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Vacuole import and degradation pathway: Insights into a 
specialized autophagy pathway

Abbas A Alibhoy, Hui-Ling Chiang
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Abstract
Glucose deprivation induces the synthesis of pivotal 
gluconeogenic enzymes such as fructose-1,6-bisphos-
phatase, malate dehydrogenase, phosphoenolpyruvate 
carboxykinase and isocitrate lyase in Saccharomyces 
cerevisiae . However, following glucose replenishment, 
these gluconeogenic enzymes are inactivated and de-
graded. Studies have characterized the mechanisms 
by which these enzymes are inactivated in response to 
glucose. The site of degradation of these proteins has 
also been ascertained to be dependent on the dura-
tion of starvation. Glucose replenishment of short-term 
starved cells results in these proteins being degraded 
in the proteasome. In contrast, addition of glucose to 
cells starved for a prolonged period results in these 
proteins being degraded in the vacuole. In the vacuole 
dependent pathway, these proteins are sequestered in 
specialized vesicles termed vacuole import and degra-
dation (Vid). These vesicles converge with the endo-
cytic pathway and deliver their cargo to the vacuole 
for degradation. Recent studies have identified that 
internalization, as mediated by actin polymerization, is 
essential for delivery of cargo proteins to the vacuole 
for degradation. In addition, components of the target 

of rapamycin complex 1 interact with cargo proteins 
during glucose starvation. Furthermore, Tor1p dissoci-
ates from cargo proteins following glucose replenish-
ment. Future studies will be needed to elaborate on the 
importance of internalization at the plasma membrane 
and the subsequent import of cargo proteins into Vid 
vesicles in the vacuole dependent degradation pathway.

© 2011 Baishideng. All rights reserved.

Key words: Vacuole import and degradation; Fructose-
1,6-bisphosphatase; Vacuole; Proteasome; Autophagy; 
Target of rapamycin complex 1; Actin polymerization; 
Endocytosis
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hama 236-8648, Japan; Bin Shan, MD, PhD, Assistant Professor, 
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way: Insights into a specialized autophagy pathway. World J Biol 
Chem 2011; 2(11): 239-245  Available from: URL: http://www.
wjgnet.com/1949-8454/full/v2/i11/239.htm  DOI: http://dx.doi.
org/10.4331/wjbc.v2.i11.239

INTRODUCTION
A principal function of  eukaryotic cells is to mediate 
trafficking of  proteins and lipids between organelles for 
maintaining homeostasis. Vesicles facilitate such transport 
between organelles. The different types of  transport ves-
icles range from coat protein complex I (COPI) vesicles, 
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COPII vesicles and clathrin-coated vesicles[1-3]. Of  these, 
clathrin-coated vesicles mediate transport of  proteins and 
lipids from the plasma membrane to early endosomes, 
and from the Golgi to endosomes[1]. COPI vesicles are 
involved in retrograde transport from the Golgi to the 
ER and in the intra-Golgi transport while COPII vesicles 
further the transport from the ER to the Golgi[2,3].

The level of  proteins in a cell is dictated by protein 
synthesis and protein degradation. Some proteins are 
degraded in the proteasome while others are degraded at 
the site of  the lysosome[4-7]. The proteasomal degradation 
pathway entails the use of  E1, E2 and E3 enzymes for 
ubiquitinating target proteins[4,5]. This is followed by the 
subsequent targeting of  these ubiquitinated proteins to 
the proteasome for degradation[4,5]. On the other hand, 
the lysosome degrades proteins and organelles using acid 
hydrolases[6,7]. The targeting of  proteins for degradation 
at the lysosome occurs via numerous pathways[6,7]. Macro-
autophagy is one pathway that facilitates the degradation 
of  such proteins. This non-selective catabolic process, 
which is regulated by ATG genes, enables cells to de-
grade their own components in the lysosome as a means 
to survive periods of  nutrient deprivation and other 
stresses[8-11]. Besides the non-selective degradation of  
proteins, chaperone-mediated autophagy best exemplifies 
a selective autophagy pathway which utilizes luminal and 
cytosolic chaperones to target specific proteins (contain-
ing the KFERQ sequence) to the lysosome for degrada-
tion[12-15]. As such, autophagy is imperative for biological 
processes such as life span extension, cell development 
and growth[16,17]. Moreover, deregulated macroautophagy 
can result in numerous diseases[16,17].

Diverse Pathways Transport 
Proteins to the Yeast Vacuole
The yeast vacuole is homologous to the mammalian 
lysosome and is required for cellular processes such as 
osmoregulation, protein maturation and protein degrada-
tion[18,19]. The function of  the yeast vacuole is dependent 
on the targeting of  vacuole resident proteins into this or-
ganelle. For instance, the acid hydrolase carboxypeptidase 
Y is transported from the Golgi to the vacuole for matu-
ration by the Vps pathway[20,21]. This process involves 
around 40 VPS genes[20,21]. In addition, plasma membrane 
proteins and other extracellular components can be in-
ternalized and targeted to the vacuole by endocytosis[18,19]. 
In contrast, proteins can also be transported from the 
cytoplasm into vacuole. Enzymes such as aminopeptidase 
I and α-mannosidase are synthesized in their inactive 
forms in the cytoplasm and are transported to the vacu-
ole via the Cvt pathway[8,9,16]. This pathway shares many 
common components with the macroautophagy pathway 
and the pexophagy pathway[8,9,16].

