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of the Transcription Factor TFEB
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SUMMARY

Legionella pneumophila is an intracellular pathogen that requires nutrients from
the host for its replication. It has been shown that replicating L. pneumophila pre-
fers amino acids as main sources of carbon and energy. The homeostasis of amino
acids in eukaryotic cells is regulated by the transcription factor EB (TFEB), which
translocates into the nucleus and activates genes for autophagy and lysosomal
biogenesis. Here we show that the Legionella effector SetA causes a robust nu-
clear translocation of TFEB when exogenously expressed in mammalian cells
and that the translocation is dependent on the glucosyltransferase activity of
SetA. We further show that SetA directly glucosylates TFEB at multiple sites.
Our findings of TFEB glucosylation by SetA may suggest an alternative strategy
for exploiting host nutrients in addition to the control of host mTORC1 signaling
by L. pneumophila. Our results provide further insight into the molecular mecha-
nism of the delicate TFEB nuclear shuttling.

INTRODUCTION

The gram-negative bacterium, Legionella pneumophila, is a facultative intracellular pathogen that parasit-

izes freshwater amoeba in nature (Fields, 1996). L. pneumophila can also replicate inside human alveolar

macrophages upon the inhalation of bacteria-containing aerosols, causing a severe form of pneumonia

known as Legionnaires’ disease (Fraser et al., 1977; Horwitz and Silverstein, 1980). Upon entry into host

cells, L. pneumophila releases a repertoire of�300 effector proteins through the Dot/Icm type IV secretion

system to establish a replication niche, known as the Legionella-containing vacuole (LCV) (Hubber and Roy,

2010; Qiu and Luo, 2017). Like other intracellular bacterial pathogens, L. pneumophila relies on energy and

anabolic substrates derived from the nutrient-limited intracellular environment for propagation. The level

of nutrient availability is tightly coupled to the life cycle and virulence of L. pneumophila (Byrne and Swan-

son, 1998; Hammer et al., 2002; Hauslein et al., 2017; Oliva et al., 2018). In fact, accumulative evidence has

documented that L. pneumophila utilizes a variety of strategies to stimulate nutrient supply from the host

for optimal growth and replication.

A recurring strategy evolved by intracellular pathogens to increase nutrient availability is to leverage host degra-

dative processes, such as autophagy and ubiquitin-proteasome system (Fonseca and Swanson, 2014; Steele

et al., 2015). In L. pneumophila, among the large cohort of effectors, the F-box-containing AnkB catalyzes

the assembly of K48-linked polyubiquitinated substrates on the LCV to fuel the host proteasome for the produc-

tion of amino acids (Price et al., 2011). L. pneumophila also leverages the suppression of protein synthesis path-

ways as a formof nutritional virulence. Asmany as five Legionella effectors havebeen shown to inhibit host trans-

lation, thereby freeing amino acids for use by the intracellular bacteria (Fontana et al., 2011). Among these

effectors, three glucosyltransferases (Lgt1–3) specifically glucosylate mammalian elongation factor eEF1A to

block host protein synthesis (Belyi et al., 2006, 2008). Furthermore, the Lgt family of glucosyltransferases, as

well as the SidE family of phosphoribosyl ubiquitin ligases, have recently been shown to manipulate the master

metabolic regulator mTORC1 to promote the generation of free amino acids for bacterial consumption (De

Leon et al., 2017). These findings indicate that L. pneumophila has evolved intricate and diverse strategies to

cope with the nutrient demands requisite for intracellular replication.

In eukaryotes, intracellular amino acid levels are sensed and tightly controlled through signaling pathways

centered around the mTORC1 complex (the mechanistic target of rapamycin complex 1) (Bar-Peled and
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Sabatini, 2014; Goberdhan et al., 2016). In the presence of nutrients, mTORC1 is active and phosphorylates

one of its downstream substrates transcription factor EB (TFEB) to promote cytoplasmic sequestration via

interactions with the regulatory protein 14-3-3 (Roczniak-Ferguson et al., 2012; Settembre et al., 2012).

However, in response to amino acid limitation, the inhibition of mTORC1 and the concomitant activation

of the phosphatase calcineurin trigger dephosphorylation and nuclear translocation of TFEB (Medina

et al., 2015). Upon entering the nucleus, TFEB rapidly activates the expression of lysosomal and autopha-

gosomal genes, which boosts the number and activity of degradative organelles to break down host mac-

romolecules for nutrient supply (Sardiello et al., 2009; Settembre et al., 2012).

In this study, we aimed to identify the potential strategies that L. pneumophila may utilize to acquire nutrients

from the host to facilitate its intracellular proliferation.We identified several Legionella effectors that are able to

override the phosphorylation signals on TFEB imposed by mTORC1, resulting in the nuclear translocation of

TFEB. Particularly, we found that the Legionella effector, SetA, which was predicted as a glucosyltransferase

based on shared sequence homology with other Legionella glucosyltransferases, promotes TFEB nuclear local-

ization in a glucosyltransferase activity-dependent manner. Mass spectrometry (MS) analysis further revealed

that SetA modifies TFEB at several sites adjacent to the 14-3-3 phosphosite (S211) and a GSK3b phosphosite

(S138). TFEB glucosylation by SetA not only disrupts the interaction of TFEB with 14-3-3 but also interferes

with its export from the nucleus and thus causes nuclear retention of TFEB. Together, our results suggest a po-

tential strategy that L. pneumophilamay have evolved to acquire nutrients from the host and also shed light on

the molecular mechanism of the nuclear import-export cycle of TFEB.

