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ABSTRACT
PDPK1 (3-phosphoinositide dependent protein kinase 1) is a phosphorylation-regulated kinase that plays 
a central role in activating multiple signaling pathways and cellular processes. Here, this study shows 
that PDPK1 turns on macroautophagy/autophagy as a SUMOylation-regulated kinase. In vivo data 
demonstrate that the SUMO modification of PDPK1 is a physiological feature in the brain and that it 
can be induced by viral infections. The SUMOylated PDPK1 regulates its own phosphorylation and 
subsequent activation of the AKT1 (AKT serine/threonine kinase 1)-MTOR (mechanistic target of rapa-
mycin kinase) pathway. However, SUMOylation of PDPK1 is inhibited by binding to PIK3C3 (phospha-
tidylinositol 3-kinase catalytic subunit type 3). The nonSUMOylated PDPK1 then tethers LC3 to the 
endoplasmic reticulum to initiate autophagy, and it acts as a key component in forming the autophagic 
vacuole. Collectively, this study reveals the intricate molecular regulation of PDPK1 by post-translational 
modification in controlling autophagosome biogenesis, and it highlights the role of PDPK1 as a sensor of 
cellular stress and regulator of autophagosome biogenesis.

Abbreviations: AKT1: AKT serine/threonine kinase 1; ATG14: autophagy related 14; Co-IP: co- 
immunoprecipitation; ER: endoplasmic reticulum; hpi: hours post-infection; mAb: monoclonal antibody; 
MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MOI: multiplicity of infection; MTOR: 
mechanistic target of rapamycin kinase; pAb: polyclonal antibody; PDPK1: 3-phosphoinositide depen-
dent protein kinase 1; PI3K: phosphoinositide 3-kinase; PIK3C3: phosphatidylinositol 3-kinase catalytic, 
subunit type 3; RPS6KB1: ribosomal protein S6 kinase B1; SGK: serum/glucocorticoid regulated kinase; 
SQSTM1: sequestosome 1; SUMO: small ubiquitin like modifier; UBE2I/UBC9: ubiquitin conjugating 
enzyme E2 I; UVRAG: UV radiation resistance associated
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Introduction

Conjugation of the small ubiquitin-related modifier (SUMO) to 
substrates requires the sequential action of an E1 activating 
enzyme, an E2 conjugating enzyme, and an E3 protein ligase. 
SUMO1 (small ubiquitin like modifier 1) was reported to 
participate in connecting the RANGAP1 (Ran GTPase activat-
ing protein 1) to the RANBP2 (RAN binding protein 2) to 
promote the translocation of RANGAP1 from the cytosol to 
the nuclear pore [1]. SUMO1 was also shown to accelerate the 
accumulation of autophagic vacuoles by promoting amyloid- 
beta production [2]. SUMO modification (SUMOylation) was 
also shown to abolish the interaction between UBE2K (ubiqui-
tin conjugating enzyme E2 K) and the ubiquitin E1 enzyme [3]. 
Moreover, SUMOylation not only stimulates phosphorylation 
of the microtubule-associated protein [4], but it also negatively 
regulates the tyrosine phosphorylation of PIK3R2 (phosphoi-
nositide-3-kinase regulatory subunit 2) [5]. Correspondingly, 
several deSUMOylation enzymes have been identified to 
remove SUMO from substrates, including Ubl-specific 

proteases and SUMO-specific peptidases (SENPs) [6]. All of 
this shows that post-translational modification through 
SUMOylation is involved in various cellular processes, such 
as nuclear-cytosolic transport, transcriptional regulation, pro-
tein stability, stress response, and cell-cycle progression [7].

Autophagy is a highly conserved process that involves the 
sequestration and transport of damaged organelles, misfolded 
and toxic proteins, and microorganisms to lysosomes for 
degradation [8–10]. Autophagy process includes autophago-
some formation and maturation. Phosphatidylinositol 3-phos-
phate (PtdIns3P), a key membrane marker for 
autophagosome formation, is produced when PIK3C3 (phos-
phatidylinositol 3-kinase catalytic subunit type 3) phosphor-
ylates the 3-position of phosphatidylinositol [11]. PtdIns3P 
then recruits autophagy-specific PtdIns3P effectors through 
its FYVE-binding domain and WD repeat-containing domain, 
and these effectors induce the nucleation of the phagophore 
[12]. Following nucleation, autophagy-related proteins, such 
as WIPI2 (WD repeat domain, phosphoinositide interacting 2) 
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and the ATG12 (autophagy related 12)–ATG5 (autophagy 
related 5) complex, are recruited to the membrane to promote 
the conversion of LC3-I to LC3-II [13]. The formation of 
LC3-II enables the protein to associate with the phagophore. 
Assembly of LC3-II, together with its associated membrane, as 
well as several autophagy-related proteins, enables the growth 
and expansion of the autophagic membrane. However, how 
SUMOylation is involved in autophagosome formation 
remains poorly understood.

The PDPK1 exerts its kinase role in multiple signaling 
pathways by phosphorylating several other kinases, including 
RPS6KB/p70S6 kinase and RPS6KA/p90S6 kinase [14–17], 
PRKC (protein kinase C) isoforms [18–21], and the SGK1 
(serum/glucocorticoid regulated kinase 1) [22,23]. phosphati-
dylinositol-3,4,5-triphosphate (PtdIns[3,4,5]P3) formation 
mediated by class I phosphoinositide 3-kinase (PI3K) recruits 
PDPK1 and AKT1 to the cell membrane [24], and then 
PDPK1 phosphorylates AKT1 and activates the MTOR path-
way. Phosphorylation of PDPK1 at Ser241 plays an important 
role in regulating the activity and function of the protein. 
Phosphorylation of Ser241 is thought to be constitutive and 
to be independent of growth factor stimulation. However, the 
mechanism regulating phosphorylation of PDPK1 at Ser241 
remains unknown.

In this work, we showed that PDPK1 is SUMOylated. 
SUMOylation of PDPK1 promotes its phosphorylation and 
subsequent activation of the AKT1-MTOR pathway. 
However, the SUMOylation of PDPK1 is inhibited by 
PIK3C3 binding to SUMOylated/phosphorylated PDPK1. 
NonSUMOylated PDPK1 (PDPK1 without SUMO modifica-
tion) induces autophagosome biogenesis by promoting LC3 
lipidation. Thus, these intricate SUMOylation/ 
nonSUMOylation modifications regulate the differential func-
tion of PDPK1 by binding to differently modified proteins.

Results

PDPK1 is SUMOylated under physiological conditions and 
during virus infection

To study the post-translational modification of PDPK1, we 
firstly measured PDPK1 from mouse tissues and different 
cells by western blotting. Two PDPK1 isoforms with molecu-
lar masses of approximately 210 kDa (termed PDPK1*S) and 
70 kDa (PDPK1) were isolated with the polyclonal antibody 
(pAb) to PDPK1 in the brain of mice, but only the 70 kDa 
form was seen in the lung, kidney, and spleen (Figure 1A). 
Interestingly, the level of PDPK1*S band was only increased 
in the brain of mice treated with INS (insulin; an activator of 
PI3K), but not LY294002 (an inhibitor of PI3K) or rapamycin 
(an inhibitor of MTOR) (Figure 1B). Consistent with this, 
when different cell lines were treated with INS, LY294002, 
or rapamycin, the PDPK1*S bands could be enhanced in INS- 
treated cells (Figure 1C and S1A). Moreover, the PDPK1*S 
band was also confirmed in wild type (WT) and PDPK1- 
silenced cells transfected with FLAG-tagged PDPK1 upon 
INS treatment, but not with LY294002 or rapamycin treat-
ment (Figure 1D and S1B), indicating that PDPK1 is post- 

translationally modified in vivo and in vitro. By contrast, 
rapamycin or starvation treatment is able to counteract the 
effect of INS on induction of modified PDPK1 (Figure S1C). 
To further test whether virus infection also induces the post- 
translational modification of PDPK1, we prepared RNA virus 
and DNA virus-infected cells. Notably, the post-translational 
modification of PDPK1 was also observed in both RNA virus 
and DNA virus-infected cells (Figure 1E). These results clearly 
demonstrate that PDPK1 has the same post-translational 
modification under physiological conditions and during viral 
infection.