Changes in nutrient conditions can influence the 
transport of  proteins and organelles to the vacuole. For 
example, when Saccharomyces cerevisiae are starved of  ni-
trogen, the macroautophagy pathway delivers proteins 

sequestered in autophagosomes to the vacuole for degra-
dation[8,9,16]. Tor1p, a protein kinase and rapamycin target, 
is a component of  the target of  rapamycin complex 1 
(TORC1) that regulates cell growth in response to stimuli 
such as nutrients and cellular stresses[8,9]. It achieves this 
by regulating gene transcription, protein translation, ri-
bosomal biogenesis and macroautophagy[8,9]. Moreover, 
the macroautophagy pathway is inhibited by Tor1p and 
is induced by rapamycin even in the absence of  nitrogen 
starvation[8,9,16]. Another example, the pexophagy pathway 
targets peroxisomes to the vacuole for degradation when 
yeast is shifted from growth in media containing oleic 
acid to that containing glucose[22]. 

Induction, Inactivation and 
Degradation of Gluconeogenic 
Enzymes
The pivotal regulatory enzyme in the gluoconeogenesis 
pathway, fructose-1,6-bisphosphatase (FBPase), is induced 
in Saccharomyces cerevisiae by glucose starvation. When cells 
are replenished with media containing fresh glucose, FB-
Pase is inactivated and degraded[23-25]. This type of  inacti-
vation is termed catabolite inactivation[26,27]. Additionally, 
it has been determined that other gluconeogenic enzymes 
such as malate dehydrogenase (MDH2), phosphoenol-
pyruvate carboxykinase (Pck1p) and isocitrate lyase (Icl1p) 
are also inactivated by glucose[28-30]. Of  these, catabolite 
inactivation of  FBPase has been studied exhaustively for 
the vacuole dependent pathway[29,31,32]. In the course of  
catabolite inactivation, it has been ascertained that FBPase 
is phosphorylated and inactivated by cAMP-dependent 
protein kinase or protein kinase A (PKA)[29,33,34].

The site of  degradation of  FBPase is dependent on 
the duration of  starvation. The Wolf  lab has demon-
strated that following glucose replenishment, FBPase is 
modified by ubiquitination and is degraded in the protea-
some[35-38]. However, our lab has shown that FBPase is 
degraded in the vacuole in cells that have been starved of  
glucose for 3 d[23,27,31]. We examined the degradation of  
FBPase using a ∆pep4∆prb1∆prc1 vacuole mutant contain-
ing deletions of  proteinases A, B and C[29]. In this strain, 
it was observed that when glucose was added to cells that 
have been starved for 1 d, FBPase was degraded normal-
ly. In contrast, when glucose was added to cells that were 
starved for 3 d, FBPase degradation was impaired. This 
indicates that while vacuole proteinases are not essential 
for FBPase degradation in 1 d starved cells, they are es-
sential for cells starved for 3 d. More significantly, our 
lab has recently demonstrated that other gluconeogenesis 
enzymes such as MDH2, Pck1p and Icl1p also share the 
same degradation characteristics as FBPase[29,30].

The Vacuole Import and 
Degradation Pathway
The vacuole import and degradation (Vid) pathway is a 
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selective autophagy pathway that mediates degradation 
of  FBPase, MDH2, Pck1p and Icl1p in the vacuole after 
glucose starvation for 3 d[23,27,29-31]. The genes involved 
in this pathway are cumulatively called VID genes[32,39,40]. 
Upon characterizing the wild-type and ∆pep4 strains by 
fractionation of  lysates in a size column, it was ascer-
tained that four peaks were found to contain FBPase[32]. 
The first peak contained the plasma membrane pro-
tein Pma1p and the fourth peak was enriched for Vid 
vesicles[32]. By kinetic analysis, it was determined that Vid 
vesicles are transitional carriers in the Vid pathway[41]. 
Thus, gluconeogenic enzymes destined for degradation 
by the Vid pathway associate with these vesicles prior 
to their delivery to the vacuole. Through in vitro assays, 
it was discerned that FBPase was imported into puri-
fied Vid vesicles[42]. In addition, the plasma membrane 
protein Vid22p, the cytosolic heat shock proteins Ssa1p 
and Ssa2p, and the peptidylprolyl isomerase Cyclophilin 
A are required for the sequestration of  FBPase into Vid 
vesicles[42,43]. 

Cells lacking the ubiquitin conjugating enzyme 1 gene 
were observed to block the formation of  Vid vesicles, 
thereby suggestive of  a role in Vid vesicle biogenesis[44]. 
Vid24p has been characterized as a peripheral protein 
on Vid vesicles and is extensively used to study the traf-
ficking of  Vid vesicles in response to glucose[45]. Data 
from our recent studies suggest that the Vid pathway 
converges with the endocytic pathway[40]. COPI coatomer 
proteins have also been identified as peripheral proteins 
on Vid vesicles and they recruit Vid24p to Vid vesicles[40]. 
Furthermore, the coatomer subunit Sec28p traffics to en-
dosomes and is distributed on retrograde vesicles form-
ing on the vacuole membrane in response to glucose re-
feeding[40]. Following the merging of  the Vid vesicles with 
endosomes, the Vid-endosome clusters transport their 
cargo to the vacuole, a step which requires Vph1p[40]. 
This was determined in the ∆vph1 strain where FBPase is 
distributed in the lumen of  FM-containing endosomes[40]. 
FM is an endocytic dye that stains the endosomes and 
reaches the vacuole[40]. 

