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Theserinefinreonine Kinase AKt, or protein Kinase B
(PKB), hasrecentiy been a focusof intense research. it
apnearcs that AK{/PKRB lies in the crossroads of multi-
nla cellular <sionaling nathwavs and actes ag a trans-
ple cellular signaling pathways and acts as a trans
ducer of many functions initiated by growth factor
receptors that activate phosphatidylinositol 3-kinase
IO 2 birmAacat ALF/MDOKD inrmartianilarivimamackant in e A
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diating several metabolic actions of insulin. Another

major activity of AKt/PKB is to mediate cell survival.
In addition, therecent discovery efthetumor suppres-
sor PTEN as an antagonist of Pl 3-kinase and Akt/PKEB
kinase activity suggeststhat Akt/PKB is a critical fac-
tor in the genesis of cancer Thus, elucidation of the
mechanisms of AKT/PKB reguiation and its physioiog-
icai functionsshouid beimpartant for the understand-
ing of celluiar metabolism, apoptosis, and cancer.
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some organisms have more ihan one gene for simiiar
yet distinct isoforms of this enzyme [5-11].

interest in Akt/PKB was piqued in 1995 when it was
showi (o be a diredt downsiream efiecior of phospiia-
tidyiinositol 3-kinase (Pi 3-kinase) {12, 13]. When giy-
cogen synthase kinase 3 (GSK3) was identified
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through homology screen [19-22]. All th
greater than 85% sequence identity
nroducts share the same structural

1). The first amino-terminal 100 amino aci
pleckstrin homology {PH) domain that binds phospho-
lipids. A short glycine-rich region that bridges the PH
domain to the catalytic domain follows the PH domain.
All Akt/PKB isoforms are assumed to have identical or
similar substrate specificity but this has never been
overtly tested. The last 70 amino acids of the carboxy-
terminal tail contain a putative regulatory domain. In
v-Akt, a truncated viral group-specific antigen, gagq, is
fused in frame to the full-length Akt1 coding region
through a short 5° uniranslated region of Akt1 [2]. All
three Akt/PKB isoforms possess conserved threonine
and serine residues (T308 and S473 in Akt1/PKBa)
that together with the PH domain are critical for Akt/
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REGULATION AND ACTIVITIES OF AKT/PKB
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similar strucdture and sequence but lack
domain. v-Akt is an in-frame fusion of Akt-1 with a portion of
retroviral group-specific antigen (gag). Amina acid positions are
shown for mouse preteins. Threonine and serine residues whaose
phosphioryiation is required o induce activities of the enzymes are
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PKB activation (see below). Equivalent threonine and
serineresiduesin a similar amino acid context are also
nresent in n70 86 kinase and in all PKC isoforms. It is
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noteworthy that the distance between the two phos-
phorylated residues (~-160-170 aa)is alsoconserved in

these different nrr_\tem kinases, Twao additional Akt
isoforms have been described and represent minor

[ Rl R

splice variants of human Akt2 and rat Akt3 [18, 23].
These isoforms exhibit a carboxy-therminal insertion
of 40 aa and a partial deletion of 25 a3 in the carboxy-
terminal regulatory domain (including S473), respec-
tively. The biolegical significance of these isoforms re-
mains unclear.

A close relative of Akt/PKB is serum- and glucocor-
ticoid-inducible kinase (SGK) that wasshown tohave a
substrate specificity similar to that of Akt/PKB [24,
25]. SGK has extensive sequence homology to Akt/PKB
in the catalytic domain and possesses residues egquiv-
alent to T308 and S473 of Akt 1, but lacks a PH domain.
SGK is mere similar to the Akt homologues, Ypk1 and
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Y¥pk2/Ykr2, in budding yeast [26], suggesting that SGK
might be doser io the ancestral prototype of the Akt/
PKEB family.