RESULTS

A Screen for Legionella Effectors Perturbing the Intracellular Localization of TFEB

The intracellular localization of TFEB has been used as a readout for cellular nutritional states. We utilized a

HeLa cell line stably expressing TFEB-GFP (Roczniak-Ferguson et al., 2012) as a reporter to screen for Le-

gionella effectors that can perturb the intracellular localization of TFEB. We first generated a library con-

taining 319 effectors from L. pneumophila strain Philadelphia 1 fused to an N-terminal mCherry tag.

DNA constructs from the library were than transfected into the TFEB-GFP HeLa cells individually, and

the intracellular localization of TFEB-GFP was analyzed by fluorescence microscopy. Through this imag-

ing-based screen, we identified several effectors that induced constitutive TFEB nuclear localization under

normal growth conditions (Figure S1). As a validation of our findings, two effectors that induced the nuclear

translocation of TFEB, sdeA and sdeC, which encode enzymes that catalyze a unique type of phosphoribo-

syl ubiquitination independent of E1 or E2 enzymes (Bhogaraju et al., 2016; Kotewicz et al., 2017; Qiu et al.,

2017), were also reported to induce nuclear translocation of TFEB in a similar screen (De Leon et al., 2017).

However, other positive hits identified in our screen have not been reported in previous studies. These ef-

fectors include setA, a glucosyltransferase that modulates host cell membrane trafficking pathways (Belyi

et al., 2011; Heidtman et al., 2009; Wang et al., 2018); vipD, a Rab5-activated phospholipase A1 that inhibits

endosomal fusion (Gaspar and Machner, 2014; Lucas et al., 2014; Shohdy et al., 2005); and several other

effectors with unknown function (lpg2425, lpg2828, and lpg2888). We focused on the effector SetA due

to its well-defined enzymatic activity and its high efficiency to trigger TFEB nuclear translocation with min-

imal cell death when exogenously overexpressed in our screen.

TheGlucosyltransferase Activity of SetA Is Responsible for theNuclear Translocation of TFEB

SetA was previously characterized to have two functional domains: an N-terminal glucosyltransferase domain,

which attaches a glucose moiety to its targets from UDP-glucose, and a C-terminal PI(3)P (phosphatidylinositol

3-phosphate)-binding domain that is essential for the targeting of SetA to endosomes of host cells (Jank et al.,

2012) (Figure 1A). To determine which domain of SetA is required to trigger the nuclear localization of TFEB, we

generated mCherry fusions of the N-terminal glucosyltransferase domain, SetA-GT (1–506), and the C-terminal

PI(3)P-binding domain, SetA-CTD (507–644). Although SetA-GT showed a diffuse cellular localization, it was

able to trigger a robust TFEB nuclear translocation comparable to full-length SetA. However, SetA-CTD failed

to induce TFEB nuclear translocation, even though it exhibited a similar punctate localization as full-length SetA

(Figures 1B and C). We next asked whether the catalytic activity of SetA is responsible for TFEB nuclear trans-

location. We generated a catalytically dead SetA mutant, SetA-NxN, which contains point mutants at two key

catalytic residues (D134N and D136N) (Figure 1A). When expressed in the TFEB-GFP-stable HeLa cells, this

mutant was unable to induce nuclear translocation of TFEB, although it had a similar localization as wild-type

SetA (Figures 1B and 1C). Together, our data demonstrated that the glucosyltransferase activity of SetA is suf-

ficient to induce TFEB nuclear translocation.
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SetA Disrupts the Binding between TFEB and 14-3-3 Independent of mTORC1 Activity

Under nutrient-rich conditions, mTOR-dependent phosphorylation at serine 211 (S211) of TFEB promotes

its association with 14-3-3 proteins, resulting in the retention of TFEB in the cytoplasm (Roczniak-Ferguson

et al., 2012). We hypothesized that the activity of SetAmay disrupt the interaction between TFEB and 14-3-3

to cause TFEB nuclear translocation. To test this hypothesis, we co-transfected TFEB-GFP and FLAG-14-3-

3b in HEK293T cells along with an mCherry plasmid control or mCherry-SetA (Figure S2). FLAG-14-3-3bwas

able to coimmunoprecipitate with TFEB-GFP under normal growth conditions, whereas the interaction was

largely reduced under amino acid starvation conditions (Figure 2A). Strikingly, both wild-type SetA and

SetA-GT caused a significant disruption of this interaction in cells that were grown under nutrient-rich con-

ditions, whereas no disruption was observed in the presence of SetA-NxN or SetA-CTD (Figure 2A). In addi-

tion, a decrease in S211 phosphorylation (phospho-TFEB) was observed in the presence of SetA constructs

where loss of 14-3-3 binding was evident (Figure 2A).