Endocytosis and Actin 
Polymerization are required for 
delivery of cargo proteins to the 
vacuole for degradation 
Having previously demonstrated that the Vid pathway 
merges with the endocytic pathway, it would be signifi-
cant to elaborate on this finding. One possible explana-
tion is that the Vid vesicles may merge with the endocytic 
vesicles that are forming on the plasma membrane. 
Hence, it follows that FBPase may also be targeted to the 
plasma membrane. In order to investigate this, the dis-
tribution of  FBPase was visualized at the ultra-structural 
level[46]. This revealed that in wild type and in ∆pep4 
strains, FBPase is distributed near the plasma membrane 
and in irregularly shaped intracellular structures at 15 min 

following glucose replenishment. Based on the FBPase 
distribution, it can be inferred that the Vid pathway uti-
lizes the early steps of  the endocytic pathway to deliver 
FBPase to the vacuole for degradation. Upon purifying 
the FBPase containing intracellular structures, it was 
determined that these were enriched for the endosomal 
marker Pep12p and the Vid vesicle marker Vid24p. This 
suggests that following glucose replenishment, Vid ves-
icles may cluster or aggregate with endosomes to form 
large FBPase-containing structures.

The distribution of  FBPase near the plasma mem-
brane indicates that the early steps of  endocytosis are 
required for the Vid pathway. Moreover, it has been pre-
viously reported that the early steps of  endocytosis are 
mediated by actin polymerization in yeast[47-52]. Actin po-
lymerization comprises recruitment and interplay of  dif-
ferent actin related proteins at the site of  internalization. 
Proteins such as End3p, Sla1p and Pan1p are recruited 
at the early steps and promote initiation of  actin polym-
erization assembly. Subsequently, Myo3p and Myo5p are 
mobilized during the later stages of  actin polymerization. 
Finally, Rvs161p and Rvs167p facilitate scission of  endo-
cytic vesicles[47-52]. Initially, the distribution of  FBPase was 
studied in a yeast strain where the END3 gene had been 
deleted[46]. It was ascertained that FBPase distribution in 
the plasma membrane, endosome and Vid vesicle frac-
tions were reduced in the ∆end3 mutant in comparison to 
that observed in the positive control ∆vph1 strain. These 
results highlight a requirement for the early steps of  en-
docytosis in mediating association of  FBPase with Vid 
vesicles. Owing to a requirement for actin polymerization 
in mediating pinching off  of  endocytic vesicles from the 
plasma membrane, FBPase degradation was studied in 
mutants that impaired actin polymerization at different 
steps[46]. As such, FBPase degradation was inhibited in 
mutant strains such as ∆end3 and ∆sla1. In summation, 
association of  FBPase with Vid vesicles required the ac-
tin polymerization genes. 

It was determined that the gluconeogenesis enzymes 
FBPase and MDH2 displayed a low distribution to actin 
patches (sites of  actin polymerization) in the wild type 
yeast strain during glucose starvation. However, there 
was an increased distribution of  FBPase and MDH2 to 
actin patches by 30 min following glucose replenishment. 
By 60 min of  glucose addition, less co-localization of  
FBPase and MDH2 with actin patches was observed. As 
such, the cargo proteins were targeted to actin patches 
on the plasma membrane[46]. As means for determining 
whether Vid vesicles are targeted to the actin patches, 
Vid vesicle markers Vid24p and Sec28p distribution 
was examined in wild type cells[46]. Interestingly, Sec28p 
and Vid24p were observed to be distributed to the actin 
patches during glucose starvation and for up to 30 min 
following glucose replenishment. Sec28p and Vid24p 
demonstrated less co-localization to the actin patches by 
60 min of  glucose addition. Hence, it can be inferred that 
Vid vesicles are targeted to actin patches during glucose 
starvation and for up to 30 min following glucose replen-

241 November 26, 2011|Volume 2|Issue 11|WJBC|www.wjgnet.com

Alibhoy AA et al . Vacuole import and degradation pathway



ishment. Moreover, Sec28p and Vid24p association with 
actin patches was prolonged in cells lacking the RVS167 
gene (involved in scission of  endocytic vesicles from 
the plasma membrane)[46]. This demonstrates that actin 
polymerization is required for Vid-endocytic vesicles to 
pinch off  from the plasma membrane.

Based on these studies, we contend that Sec28p and 
Vid24p are present at actin patches during glucose starva-
tion. These are also sites of  endocytic vesicle formation 
from the plasma membrane. During glucose replenish-
ment, FBPase and MDH2 are imported into free Vid ves-
icles and into Vid vesicles at the site of  the actin patches. 
Endocytic vesicles are then released into the cytoplasm to 
become small endosomes with Vid vesicles clustering or 
aggregating to form irregularly shaped structures. In this 
manner, the Vid-endosome clusters serve to deliver their 
cargo to the vacuole for degradation. 

The TOR Complex 1 interacts with 
multiple cargo proteins targeted 
for degradation in the Vid 
Pathway
In order to garner a more cumulative understanding of  
the Vid pathway, it is imperative to know how cells rec-
ognize cargo proteins that are destined for degradation. 
To address these goals, we sought to identify cellular 
proteins that interacted with FBPase. Under previously 
characterized growth conditions, putative FBPase inter-
acting proteins were purified by affinity chromatography. 
The bound material was subjected to MALDI analysis. 
This facilitated in identifying Tco89p among other cel-
lular protein candidates[30]. Tco89p is a component of  the 
TORC1 which is also comprised of  Tor1p, Kog1p and 
Lst8p[53,54].