All three AKkt/PKB isoforms are ubiquitously ex-
pressed in mammals, although the levels of expression
vary among tissues [19-23, 27]. Akt1/PKBaisthe pre-
dominant isoform in most tissues. The highest expres-
sion of AkLZ2/PKBE was observed in the insulin-respon-
sive tissues: skeletal muscle, heart, liver, and kKidney
[20], suggesting that this isoform is important for in-
suiin signaiing. This is furiher subsianiiaied by ihe
observation that Akt2/PKBf expression in developing
embryos i5 also highest in the insulin- rc:,punmve tis-

, including liver, brown fat, and ske al musde

A pecunar patlern or AK[‘I/ KBa ressmn was
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THE MECHANISMS OF AKT/FKB ACTIY

I 3-Kinase
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its PH domain resence of a PH domam
together with the observation that the kinase activities
of both Akt1/PKBex and Akt2/PKBfA can be rapidly ac-
tivated by PDGF in rodent fibroblasts led to studies
showing that Akt/PKB is a direct target of Pl 3-kinase
[14, 13]. Pl 3-kinase is activated by growth factor re-
ceptors through binding of its regulatory subunit to
phosphotyrosine residues in the receptor. Upon adtiva-
tion the catalytic subunit of Pl 3-kinase phosphory-
lates phosphoinositides (Pl) at the 3-position of the
inositol ring to generate PI3P, PI(34)P2, and
PI(3.4,5P3 (see review by B. van Haesebroeke and M.
Waterfield in this issug). Pl 3-kinases are classified
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. In addition, AKt/PKB was shown to be acti-

vated by the oncogenic Ras through Pl 3-kinase (re-

proteins that activate Akt/PKB via Pl 3-kinase are
polyomavirus middle-T antigen and HIV Tat protein
viewed in [60]). The GTP-bound Ras binds and acti-
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composed of pd5 reguiatory subunit and pi10 cataiytic

subunit.

intothree major groups. In this review we will use the
term Pl 3-kinaseto refer to the heterodimeric enzyme

Two major observations strongly suggested
that the activation of Akt/PKB is dependent on PI

212
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inase and Ras

Pi 3-k

mutant ihat is not abie to bind pi10 couid not activate
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was shown fo vatesihecatalyticsubunit p
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, activation of Akt/P
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3-kinase. First

~

PDGF re-

ceptor that had been identified as the binding sites for

depend on tyrosines Y740 and Y751 in the

as

It is not clear, however, whether the

activation of AKL/PKB by activated Ras is as stron

AKL/PKB [61].

the p85 regulatory subunit of Pl 3-kinase [13]. Second,
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4, 40, 41].

dependent on Pl 3-kinase. It turns out that both expla-
nations are correct. The enzyme that phosphorylates

M

nzvme {revi

tivation of Akt/

nase, any mechanism that activates Pl 3-kinase can
theoretically lead to stimulation of Akt/PKB activity.

The

a
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a

Indeed

[683, &
L 1

ability of the enzyme to phosphorylate T308 is depen-
dent on the presence of synthetic PI(3.,4.5)P3 in vitro

not restricted to growih factors. For example, Akt/PKB
is activated by integrins through activation of focal

and therefore it wastermed 3-phosphoinositide-depen-

adhesion kinase, which in turn binds and activates PI

PDK1 possesses a PH

Deletion of the PH domain of PDK 1 and mutationsthat
However, the Ki-

nase activity of PDK1 is tolerant to low concentrations

affinity to PI1(3.4.5P3 and more weakly to PI{(3.4)P2.
decrease binding to PI(3,4,5)P3 strongly decrease its

domain in its carboxy-terminus and binds with high
ability to activate Aki1/PKB«a [65].

dent kinase (PDK1) [64, 41].

and the p-opioid receptor [42, 49-54]. Angiotensin ||

Among viral

s

h

and hydrogen peroxide were also reported to activate

3-kinase and subsequently Akt/PKB [46-48]. Other
Akt/PKB through Pl 3-kinase [55-57].

cell surface receptors that activate AKt/PKB via Pl
captor (BCR) in B cells, G-protein-coupied receptors,

