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27The mitochondria are critical for steroidogenesis since the ability of cholesterol to move into mitochon-
28dria to be available for cytochrome P450, CYP11A1, determines the efficacy of steroid production. Several
29proteins kinases, such as PKA, MEK and ERK which are essential to complete steroidogenesis, form a
30mitochondria-associated complex. The protein–protein interactions between kinases and key factors dur-
31ing the transport of cholesterol takes place in the contact sites between the two mitochondrial mem-
32branes; however, no mitochondrial targeting sequence has been described for these kinases. Here we
33discuss the possibility that mitochondrial reorganization may be mediating a compartmentalized cellular
34response. This reorganization could allow the physical interaction between the hormone-receptor com-
35plex and the enzymatic and lipidic machinery necessary for the complete steroid synthesis and release.
36The movement of organelles in specialized cells could impact on biological processes that include, but are
37not limited to, steroid synthesis.
38� 2013 Published by Elsevier Ireland Ltd.
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57 1. Introduction

58 It is well recognized that the interaction of a peptide hormone
59 with its receptors on the surface of a cell and the initiation of signal
60 transduction are the most important steps in its mechanism of ac-
61 tion. There has been a great amount of data describing the kinetics
62 of the hormone-receptor interaction as well as the activation of
63 second messenger formation. However, several important ques-
64 tions regarding the mechanism of peptide hormone action still re-
65 main elusive.
66 Steroid hormones are synthesized in steroidogenic cells of the
67 adrenal gland, ovary, testis, placenta, and brain and are required
68 for normal reproductive function and body homeostasis. Steroid
69 synthesis is regulated by trophic hormones, specifically, adreno-
70 corticotropin hormone (ACTH) in adrenocortical cells, luteinizing
71 hormone (LH) in testicular Leydig cells and LH and follicle-stimu-
72 lating hormone (FSH) in ovarian cells, respectively. These hor-
73 mones activate G protein-coupled receptors resulting in the
74 activation of adenylyl cyclase and an increase in intracellular cyc-
75 lic-AMP levels (Dufau et al., 1980). This increase promotes the
76 activation of cyclic-AMP-dependent protein kinase (PKA), protein
77 synthesis and protein phosphorylation (Dufau et al., 1977) (Pode-
78 sta et al., 1979a, b; Rae et al., 1979). All these processes contrib-
79 ute to the delivery of cholesterol from the outer to the inner
80 mitochondrial membrane, the rate-limiting step in steroid
81 production.
82 Steroid synthesis is initiated at the inner mitochondrial mem-
83 brane (IMM), where the cytochrome P450 cholesterol side chain
84 cleavage enzyme (CYP11A1) catalyzes the conversion of choles-
85 terol to pregnenolone (P5) (Hall, 1985). Then, P5 enters the endo-
86 plasmic reticulum (ER) where further enzymatic reactions occur.
87 Afterwards, the steroid formed returns to the mitochondrion to
88 produce the final steroid hormone being the case of glucocorticoids
89 and mineralocorticoids while sex steroids do not require a second
90 round of processing inside the mitochondria.
91 In the complex process of steroidogenesis, the mitochondrion is
92 the site where the rate limiting step-cholesterol transport across
93 the mitochondrial membranes – occurs (Crivello and Jefcoate,
94 1980; Privalle et al., 1983).
95 Cholesterol transport requires specific interactions at the mito-
96 chondria between several proteins including the voltage-depen-
97 dent anion channel (VDAC) (McEnery et al., 1992), the peripheral
98 benzodiazepine receptor (PBR, currently named translocator
99 protein or TSPO) (Papadopoulos et al., 2006), the PBR-associated