The role of  Tco89p in the Vid pathway was char-
acterized by examining the degradation of  FBPase, 
MDH2, Icl1p and Pck1p in the ∆tco89 mutant[30]. It was 
determined that while FBPase, MDH2, Iclp and Pck1p 
were degraded in wild-type cells, the degradation of  these 
proteins was impaired in ∆tco89 cells. This indicates that 
Tco89p is required for the vacuolar dependent degrada-
tion of  multiple proteins selected for the Vid pathway. 
It was also ascertained that components of  TORC1 
interacted with FBPase, MDH2, Icl1p and Pck1p dur-
ing glucose starvation[30]. Through kinetic studies, it was 
established that Tor1p was dissociated from cargo pro-
teins after the addition of  glucose. Interestingly, Tco89p 
remained associated with FBPase after the addition of  
glucose. As such, Tor1p and Tco89p may dictate differ-
ent functions in the Vid pathway. This also alludes to an 
inhibitory function of  Tor1p association in mediating 
cargo protein degradation. This was verified by observing 
that cells overexpressing the TOR1 gene exhibited a delay 
in FBPase degradation. As it has been demonstrated that 
Tor1p is inhibitory to FBPase degradation, it was hypoth-
esized that treatment of  wild-type cells with rapamycin 

would promote degradation of  cargo protein. However, 
it was determined that the addition of  rapamycin im-
paired FBPase degradation in wild-type cells following 
glucose replenishment. Furthermore, TOR1 overexpress-
ing cells inhibited the sequestering of  cargo proteins into 
Vid vesicles. Similar results were also observed in cells 
lacking the TCO89 gene. Surprisingly, TOR1 deletion has 
little effect on FBPase degradation. 

It was next determined whether Vid vesicle biogen-
esis was affected in cells overexpressing TOR1 or in cells 
lacking this gene[30]. Vid24p, a peripheral protein on Vid 
vesicles, was used to study the biogenesis of  Vid vesicles. 
From differential centrifugation, it was ascertained that 
a fraction of  Vid24p was detected in the Vid vesicle-
enriched fraction in wild-type cells. Similarly, in ∆tor1 
cells, a fraction of  Vid24p was also detected in the Vid 
vesicle-enriched fraction. However, low levels of  Vid24p 
were present in the Vid vesicle-enriched fraction in cells 
overexpressing TOR1. In support, low levels of  Vid24p 
were also found in the Vid vesicle-enriched fraction in 
∆tco89 cells. These results suggest that TOR1 and TCO89 
are involved in the biogenesis of  Vid vesicles. 

From localization studies, it was determined that 
Tor1p and Tco89p were both distributed on endosomes 
emerging from the plasma membrane[30]. Moreover, these 
proteins were also detected on vesicles forming from the 
vacuole membrane. Such vesicles have been termed retro-
grade vesicles and these findings furnish support for pre-
vious observations where retrograde vesicles containing 
Sec28p could form on the vacuole membrane. Based on 
these results, it is proposed that TORC1 cycles between 
the plasma membrane and the vacuole. This facilitates in 
maintaining the size of  the vacuole via the anterograde 
and retrograde transport pathways. 

Curent Model for the Vid Pathway
Based on the aforementioned studies, we propose the 
following model for the Vid pathway (Figure 1). Growth 
of  yeast cells under glucose starvation induces synthe-
sis of  gluconeogenic enzymes such as FBPase, MDH2, 
Icl1p and Pck1p. During glucose starvation, Vid24p and 
Sec28p are distributed as peripheral proteins on free 
Vid vesicles and on Vid vesicles clustering around endo-
cytic vesicles at the sites of  actin polymerization. Tor1p, 
Tco89p and proteins involved in the early steps of  actin 
polymerization, such as End3p and Sla1p, are believed to 
play a role in Vid vesicle biogenesis. Additionally, mem-
bers of  TORC1 interact with FBPase and other cargo 
proteins during glucose starvation. Following glucose 
replenishment, Tor1p dissociates from cargo proteins, 
thereby enabling cargo proteins to be phosphorylated 
by PKA. It should be noted that both the TORC1 and 
PKA pathways regulate cell growth with respect to nutri-
ent availability[55]. However, there are conflicting reports 
concerning the order of  involvement of  these two path-
ways. As such, dissociation of  Tor1p from cargo proteins 
may precede phosphorylation of  cargo proteins by PKA 
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and vice versa. Moreover, the TORC1 and PKA pathways 
could also be acting in concert via parallel pathways[55]. 
Further studies will be required to clarify this relation-
ship. Following inactivation of  cargo proteins, Tco89p is 
required to sequester cargo proteins into the Vid vesicles 
aggregating around endocytic vesicles forming from the 
plasma membrane. Thereafter, proteins involved in the 
later steps of  actin polymerization, namely Rvs161p and 
Rvs167p, mediate scission of  endocytic vesicles and these 
are released into the cytoplasm as small endosomes. The 
Vid vesicles accrue around these endosomes to form ir-
regularly shaped structures. The transport of  the Vid-
endosome clusters to the vacuole for degradation of  
cargo proteins requires the VPH1 gene. We further pos-
tulate that the Vid pathway uses a specialized endocytic 
pathway. As such, we surmise that our model delineates 
multiple events ranging from cargo protein interaction 
with TORC1 to merging of  the Vid pathway with the 
endocytic pathway at the actin patches as vital steps in 
the vacuole dependent degradation of  gluconeogenic en-
zymes.