As the interaction between TFEB and 14-3-3 is regulated by mTORC1 phosphorylation of TFEB, we next

asked whether SetA interferes with mTORC1 activity. To assess mTORC1 kinase activity, we analyzed the

phosphorylation status of an mTORC1 substrate, the ribosomal protein S6 kinase 1 (S6K1) (Burnett et al.,

1998; Isotani et al., 1999). S6K1 phosphorylation was greatly reduced in amino acid-starved cells, due to

the inactivation of mTORC1 (Figure 2B). However, the phosphorylation status of S6K1 was not affected

by the expression of SetA constructs, indicating that SetA does not interfere with mTORC1 activity (Fig-

ure 2B). Together, our data suggest that the glucosyltransferase activity of SetA disrupts the interaction be-

tween TFEB and 14-3-3 proteins independent of mTORC1 activity.

SetA Glucosylates TFEB at Multiple Sites

As SetA disrupts the interaction between TFEB and 14-3-3 and triggers TFEB nuclear translocation without the

intervention of mTORC1, we speculated that SetA may modify TFEB and/or 14-3-3 to cause disruptions in

binding. To test this possibility, we used SILAC (stable isotope labeling by amino acids in cell culture) MS

approach. HEK293T cells grown in medium containing ‘‘heavy’’ lysine (13C6,
15N2) and arginine (13C6,

15N4)

Figure 1. SetA Induces Nuclear Translocation of TFEB via Its Glucosyltransferase Domain

(A) Schematic diagram of SetA. SetA contains a glycosyltransferase domain (GT; light blue) and C-terminal PI(3)P binding

domain (CTD; orange). Two catalytic residues, D134 and D136 are labeled.

(B) Representative images of TFEB-GFP stable cells transfected with plasmids expressing indicated SetA constructs. Scale

bars, 20 mm.

(C) Quantification of percentage of cells with nuclear TFEB-GFP in cells transfected with SetA constructs as in (B).

Quantification analysis representative of 3 replicate datasets; minimum of 100 cells per construct per dataset. ***p <

0.001. Data are represented as mean G SEM.

See also Figure S1.
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were co-transfected with mCherry-SetA-GT, TFEB-GFP, and FLAG-14-3-3b, whereas cells grown in ‘‘light’’

(normal) lysine (12C6,
14N2) and arginine (12C6,

14N4) medium were co-transfected with mCherry-SetA-GT-NxN,

TFEB-GFP, and FLAG-14-3-3b. TFEB-GFP was enriched by immunoprecipitation using GFP nanobody-conju-

gated resins, whereas FLAG-14-3-3b was enriched with anti-FLAG antibody-conjugated resins. Although no

modifications were detected for 14-3-3, tandem MS (MS/MS) analysis of immunoprecipitated TFEB-GFP re-

vealed multiple glucosylated sites on TFEB found exclusively in cells expressing wild-type SetA (Figure 3A).

These modified sites include a GSK3b phosphosite, S138 (Figure 3B), and a Ser/Thr cluster, encompassing res-

idues S195, S196, T201, S203, and T208, adjacent to the 14-3-3 binding site (Figures 3C and 3D).

Glucosylation at S138 by SetA Impairs TFEB Nuclear Export

We next sought to elucidate which glucosylation site(s) on TFEB is(are) responsible for SetA-induced TFEB nu-

clear localization. The S138 site of TFEBwas previously reported to be phosphorylated byGSK3b andwas impli-

cated in promoting cytoplasmic retention of TFEB (Li et al., 2016). Recent studies showed that phosphorylation

of both S138 and S142, two residues located in proximity of a nuclear export signal (NES), were necessary for

TFEB nuclear export in a CRM1-dependent manner (Li et al., 2018; Napolitano et al., 2018). We hypothesized

that TFEB glucosylation at S138 by SetA may disrupt the signal required for nuclear export and thus cause

enrichment of TFEB in the nucleus. To test this hypothesis, we generated a HeLa cell line stably expressing a

TFEB nuclear export reporter, TFEB (1–159)-GFP-NLS-GST (Figure 4A) (Li et al., 2018). This reporter is primarily

localized in the cytoplasm; however, it is enriched in the nucleus upon treatment with leptomycin B, a bacterial

metabolite that disrupts interactions between the CRM1 exportin complex and substrate nuclear export se-

quences (Figure S3) (Kudo et al., 1999; Li et al., 2018). Interestingly, this TFEB reporter exhibited strong nuclear

localization in cells transfected with wild-type SetA or SetA-GT. Conversely, no nuclear enrichment of the re-

porter was observed in cells expressing SetA-NxNmutant or SetA-CTD (Figures 4B and 4C). These results sug-

gest that SetA-mediated glucosylation of TFEB at S138 disrupts the signal for TFEB nuclear export and that this

modification contributes to the nuclear retention of TFEB.

