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Active-Site Inhibition of the Mammalian Target of

Rapamycin

Morris Eli Feldman

Cell signaling pathways direct cell growth and differentiation during development and

the improper growth and proliferation of cancer cells largely by directing the transcription

of genes and the translation of these transcripts into proteins. Chapters 1 and 2 address

the cellular properties of a new class of inhibitors of the mammalian Target of Rapamycin

(mTOR) kinase. mTOR sits at the hub of an important growth factor sensing pathway and

its activity controls the translation of proteins important for cell growth and proliferation.

Rapamycin is a small molecule natural product and an allosteric inhibitor of mTOR which is

commonly used as an immunosupressant and is being investigated for the treatment of cancer.

Rapamycin has even been shown to extend lifespan in mice. New inhibitors that target the

active site of mTOR have very different cellular effects than rapamycin and may prove useful

in the treatment of human diseases and cancer. Chapter 3 examines the effects of isoform

specific PI3-K inhibitors on insulin signaling. Discovering specific inhibitors of protein

and lipid kinases requires testing many inhibitors against many kinases. When we assay

kinases in vitro, we use a nitrocellulose membrane to capture the phosphorylated substrate.

Chapter 4 describes an image analysis program specifically designed to analyze membrane

capture kinase assays. Chapter 5 investigates the adaptability of the highly conserved

interface between a homeodomain transcription factor and its target gene. Homeodomain

transcription factors are highly conserved regulators of metazoan body development that

control development by binding to DNA and regulating the transcription of their target gens.

Adaptability of homeodomain transcription factor binding is examined in Chapter 5 though

the biochemical, biophysical and structural characterization of an adapted mutant of the

engrailed homeodomain.
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Chapter 1

Insights into mTOR Signaling From a

New Generation of TOR Kinase Domain

Inhibitors (TORKinibs)

Abstract

mTOR (mammalian Target of Rapamycin) is the hub of the phosphoinositide 3-Kinase

(PI3-K)⇒Akt⇒mTOR pathway, which is one of the most commonly mutated pathways in

cancer. PI3-Ks and mTOR are related kinases which share an evolutionarily related kinase

domain although the former is a lipid kinase and the latter is a protein kinase. As a result

of their similar ATP sites, the prototypical PI3-K inhibitors LY294002 and wortmannin

inhibit both kinases, although the compounds have been primarily thought of as inhibitors

of PI3-Ks. The widespread use of these reagents to understand PI3-K signaling and the

likelihood that many of their effects are confounded by dual inhibition of PI3-K and mTOR

make it essential to develop selective mTOR inhibitors in part to understand the unique

cellular effects of inhibition of this key downstream component in the growth factor pathway.

1



Rapamycin has historically provided a means for selective mTOR inhibition, yet it is not a

typical ATP competitive inhibitor, making its effects difficult to reconcile with LY294002

and wortmannin. Several groups have recently reported pharmacological agents which

inhibit mTOR but not PI3-K, providing a new pharmacological approach to selective mTOR

inhibition. The TOR kinase domain inhibitors of mTOR have been termed TORKinibs to

distinguish their mode of action from rapamycin and its analogs (rapalogs). These inhibitors

bind to the ATP binding site of the kinase domain of mTOR and as a result inhibit both

mTOR complexes, TORC1 (rapamycin sensitive) and TORC2 (rapamycin resistant). These

molecules have allowed a reinvestigation of mTOR and in particular a reinvestigation of the

mechanistic basis for incomplete proliferative arrest of cells by Rapamycin. A consensus

has quickly emerged from the study of various TORKinibs that Rapamycin is ineffective at

blocking cell proliferation because it only partially inhibits the activity of mTORC1. The

profound anti-proliferative effect of TORKinibs, suggests that as the molecules enter the

clinic they may be successful in the treatment of cancers where rapamycin has failed.

1.1 Two TOR Complexes and Rapamycin Studies in

S. cerevisiae

Immediately after the discovery of TOR as the target of rapamycin in yeast [1, 2], it was

recognized that some essential functions of TOR are resistant to rapamycin. TOR is a

serine threonine kinase related to PI3-K. Yeast have two genes coding for TOR, TOR1 and

TOR2 [3, 4]. Rapamycin blocks the growth of wild-type yeast, yet mutation of a conserved

amino acid in either of the two yeast genes for TOR allows them to grow in the presence of

rapamycin. The ability of rapamycin to block yeast growth also requires the presence of the

proline isomerase FPR1. Rapamycin inhibits wild-type TOR by nucleating the formation of

a ternary complex containing FPR1, rapamycin and TOR, and the formation of this complex
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prevents TOR from phosphorylating its substrates. The resistance alleles of TOR1 and TOR2

prevent the formation of this inhibitory complex [5]. Yet TOR1 and TOR2 are not redundant

because, of the two yeast TOR genes, TOR2 is essential, while TOR1 can be deleted. This

presents a paradox because mutation of either TOR1 or TOR2 leads to rapamycin resistance,

yet only TOR2 is essential. Resolving this paradox, led to the recognition that TOR possess

rapamycin resistant functions.