Future Directions
Despite having elucidated novel components of  the Vid 

pathway such as TORC1 and actin polymerization, innu-
merable questions remain to be answered. For instance, 
what is the origin of  Vid vesicles? Are they derived 
from retrograde vesicles that emerge from the vacuole 
membrane? Or do Vid vesicles originate from the site of  
plasma membrane internalization? We have demonstrated 
that endocytic mutants, such as ∆rvs161 and ∆rvs167, 
that impair plasma membrane internalization, result in a 
prolonged distribution of  peripheral Vid vesicle proteins 
such as Sec28p and Vid24p at the site of  actin patches. 
Moreover, these endocytic mutants impede FBPase deg-
radation following glucose replenishment. From these 
observations, one could argue that Vid vesicles are dis-
tributed at the site of  plasma membrane internalization. 
Perhaps Vid vesicles are a specialized type of  endosome? 
Interestingly, in support of  this hypothesis, it should be 
noted that the Vid-endosome clusters observed following 
glucose re-feeding are reminiscent of  multivesicular bod-
ies. Furthermore, the significance of  the requirement of  
internalization for FBPase degradation warrants further 
investigation. Are cargo proteins secreted out into the 
periplasmic space and internalized at the site of  actin po-
lymerization? Perhaps this may facilitate in sequestration 
of  cargo proteins into Vid vesicles.

Another intriguing aspect of  the regulation of  gluco-
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Figure 1  A model for the vacuole import and degradation pathway. Gluconeogenic enzymes (cargo) targeted for degradation by the Vid pathway associate with 
the TORC1 complex during glucose starvation. Tor1p dissociates from this complex following glucose replenishment. Thereafter, the cargo proteins are phosphory-
lated by PKA. Tco89p mediates sequestration of the cargo proteins into free Vid vesicles and into Vid vesicles clustered around endocytic vesicles forming on the 
plasma membrane. Proteins involved in the later steps of actin polymerization, namely Rvs161p and Rvs167p, mediate scission of the endocytic vesicles and these 
are released into the cytoplasm as small endosomes. The Vid vesicles aggregate around these endosomes to form irregularly shaped structures. Vph1p is required 
for the transport of the Vid-endosome clusters to the vacuole. 
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neogenic enzymes is what mechanisms determine deg-
radation of  proteins via the ubiquitin-proteasome path-
way vs the vacuole dependent Vid pathway. It has been 
demonstrated that the site of  degradation is governed 
by disparate modifications of  cargo proteins following 
glucose replenishment. Cargo proteins are ubiquitinated 
before degradation in the proteasome[35-38]. On the other 
hand, cargo proteins are phosphorylated via PKA prior 
to their targeting to the vacuole[56]. However, the signaling 
cascade that mediates the transition from the ubiquitin-
proteasome pathway to the Vid pathway requires elucida-
tion. 

FBPase has been described among components of  
excretory secretory products from Clonorchis sinensis adult 
worms and indicate that FBPase may serve as a marker in 
diagnosing clonorchiasis-associated hepatic fibrosis[57]. In 
addition, FBPase has also been identified as a bio-marker 
for assessing damage to the proximal renal tubules[58]. 
Furthermore, it has been determined that gluconeogen-
esis is upregulated in patients suffering from Type Ⅱ dia-
betes[59]. Managlinat dialanetil (an FBPase inhibitor) has 
been demonstrated to show promise in the treatment of  
Type Ⅱ diabetes[59]. As such, an understanding of  how to 
activate or inactivate the Vid pathway could prove invalu-
able in identifying targets for developing therapies against 
diseases caused by aberrant gluconeogenesis in humans. 
Thus, addressing the abovementioned questions will 
form the core of  our future investigations in our quest to 
better characterize this unique autophagy pathway. 
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Abstract
AIM: To determine if the cytotail of the principal shed-
dase tumor necrosis factor-α converting enzyme (TACE; 
ADAM17) controls protein ectodomain shedding.

METHODS: Site-directed mutagenesis was performed 
to derive TACE variants. The resulting TACE expression 
plasmids with amino acid substitutions in the extracel-
lular, cysteine-rich disintegrin domain (CRD) and/or 
deleted cytotail, along with an expression vector for the 
enhanced green fluorescence protein were transfected 
into shedding-defective M1 mutants stably expressing 
transmembrane L-selectin or transforming growth factor 
(TGF)-α. The expression levels of the TACE substrates 
at the cell surface were determined by flow cytometry. 

RESULTS: Consistent with published data, a single 
point mutation (C600Y) in the CRD led to shedding defi-

ciency. However, removal of the cytotail from the C600Y 
TACE variant partially restored ectodomain cleavage 
of TGF-α and L-selectin. Cytotail-deleted mutants with 
any other substituting amino acid residues in place of 
Cys600 displayed similar function compared with tail-
less C600Y TACE.

CONCLUSION: The cytotail plays an inhibitory role, 
which becomes evident when it is removed from an 
enzyme with another mutation that affects the enzyme 
function. 

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Protein ectodomain shedding serves as an important 
means for regulating the function of  cell surface proteins 
required for a variety of  physiological processes[1]. For ex-
ample, generation of  freely diffusible epidermal growth 
factor receptor (EGFR) ligands including transform-
ing growth factor (TGF)-α from their transmembrane 
precursors is essential for the development of  multiple 
organs[2-4]. Ectodomain shedding is also crucial for patho-
genesis. Thus, overproduction of  soluble EGFR ligands 
causes cellular transformation[5]; generation of  the cir-
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culating cytokine tumor necrosis factor (TNF)-α from 
its transmembrane precursor is responsible for cachexia, 
septic shock and other inflammatory conditions[6-8].