SetA-Mediated Glucosylation near TFEB 14-3-3 Binding Site Disrupts Its Binding with 14-3-3

In addition to S138, our MS/MS analysis detected a cluster of Ser/Thr residues near the 14-3-3 binding site on

TFEBmodified by SetA. We hypothesized that glucosylation near the TFEB 14-3-3 binding site impairs its inter-

action with 14-3-3. However, a TFEB mutant carrying alanine substitutions at S195, S196, T201, S203, and T208

(TFEB 5A) remained sensitive to SetA (Figure S4). We reasoned that the sensitivity may be due to the modifica-

tion at S138. In fact, glucosylation at S138 by SetAwas sufficient to disrupt the nuclear export signal of TFEB (Fig-

ure 4). Furthermore, an S138A or S142A mutant decreases the level of interaction between TFEB and 14-3-3 by

causing a reduction in S211 phosphorylation (Figure S5A). To overcome the interference caused by S138 gluco-

sylation, we introduced a TFEB mutant with its nuclear localization sequence (NLS) mutated (TFEBDNLS-GFP)

Figure 2. SetA Disrupts the Binding between TFEB and 14-3-3 Independent of mTORC1 Activity

(A) Western blot analysis of anti-GFP coimmunoprcepitations (coIPs) from HEK293T cells transfected with plasmids

expressing FLAG-14-3-3b, TFEB-GFP, and indicated mCherry-SetA constructs. The coIP FLAG-14-3-3b was blotted and

detected by an anti-FLAG antibody, and phosphorylation status of TFEB S211 was detected using a phospho-14-3-3 motif

antibody.

(B) A stable TFEB-GFP HeLa cell line was transfected with the indicated mCherry-SetA expression constructs, and cell

lysates were prepared and probed for total and phospho-S6K levels (T389) under the indicated experimental conditions.

See also Figure S2.
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(Roczniak-Ferguson et al., 2012). This TFEB construct was resistant to perturbations at S138 and exhibited a level

of S211 phosphorylation and 14-3-3 binding comparable to wild-type TFEB under normal growth conditions

(Figure S5B). To identify which residue is responsible for the impaired binding with 14-3-3 upon glucosylation

by SetA, we generated a series of alanine substitutions at positions S195, S196, T201, S203, and T208 in the

context of the TFEBDNLS-GFP construct. We found that single or double mutations of the five potential gluco-

sylation sites were not sufficient to restore binding between TFEB and 14-3-3 in the presence of SetA (Figures

5A–5E). However, a TFEBmutant carrying alaninemutations at all five sites (TFEBDNLS 5A) restored binding be-

tween TFEB and 14-3-3 in the presence of SetA and is thereby resistant to the glucosyltransferase activity of SetA

(Figure 5F). These results suggest that SetA modifies multiple sites near the 14-3-3 binding motif on TFEB and

that glucosylation by SetA in this region impedes the direct interaction between TFEB and 14-3-3.

DISCUSSION

The Legionella effector, SetA (lpg1978), was first established as a mono-O-glucosyltransferase that harbors

a characteristic DxD catalytic motif and preferentially utilizes UDP-glucose as a sugar donor (Jank et al.,

2012). However, the cellular targets of SetA were largely unknown until recently (Gao et al., 2019; Levanova

et al., 2019; Wang et al., 2018). Several host components modified by SetA, including actin, vimentin, the

chaperonin CCT5, and the small GTPase Rab1a, have diverse structures and functions. Our results,

together with those of previous studies, suggest that SetA modifies a large array of cellular substrates

and thus may modulate multiple cellular pathways, such as cellular cytoskeleton, membrane trafficking,

and transcription regulation.

Figure 3. MS/MS Analysis of TFEB Glucosylation by SetA

(A) Schematic diagram of TFEB with indicated SetA glucosylation sites that were identified by MS/MS.

(B–D) MS/MS spectra for TFEB peptides carrying glucosylation sites identified in cells co-expressing TFEB and SetA. One

glucosylation site was identified at S138 (B), two glucosylation sites were identified at S195 or S196 and T201 or S203 (C),

and one glucosylation site was identified at T208 (D). The green bars indicate the peptide range with additional mass

corresponding to one glucose.
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Our MS/MS analysis revealed that SetA modifies TFEB at two key regions, a GSK3b phosphosite (S138) and

a cluster of serine and threonine (S/T) residues adjacent to the 14-3-3 binding site (S211). Using a TFEB

(1-159)-GFP-NLS-GST reporter, we found that SetA-mediated glucosylation on S138 is sufficient to cause

nuclear enrichment of the reporter. This finding corroborates recent discoveries that hierarchical phos-

phorylation on TFEB S138 and S142 activates an adjacent NES and promotes TFEB nuclear export

(Li et al., 2018; Napolitano et al., 2018). Glucosylation on S138 by SetA likely precludes GSK3b-mediated

phosphorylation on this site and thus causes TFEB nuclear retention by hampering TFEB nuclear export.

We further examined the impact of SetA glucosylation on the S/T cluster near the S211 site. We found

that TFEB mutants harboring single alanine substitution of S/T in this cluster were still unable to bind

with 14-3-3 in the presence of SetA. However, a TFEB mutant carrying alanine substitutions at all five po-

tential SetA targeting sites fully restored binding with 14-3-3 in the presence of SetA. These observations

suggest that multiple S/T residues in this cluster are responsible for the loss of binding between TFEB and

14-3-3 upon modification by SetA. A recent structure of 14-3-3 in complex with a TFEB phospho-peptide

encompassing S211 revealed that residues upstream of S211, including T208, make several contacts

with the target-binding groove of 14-3-3 (Xu et al., 2019). It is likely that the addition of multiple bulky

glucose moieties within the region upstream of S211 may sterically obstruct the interaction between the

S211 site and 14-3-3. However, it may also be possible that SetA modifications of the S/T cluster near

the S211 site interferes with S211 phosphorylation by mTORC1. Future experiments are required to

pinpoint the exact role of SetA-mediated modifications at this S/T cluster. Nevertheless, the identification

of two key regions on TFEB modified by SetA sheds light on the molecular mechanisms dictating TFEB nu-

clear shuttling.