To determine whether the post-translational modification 
is SUMOylation of PDPK1, cells were separately co- 
transfected with PDPK1 and UBE2I/UBC9 (ubiquitin conju-
gating enzyme E2 I), SUMO1, or SUMO2, or SUMO3 and 
analyzed by immunoprecipitation (IP) assay. SUMO1- 
conjugated PDPK1, but not SUMO2 or SUMO3, was detected 
in the co-transfected cells using an anti-FLAG mAb (Figure 
1F). Consistently, PDPK1*S was not detected in UBE2I- 
silenced cells (Figure 1G) and PDPK1 colocalized with 
SUMO1 in transfected cells (Figure 1H), revealing that 
PDPK1 was SUMOylated with SUMO1. Notably, 
a significant decrease in PDPK1*S was seen in cells overex-
pressing the deSUMOylases SENP1 and SENP3 (Figure 1I). 
These results verify that the PDPK1*S was a SUMO1- 
modified PDPK1.

To further identify the SUMO modification and interac-
tion sites, we predicted the SUMO conjugated or interacted 
consensus motif of PDPK1 using online SUMOylation pre-
diction tools (http://sumosp.biocuckoo.org/) and identified 
the predicted sites of SUMO modification and interaction by 
biochemical and mass spectrometry (MS) analyzes. 
Bioinformatics analysis showed that lysine (K)207, K296 and 
K495 might be SUMOylation sites of PDPK1 and the motif 110 
IKIL114E might be the SUMO-interaction domain of PDPK1 
(Figure 1J and S1D). To indeed validate these SUMOylation 
sites of PDPK1, we performed the mass spectrometry (MS) 
identification of SUMO modification sites. Mass spectrometry 
analysis displayed that the residues K207, K296 and K495 of 
PDPK1 were identified as SUMOylation sites (Figure S1E), 
showing that PDPK1 is a protein with SUMOylation modifi-
cation. We subsequently generated various substitution 
mutants of PDPK1, including PDPK1 with K296R and 
K495 R (PDPK1K296,495R); PDPK1 with K207R and K495R 
(PDPK1K207,495R); PDPK1 with K207R and K296R 
(PDPK1K207,296R); PDPK1 with I110R, I112R, and L113R 
(PDPK1ID); PDPK1 with I110R, I112R, L113R, K296R and 
K495R (IDK296,495R); PDPK1with I110R, I112R, L113R, K207R 
and K495R (IDK207,495R); PDPK1 with I110R, I112R, L113R, 
K207R and K296R (IDK207,296R); PDPK1 with K207, K296R, 
and K495R (PDPK1CD); and PDPK1 with I110R, I112R, 
L113R, K207R, K296R, and K495R (PDPK1SD). An IP assay 
with FLAG-PDPK1 showed that all PDPK1 mutants could 
interact with SUMO1 except for PDPK1ID and PDPK1SD 
(Figure 1K), and only PDPK1SD lost the ability to produce 
SUMOylated PDPK1 completely (Figure 1L and S1F). 
Moreover, in vitro SUMO modification assay simultaneously 
revealed that PDPK1 but not PDPK1SD was able to be 
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Figure 1. SUMOylation of PDPK1. (A) PDPK1 with a molecular weight of 210 kDa in the brain of mice. Lysates from the spleen, lung, kidney and brain of BALB/c mice were performed 
by in vivo SUMOylation detection assay described in material and method section and WB assay with using indicated antibodies. (B) PDPK1*S levels in the brain of drug-treated mice. 
Mice were intraperitoneally injected with rapamycin (0.4 mg/kg), LY294002 (1.5 mg/kg), INS (1 IU/kg), or DMSO. Lysates from the spleen, lung, kidney and brain of BALB/c mice were 
performed by in vivo SUMOylation detection assay described in material and method section and WB assay with using indicated antibodies. (C and D) PDPK1*S levels in wild-type and 
PDPK1-transfected cells. HEK293T cells and FLAG-PDPK1 transfected HEK293T cells were separately treated with rapamycin (R, 5 μM), LY294002 (L, 10 μg/ml), INS (I, 100 nM), or DMSO 
(D) for 24 h followed by in vivo SUMOylation detection assay described in material and method section and WB assay with using indicated antibodies (# indicates nonspecific bands). 
(E) The 210-kDa form of PDPK1 was formed upon RNA or DNA virus infections. RNA virus infections included IBDV infection (MOI = 10) in DF-1 cells for 7 h, influenza virus H7N9 
(MOI = 10) and PR8 (MOI = 8) infections in A549 cells for 9 h, and VSV infection (MOI = 10) in HEK293T cells for 9 h. DNA virus infections contained PCV2 (MOI = 10) and PRV (MOI = 1) 
infections in PK15 cells for 72 h. The resultant samples are followed an in vivo SUMOylation detection described in material and method section with using indicated antibodies in 
immunoblotting analysis (# indicates nonspecific bands). (F) HEK293T cells co-transfected with FLAG-PDPK1 and PCI-NEO-UBE2I and empty vector HA, HA-SUMO1, HA-SUMO2, or HA- 
SUMO3 for 24 h is followed an in vivo SUMOylation detection by using indicated antibodies in immunoblotting analysis. (G) SUMOylation of PDPK1 is detected with indicated 
antibodies in immunoblotting analysis, after HEK293T cells were co-transfected with FLAG-PDPK1 and ShCon. or ShUBE2I for 20 h and then treated with INS for 24 h. (H) Colocalization 
between PDPK1 and SUMO1 in A549 cell lines. Scale bar: 10 μm. (I) HEK293T cells were co-transfected with PCI-NEO-UBE2I, HA-SUMO1 and empty vector FLAG, FLAG-SENP1, FLAG- 
SENP3, or MYC-PDPK1 for 24 h, and in vivo SUMOylation (described in material and method section) of PDPK1 is detected with using indicated antibodies in immunoblotting assay. (J) 
Map of SUMOylation sites and SUMO interaction sites in alignment of PDPK1 protein sequence from different species. (K) HEK293T cells were co-transfected with PCI-NEO-UBE2I and 
FLAG-PDPK1, FLAG-PDPK1CD, FLAG-PDPK1ID, FLAG-PDPK1SD, MYC-SUMO1, or empty vector MYC for 48 h. Co-IP assays were performed by using indicated antibodies. (L) HEK293T cells 
were co-transfected with PCI-NEO-UBE2I, MYC-SUMO1 and FLAG-PDPK1 or FLAG-PDPK1CD, FLAG-PDPK1ID, empty vector FLAG for 48 h, respectively. Co-IP assays with indicated 
antibodies. (M) HIS-PDPK1 and HIS-PIK3C3 were expressed in BL21 and purified. In vitro SUMOylation assay was then performed. Immunoblotting analysis of PDPK1 by using indicated 
antibodies. (N) SUMOylation analysis of PDPK1 by nickel beads affinity-isolation assay under denaturing condition. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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SUMOylated (Figure 1M), suggesting that the residues I110, 
I112, L113 and K207, K296, K495 are critical for the 
SUMOylation of PDPK1. In order to test whether the con-
jugation is covalent linkage, we performed nickel-bead affinity 
isolation of HIS-SUMO1 under denaturing condition. The 
data showed that the 210-kD band could be detected using 
anti-FLAG antibody from extracts of 293 T cells co-expressing 
of HIS-SUMO1 and FLAG-PDPK1, rather than FLAG- 
PDPK1SD (Figure 1N), suggesting that SUMO1 was conju-
gated to PDPK1 in a covalent linkage manner.