3-kinase incdude CD28 and CD5 in T cells, B cell re-
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of wortmannin. This is likely to be explained by a
relatively high affinity of the PH domain of PDK1 to
P1(3.4,5FP3 [41, 65]. Although it was reported that
PDK1 can be translocated 1o the plasma membrane
upon growth factor stimulation [66], other studies us-
ing immunoeledron microscopy, confocal microscopy,
and a green fiuorescent protein—-PDK 1 chimera cieariy
show that it is mostly cytosolic and remains 50 upon
stimulation [65]. Nevertheless a small portion of PDKA1
was always found in the plasma membrane even in
unsiimuiaied ceiis and this may be aiso dueioihe high
affinity of its PH domain to PI{3,4 5)P3. Alternatively
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recidues in vivo denending o
es! Two gepenaing o

mational change and/or interaction with ancther callu-
lar protein. A related observation may be the finding
that one point mutation in PDK1 of C. elegans is suf-
ficient 1o bypass the requirement of Pl 3-kinase for
Akt/PKB activation [67]. It remains to be determined,
however, whether this constitutively active form of
PDK1 is capable of phosphorylating both T308 and
S473. Interestingly, the minimal functional fragment
of PIF contains the putative PDK2 recognition site
with serine substituted with the negatively charged
aspartate [69]. Thus, PIF may be considered a mimic of
PDK2 substrate. While modulation of PDK1 specificity
by endogenous PRKZ2 remainsto bedemonstrated, it is
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tempting to speculate that once 8473 or an equivalent
residue in other enzymes is phosphorylated it will
serveas a catalyst that primes PDKZ2 activity in PDK1.
Another possibility that cannot be completely exduded
at present is that T308 phosphorylation permits auto-
phosphoryiation of 3473 by Akt/PKB itself. This possi-
kinase-deficient mutant of Akt/PKB can still be phos-
phorylated on 3473 [62], because multimerization with
ithe wiid-type Aki/PKB in vivo may enable the phos-
phoryiaiion of S473 of ihe muiant proiein,

Negative Regulation of Akl PKB Activity
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AKt/PKB are alse found in

iological significance of the
clear. It might be required for nsphaory
clear proteins. Alternatively, the sequestration in the

nucleus coutd be away tolimit the exposure of cytosolic
substrates to the kinase and might serve as a mecha-
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e
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has to be noted that Akt/PKB targeted to the plasma
membrane via a myristoylation signal exhibits consti-
tutivelv active phenotype in regard to all known func-
tions of activated wild-type enzyme, but fails totrans-
locate to the nucleus [33].

As described above phosphorylation of Akt/PKB is
reauired for its activation. It appears that this phos-
phorylation istightly controlled. The facts that the key
phosphoserine and phosphothreonine residues in Akt/
PKB have arelatively short half-life and that phospha-
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taseinhibitors such as vanadate and okadaicacid were
shown to augment Akt/PKB kinase activity both indi-
cate that the enzyme is negatively reguiated by de-
phosphorylation [70, 71]. Phosphatase 2A (PP2A) may
be the key enzyme associated with dephosphorylation
of Akt/PKB in vitro and in vivo [T0-72]. Hyperosmotic
shock rapidly inactivates Akt/PKB and thisis preceded
by dephosphorylation of T308 and S473. The dephos-
phorylation and the decrease in Akt/PKB activity can
be prevented by calyculin A, a relatively specificinhib-
itor of PP2A [72].

It was also shown that the major Srcfamily tyrosine
kinase in hematopoeitic cells, Lyn, antagonizes the
activation and phosphorylation of Akt/PKB by BCR in
B cells [73]. It is possible that Lyn exerts its effect by
activation of serine/threonine phosphatases or by acli-
vation of a 3-phosphoinositide-preferring phosphat ase
that antagonizes Pl 3-kinase activity.