To support growth in the host cellular environment, intracellular pathogens must acquire nutrients from the

host itself. In L. pneumophila, several effectors play a role in facilitating bacterial acquisition of host amino

acids by either boosting host degradative processes or inhibiting host protein synthesis. Emerging evi-

dence indicates that host mTORC1 is a key target of Legionella for nutrient regulation, shared with other

intracellular pathogens (Abshire et al., 2016; De Leon et al., 2017). In this study, we found that when over-

expressed in mammalian cells, the L. pneumophila effector SetA directly glucosylates TFEB to cause

Figure 4. SetA Disrupts Activity of the TFEB Nuclear Export Signal

(A) Schematic diagram of an artificial TFEB-NES GFP-NLS-GST reporter construct.

(B) Representative images of a stable TFEB-NES-GFP-NLS-GST HeLa cell line expressing transfected mCherry vector or

mCherry-SetA constructs. Scale bars, 20 mm.

(C) Percentage of transfected cells with nuclear TFEB NES reporter under treatment conditions as in (B). Quantification

analysis representative of 4 replicate datasets; minimum of 50 cells per construct per dataset. *** p < 0.001. Data are

represented as mean G SEM.

See also Figure S3.
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nuclear retention. We further showed that SetA-mediated TFEB modification bypasses mTORC1 signaling

for TFEB activation. However, future studies are required to address whether or not SetA directly targets

endogenous TFEB under infection conditions. Nevertheless, our findings provide a potential strategy

that might be applied by L. pneumophila to cope with its nutrient demands and further indicate the

complexity and redundancy of such strategies encoded in intracellular pathogens.

Figure 5. Assessment of SetA Modifications of Ser/Thr Residues Near 14-3-3 Binding Site

(A) Western blot analysis of anti-GFP coimmunoprecipitations (coIPs) from HEK293T cells transfected with plasmids

expressing indicated mCherry-SetA construct, FLAG-14-3-3b, and TFEBDNLS-GFP. The coIP FLAG-14-3-3b was blotted

and detected by an anti-FLAG antibody (top panel). Quantification of relative FLAG-14-3-3b levels coIP from 3

independent experiments. Data are shown as means G SEM (bottom panel).

(B–F) Similar western blot analysis of samples prepared from cells expressing indicated mCherry-SetA construct, FLAG-

14-3-3b, and TFEBDNLS-GFP carrying mutations at S195A/S196A (B), T201A (C), S203A (D), T208A (E), and alanine

substitutions at S195, S196, T201, S203, and T208 (TFEBDNLS 5A) (F). *p < 0.05, **p < 0.01, ***p < 0.001. Data are

represented as mean G SEM.

See also Figures S4 and S5.
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Limitations of the Study

In this study, we show that SetA glucosylates TFEB at multiple sites to cause nuclear localization and acti-

vation. Our work highlights a potential strategy that L. pneumophila utilizes for increasing amino acid pro-

duction to support intracellular replication. However, the experiments tested herein use exogenously over-

expressed SetA. Future work involving infection studies would be needed to determine if TFEB is a

physiological target of SetA.
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Figure S1, related to Figure 1.  Screen hits of L. pneumophila effectors that cause nuclear 

translocation of TFEB. (A) Representative images of effectors identified to induce robust nuclear 

enrichment of TFEB, and (B) two selected effectors that do not disrupt TFEB localization from 

the screen using the effector protein library generated from L. pneumophila strain Philadelphia 1. 

A stable TFEB-GFP expressing HeLa line was transfected with individual Legionella effectors 

fused to a N-terminal mCherry tag in 96-well plates. Cells were fixed 14-16 hours post-transfection 

and imaged in-well using fluorescence microscopy. Scale bar represents 50 µm.    

 

 



  

 

Figure S2, related to Figure 2. Western Blot of mCherry-tagged SetA constructs. HEK293T 

cells were transfected with mCherry vector or plasmids expressing mCherry tagged SetA 

constructs.  Cell lysates were analyzed by anti-mCherry Western Blot.  GAPDH was blotted as a 

loading control.         

 

 

 

 

 

 

 

 

 



 

 

Figure S3, related to Figure 4. Leptomycin B induces nuclear retention of the TFEB-NES-

GFP-NLS-cargo reporter. Representative images of a stable TFEB-NES-GFP-NLS-cargo HeLa 

cell line expressing transfected mCherry vector, untreated (top panel) or treated for 1 hour with 10 

nM LMB (bottom panel). A robust nuclear enrichment of the TFEB NES reporter is observed upon 

treatment with LMB, validating the feasibility of this TFEB-NES-GFP-NLS-cargo reporter 

expressing cell line for studying TFEB nuclear export. Scale bar represents 20 µm.     