To determine whether substitution of these residues to 
arginine (R) disrupts the structure of PDPK1, the struc-
tures of WT and mutant PDPK1 were remodeled and 
compared by utilizing bioinformatics tool Hhpred [25]. 
As presented in Figure S2A, the structures of both the 
best model of WT and mutant PDPK1 showed good con-
vergence, indicating that the mutations do not alter the 
overall structure of PDPK1. Subsequently, we also analyzed 
the relative stability of these structural models by calculat-
ing the energy score of top 10 models with the Rosetta 
program. Data shown in Figure S2B revealed that though 
the energy score of WT PDPK1 was more negative than 
that of the mutant, the mutant protein is still able to fold 
into a stable three-dimensional structure similar to that of 
WT protein, implying that the three-dimensional structure 
of mutant PDK1 is stable. In addition, in order to test the 
stability of PDPK1 experimentally, we firstly purified HIS- 
PDPK1 and HIS-PDPK1SD expressed in E. coli (Figure 
S2C) and applied them to HiPrep 16/60 Sephacryl 
S-300 HR for gel filtration by using ÄKTA™ start protein 
purification system. As shown in Figure S2D, WT PDPK1 
and PDPK1SD appeared at the same peak, suggesting that 
the two proteins had very similar behaviors. We then 
tested thermal stability of WT PDPK1 and PDPK1SD by 
using Protein Thermal Shift™ Dye Kit. The results showed 
that both melting temperature values of WT PDPK1 and 
PDPK1SD was at about 45°C, suggesting that the thermal 
stability of the mutant is similar to that of WT PDPK1 
(Figure S2E). The above data proved that the structure of 
PDPK1SD was stable.

Collectively, our data clearly demonstrate that PDPK1 is 
able to be SUMOylated under physiological conditions and in 
response to virus infection.

The SUMO modification of PDPK1 is critical for activating 
PDPK1-AKT1-MTOR pathway

The phosphorylation of PDPK1 is critical for the activa-
tion of its substrates, such as AKT1 and RPS6KB1 [14,24]; 
thus, we tested whether SUMOylation of PDPK1 affects 
phosphorylation of itself or its downstream substrates. 
First, we investigated if SUMOylation regulates phosphor-
ylation of PDPK1. PDPK1 knockdown (KD) cells were 
transfected with vectors including FLAG-PDPK1, FLAG- 
PDPK1CD, FLAG-PDPK1ID, and FLAG-PDPK1SD. 
Immunoblotting analysis against the Ser241- 
phosphorylated PDPK1 showed that the phosphorylated 
PDPK1 was not detectable in PDPK1-silenced cells trans-
fected with PDPK1SD, PDPK1ID or PDPK1CD (Figure 

2A), respectively, and an IP assay showed that less phos-
phorylated PDPK1 was detected in cells expressing 
PDPK1SD and PDPK1ID when compared to cells expres-
sing PDPK1 or PDPK1CD (Figure S3A). The fusion of 
SUMO to the substrates has been widely used to mimic 
the activity of SUMO conjugation [26–29]. Therefore, we 
constructed vectors expressing fusion protein PDPK1- 
SUMO1 (FLAG-P-S1) or PDPK1SD-SUMO1 (FLAG-PSD- 
S1) to further validate that SUMOylation promotes PDPK1 
phosphorylation. As shown in Figure 2B, we observed that 
SUMOylation-deficient PDPK1 fused with SUMO1 rescued 
the function on phosphorylating the PDPK1 Ser241 site, 
confirming that SUMOylation is required for the Ser241 
phosphorylation of PDPK1. Next, we explored whether 
SUMOylated PDPK1 phosphorylates nonSUMOylated 
PDPK1. PDPK1-KD 293 T cells were co-transfected with 
FLAG-P-S1 and MYC-PDPK1 or MYC-PDPK1SD. Anti- 
MYC IP showed that MYC-PDPK1, but not MYC- 
PDPK1SD, was recognized by anti-phospho-PDPK1 anti-
body (Figure S3B), suggesting that only SUMOylated 
PDPK1 is phosphorylated.

Because SUMOylation affected on phosphorylation of 
PDPK1, next, we test whether SUMOylation regulates 
PDPK1’s function on phosphorylating its substrates. 
SUMOylation site K495 localized at PH domain of PDPK1. 
This domain is shown to have little or moderate effect on lipid 
biding [30], and is critical for phosphorylation of AKT1-MTOR 
[31]. Therefore, we tested whether K495R mutation is sufficient 
to affect phosphorylation of AKT1 or MTOR. As shown in 
Figure S3C, K495R mutation had no effect on activation of 
AKT1-MTOR pathway. Subsequently, we detected the effect of 
SUMOylation-deficient PDPK1 on phosphorylation of AKT1- 
MTOR, as well as RPS6KB1. In PDPK1 KD cells expressing 
SUMOylation-deficient PDPK1, we found the phosphorylation 
level of AKT1, MTOR, and RPS6KB1 decreased in comparison 
with PDPK1 KD cells expressing WT PDPK1 (Figure 2A). 
Consistent with this, immunoblotting analysis showed that 
phosphorylated AKT1, MTOR, and ULK1 (unc-51 like autopha-
gy activating kinase 1) levels increased significantly in cells 
transfected with WT and phosphomimetic PDPK1 compared 
to cells transfected with the nonSUMOylated mutants (Figure 
2C). Moreover, as shown in Figure 2B, SUMOylation-deficient 
PDPK1 fused with SUMO1 rescued the function on phosphor-
ylating AKT1-MTOR and RPS6KB1. These data suggest that 
SUMOylated/phosphorylated PDPK1 indeed facilitates the 
activity of AKT1, MTOR, and RPS6KB1.

To understand how AKT1, MTOR and RPS6KB1 are phos-
phorylated, we examined the PDPK1*S interaction with AKT1 
and RPS6KB1. Indeed, in SUMO1-transfected cells, the 
PDPK1*S interacted with AKT1 or RPS6KB1 (Figure S3D 
and S3E). Consistently, the affinity of the nonSUMOylated 
PDPK1 mutant to AKT1 and RPS6KB1 decreased (Figure S3F 
and S3G), and INS treatment exhibited the strengthened 
interaction between PDPK1, AKT1 and RPS6KB1 (Figure 
S3H and S3I), suggesting that SUMOylation of PDPK1 pro-
moted its interaction with AKT1, RPS6KB1. All these results 
all demonstrate that both SUMOylation and phosphorylation 
of PDPK1 are essential for activation of the AKT1-MTOR 
pathway.
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Figure 2. SUMOylation of PDPK1 is critical for activating the PDPK1-AKT1-MTOR pathway. (A) Phosphorylation analysis of RPS6KB1, AKT1, MTOR and PDPK1 in PDPK1 
KD cells. PDPK1 KD HEK293T cells were separately transfected with vectors expressing FLAG-PDPK1, FLAG-PDPK1CD, FLAG-PDPK1ID, or FLAG-PDPK1SD for 48 h. Cell 
lysates were immunoblotted using indicating antibodies. (B) Vectors expressing FLAG-PDPK1, FLAG-PDPK1-SUMO1 (FLAG-P-S1), and FLAG-PDPK1SD-SUMO1 (FLAG- 
PSD-S1) were separately transfected into PDPK1 knocked down cells. The resultant cells were then lysed and subjected to immunoblotting analyses by using 
indicated antibodies. (C) PDPK1 KD HEK293T cells were transiently transfected with FLAG, FLAG-PDPK1, FLAG-PDPK1S241A, FLAG-PDPK1S241D, FLAG-PDPK1SD, FLAG- 
PDPK1SD and S241A, or FLAG-PDPK1SD and S241D for 48 h. Phosphorylation of MTOR, AKT1, and ULK1 is detected using indicated antibodies. *, p < 0.05; **, p < 0.01; 
***, p < 0.001.
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The SUMO modification of PDPK1 is critical for regulating 
autophagy flux

Since SUMOylation of PDPK1 is critical for regulating 
MTOR signal pathway, which negatively regulates autopha-
gy, we further investigated whether PDPK1 SUMOylation 
affects autophagy. Interestingly, immunoblotting analysis 
showed that SQSTM1 increased greatly in PDPK1 KD 
cells expressing WT and phosphomimetic PDPK1, but 
decreased significantly when expressing the 
nonSUMOylated mutants (Figure 3A), suggesting that 
SUMOylation of PDPK1 is necessary for inhibition of 
SQSTM1 degradation. However, surprisingly, expression 
of WT and phosphomimetic PDPK1 enhances lipidation 
of LC3 slightly, while expression of three SUMOylation- 
deficient PDPK1 mutants promotes it significantly and 
reduced the level of SQSTM1. In order to determine that 
the increase of LC3-II level resulted from a decrease of 
autophagy flux or an increase of newly formed lipidated 
LC3, cells transfected with various constructs were treated 
with CQ, which inhibits the autophagic degradation in 
lysosome. As shown in Figure 3B, expression of WT and 
phosphomimetic PDPK1, and three SUMOylation-deficient 
PDPK1 indeed increase the level of LC3-II, strongly sug-
gesting that SUMOylation-deficient PDPK1 promoted the 
newly formation of LC3-II. Collectively, the above results 
suggested that SUMOylation of PDPK1 inhibits autophagy 
flux, while SUMOylation-deficient PDPK1 promotes the 
lipidation of LC3 and autophagy flux.