TNF-α converting enzyme (TACE) is a principal 
sheddase that cleaves not only transmembrane TNF-α, 
but also a large number of  other membrane proteins[9]. 
As a member of  the large family of  a disintegrin and me-
talloprotease domains (ADAM), TACE or ADAM17 is a 
membrane-anchored metalloprotease (Figure 1)[10,11]. The 
protease is biosynthesized as a zymogen, in which the 
catalytic domain is led by an amino-terminal prodomain, 
and followed in succession by a cysteine-rich disintegrin 
domain (CRD), a transmembrane segment and a carboxyl 
terminal cytotail. The TACE zymogen is enzymatically 
inactive because the prodomain interacts with the active 
site, causing inaccessibility to protein substrates. 

Ectodomain shedding by TACE is a tightly regulated 
process. Accordingly, a variety of  stimuli including growth 
factors, inflammatory mediators, ionophores, carcinogens 
and tumor promoters can induce shedding[12-14]. However, 
the cellular and molecular mechanism that controls TACE-
mediated shedding remains unclear. Although prodomain 
removal is a prerequisite for TACE to gain catalytic activ-
ity[15-17], it does not seem sufficient for shedding activation, 
because an increase in prodomain removal is not observed 
following stimulation[11]. Therefore, activation of  shedding 
appears to be through modulation of  mature TACE. 

It has been established that signaling pathways involv-
ing two mitogen-activated protein kinases (MAPKs), Erk 
and p38, mediate the activation of  shedding in response 
to various stimuli[12,13,18]. The serine- and threonine-rich 
TACE cytotail is suspected to play a role in the regula-
tion of  TACE function. In particular, both MAPKs have 
been shown to phosphorylate directly the TACE cytotail 
at Thr-735[18-20]. Erk activity-dependent phosphorylation 
at Ser-819 has also been demonstrated. Furthermore, 
Ser-791 is phosphorylated in resting cells, and undergoes 
dephosphorylation in response to growth factor stimula-
tion[21]. However, mutation of  these phosphorylation sites 
individually or in combination, and even removal of  the 
entire cytotail have no detectable effects on shedding[21-24]. 
Thus, the function of  the TACE cytotail remains illusive. 

There is also evidence suggesting a role for the CRD 
in TACE-mediated shedding[9,24-26]. We have previously 
demonstrated that a substitution (C600Y) within the CRD 
results in enzyme inactivity[9]. Interestingly, in an attempt 
to examine the function of  other cysteines in the CRD, 
we found that deletion of  the cytotail partially restores the 
shedding activity in the C600Y TACE variant. This find-
ing suggests an inhibitory role for the cytotail in ectodo-
main shedding and resolves a long mystery with regarding 
the function of  the TACE cytotail, which becomes appar-
ent only when there is another defect in the enzyme. 

MATERIALS AND METHODS
Reagents
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bo-

vine serum (FBS), bovine serum albumin (BSA), penicillin, 
streptomycin, 1,10-phenanthroline, EDTA, paraformal-
dehyde and inorganic salts were purchased from Sigma-
Aldrich (St. Louis, MO). Mouse monoclonal antibodies 
recognizing the ectodomain of  L-selectin and TGF-α 
have been described previously[12,21,27]. Phycoerythrin (PE)-
conjugated goat anti-mouse IgG (whole molecule) was 
purchased from Jackson ImunoResearch Laboratories 
(West Grove, PA, United States). Cell Lifters were pur-
chased from Corning Inc. (Corning, NY, United States).

Expression vectors
pRK5-based plasmids for expressing wild-type murine 
TACE, C600Y TACE, cytotail-truncated TACE (ΔC) and 
the ΔC derivatives containing C600Y and C600A muta-
tions (i.e. ΔC/C600Y and ΔC/C600A, respectively) have 
been described previously[9]. Additional ΔC constructs 
carrying an alanine in place of  each of  the remaining 
25 cysteines in the CRD (i.e. ΔC/C478A, ΔC/C489A, 
ΔC/C501A, ΔC/C502A, ΔC/C506A, ΔC/C514A, 
ΔC/C521A, ΔC/C522A, ΔC/C525A, ΔC/C534A, 
ΔC/C542A, ΔC/C548A, ΔC/C555A, ΔC/C567A, 
ΔC/C573A, ΔC/C578A, ΔC/C582A, ΔC/C591A, 
ΔC/C593A, ΔC/C603A, ΔC/C604A, ΔC/C611A, ΔC/
C630A, ΔC/C635A and ΔC/C641A) were constructed 
for this work by polymerase chain reactions using the 
high fidelity Pfu DNA polymerase (Stratagene, La Jolla, 
CA, United States). Sequence authenticity of  the inserts 
in the final expression vectors was confirmed by automat-
ed DNA sequencing performed by the UMDNJ-Robert 
Wood Johnson Medical School DNA Core Facility.

Cell lines and culture conditions
The shedding-defective M1-L-selectin and M1-TGF-α 
cells, which overexpress transmembrane L-selectin and 
TGF-α, respectively, have been described previously[22]. 
The cell lines were maintained as adherent cultures using 
DMEM supplemented with 8% FBS and the antibiotics 
penicillin and streptomycin.