100 protein (PAP7) (Liu et al., 2006), and the steroidogenic acute
101 regulatory protein (StAR) (Clark et al., 1994; Krueger and Orme-
102 Johnson, 1983; Liu et al., 2006). The StAR protein, which has the
103 mitochondrial target sequence at the N terminus, is synthesized
104 as a 37 kDa precursor protein in the cytoplasm, which is cleaved
105 in the mitochondrial matrix to form a 30 kDa protein (Bose et al.,
106 2002; Epstein and Orme-Johnson, 1991; Stocco and Sodeman,
107 1991). The N terminal 47 or 62 aminoacid-truncated murine or hu-
108 man forms of StAR protein stimulates cholesterol transport outside
109 the mitochondria, indicating that the 30 kDa form is active at the
110 outer mitochondrial membrane (Arakane et al., 1996; Miller,
111 2007).
112 The concept of ‘‘compartmentalization’’ has been utilized to ex-
113 plain some inconsistencies in second-messenger action (Green-
114 gard, 1978). One example is the fact that the resting intracellular
115 cyclic-AMP concentration is three orders of magnitude higher than
116 the measurable Ka of PKA; which is, nevertheless, not fully acti-
117 vated under these conditions (Rubin and Rosen, 1975). Is the PKA
118 compartmentalized or ‘‘protected’’ from resting cyclic-AMP levels
119 and thus only responds to de novo synthesis of cyclic-AMP local-
120 ized to the vicinity of the receptor-activated cyclase?

121Several proteins, such as PKA regulatory subunit Ia (Rone et al.,
1222009), MEK and extracellular signal-regulated kinases (ERK1/2),
123(Poderoso et al., 2008), which are essential to complete steroido-
124genesis form a mitochondria-associated complex. The physical
125protein–protein interactions between protein kinases and key fac-
126tors during the transport of cholesterol takes place in the contact
127sites between the two mitochondrial membranes, (Rone et al.,
1282009) however, no mitochondrial targeting sequence has been de-
129scribed for these protein kinases.
130In previous work, the relevance in PKA compartmentalization
131has been supported by the findings that an A-kinase anchoring pro-
132tein, AKAP121, retains PKA in the mitochondria of steroidogenic
133cells allowing the recruitment of both StAR mRNA and PKA to
134the mitochondria (Dyson et al., 2008).
135In the last few years, evidence has been presented suggesting
136that the specificity of the hormonal signal can be achieved through
137the spatial and temporal regulation of the response. For example,
138the phosphorylation of proteins in the different intracellular
139compartments of the cell which are induced by PKA and the
140MAP-kinase family is critical for the regulation of multiple func-
141tions. This activation of kinases in different intracellular compart-
142ments changes according to the specific stimulus. In the
143steroidogenic system that uses cyclic-AMP as the second messen-
144ger, the signal originates in the plasma membrane producing a
145translocation of PKA and ERK1/2 to the mitochondria (Poderoso
146et al., 2008). This translocation is essential for the normal regula-
147tion of steroid synthesis (Poderoso et al., 2008). This phenomenon
148can be observed also in other physiological systems. In the case of
149epidermal growth factor stimulation, for example, ERK is also
150translocated to the nucleus. The striking features are that neither
151PKA nor ERK have any peptide signal that directs them to either
152the mitochondria or the nucleus. Neither do transport proteins
153for these kinases exist in these cells.
154During the last few years the majority of studies on the location
155of kinases in the different compartments of cells were directed to-
156wards the mechanism of retention of these kinases in the different
157organelles (Carlucci et al., 2008; Feliciello et al., 2005). However, no
158studies have attempted to understand how proteins without
159specific signal peptides are able to travel to their respective sites
160of action. In this manuscript we will go through several published
161results attempting to answer these important questions regarding
162the mechanisms of hormone action.

1632. Hormone stimulation at the single cell level

164It is known that certain responses generated by cyclic-AMP are
165much more efficient when the messenger is produced through
166receptor activation, suggesting a compartmentalization between
167the site of cyclic-AMP production and the PKA system. Unfortu-
168nately, direct evidence for such compartmentalization has been
169scarce.
170The regulation of steroid synthesis is one of the systems where
171the compartmentalization of the hormonal signal may be impor-
172tant for the correct functioning of the steroidogenic cells. Using
173single cells and limiting stimulation to a ‘‘patch’’ of membrane
174has made possible understanding how one form of signal transduc-
175tion proceeds, i.e. the mechanism by which neurotransmitter occu-
176pied-receptors lead to the gating of individual ion channels
177(Camardo et al., 1983; Siegelbaum and Tsien, 1980).
178Using this same approach it has been possible to stimulate a
179single steroidogenic cell (Podesta et al., 1991). These studies have
180contributed in understanding another form of membrane signal
181transduction at the single cell level and the role of compartmental-
182ized responses in the mechanism of peptide hormone action in ste-
183roid synthesis.
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