SUMOylation of PDPK1 promotes its interaction with 
PIK3C3

PIK3C3 is essential for autophagy [32]. We then test whether 
PDPK1 interacts with PIK3C3. Indeed, as shown in Figure 4A, 
PDPK1 colocalized with PIK3C3 in A549 cells. Consistently, 
anti-PIK3C3 IP showed that endogenous PIK3C3 interacted 
with endogenous PDPK1 (Figure 4B). Affinity-isolation assay 
confirmed that purified PDPK1 binds to PIK3C3 directly (Figure 
4C). Furthermore, in comparison to WT PDPK1 and PDPK1SD, 
PDPK1-SUMO1 interaction to PIK3C3 strengthened signifi-
cantly (Figure S4A), suggesting that SUMOylation promotes 
interaction between PDPK1 and PIK3C3. Interestingly, binding 
of the PDPK1S241A to PIK3C3 exhibited marked reduction in 
comparison with that of WT PDPK1 and PDPK1S241D mutation 
(Figure 4D), indicating that phosphorylation of PDPK1 (S241) 
enhances interaction between PDPK1 and PIK3C3. Notably, 
rapamycin treatment enhanced obviously the interaction of 
PIK3C3 with PDPK1, while INS treatment diminished PDPK1 
binding to PIK3C3 (Figure 4E). To further identify the PIK3C3 
binding domain for PDPK1, we constructed a set of FLAG- 
tagged PIK3C3 mutants. As shown in Figure 4F, the C2 and 
kinase domains of PIK3C3 were necessary for interaction of 
PIK3C3 with PDPK1. PIK3R4 is critical for lipid kinase activity 
of PIK3C3 [33]. Next, we explored whether lipid kinase activity 
of PIK3C3 affects PIK3C3 interaction with PDPK1 in the 
absence of PIK3R4. As shown in Figure S4B, PIK3R4 knock-
down had no effect on the interaction between PIK3C3 and 
PDPK1, suggesting that binding of PIK3C3 to PDPK1 was not 
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dependent on lipid kinase activity. Moreover, we also determine 
whether PDPK1 interacts with PIK3C3 complex. Anti-FLAG 
(FLAG-PDPK1) IP was performed and immunoblotting analysis 
by using anti-ATG14, -PIK3R4, -BECN1 and -UVRAG antibo-
dies, as well as FLAG-tag antibody. As shown in Figure S4C, 
endogenous ATG14, PIK3R4, BECN1 and UVRAG could inter-
act with PDPK1, suggesting that PDPK1 interacts with PIK3C3 
complexes. Collectively, these results confirmed that PIK3C3 
preferentially binds to SUMOylated and phosphorylated 
PDPK1.

PIK3C3 negatively regulated PDPK1-AKT1-MTOR pathway 
by inhibiting the SUMOylation of PDPK1

Since PIK3C3 interacted with PDPK1 (Figure 4), we next 
evaluated the role of PIK3C3 on the post-translational mod-
ification of PDPK1. When PIK3C3 was overexpressed, 
SUMOylation of PDPK1 presented a marked decrease 
(Figure 5A). Conversely, PIK3C3 KO cells exhibited the 
increase of SUMOylation of PDPK1 (Figure 5B), demonstrat-
ing that the expression of PIK3C3 inhibits the SUMOylation 
of PDPK1. Consistently, in vitro SUMO modification assay 
and nickel-bead affinity-isolation assay under denaturing con-
dition also revealed that PIK3C3 impaired SUMO modifica-
tion of PDPK1 (Figure 1M,N). Moreover, PIK3R4 knockdown 
had no effect on PIK3C3-mediated deSUMOylation of 
PDPK1, suggesting the role of PIK3C3 on inhibiting PIK3C3 
was not dependent on lipid kinase (Figure S5).

Given that UBE2I is the only SUMO E2 enzyme required 
for the transfer of SUMO molecules to the target substrates, 
we tested whether the decrease of SUMOylated PDPK1 
resulted from reduced affinity to UBE2I. As expected, we 
found that the affinity of UBE2I to PDPK1 was impaired in 
a dose-dependent manner when PIK3C3 was overexpressed 
(Figure 5C), further proving that PIK3C3 inhibited the 
SUMOylation of PDPK1 by competing with UBE2I for bind-
ing to PDPK1. Meanwhile, we observed that PIK3C3 had no 
effect on interaction between SENP3 and PDPK1 (Figure 5D). 
Consistently, the phosphorylated PDPK1, AKT1 and MTOR 
displayed a visual downregulation in PIK3C3-overexpressed 
cells, and a detectable upregulation in PIK3C3 knockout cells 
(Figure 5E,F), showing that PIK3C3 negatively regulated the 
phosphorylation of PDPK1, AKT1 and MTOR.

Taken together, our data clearly demonstrate that PIK3C3 
plays a core role in negatively regulating PDPK1 
SUMOylation and activity of PDPK1-AKT1-MTOR pathway.

NonSUMOylated PDPK1 is critical for the formation of 
autophagosomes

Overlapping analysis showed that nonSUMOylated PDPK1 
translocated to ER when compared to SUMOylated PDPK1 
(Figure 6A). Considering ER subdomains provide sites for 
autophagosome initiation and PDPK1 interaction with 
PIK3C3, we investigated the involvement of PDPK1 in autopha-
gosome formation. Live-cell time-lapse images showed that 
initially, PDPK1 accumulated close to the ER subdomain, and 
then the aggregated masses of GFP-LC3 molecules gradually 
moved toward the PDPK1 (Figure 6B and Movie 1). SIM 

colocalization analysis further showed that PDPK1-ER coloca-
lized with a subset of LC3 puncta, and PDPK1 acted like a bridge 
that links the ER subdomain with LC3 (Figure 6C). Quantitative 
analysis showed that PDPK1-positive ER-LC3 structures were 
more than PDPK1-negative ER-LC3 structures (Figure 6D). 
Consistent with this, LC3-II and phosphorylated PDPK1 with-
out SUMOylation were the main modified isoforms detected in 
the ER fraction in an immunoblotting assay (Figure 6E). 
Moreover, IP and affinity-isolation assays also showed a strong 
and direct interaction between nonSUMOylated PDPK1 and 
LC3-II in comparison with WT PDPK1 and S241A or S241D 
mutant PDPK1 (Figure 6F and S6A), indicating that 
nonSUMOylated PDPK1 was the main isoform that binds to 
LC3-II. Additionally, in comparison to WT PDPK1, 
nonSUMOylated PDPK1 also recruited more WIPI2 and 
ATG12–ATG5 complex (Figure 6F). Our data clearly demon-
strated that the nonSUMOylated PDPK1 tethers LC3 to the ER 
by binding to LC3-II and forming a PDPK1-LC3-II complex 
with WIPI2 and ATG12–ATG5 (PDPK1-LC3-II complex).

In order to evaluate whether autophagosome decorated 
with PDPK1 is an activated form, we tested if the PDPK1- 
LC3-II complex could capture the autophagic substrate 
SQSTM1. Live-cell time-lapse images showed that SQSTM1 
adhered to the PDPK1-LC3-II complex and then disappeared 
gradually (Figure 7A and Movie 2). Moreover, SIM analysis 
(Figure 7B) showed that SQSTM1 localized at the inner side 
of cup-shaped structures decorated with PDPK1-LC3 com-
plex. Subsequently, PDPK1-LC3-II complex structures 
expanded finally formed a closed ring-like autophagic vacuole 
that packaged SQSTM1 masses. To further determine which 
forms of PDPK1 participated in forming autophagic vacuoles, 
we performed SIM analysis to observe the relationship 
between PDPK1 mutants, SQSTM1, and LC3 (Figure S6B). 
Wild-type, dephosphorylated, and phosphomimetic PDPK1 
were mainly distributed in the plasma membrane and partially 
colocalized with GFP-LC3 or SQSTM1. In contrast, 
nonSUMOylated PDPK1, nonSUMOylated/dephosphorylated 
PDPK1 and nonSUMOylated/phosphomimetic PDPK1, were 
mainly expressed in the cytoplasm and overlapped with LC3 
to package SQSTM1. Collectively, these data demonstrate that 
the PDPK1-LC3-II complex packaged with SQSTM1 is critical 
for the morphogenesis of autophagosomes.

