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a b s t r a c t

Nutrient starvation and inactivation of target of rapamycin complex 1 (TORC1) protein kinase promotes
macroautophagy. Macroautophagy is a lipid-consuming process, and Nem1/Spo7 protein phosphatase
and Pah1/lipin phosphatidate phosphatase are activated after TORC1 inactivation, supporting macro-
autophagy induction in the budding yeast Saccharomyces cerevisiae. On the other hand, whether and how
microautophagy, which also consumes lipids, is regulated by TORC1 is controversial. Here we show that
TORC1 inactivation induces microautophagy in budding yeast. Vps27, but not Atg1, Atg7, or Atg8, was
required for TORC1 inactivation-induced microautophagy. Furthermore, the Nem1/Spo7ePah1 axis was
also critical for microautophagy induction. Thus, the TORC1eNem1/Spo7ePah1 axis is a master regulator
of not only macroautophagy but also microautophagy in budding yeast.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Macroautophagy degrades cytoplasmic components and or-
ganelles in lysosomes/vacuoles [1,2]. Newly generated isolation
membranes encapsulate cellular constituents to form double
membrane-surrounded autophagosomes. Subsequently, autopha-
gosomes fuse with lysosomes/vacuoles, and the cargoes are
digested by lysosomal/vacuolar hydrolytic enzymes. Nutrient star-
vation and inactivation of target of rapamycin complex 1 (TORC1)
protein kinase invoke macroautophagy [3]. By contrast, micro-
autophagy degrades cargos by direct lysosomal/vacuolar engulf-
ment of the cytoplasmic cargo without the formation of isolation
membranes and autophagosomes, unlike macroautophagy [4e6].
Microautophagy can selectively degrade various specific cargos,
such as the nucleus (micronucleophagy or piecemeal micro-
autophagy of the nucleus) and lipid droplets (microlipophagy) in
the budding yeast Saccharomyces cerevisiae [7,8].

Overall macroautophagy flux is estimated by green fluorescent

protein (GFP)-Atg8 processing [9], whereas similar estimation of
overall microautophagy flux had not been available so far. More
recently, a method to estimate overall microautophagy flux using
GFP-tagged vacuolar transmembrane protein Vph1 and Pho8 was
developed [10]. This method is based on the fact that vacuolar
membrane proteins together with vacuolar membranes are
degraded in the vacuole in the course of microautophagy, but not
during macroautophagy. When Vph1-GFP and GFP-Pho8 are
incorporated into the vacuole by microautophagy, Vph1 and Pho8,
but not a stable GFP moiety, are degraded by vacuolar proteases,
producing free GFP, which is detectable by immunoblotting. Using
this methodology, the authors found that overall microautophagy
flux was induced by a diauxic shift (namely, carbon starvation)
during incubation [10]. However, it is unknown whether overall
microautophagy is regulated by TORC1.

Phosphatidate phosphatase, known as lipin (Pah1 in yeast),
generates diacylglycerol from phosphatidate and is a key enzyme
for the production of the storage lipid triacylglycerol (TAG) [11e17].
The protein phosphatase complex Nem1/Spo7 (CTDNEP1/NEP1R1
in mammalian cells) dephosphorylates and activates Pah1/lipin
[18e23]. In budding yeast, nutrient starvation and TORC1 inacti-
vation promote Pah1 function and TAG synthesis via the activation
of Nem1/Spo7 [16,18e24]. TAG is also implicated as a source for
autophagosomal membranes, and is required for the induction of
macroautophagy, a membrane-consuming process, after nutrient
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