A 3-phosphoinositide-specific phosphatase activity
was found toresidein thetumor suppressor PTEN (for
phosphatase and tensin homologue deleted from chro-
mosome 10), which is mutated or deleted in a wide
range of human cancers (reviewed in [74]). PTEN
shares homology with dual-specificity phosphatases
that can dephosphorylate sering, threonine, and ty-
rosine residues. However, attempts to confirm PTEN
as a protein phosphatase revealed only relatively weak
activity [75, 76], suggesting that PTEN is a specialized
phosphatase for certain proteins and/or i1 possesses a
different activity. Indeed it was found that PTEN is a
potent lipid phosphatase [77, 78]. Overexpression of
PTEN significantly reduced PI(3,4,5)P3 production in-
duced by insulin, and PTEN-null cells have higher
levels of PI(3,4,5)P3 [79, 77, 80]. A recombinant PTEN
dephosphorylates 3-phosphoinositides specifically at
position 3 of the inositol ring and has highest specific-
ity for PI1{3,4,5)P3 [77]. Since PTEN antagonizesthe Pl
3-kinase activity its role in tumor suppression may
involve Akt/PKB (see discussion below). Experiments
in tumor cell lines with inactive PTEN and in PTEN-
nult fibroblasts showed that these cells exhibit high
basai activity of Akt/PKB [7/8-82]. These resuits, 1o-
gether with genetic studies in C. elegans demonstrat-
ing that PTEN lies in the same pathway with Pl 3-ki-
nase/Akt and inhibits Akt [83], established PTEN as a
bona fide negative regulator of Akt/PKB.

Another lipid phosphatase that can negatively regu-
late Akt/PKB activity is SHIP—an inositol 5’ phospha-
tase that hydrolyzes P1(3,4,5P3 to PI{3,4)P2. Overex-
pression of SHIP was shown to inhibit Akt/PKB
activity and SHIP-null cells exhibit prolonged activa-
tion of AKU/PKB upon stimulation [42, 43]. SHIP1 is
mostly found in hematopoeitic cells, while another iso-
form (SHIP2) is widely expressed in nonhematopoietic
cells [84, 85]. The relative roles of PTEN and SHIP in
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the regulation of PIP3 levels may well be tissue and

cell-type specific.

The Emerging Model for ihe Kegulation of Akt PKB
Adtivity by Growth Factors

The current model for the activation of Akt/PKB is
based on the studies described above and is schemati-
rally illiretratad in Fin 92 llnan hindinna of a fmroaat
cally illustrated in Fig. 2. Upon binding of 3 growth
fFardrnar tn A tvuracinaga binmnea ronoaesd e tha roamncent e o
lTdva vl L a lyIUDIIIC RllAosT IUL»U.UlUI, LI IUUU_ULUI [
activated and phosphorylated on tyrosine residues.
The phosphotyrosine residues can then recruit Src ho-
rnnlnnu 2 ICHMN_rontaininn nrataoine fecoo tho resdow hy
mology 2 (SH2)-containing proteins (see the review by
J. Pessin in this issue). The regulatory subunit p85 of

Pl 3-kinase is recruited to the active recentor through
hmrhnn of its SH2 domain to r.:npmfmrl nhncznhm\,rrnqmp
r95|dues in the receptor, and in the case of insulin
receptor this recruitment is largely mediated by the
IRS adapter proteins (see the review by J. Pessin in
thisissue). Recruitment of the catalvtic subunit, p110,
tothereceptor viatheregulatory subunit and the close
proximity to the plasma membrane |ead to its activa-
tion. The PI{3,4,5)P3 produced by the aclivated Pl 3-ki-
nase then binds to the PH domain of the dormant
cytosolic form of Aki/PKB. Increased production of
P1(3,4,5P3 also activates PDK1 and PDKZ2. The iden-
tity of the latter stili remains controversial.

Binding of PI{3,4,5)P3 to the PH domain induces a
conformation change and recruitment to the plasma
membrane, which in turn expose Akt/PKB to phos-
phorylation by PDK1 at T308 and subsequent phos-
phorylation of S473 by PDKZ2. These evenis promote
full activation of Akt/PKB. Following activation, Akt/
PKB is detached from the piasma membrane and
transiocates tothe cytosol and the nucdleus. The trans-
location to the nucleus may have a dual role, oneisto
have access to target proteins in the nucieus and the
oiher istoreguiate iis activity in cytopiasm by seques-
tration in the nucleus. The activity of Aki/PKB i3 also
regulated by PTEN that counteracts Pl 3-kinase and
by SHiP that converis Pi(3,4,5)FP3 1o Pi (3.4)P2.

The model described above is based mostiy on exper-
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Several reports have suggested that Akt/PKB could
be activated in a Pl 3-kinase-independent manner.
cAMP-elevating agents such as forskolin, chlorophe-
nylthio-cAMP, prostaglandin E1, and 8-bromo-cAMP
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