To verify that PDPK1 regulates the formation of autopha-
gic vacuoles, we analyzed the conversion of LC3-I to LC3-II 
when the expression of PDPK1 or PIK3C3 was inhibited. As 
shown in Figure 7C,D, the conversion of LC3-I to LC3-II was 
inhibited in PDPK1-silenced and PIK3C3 knockout cells and 
recovered significantly when expression of PDPK1 in PDPK1- 
silenced cells (P < 0.001), in presence or absence of CQ. As 
expected, number of GFP-LC3 puncta decreased greatly in 
PDPK1-silenced cells (Figure S6C).

Collectively, our results clearly indicated that PDPK1 is 
critical for the biogenesis of autophagosomes.

Discussion

Phosphorylation of PDPK1 controls multiple signaling path-
ways by phosphorylating the downstream protein kinases, 
such as AKT1 and RPS6KB1 [14,24]. However, whether 
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other post-translational modifications regulate the kinase 
function of PDPK1 is unknown. In this study, we suggested 
a novel mechanism for the regulation of autophagosome  

biogenesis by nonSUMOylation of PDPK1. To our knowl-
edge, this is the first report that the SUMO modification of 
PDPK1 regulates the autophagic signaling pathway.
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Vero cells expressing PDPK1 (blue), GFP-LC3 (green), and DsRed-ER (red). Cells were observed under a Nikon A1R/A1 laser-scanning confocal microscope. White 
arrowheads indicate LC3 co-localization with PDPK1. Scale bar: 2 μm. (C) Three-dimensional image of PDPK1 co-localization with LC3 and the ER. HEK293T cells were 
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Figure 7. NonSUMOylation of PDPK1 is critical for lipidation of LC3. (A) Live-cell time-lapse images of Vero cells expressing PDPK1 (blue), GFP-LC3 (green), and 
DsRed-SQSTM1 (red) for 24 h. Cells were observed under a Nikon A1R/A1 laser-scanning confocal microscope. (B) Three-dimensional dynamic image of autophago-
some formation. HEK293T cells were transiently transfected with FLAG-PDPK1, GFP-LC3, and DsRed-SQSTM1 for 24 h and then observed by SIM. Fifty cells in each 
treatment were recorded. (C) Immunoblot analysis of lysates from WT-PDPK1, PDPK1 KD, or PIK3C3 KO HEK293T cell lines in the presence or absence of CQ by using 
indicated antibodies. (D) Immunoblot analysis of lysates from WT-PDPK1 or PDPK1 KD HEK293T cell lines overexpressing FLAG or FLAG-PDPK1 in presence or absence 
of CQ by using indicated antibodies.
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SUMOylation of PDPK1 links PIK3C3 to the AKT1-MTOR 
pathway

SUMO-interacting motif (SIM) is reported to promote the 
SUMO modification of substrates (i.e., Srs2 SUMOylation) 
through binding to SUMO-charged UBE2I [34]. In our study, 
either the mutation of SUMOylation sites at K207, K296, and 
K495 of PDPK1 (PDPK1CD) or of SIM at I110, I112, and L113 
of PDPK1 (PDPK1ID) did not completely eliminate the 
SUMOylation. Only the mutation of both SIM and 
SUMOylation sites of PDPK1 (PDPK1[SD]) abolished comple-
tely SUMOylation of PDPK1; meanwhile, both SUMO1 and 
UBE2I was critical for the SUMOylation of PDPK1 (Figure 1F, 
G). Therefore, a reasonable hypothesis is that PDPK1 
SUMOylation could be due to the combined effect of 
SUMOylation site and SIM.

The Ser241 phosphorylation of PDPK1 is necessary for 
phosphorylating AKT1 and activating the MTOR pathway, 
which negatively regulates autophagosome formation by 
phosphorylating ULK1 [35,36]. In our study, we showed 
that SUMOylation of PDPK1 is critical for generating 
Ser241 phosphorylation of PDPK1 (Figure 2B). 
SUMOylated/phosphorylated PDPK1 is required for phos-
phorylating AKT1, MTOR, and ULK1, and it inhibits the 
conversion of LC3-I to LC3-II, indicating that SUMOylation 
of PDPK1 inhibits autophagy by activating the AKT1-MTOR- 
ULK1 pathway.

PIK3C3, a class III PI3K, is a positive regulator of autophagy 
[32,37]. Conversely, the class I PI3K-PDPK1-AKT1-MTOR 
pathway negatively regulates autophagy [38]. However, the rela-
tionship between PIK3C3 and the class I PI3K-PDPK1-AKT1- 
MTOR pathway is unknown. A previous study suggested that 
specific amino acids mediate the MTOR pathway through acti-
vation of PIK3C3 [39], but the molecular mechanism involved in 
PIK3C3 signaling in the MTOR pathway is not clear. In our 
study, we found that PDPK1 binds to AKT1 and RPS6KB1 as 
well as to PIK3C3 (Figure 4 and S2). SUMOylated/phosphory-
lated PDPK1 activates AKT1 and RPS6KB1 by phosphorylation, 
resulting in inhibition of autophagy flux (Figure 3). However, 
binding of PIK3C3 to SUMOylated/phosphorylated PDPK1 
induces the nonSUMOylation of PDPK1 (Figure 5). 
NonSUMOylation of PDPK1 leads to its translocation from 
the cell membrane and inhibition of AKT1 activity, which results 
in inactivation of the AKT1-MTOR pathway. Thus, our experi-
mental evidence suggests the role of negative feedback of 
PIK3C3 in inactivating the PDPK1-AKT1-MTOR pathway by 
interacting with SUMOylated/phosphorylated PDPK1 to inhibit 
the SUMOylation and phosphorylation of PDPK1, indicating 
a direct connection between PIK3C3 and the PDPK1-AKT1- 
MTOR pathway.

PIK3C3 induces autophagy through nonSUMOylation of 
PDPK1

Several studies have shown how PIK3C3 functions in indu-
cing autophagy in response to autophagy stimulation 
[32,40,41]. Our data show that SUMOylation of PDPK1 is 
inhibited by competitively binding of PIK3C3 to PDPK1 with 
SUMO1 in a dose-dependent manner (Figure 5C), and 

nonSUMOylated PDPK1 forms a complex by interacting 
with LC3, WIPI2 and the ATG12–ATG5 complex for further 
lipidation of LC3 in the ER (Figure 6). Moreover, the forma-
tion of LC3-II increased significantly in PDPK1-silenced cells 
with expression of nonSUMOylated PDPK1, indicating that 
LC3-II is newly formed, and this process is induced by 
nonSUMOylated PDPK1 (Figures 3 and 7.) Therefore, we 
conclude that autophagy is induced by PIK3C3- mediated 
nonSUMOylation of PDPK1.

NonSUMOylated PDPK1 plays a role in delivering lipids to 
expanding phagophores

ER-membrane structure interaction sites, such as ER- 
mitochondrial contact sites [42], ER-Golgi intermediate com-
partments [43], and ER-plasma membrane contact sites [44], 
play critical roles in autophagosome formation. ER subdomains 
provide sites for autophagosome initiation [45] and lipids for 
autophagosome membrane expansion [46,47]. Interestingly, we 
observed that PDPK1 with different modifications shuttled 
between the plasma membrane, ER membrane, and autophago-
some membrane. SUMOylated PDPK1 was localized to the cell 
membrane (Figure 6A); however, nonSUMOylated PDPK1 
acted as a bridge between the ER and LC3 (Figure 6C) and at 
the expanding autophagosome membrane (Figure 7B). Together 
with verification that nonSUMOylated PDPK1 interacts with 
LC3-II, the hypothesis is that nonSUMOylated PDPK1 might 
assist in transferring lipids to the phagophore to support the 
expansion of the phagophore.

