
were seeded in a 6-well plate. Each well was transfected with 1 pg of
pNL4-3.Luc.R™.E™ and 1 pg of either WT or mutant pcDNA3.1-SFL-
myc plasmids. After a 24-hour incubation, the cells were harvested and
lysed with RIPA lysis buffer. The cell lysates were subjected to separation
via 12% SDS-PAGE, after which the proteins were transferred to a
0.45-pm PVDF (polyvinylidene difluoride) membrane using a wet
transfer method. The membrane was then blocked with 5% skim milk in
tris-buffered saline with Tween 20 buffer at room temperature for
1 hour. Following this, the membrane was incubated with the primary
antibody overnight at 4°C, washed thoroughly, and then incubated with
the secondary antibody for 1 hour at room temperature. The membrane
was subsequently treated with SuperSignal West Pico PLUS (Thermo
Fisher Scientific) and analyzed using a ChemiDoc MP gel imager (Bio-
Rad). All data are processed with Image Lab software.

Multicycle HIV-1 growth analysis

A viral stock of replication-competent HIV-1 SG3 was produced by
transfecting molecular clones into HEK293T cells, as previously de-
scribed (17). Culture supernatants were collected 48 hours posttrans-
fection, and the TCIDs values in TZM-bl cells were assessed. Jurkat
cells were seeded in 48-well plates at 8 x 10* cells per well. Transfec-
tion was performed using ProteanFect (Nanoportal biotech) accord-
ing to the manufacturer’s instructions, with either empty vector
control, pLV-UBC-SFL-Myc-EF1la-GFP plasmid, or its mutants. At
24 hours posttransfection, cells were infected with 200 TCIDs, of
replication-competent HIV-1 SG3 virus per well and incubated at
37°C for 4 hours. After washing three times with RPMI 1640, the
cells were resuspended in 200 pl of fresh culture medium and cul-
tured at 37°C. At each indicated time point, 50 pl of the supernatant
was harvested, and 50 pl of fresh medium was replenished per well.
The P24 antigen in the culture supernatant was quantitated by an
ELISA (enzyme-linked immunosorbent assay) kit. All data were
shown as means + SD. The assay was performed in duplicate and
repeated four times. All statistical analyses were performed rela-
tive to WT SFL and calculated using a two-way analysis of vari-
ance (ANOVA) with multiple comparisons (*P < 0.05; **P < 0.01;
*#%P < 0.001; **¥**P < 0.0001; n.s., not significant).
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