 

 

 

 

 

 

 

 

 



 

Figure S4, related to Figure 5. TFEB mutant harboring alanine substitutions at all five 

potential glucosylation sites near S211 remains sensitive to SetA. Western blot analysis of anti-

GFP co-IPs from HEK293T cells transfected with plasmids expressing the indicated mCherry-

SetA construct, Flag-14-3-3β, and TFEB-GFP with alanine substitutions at S195, S196, T201, 

S203, and T208 (TFEB 5A). The co-immunoprecipitated Flag-14-3-3β was blotted using an anti-

Flag antibody.  

 

 

 

 

 

 

 

 

 



 

 

Figure S5, related to Figure 5. Deletion of the NLS restores the binding of 14-3-3 with TFEB 

mutants carrying mutations at key phosphorylation sites. (A) Western blot analysis of anti-

GFP co-IPs from HEK293T cells transfected with plasmids expressing flag-14-3-3β and indicated 

TFEB-GFP mutants. Immunoprecipitated Flag-14-3-3β was blotted and detected using an anti-

Flag antibody and phosphorylation status of TFEB S211 was blotted and evaluated using a 

phospho-14-3-3 motif antibody. TFEB mutants defective in phosphorylation near the nuclear 

export signal (S138 and S142) have reduced binding to 14-3-3 and decreased phosphorylation at 

S211 (phospho-TFEB) (B) Similar Western blot analysis of anti-GFP co-IPs from HEK293T cells 

transfected with plasmids expressing flag-14-3-3β and TFEB∆NLS-GFP mutants carrying the 

same alanine substitution on TFEB phosphorylation sites as in (A). Deletion of the nuclear 

localization signal (NLS) restores phosphorylation at S211 and binding to 14-3-3 even in the 

presence of S138 and S142 mutations. As a control, alanine substitution at S211 completely 

disrupts binding to 14-3-3 for both TFEB and TFEB∆NLS in both (A) and (B). 



Primer  Sequence (5′ → 3′) 
TFEB_deltaNLS_F caatcacaacttaattgaagcggcagcagcgttcaacatcaatgaccgc 
TFEB_deltaNLS_R gcggtcattgatgttgaacgctgctgccgcttcaattaagttgtgattg 
TFEB_wt_S195_196A_F gcagccacctgaatgtgtacgccgccgacccccaggtcacagcc 
TFEB_wt_S195_196A_R ggctgtgacctgggggtcggcggcgtacacattcaggtggctgc 
TFEB_T201A_F:  gcgacccccaggtcgccgcctccctggtggg 
TFEB_T201A_R: cccaccagggaggcggcgacctgggggtcgc 
TFEB_S203A_F: cccaggtcacagccgccctggtgggcgtc 
TFEB_S203A_R: gacgcccaccagggcggctgtgacctggg 
TFEB_T208A_F: ccctggtgggcgtcgccagcagctcctgc 
TFEB_T208A_R: gcaggagctgctggcgacgcccaccaggg 
TFEB_T201A_S203A_F gcagcgacccccaggtcgcagccgccctggtgggcgtcgcc 
TFEB_T201A_S203A_R ggcgacgcccaccagggcggctgcgacctgggggtcgctgc 
TFEB_S195_196A_F gcagccacctgaatgtgtacgccgccgacccccaggtcgcagccg 
TFEB_S195_196A_R cggctgcgacctgggggtcggcggcgtacacattcaggtggctgc 

 

Supplemental Table S1, related to Figure 5. List of mutagenesis primers for TFEB mutant 
constructs.  

 

 

 

 

 

 

 

 

 

 

 

 

 



TRANSPARENT METHODS 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Cell Culture  

 HeLa and HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 4.5 g/L glucose, L-glutamine supplemented with 10% fetal bovine serum and 

1% penicillin-streptomycin (Invitrogen). HeLa cells stably expressing TFEB-GFP were 

maintained in 0.5 mg/mL of G418.   

 

Stable Cell Line Generation  

 HeLa cells stably expressing TFEB (1-159)-GFP-NES-GST reporter constructs were 

generated using the PiggyBac expression system.  HeLa cells were grown to high density (~80-

90%) in 6-well plates, and transiently transfected with TFEB NES reporter and the PiggyBac 

transposase plasmids using Lipofectamine 2000 and Opti-MEM (Invitrogen). Cells were treated 

with 3 µg/mL of puromycin in D10 media 48 hours post-transfection and maintained for 1 week 

in the antibiotic for stable cell line selection. Stable cell lines were maintained in 2 µg/mL 

puromycin thereafter.           

 

 

 

METHOD DETAILS 

Cloning and Site-Directed Mutagenesis  



The SetA (lpg1978) gene was cloned from purified genomic DNA isolated from the L. 

pneumophila Philadelphia 1 strain. All SetA constructs were cloned into a pmCherry-C1 vector 

using the cut sites BglII/SalI (vector) and BamHI/XhoI (insert). All TFEB mutants used in this 

study were generated from a pEGFP-N1-TFEB plasmid purchased from Addgene (plasmid # 

38119) using site-directed mutagenesis protocols adapted from the Qiagen QuikChange II Site-

Directed Mutagenesis Kit All mutagenesis primers used to create the TFEB mutant constructs are 

listed in Supplemental Table S1. 