PIK3C3 inhibits SUMOylation of PDPK1

The small ubiquitin-related protein family plays vital roles in 
post-translational modification and regulates diverse cellular 
processes such as transcription [48], replication [49], chromo-
some segregation [50], and DNA repair [51]. The E1 activat-
ing enzyme, E2 conjugating enzyme, and E3 protein ligase 
function sequentially in the conjugation of SUMO to proteins 
[7], and several other enzymes, including Ubl-specific pro-
teases and sentrin-specific proteases, play roles in the reversi-
bility of SUMO conjugation [7]. Besides, SUMOylation could 
be inhibited by disruption of interaction between substrates 
and UBE2I. For example, Zhang et al. suggested that MEL-18 
inhibits the SUMOylation of HSF2 by interacting with HSF2 
and UBE2I [52]. PIK3C3 is capable of SUMOylation [53]. In 
our study, PIK3C3 specifically inhibited SUMOylation of 
PDPK1 through direct physical interaction (Figures 4 and 5).

The possible role of PDPK1 SUMOylation in brain

PI3K-PDPK1-AKT1-MTOR signaling cascades play a central 
role in normal brain development and contribute to mediating 
various cellular processes [54]. Dysregulation of this signaling 
pathway has been linked to several neurodevelopmental diseases. 
Especially, PDPK1 is critical for AKT1-dependent or - 
independent mediation of neuronal responses and brain devel-
opment [55]. Conditional deletion of Pdpk1 in the forebrain 
results in neuron loss during cortical development [56]. AKT1 
activation regulated by PDPK1 also plays a protective role in 
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melatonin’s neuroprotective after focal cerebral ischemia in mice 
[57]. Interestingly, UBE2I expression increases SUMO1 conju-
gation mostly, SUMO2 and SUMO3 to a lesser extent, in mice 
brain and allows robust resistance to brain ischemia compared to 
WT mice [58]. In addition, SUMOylation is well known to 
regulate brain development, neuronal morphology and spino-
genesis [59,60]. In our study, PDPK1 in the brain, but not in 
other tissues, was SUMOylated at a high level, raising the possi-
bility that SUMOylation regulated brain development or neuron 
protection through PDPK1 modification. Therefore, we should 
pay more attention to the role of SUMOyltion on neuron pro-
tection via PDPK1, as well as its downstream pathway in future 
work.

In conclusion, our study reveals a novel mechanism of 
autophagy induction by binding of PIK3C3 to SUMOylated 
PDPK1 and provides a connection between PIK3C3 (class III 
PI3K) and the class I PI3K-AKT1-MTOR pathway (Figure 8). 
Inhibition of PDPK1 SUMOylation by PIK3C3 interaction 
negatively regulates PDPK1-AKT1-MTOR pathway and 
further facilitates autophagosome biogenesis by promoting 
LC3 lipidation.

Materials and methods

Cells, antibodies, reagents, and viruses

HEK293T (ATCC, ACS-4500) and A549 (ATCC, CCL-185) 
cells were cultured in Dulbecco’s modified Eagle medium 
(DMEM; Life Technologies, 12100–038) supplemented with 
10% fetal bovine serum (Sigma Life Technologies, F2442). 
Anti-phospho-AKT1 (Ser473; 4060), anti-phospho-AKT1 
(Thr308; 4056), anti-phospho-RPS6KB1/p70 S6 kinase 
(Thr389; 9205), anti-phospho-ULK1 (Ser757; 14202), and 
anti-ULK1 (8054) rabbit monoclonal antibodies (mAb; 
9234), anti-phospho-PDPK1 (Ser241; 3061), anti-PIK3C3 
(3811), anti-LC3B (2775), anti-ATG14 (5504), and anti- 
SUMO1 (4930) rabbit polyclonal antibodies (pAb) were pur-
chased from Cell Signaling Technology. Anti-PDPK1 (A1665) 
was purchased from ABclonal, anti-AKT1 (ab32505), anti- 
phospho-MTOR (S2448; ab109268), anti-SQSTM1 
(ab109012), anti-WIPI2 (ab131271), and anti-ATG5 
(ab108327) rabbit mAb and anti-MTOR rabbit pAb 
(ab83495) were purchased from Abcam. Anti-UBE2I/UBC9 
rabbit pAb (51018-2-AP) was purchased from Proteintech. 

Figure 8. Model for how PDPK1 regulates autophagosome formation. SUMOylation of PDPK1 induces its phosphorylation. Subsequently, SUMOylated and 
phosphorylated PDPK1 activates the AKT1-MTOR pathway and negatively regulates autophagy. In turn, the PDPK1-AKT1-MTOR pathway is inactivated by PIK3C3 
binding to SUMOylated and phosphorylated PDPK1. PIK3C3 results in deSUMOylation of PDPK1 by disrupting PDPK1 interaction with UBE2I. NonSUMOylated PDPK1 
links LC3 to the ER subdomain and promotes the lipidation of LC3. Subsequently, nonSUMOylated PDPK1 facilitates the expansion of the phagophore to form the 
enclosed autophagic vacuole.
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Anti-FLAG (F1804), anti-HA (H9658), and anti-MYC 
(M5546) mouse mAb for IP were purchased from Sigma- 
Aldrich. Anti-MYC (R1208-1) and anti-ACTB/β-actin 
(R1207-1) rabbit pAb were purchased from Hangzhou 
HuaAn Biotechnology. Anti-GAPDH (glyceraldehyde- 
3-phosphate dehydrogenase) rabbit pAb (AB-P-R001) was 
purchased from GoodHere Technology. DAPI 
(10236276001) was purchased from Roche. Anti-HsPIK3C3 
pAb (Z-R015) for IP was purchased from Echelon Biosciences 
Inc. Dylight 405-conjugated goat anti-mouse secondary anti-
body (A23110) was obtained from Abbkine. Rapamycin 
(R8781), dimethyl sulfoxide (DMSO; 472301), and chloro-
quine phosphate (1118000) were purchased from Sigma- 
Aldrich. LY294002 (S1737) and NP-40 lysis buffer (P0013 F) 
were purchased from Beyotime. INS (insulin; 099–06473) was 
purchased from Wako. Protein A/G plus agarose (sc-2003) 
was purchased from Santa Cruz Biotechnology. ExFectTM 

transfection reagent (517051) was purchased from Vazyme 
Biotech Co. PMSF (P8340) was purchased from Solarbio. 
The endoplasmic reticulum isolation kit (ER0100) was pur-
chased from Sigma-Aldrich.

Infectious bursal disease virus (IBDV) was propagated in the 
DF-1 cell line (ATCC, CRL-12203). Influenza A viruses (A/ 
Hangzhou/1/2013 [H7N9]) and (A/PR8/34[H1N1]) were 
grown in 10-d-old embryonated chicken eggs. Vesicular stoma-
titis (VSV) was generated in HEK293T cells (ATCC, ACS-4500). 
Porcine circovirus 2 and pseudorabies virus were generated in 
PK15 cells (ATCC, CCL-33).

In vivo detection of SUMOylated PDPK1

Female BALB/c mice aged 6–8 weeks were purchased from the 
Model Animal Research Center of Nanjing University (Nanjing, 
China) and were housed under specific pathogen-free conditions 
for one week. Tissues, including the spleen, lung, kidney, and 
brain, were collected from BALB/c mice. Stimulation and inhi-
bition of autophagy followed by the previously reported method 
[61], the mice were separately treated with rapamycin (0.4 mg/ 
kg), LY294002 (0.4 mg/kg), or INS (insulin; 1 U/kg) for 14 h by 
intraperitoneal injection before sampling, and then treated once 
more for 2 h. A similar volume of DMSO vehicle was injected as 
a negative control. The tissues were ground using liquid nitrogen 
and then homogenized using PMSF buffer (100 ml, including 
5 ml 1 M Tris, pH 7.4, 1 ml Triton X-100 [Sigma-Aldrich, 
T9284], 1 g deoxycholate [Merck, D6750], 3 ml 5 M NaCl, 
200 μl 0.5 M EDTA, pH 8.0, 20 mM N-ethylmaleimide [NEM; 
Sigma-Aldrich, E3876], 1 ml 10% sodium dodecyl sulfate [SDS; 
Merk, L3771]). The solutions were then centrifuged at 1,000 × g 
for 10 min. The protein concentration in the supernatant was 
measured using the bicinchoninic acid assay (Thermo Fisher 
Scientific/Pierce, 23225).