Assays of L-selectin and TGF-α ectodomain shedding
The enzyme activity of  wild-type or mutant TACE was 
determined with cell-based shedding assays using two-
color flow cytometry as described previously[28]. M1-L-
selectin and M1-TGF-α cells were transiently cotrans-
fected with a TACE expression vector (or the control 
RK5 vector) and a mammalian expression plasmid for 
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Figure 1  Schematic drawing of tumor necrosis factor-α converting en-
zyme domain structure. Lengths of domains are not in proportion. The amino 
acids marking the beginning and the end of the cysteine-rich/disintegrin domain 
(CRD) are numbered. TM: Transmembrane domain. 



enhanced green fluorescence protein (GFP) at a ratio of  
3:1. Twenty hours after transfection, cell culture plates 
were placed on ice and the medium was replaced with 
cold PBS, supplemented with 10 mmol/L 1, 10-phen-
anthroline (a metalloproteases inhibitor), 5 mmol/L 

EDTA, 2% BSA and 0.1% NaN3 (PEB). Cells were 
scraped off  the plates with a Cell Lifter, collected and 
centrifuged at 1000 r/min at 4  ℃ for 5 min. Following 
the removal of  the supernatant, cells were resuspended 
in 50 μL PEB containing 500 ng DREG56 (anti-L-
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Figure 2  L-selectin ectodomain shedding activity in cytotail-deleted tumor necrosis factor-α converting enzyme constructs with cysteine to alanine sub-
stitutions. The shedding-defective M1-L-selectin cells, which stably express transmembrane L-selectin, were transiently cotransfected with the transfection marker 
green fluorescence protein (GFP), and indicated tumor necrosis factor-α converting enzyme (TACE) vectors or the control pRK5 plasmid at a ratio of 1:3. Transmem-
brane L-selectin on the surface of live unfixed cells was immunostained with anti-L-selectin and a PE-conjugated secondary antibody, and was detected by flow cy-
tometry. GFP-positive cells were gated as cells expressing the cotransfected TACE construct. Green: ∆C TACE; Red: ∆C TACE with a cysteine to alanine substitution 
at indicated position; dotted blue lines, pRK5.
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selectin) or 200 ng anti-TGF-α, incubated on ice for 
30 min with gentle agitation, washed twice with PEB 
and reacted with 50 μL PE-conjugated goat anti-mouse 
IgG diluted in PEB (1:200) for 30 min. After another 
two washes with PEB, cells were fixed in 500 μL of  1% 
paraformaldehyde (prepared in PEB) and were immedi-
ately analyzed by flow cytometry using a Coulter Epics 
XL.MCL flow cytometer (Beckman Coulter, Miami, FL, 
United States). GFP and PE signals were simultaneously 
detected through the FL1 and FL2 channels, respectively. 
For each analysis, unstained stable cells (M1-L-selectin 
or M1-TGF-α) cotransfected with GFP and the control 
pRK5 vector without an insert, and immunostained sta-
ble cells transfected with pRK5 only (i.e. no GFP), were 
used to set up the instrument to obtain optimal GFP-
PE signal compensation. Mock-stained parental M1 cells 
were used to verify the final compensatory conditions 
under which about 98% of  the cells were recognized as 
GFP- and PE-doubly negative cells.

RESULTS
Previously, we have identified a TACE variant carrying 
a C600Y substitution within the CRD from a shedding-
defective cell line. Cell-based shedding assays confirmed 
that the variant sheddase lacks the capacity to cleave 

substrates[9]. On the basis of  the tertiary structure of  the 
CRD of  ADAM10, which share a high level of  sequence 
homology to that of  TACE[9], Cys-600 forms a disulfide 
bridge with Cys-593; also, there may be additional 12 di-
sulfide bridges[29]. To determine if  other cysteines and/or 
disulfide bridges are also important for TACE function, 
we replaced each of  the remaining cysteine in the CRD 
with alanine. For the convenience of  vector construction, 
the C→A mutants were constructed on the ΔC TACE 
backbone because previous studies have shown that dele-
tion of  the cytotail does not affect TACE function[21,23,24]. 
The enzyme activities of  the resulting ΔC/C→A variants 
were determined in the M1-L-selectin cell line, which 
overexpresses transmembrane L-selectin but is defective 
in ectodomain shedding, due to the loss of  one TACE 
allele and a mutation in the other allele resulting in an 
M435I substitution at the active site[9,28]. 

Contrary to our prediction, all the ΔC/C→A vari-
ants were largely active in L-selectin shedding (Figure 2). 
Particularly surprising was the L-selectin shedding activ-
ity exhibited by the ΔC/C600A variant, because we have 
previously shown that ΔC/C600A and ΔC/C600Y have 
no detectable enzyme activity, similar to the full-length 
C600Y TACE[9]. In that study, the inactivity of  C600Y 
TACE was demonstrated in all three TACE-defective cell 
lines, with multiple substrates, and using different detec-
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Figure 3  Deletion of the cytotail from C600Y tumor necrosis factor-α converting enzyme led to partial restoration of L-selectin and transforming growth 
factor α shedding. Expression plasmids for wild-type or mutated tumor necrosis factor-α converting enzyme (TACE) are schematically shown on the top of the 
Figure. The activity of L-selectin shedding in the TACE constructs was determined as in Figure 2. Transforming growth factor (TGF)-α shedding was determined in 
a similar manner except the M1-L-selectin cells were replaced with shedding-defective M1-TGF-α cells, which overexpress transmembrane TGF-α, and the anti-L-
selectin was substituted with anti-TGF-α. 
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tive methods; however, the ΔC/C600A and ΔC/C600Y 
constructs were tested only with one TACE substrate 
using one-color flow cytometry, which cannot discrimi-
nate TACE-expressing cells from untransfected cells[9]. 
Therefore, we believe that the data showing enzymatic 
inactivity in the ΔC/C600A and ΔC/C600Y constructs 
were erroneous. In contrast, the shedding-proficiency in 
the ΔC/C600A mutant, as demonstrated using two-color 
flow cytometry in which eGFP served as a surrogate 
marker for TACE expression (Figure 2), ought to be con-
sidered reliable. 