 

Legionella Effector cDNA Library  

 The mCherry-tagged Legionella effector library was generated using Gateway cloning 

techniques. Legionella effector genes were PCR amplified from purified genomic DNA isolated 

from the L. pneumophilia Philadelphia 1 strain and ligated into a pDONR221 vector using BP 

Clonase, to generate the pDONR221 Gateway library. cDNA was subsequently transferred into a 

mCherry-C1 Gateway destination vector (pDestmCherry-C1) using LR Clonase. Legionella 

cDNA inserts in the mCherry library were verified by PCR. 

 

Legionella Effector Library Screen  

For imaging experiments, cells were passaged at ~50% density into 96-well plates (Grenier 

Bio-One) 24 hours prior to transfection. Plasmids from the mCherry-tagged Legionella effector 

library were transfected at a total amount of 25-50 ng using PEI (1:5 m/v) for 12-16 hours. Cells 

were fixed in-well using 4% paraformaldehyde then stored in PBS. Fixed cells were imaged using 

a Zeiss Axio Observer epifluorescence microscope with a 20× long distance 0.4NA objective lens.             

 



Imaging by Confocal Microscopy  

 Cells were fixed in 4% paraformaldehyde in PBS solution for 20 minutes at room 

temperature then washed three times in PBS. Fixed coverslips were mounted onto glass slides 

using Fluoromount-G mounting solution. Fixed cells were imaged using a spinning disk confocal 

microscope (Intelligent Imaging 108 Innovations, Denver, CO) equipped with a spinning disk 

confocal unit (Yokogawa CSU-X1), an inverted 109 microscope (Leica DMI6000B), a fiber-optic 

laser light source, a 40× or 63× 1.47NA objective lens, 110 and a Hamamatsu ORCA Flash 4.0 

v2+ sCMOS camera. Images were acquired and processed using the Slidebook (version 6) 

software. 

 

Co-Immunoprecipitation and Western Blot of TFEB and 14-3-3 

TFEB-GFP constructs were transiently co-expressed with Flag-HA-14-3-3β (Addgene 

plasmid #8999) and pmCherry-SetA or pmCherry-SetA mutant constructs in HEK293T cells. 

Cells were washed and treated with HBSS or D10 media for14-16 hours post-transfection. After 

treatment, cells were washed two times with cold PBS and resuspended in 500 µL of IP lysis buffer 

(1% triton-X, 0.1% deoxycholate in 50 mM tris, 150 mM NaCl, pH 8 containing phosphatase 

inhibitors and protease inhibitor cocktail (Roche)). Cells were briefly sonicated at 10% amplitude 

for 5 seconds (pulse) and centrifuged at 15000 rpm for 15 minutes at 4°C to the remove the 

insoluble fraction. GFP-nanobody conjugated resin was added to the collected supernatant and 

incubated for 4 hours on a nutating mixer at 4°C to bind TFEB-GFP. Resin containing bound 

proteins were washed with 1 mL of IP wash buffer (1% triton-X in 50 mM tris, 150 mM NaCl pH 

8) for a total of 4 washes. Proteins were eluted from the resin by boiling at 95°C for 4 minutes in 

45 µL of SDS sample loading buffer containing 2% BME. Immunoblotting of TFEB-GFP was 



performed using a homemade rabbit anti-GFP antibody at a dilution of 1:5000, a gift from Anthony 

Bretscher (Cornell University). Flag-HA-14-3-3β was probed using mouse anti-Flag M2 clone 

antibody (Sigma; cat. no. F1804) at a dilution of 1:5000. Probed proteins were detected using 

donkey anti-rabbit IgG antibody, DyLight 800 (Invitrogen; cat. no. SA5-10044) and donkey anti-

mouse IgG antibody, Alexa Fluor 680 (Invitrogen; cat. no. A10038) 2° antibodies. Membranes 

were scanned using a LI-COR Odyssey CLx Imager. Western Blot images were processed and 

analyzed using ImageStudio Lite software (version 5.2).        

 

Western Blot Analysis of Phospho-S6K 

For phospho-p70 S6 Kinase immunoblotting experiments, mCherry-SetA constructs were 

transfected into HeLa cells stably expressing TFEB-GFP. Cells were passaged into a 24-well plate 

at 20% initial density in D10 media. Cells were subsequently transfected 24-hours later with 0.3 

µg of plasmid and 1:5 (m/v) ratio of Lipofectamine 2000 in Opti-MEM for a total volume of 50 

µL. Media was changed 4 hours post-transfection to remove excess Lipofectamine 2000. 

Transfection efficiency was assessed 15 hours post-transfection, ranging between 80-90%. Cells 

were treated with HBSS or D10 media 1 hour prior to sample collection. Cells were washed two 

times with 500 µL of cold PBS on ice and resuspended in 70 µL of 2X SDS loading buffer 

containing 10% beta mercaptoethanol (BME). Samples were briefly sonicated at 10% amplitude 

for 5 sec (pulse) to lyse cells. SDS cell lysate samples (10 µL) were separated on a 12% SDS-

PAGE gel. Samples were transferred onto a 0.45 µm pore PVDF membrane for 1 hr at constant 

300 milliamps. Membranes were blocked in 5% milk in PBS for 1 hr at room temperature, then 

washed three times with 0.1% tween in TBS (5-minute washes). Membranes were incubated in 1° 

antibodies diluted in 0.1% tween in TBS overnight at 4°C. Membranes were washed for 5 minutes 



in 0.1% tween in TBS for a total of 3 washes and incubated in 2° antibodies diluted in 0.1% tween 

in TBS for 2 hours at room temperature. Membranes were washed for 5 minutes in 0.1% tween in 

TBS for a total of 3 washes and scanned using a LI-COR Odyssey CLx Imager. Western Blot 

images were processed and analyzed using ImageStudio Lite software (version 5.2).     