Cells were lysed using NP-40 buffer with complete protease 
inhibitors and 20 mM NEM. The lysates were centrifuged at 
13,523 × g for 10 min at 4°C. The supernatants from tissues or 
cells were incubated with anti-FLAG M2 Magnetic Beads 
(Sigma-Aldrich, M8823) at 4°C overnight. The beads were 
washed using cold phosphate-buffered saline (PBS; 137 mM 
NaCl [Sinopharm Chemical Reagent Co.,Ltd, 10019318], 
2.7 mM KCl [Sinopharm Chemical Reagent Co.,Ltd, 

10016318], 10 mM Na2HPO4 [Sinopharm Chemical Reagent 
Co.,Ltd, 10020318], 1.8 mM KH2PO4 [Sinopharm Chemical 
Reagent Co.,Ltd, 10017618], pH 7.4) for five times followed by 
an additional washing with PBS twice. The immunoprecipi-
tates were resolved in lysis buffer containing 2% SDS and 
denatured by heating for 10 min. The supernatants were 
diluted with NP-40 buffer until the concentration of SDS 
was decreased to 0.1%, followed by re-immunoprecipitation 
with the FLAG M2 Magnetic Beads. The immunoprecipitates 
were analyzed by immunoblotting using the PDPK1 antibody.

Homology-based structural models analysis

The sequences of PDPK1 (both WT and mutant) were 
uploaded to HHpred [25] tool of MPI Bioinformatics 
Toolkit (https://toolkit.tuebingen.mpg.de) to detect the homo-
logs of known structures. The results from HHpred were 
subsequently submitted to MODELER [62] module of 
HHpred to generate homology-based structural models. To 
measure the stability of the models, we performed relax appli-
cation [63] in Rosetta suite [64] version 2016.20 to generate 
the simplified protein structures. One hundred models were 
generated for each protein, and the top ten models with the 
lowest total energy scores were selected as candidates for 
subsequent analysis. The best models with the lowest energy 
scores of WT and mutant PDPK1 were rendered and structu-
rally aligned in the UCSF Chimera software [65] version 1.13.

Virus infection

DF-1 cells were infected with avibinavirus (multiplicity of 
infection [MOI] = 10) for 7 h. A549 cells were infected with 
H7N9 (MOI = 10) or PR8 (MOI = 8) for 9 h. HEK293T cells 
were infected with VSV (MOI = 10) for 6 h. PK15 cells were 
infected with porcine circovirus 2 (PCV2, MOI = 10) for 72 h 
or pseudorabies virus (PRV, MOI = 1) for 72 h. The lysates 
from these cells were then analyzed by western blotting.

Generation of PIK3C3 knockout cells

The PIK3C3 gene target sequence, 5ʹ- 
TAACTTACCATAGACATCTG-3ʹ, was inserted into the 
guide RNA expression plasmid PX459 (Addgene, 62988, depos-
iting lab: Feng Zhang), a vector also expressing Cas9 enzyme. 
The construct was transfected into HEK293T cells for 48 h and 
then selected under puromycin (4 μg/ml) (InvivoGen, ant-pr) 
for another 72 h. The cells were then diluted to 50 cells/100 ml 
and inoculated into 96-well plates for colony formation. Each 
colony was separately transferred into 24-well plates. Knockout 
of PIK3C3 was confirmed by western blot.

Generation of PDPK1 knockdown cells

According to the PDPK1 gene target sequence, 5ʹ- 
ACGCCTAACAGGACGTATTAT-3ʹ, vectors expressing 
shPDPK1 were generated by using plasmid pGreenPuro™ 
shRNA (Biovector Science Lab, Inc., SI505A-1). The construct 
was transfected into HEK293T cells for 48 h and then selected 
under puromycin (4 μg/ml) for another 72 h. The cells were 
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then diluted to 50 cells/100 ml and inoculated into 96-well 
plates for colony formation. Each colony was separately trans-
ferred into 24-well plates. The knockdown of PDPK1 was 
confirmed by western blot.

Immunoblotting analysis

Equal amounts of total protein from different samples were 
separated by SDS-PAGE, and the protein bands were trans-
ferred onto nitrocellulose blotting membrane (GE Healthcare 
Life Science, 10600001). After blocking with 5% nonfat dry 
milk containing 0.1% Tween 20 (Sigma-Aldrich, P1379- 
500 ML) for 30 min at 37°C, the membranes were incubated 
with primary antibody for 2 h at 37°C, followed by horse-
radish peroxidase-conjugated anti-mouse/rabbit IgG 
(Kirkegaard & Perry Laboratories, Inc., 074–1506) and visua-
lized using a SuperSignal West Femto Substrate Trial Kit 
(Thermo Fisher Scientific/Pierce, 34095).

Immunofluorescence staining

Cells were plated on 35-mm glass-bottom cell culture dishes 
at a density of 6 × 104 cells/ml. Within 24 h, the cells were 
transfected with the indicated plasmids and treated with the 
indicated drugs, or cultured in starvation medium. After 24 h 
or 48 h, the cells were fixed with 4% paraformaldehyde in PBS 
for 10 min at room temperature and then blocked in 5% 
nonfat milk for 1 h. After washing three times with PBST 
(137 mM NaCl [Sinopharm Chemical Reagent Co.,Ltd, 
10019318], 2.7 mM KCl [Sinopharm Chemical Reagent Co., 
Ltd, 10016318], 10 mM Na2HPO4 [Sinopharm Chemical 
Reagent Co.,Ltd, 10020318], 1.8 mM KH2PO4 [Sinopharm 
Chemical Reagent Co.,Ltd, 10017618], 0.1% Tween 20 
[Sigma-Aldrich, P1379-500 ML], pH 7.4), the cells were incu-
bated with the indicated antibodies. The cells were washed 
with PBS and then incubated with Dylight 405 (Invitrogen, 
A31553), Alexa Fluor 488 dye (Invitrogen, A32723 and 
A32731), Alexa Fluor 546 dye (Invitrogen, A10040), or 
Alexa Fluor 647 dye (Invitrogen, A32733) for 1 h. Finally, 
the cells were observed under a Nikon A1R/A1 laser-scanning 
confocal microscope (Nikon) or under a SIM super-resolution 
microscope (Nikon). Only cells with at least five GFP dots or 
ring-like structures were scored as positive cells.

In vitro sumoylation assay and mass spectrometry 
analysis

SAE1, UBA2/SAE2, UBE2I/UBC9, PDPK1, PIK3C3 genes were 
amplified by PCR from HEK 293 T cells cDNA using the follow-
ing primer pairs: SAE1-S:GGGAATTCATGGTGGAG 
AAGGAGGAGGCTG, SAE1-R:GGGTCGACTCACTTGGGGC 
CAAGGCACT;UBA2-S:GGGAATTCATGGCACTGTCGCGG 
GGGCTG,UBA2-R:GGGTCGACTCAATCTAATGCTATGAC 
ATC;UBE2I-S:GGGAATTCATGTCGGGGATCGCCCTCAGC 
AG,UBE2I-R:GGGTCGACTTATGAGGGCGCAAACTTCTT; 
PDPK1-S:GGGAATTCATGGCCAGGACCACCAGCCAGC,P 
DPK1-R:TCACTGCACAGCGGCGTCCGGG;PIK3C3-S:GGG 
AATTCATGGGGGAAGCAGAGAAGTT,PIK3C3-R:GGGT 
CGACTCATTTTCTCCAGTACTGGGC, and then separately 

cloned into pET-28A (Novagen, 69864). Especially, pET-28A- 
SUMO1T95R-expressing mutated SUMO1 with substitution of 
T95R on the C terminus was constructed. These enzymes or 
substrate proteins were expressed in E. coli and purified using 
nickel beads (Bio-Rad Laboratories, 7800801). PDPK1/PDPK1SD 
(5 μM), 100 nM SAE1, 100 nM UBE2, 1 μM UBE2I, 10 μM 
SUMO1, with or without 5 μM PIK3C3 were add to reaction 
buffer (1 mM ATP [Merck, A2383-1 G], 20 U/ml creatine phos-
phokinase [Merck, C7886-3.5KU], 5 mM phosphocreatine 
[Merck, P7936-1 G], 0.6 mg/ml inorganic pyrophosphatase 
[Merck, 10108987001], 20 mM HEPES-KOH, pH 7.3, 110 mM 
potassium acetate, 2 mM magnesium acetate, 1 mM dithiothrei-
tol) for the final 20 μL reaction system. Reaction were conducted 
at 37°C for 1 h and were then subject to immunoblotting analysis.