Understanding how yeast can have two target of rapamycin genes, TOR1 and TOR2,

yet only one of these genes, TOR2, is essential, revealed that some functions of TOR2 are

resistant to rapamycin. The logic for this conclusion is as follows. TOR2 is an essential

gene in yeast and if rapamycin inhibited all the functions of TOR2, then treating yeast with

rapamycin would be equivalent to deletion of TOR2. Yet treating yeast with rapamycin and

deleting TOR2 are not equivalent because rapamycin-resistance mutations in TOR1 allows

yeast to grow in the presence of rapamycin, but not in the absence of the essential TOR2.

Treating yeast with rapamycin is therefore not equivalent to deleting the essential TOR2.

Thus TOR2 must have an essential function that is unaffected by rapamycin. Mutation of

TOR1 is sufficient to allow yeast to grow in the presence of rapamycin, because mutant

TOR1 can provide the essential TOR functions that are usually sensitive to rapamycin, while

wild-type TOR2 continues to provide TOR functions that are resistant to rapamycin.

TOR was found to belong to two protein complexes TORC1 and TORC2 and the

rapamycin resistant functions of TOR were ascribed to TORC2. While activity of both TOR

complexes is required for yeast growth, rapamycin can only inhibit TORC1 [6]. TOR2 is

essential because it can participate in either TOR complex, while TOR1 can only belong to

the rapamycin sensitive TORC1 and is excluded from TORC2. Rapamycin-FPR1 inhibits

TOR by binding to FKBP-Rapamycin Binding Domain (FRB) of TOR. TORC2 is resistant

to rapamycin because one of the components of TORC2 likely occludes the FRB domain of

TOR and prevents the binding of rapamycin-FPR1. Although these elegant yeast experiments
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clearly established that TORC2 is resistant to rapamycin, they don’t exclude the possibility

that TORC1 also has rapamycin resistant functions. Even though it is widely assumed

that rapamycin is a complete inhibitor of TORC1, the experiments in yeast that identified

rapamycin-resistant functions of TORC2 leave open the possibility that TORC1 also has

functions that are resistant to rapamycin, but are nonetheless dependent on catalytic activity

rather than a scaffolding function.

1.2 A Single Mammalian TOR in Two Complexes

(mTORC1 & mTORC2)

TOR is conserved in all eukaryotes examined so far, including mammals. Mammals have a

single TOR gene called mTOR for mammalian TOR [7–11], yet like yeast TOR, mTOR be-

longs to two protein complexes, mTORC1 and mTORC2 [6, 12, 13]. The major components

of mTORC1 are mTOR, LST8 and Raptor. mTORC2 also contains mTOR and LST8, but

instead of Raptor, mTORC2 contains Rictor and the additional component Sin1. Like yeast

TORC1, mTORC1 is sensitive to rapamycin because rapamycin mediates the formation of

an inhibitory complex between the FRB of mTOR and a proline isomerase FKBP-12, the

mammalian ortholog of the yeast FPR1. Rapalogs such as CCI-779 [14] and RAD001 [15]

are analogs of rapamycin that exhibit better pharmacokinetic properties than rapamycin, but

share the same basic pharmacological mechanism. The discovery of rapamycin resistant

functions of TOR was greatly facilitated by the discovery of TOR in yeast which has two

genes for TOR, with only TOR2 participating in TORC2. If yeast had a single TOR gene like

mammals, or if TOR1 and TOR2 were completely redundant, the discovery of rapamycin

resistant functions of TOR would have been much more difficult. Conversely, the ease

by which rapamycin resistant functions were associated with TORC2 and the finding that

mTORC2 is similarly resistant to rapamycin has limited the search for rapamycin resistant
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functions of mTORC1, and it has been widely assumed, without any experimental evidence,

that rapamycin is a complete inhibitor of mTORC1. The key finding made clear by using

TORKinibs, is that mTORC1 has important functions that are resistant to rapamycin, and

rapamycin-resistance is therefore distributed between both mTOR complexes. By analogy,

yeast TORC1 may also possess rapamycin resistant functions, though these have not yet

been described.

mTORC2 is resistant to inhibition by rapamycin, although, as discussed below, long

term treatment with rapamycin can prevent the assembly of mTORC2 in some cell lines [16].