We next compared the enzyme activities of  the full-
length C600Y TACE, the ΔC/C600Y construct, and 
their respective parental forms (i.e. wild-type TACE and 
ΔC TACE). Consistent with published data, ΔC TACE 
demonstrated levels of  enzyme activity that were similar 
to those in wild-type TACE, in the cleavage of  trans-
membrane L-selectin and TGF-α, whereas full-length 
C600Y TACE completely failed to cleave these sub-
strates (Figure 3). Evidently, the ΔC/C600Y construct 
partially regained L-selectin and TGF-α shedding activi-
ties, as compared to the C600Y variant (Figure 3). These 
results indicate that the cytotail plays an inhibitory role 
in ectodomain shedding, which became detectable when 
there was another defect in the enzyme.

DISCUSSION
TACE is responsible for ectodomain shedding of  numer-
ous membrane proteins and it is required for a variety of  
physiological processes, but how its activity is regulated 
remains unsatisfactorily defined. It was thought, immedi-
ately after the sequencing of  the TACE cDNA, that the 
cytotail of  the sheddase plays a critical role in the enzyme 
activity[11]. However, this hypothesis has been questioned 
because removal of  the entire cytotail has demonstrated 
no detectable effect on TACE-dependent shedding[21-23,28]. 
The lack of  an apparent effect of  the cytotail deletion 
(in wild-type TACE) was again reproduced in this work. 
Nevertheless, removal of  the cytotail from the shedding-
defective C600Y TACE variant clearly led to a substantial 
restoration of  enzyme activity. Thus, the cytotail plays 
an inhibitory role, which becomes noticeable only in the 
presence of  another defect in the enzyme. 

How the cytotail exerts an inhibitory activity in shed-
ding has yet to be defined. It is known that the cytotail is 
phosphorylated in response to activators of  ectodomain 
shedding[11,18-21]. We speculate that the phosphorylation 
alleviates the inhibitory activity of  the cytotail, which is 
also achievable by the deletion of  the cytotail. 

Cys-600 has been predicted to participate in the 
formation of  a disulfide bridge[29]. Interestingly, recent 
studies have indicated that agents that affect the redox 
potential regulate TACE activity[24,25]. Furthermore, pro-
tein disulfide isomerase has been shown to inhibit TACE 
activity through modifying the conformation of  the 
CRD[25]. The fact that the inhibitory role of  the cytotail 
was discovered in the context of  Cys-600 mutations sug-

gests that the cytotail of  TACE regulates disulfide bridg-
ing and thus the conformation of  the CRD.

In conclusion, our study, aimed at furthering the un-
derstanding of  how the CRD regulates the function of  
TACE, has led to the recognition of  a new, inhibitory 
role for the cytotail in ectodomain shedding. However, 
the original question about which, if  any, cysteines other 
than Cys-600 in the CRD are critical for the enzyme ac-
tivity of  TACE has yet to be answered using full-length 
constructs. 
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submitted using word-processing software. All submissions must 
be typed in 1.5 line spacing and 12 pt. Book Antiqua with ample 
margins. Style should conform to our house format. Required in-
formation for each of  the manuscript sections is as follows:
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Running title: A short running title of  less than 6 words should 
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supportive foundations should be provided, e.g. Supported by Na-
tional Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should be 
provided. Author names should be given first, then author title, af-
filiation, the complete name of  institution, city, postcode, province, 
country, and email. All the letters in the email should be in lower 
case. A space interval should be inserted between country name and 
email address. For example, Montgomery Bissell, MD, Professor of  
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of  California, Box 0538, San Francisco, CA 94143, United States. 
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, 
country number, district number and telephone or fax number, e.g. 
Telephone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
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There are unstructured abstracts (no more than 256 words) and 
structured abstracts (no more than 480). The specific requirements 
for structured abstracts are as follows: 

An informative, structured abstracts of  no more than 480 words 
should accompany each manuscript. Abstracts for original contribu-
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than 20 words): Only the purpose should be included. Please write 
the aim as the form of  “To investigate/study/…; MATERIALS 
AND METHODS (no more than 140 words); RESULTS (no more 
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must provide relevant data to illustrate how they were obtained, e.g. 
6.92 ± 3.86 vs 3.61 ± 1.67, P < 0.001; CONCLUSION (no more 
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Key words
Please list 5-10 key words, selected mainly from Index Medicus, 
which reflect the content of  the study.

Text
For articles of  these sections, original articles and brief  articles, the 
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DUCTION, MATERIALS AND METHODS, RESULTS and DIS-
CUSSION, and should include appropriate Figures and Tables. Data 
should be presented in the main text or in Figures and Tables, but not 
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light, case report, letters to the editors, can be found at: http://www.
wjgnet.com/1949-8454/g_info_20100316160646.htm. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
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Tables
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clearly in the main text. Provide a brief  title for each table. Detailed 
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the text where applicable. The information should complement, 
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