Total S6K was probed using a rabbit α P70 S6K was purchased from ProteinTech (cat. no. 

14485-1-AP) at a dilution of 1:1000. Phospho-S6K was probed using rabbit mAb anti-phospho-

p70 S6 Kinase (Thr389) (108D2) antibody purchased from Cell Signaling at a dilution of 1:1000. 

Total GAPDH levels were probed using a mouse anti-GAPDH from ProteinTech (cat. no. 60004) 

at a dilution of 1:5000.  Donkey anti-rabbit IgG antibody, DyLight 800 (Invitrogen; cat. no. SA5-

10044) and donkey anti-mouse IgG antibody, Alexa Fluor 680 (Invitrogen; cat. no. A10038) 2° 

antibodies were used for Western Blot imaging.  

 

SILAC Labeling and Sample Preparation  

HEK293T cells were grown in complete media containing normal lysine and arginine 

(“light”) or [13C6,15N2] lysine and [13C6,15N4] arginine (“heavy”, Sigma) for a minimum of 5 

passages prior to transfection to ensure complete labeling. The labeled cells were passaged at 20% 

density into 10 cm dishes. TFEB-GFP and Flag-HA-14-3-3β were co-expressed with wild-type 

SetA (mCherry-SetA 1-506; C13 heavy) or the catalytic-dead version of SetA (mCherry-SetA 

NxN 1-506; C12 light) in HEK293T cells for 16 hours. Cells were then washed two times with 

cold PBS and collected with a lysis buffer (1% triton-X 100 in 50 mM tris, 150 mM NaCl pH 8, 

0.1% deoxycholate, phosphatase inhibitor cocktail, and protease inhibitor (Roche)). Cells were 

briefly sonicated (10% amplitude, 5 sec duration, pulse) and centrifuged at 14000 rpm for 15 

minutes at 4°C to remove the insoluble fraction. Supernatant was collected and mixed with 30 µL 



slurry of homemade GFP-nanobead conjugated resin (TFEB-GFP) or EZ-view Red anti-Flag M2 

resin (Flag-HA-14-3-3β). The mixture was incubated on a nutating mixer at 4°C for 4 hrs. Resin 

containing bound proteins were spun down and subsequently washed with washing buffer (1% 

triton-X in 50 mM tris, 150 mM NaCl pH 8.0) for a total of 5 washes. Bound proteins were eluted 

by incubating of the resin with 45 µL of elution buffer containing 1% SDS in 100 mM tris pH 8.0 

at 65°C for 15 minutes. Eluted proteins from light or heavy media grown cells were mixed 

together, reduced, alkylated with iodoacetamide and then precipitated with three volumes of a 

solution containing 50% acetone and 50% ethanol. Precipitated proteins were solubilized in a 

solution of 2 M urea, 50 mM tris-HCl, pH 8.0, and 150 mM NaCl, and then digested with Pierce 

trypsin protease MS-grade (Thermo Scientific) overnight at 37°C. Digested peptides were 

acidified with 0.2% Trifluoroacetic acid and formic acid and then desalted with Sep-Pak C18 

column (Waters) for mass spectrometry analysis.  

 

Mass Spectrometry Data Acquisition and Analysis  

Desalted peptides were dried, resuspended in 0.1% trifluoroacetic acid and injected into a 

QExactive Orbitrap mass spectrometer (Thermo Fisher Scientific) using 20-cm long in-house 

packed column. Raw MS/MS spectra were searched using the SORCERER (Sage N Research, 

Inc.) system running the SEQUEST software over the human Uniprot proteome database. 

Searching parameters included a semi-tryptic requirement, a mass accuracy of 15 ppm for the 

precursor ions, differential modification of 8.0142 daltons for lysine, 10.00827 daltons for 

arginine, 162.05279 daltons for glucosylation of serine and threonine, and a static mass 

modification of 57.021465 daltons for alkylated cysteine residues. XPRESS software, part of the 

Trans-Proteomic Pipeline (Seattle Proteome Center), was used to quantify all the identified 



peptides. MS/MS spectra for TFEB peptides were manually inspected and interpreted for defining 

proper identification and glucosylation site position. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 Quantification and statistical analysis for TFEB-GFP nuclear translocation experiments 

represents three independent replicates (n = 3) with a minimum of 100 cells counted per construct 

in each experiment. Quantification and statistical analysis for the TFEB (1-159)-GFP-NLS-GST 

reporter experiments represents four independent replicates (n = 4) with a minimum of 50 cells 

counted per construct in each experiment. Quantification of relative 14-3-3 pulldown levels 

represents three independent replicate experiments (n = 3).  Error bars represent standard error of 

the mean (SEM) values. Significance was calculated using an unpaired two-tailed t-test with 

unequal variance. Statistical significance of p < 0.05 or lower is reported on analyzed data sets. 

All statistical analyses were performed using GraphPad Prism (version 6).  
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