The samples were also resolved on 10% SDS-PAGE gels, 
which were silver-stained. The band that SUMOylated PDPK1 
accumulated was excised and subjected to Gel-LS-MS/MS 
sequencing and data analysis. LC-MS/MS analysis was per-
formed at Shanghai Applied Protein Technology and AIMS 
Scientific Corporation (Shang Hai, China). The SUMOylation 
sites were identified using MASCOT engine (Matrix Science, 
London, UK; version 2.2) embedded into Proteome 
Discoverer 1.4 (Thermo Electron, San Jose, CA.).

Nickel-bead affinity-isolation assays

To detect conjugation of PDPK1 with HIS-SUMO1, vectors 
expressing FLAG-PDPK1 or HIS-SUMO1 were separately 
transfected into HEK293T cells. Purification and affinity- 
isolation assay was performed as described [66]. Briefly, cells 
were lysed in a denaturing buffer (10 mM Tris-HCl, pH 8.0, 6 M 
guanidine hydrochloride (Thermo Fisher Scientific, G3272), 
100 mM Na2HPO4-NaH2PO4, 5 mM imidazole (Thermo 
Fisher Scientific, 15513), 10 mM beta-mercaptoethanol 
(Thermo Fisher Scientific, M6250), and incubated with Ni2+- 
NTA beads (Bio-Rad Laboratories, 7800801) for 4 h at room 
temperature. The beads were washed with a washing buffer 1 
(10 mM Tris-HCl, pH 8.0, 8 M urea [Thermo Fisher Scientific, 
U5378], 100 mM Na2PO4-NaH2PO4, 10 mM beta- 
mercaptoethanol), and washing buffer 2 (10 mM Tris–HCl, 
pH 6.3, 8 M urea, 100 mM Na2PO4-NaH2PO4 and 10 mM beta- 
mercaptoethanol). HIS-SUMO1 conjugated PDPK1 was eluted 
from the beads with elution buffer (150 mM Tris–HCl, pH 6.7, 
200 mM imidazole, 30% glycerol [Thermo Fisher Scientific, 
G5516], 0.72 M beta-mercaptoethanol, 5% SDS). The eluted 
proteins were subjected to immunoblotting analysis using anti- 
FLAG or PDPK1 antibodies.

Co-IP assay

Cell lines were separately co-transfected with the indicated 
recombinant vectors and then lysed using NP-40 lysis buffer. 
Cellular lysates were incubated with anti-FLAG antibody and 
Protein A/G beads for 4 h at 4°C. After centrifugation, the 
supernatant was removed, and the pellets were resuspended 
in washing buffer. Centrifugation and resuspension of the 
pellets in fresh washing buffer were performed five times. 
Finally, the pellets were lysed in lysis buffer for western blot 
analysis.
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Affinity-isolation assay

For the GST affinity isolation, PDPK1 was cloned into the pET- 
28A plasmid. PIK3C3, LC3 and SQSTM1 were separately cloned 
into the pGEX4T-1 plasmid (Merck, GE28-9545-49). These 
constructs were respectively transformed into E. coli BL21 cells 
for expression. HIS-PDPK1 was purified using Ni-NTA 
(QIAGEN, 30230). GST-PIK3C3, GST-LC3 and GST-SQSTM1 
were purified using PierceTM glutathione agarose (Thermo 
Fisher Scientific, 16100) and washed by adding 1 ml cold 
1× PBS per 10 mg of reduced glutathione. To prepare the bait 
proteins, purified GST and GST fusion proteins were immobi-
lized on glutathione agarose beads, while HIS-PDPK1 was used 
as the prey protein. A total of 0.5 mg of bait proteins was added 
to the corresponding prey proteins and incubated for 4 h at 4°C 
and then washed with NP-40 lysis buffer and boiled in sample 
buffer. Finally, the samples were subjected to 12% SDS-PAGE 
and immunoblotted with mouse anti-HIS mAb and mouse anti- 
GST mAb (Huaan Biological Technology, M0807-1).

Live-cell imaging

The indicated Vero cells were plated on 35 mm glass-bottom 
cell culture dishes at a density of 6 × 104 cells/ml. Within 24 h, 
the cells were transfected with the indicated plasmids and 
treated with the indicated drugs. After 4 h or 48 h, the glass 
bottom dish was mounted onto the microscope stage, which 
was equipped with a Live Cell Station that maintained the 
dish at 37°C with 5% CO2. Images were acquired using 
a Nikon A1R/A1 laser-scanning confocal microscope (Nikon).

Endoplasmic reticulum isolation

ER was isolated using Endoplasmic Reticulum Isolation Kit 
(Sigma-Aldrich, ER0100). Briefly, the supernatant from cen-
trifugation of cells at 600 × g for 5 min was removed by 
aspiration. The post-mitochondrial fraction was obtained fol-
lowing the instructions of the Endoplasmic Reticulum 
Isolation kit and was ultracentrifuged for 1 h at 
100,000 × g at 4°C. The ER was obtained by density gradient 
centrifugation prior to western blotting.

Melting temperature experiments

PDPK1 (WT PDPK1) and PDPK1SD (mutant) were cloned 
into the PET-28A plasmid. These constructs were respectively 
transformed into Escherichia coli BL21 cells (Beyotime, 
D0339) for expression. HIS-PDPK1 and HIS-PDPK1SD were 
purified using Ni-NTA Agarose (QIAGEN, 30230). Briefly, 
the Ni-NTA Agarose conjugated with HIS-PDPK1 and HIS- 
PDPK1SD were washed using Tris-buffer (60 mM Tris-base, 
0.3 M NaCl, pH 8.0) with 20 mM or 40 mM imidazole 
separately. Subsequently, HIS-PDPK1 and HIS-PDPK1SD 
were eluted using Tris buffer with 150 mM imidazole. 
Finally, the imidazole in buffer with purified proteins was 
removed by ultrafiltration using Tris buffer. The purified 
proteins HIS-PDPK1 and HIS-PDPK1SD were both diluted 
to 1 mg/ml. The Protein Thermal ShiftTM Dye Kit (Thermo 
Fisher Scientific, 4461146) was used to detect the stability of 

HIS-PDPK1 and HIS-PDPK1SD. In order to carry out the 
melting temperature experiment, the reactions were per-
formed by using ABI 7500 fast real-time PCR system, and 
the melt curves and melting temperature values of the pro-
teins were analyzed with Protein Thermal ShiftTM software 
(Thermo Fisher Scientific, 4466037).

Gel filtration

The purified HIS-PDPK1 and HIS-PDPK1 SD were concen-
trated with ultrafiltration tube to reduce volume to 1 ml. Then 
the proteins were separately applied to the HiPrep 16/60 
Sephacryl S-300 HR (GE Healthcare, 17–1167-01) and were 
eluted with elution buffer (60 mM Tris, pH 8.0, 0.3 M NaCl). 
At the same time, the peak of proteins was separately detected 
and analyzed by using ÄKTA™ start protein purification sys-
tem (GE Healthcare Life Sciences, 29022094-ECOMINSSW).

Statistical analysis

The protein bands were relatively quantified from western 
blot analysis. Briefly, mean gray value of protein bands within 
the linear range and background was measured by using 
ImageJ software, and the quantification will reflect the relative 
amounts as a ratio of each net band value relative to the net 
loading control. Data statistical significance was calculated by 
one-way ANOVA analysis. All data from three independent 
biological experiments are presented as mean ± SEM (*, 
p < 0.05; **, p < 0.01; ***, p < 0.001).
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