The inhibition of mTORC2 assembly by rapamycin may explain why mTORC2 is resistant

to acute treatment with rapamycin. Upon long term treatment with rapamycin, it is thought

that newly synthesized mTOR binds to rapamycin—FKBP before it has a chance to be

incorporated into mTORC2. Once bound by rapamycin—FKBP, mTOR can no longer be

incorporated into mTORC2, probably because binding of rapamycin—FKBP to the FRB

domain of mTOR prevents the subsequent association of one of the core components of

mTORC2 such as Sin1 or Rictor. The binding of rapamycin—FKBP to mTOR therefore

appears to be mutually exclusive to the binding of Sin1 and/or Rictor. Sin1 and/or Rictor

probably use the FRB domain as part of their binding surface to mTOR and therefore they

can’t bind to mTOR when the FRB domain is already occupied. Conversely, Sin1 and/or

Rictor probably prevent the association of rapamycin—FKBP with mTORC2 by covering

the FRB domain of mTOR, thereby rendering mTORC2 resistant to rapamycin.

The two mTOR complexes regulate cell growth by phosphorylating members of the

AGC (protein kinase A/protein kinase G/protein kinase C) kinase family [30]. mTORC1

also phosphorylates eIF4E-Binding protein (4EBP) [31, 32] a regulator of Cap-dependent

translation, which is not an AGC kinase. Because rapamycin only inhibits mTORC1, it was

widely assumed that active site inhibitors of mTOR (TORKinibs, Fig 1.1) would slow cell

growth more effectively than rapamycin through dual inhibition of mTORC1/mTORC2 [33].
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Figure 1.1: Representative inhibitors of mTOR and/or PI3-K.
Rapamycin is an allosteric inhibitor of mTOR, while the other inhibitors are active-site
inhibitors of mTOR and/or PI3-K. The hinge-binding hydrogen bond acceptor is shown in
red (see text). PP242, PP30 [17], AZD8055 [18], Ku-0063794 [19], WAY-600 [20, 21] and
Wyeth-23 [22] are all TORKinibs, that is specific active-site inhibitors of mTOR. Torin1
could not be included because its structure has not been released [23]. LY294002 [24, 25],
PI-103 [26] and NVP-BEZ235 [27] are dual inhibitors of mTOR and PI3-K. PIK-90 [26]
and GDC-0941 [28, 29] are inhibitors of PI3-K which do not target mTOR.
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Surprisingly, TORKinibs show enhanced antiproliferative activity as compared to rapamycin

through their effect on mTORC1 [17, 19, 23]. TORKinibs revealed that rapamycin resistant

functions of mTOR are not limited to mTORC2, and mTORC1 activity is partially resistant

to rapamycin. These rapamycin resistant activities will be examined below after we discuss

the known substrates of mTOR and its regulation as the hub of the PI3-K⇒Akt⇒mTOR

pathway.

1.3 Regulation of AGC Kinases through Hydrophobic Mo-

tif Phosphorylation by TOR

Regulation of AGC kinase phosphorylation by mTOR has been thoroughly reviewed [30],

and we will focus our discussion on p70 S6-Kinase (S6K), Akt and Serum and Glucocorticoid

induced Kinase (SGK) because these are the best validated AGC kinase substrates of mTOR

and furthermore these three kinase are all activated by phosphorylation in response to growth

factor stimulation of PI3-K. Active SGK and Akt phosphorylate a number of pro-survival and

anti-apoptotic substrates such as FoxO, Glycogen Synthase Kinase (GSK) and BAD. S6K

phosphorylates ribosomal protein S6, an important biomarker for PI3-K pathway activation.

It also phosphorylates IRS1 resulting in feedback inhibition of PI3-K as discussed in section

1.6. In addition, S6K probably phosphorylates components of the preinitiation complex for

protein synthesis, including eIF4B. Translation initiation is discussed below in section 1.4.

AGC kinases share a 30 amino acid stretch of sequence homology C-terminal to their

kinase domains. At the end of this region of C-terminal homology, AGC kinases often contain

a phosphorylation site within a stretch of hydrophobic residues called the hydrophobic motif

(HM). Because its phosphorylation and activation is acutely sensitive to rapamycin, S6K was

one of the earliest discovered substrates of mTOR. mTOR phosphorylates the hydrophobic

motif of S6K at T389 [34]. Another important hydrophobic motif phosphorylation is S473
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Figure 1.2: Important phosphorylation
sites on Akt. Other AGC kinases are phos-
phorylated on homologous sites.

on Akt (Fig 1.2). Because the phosphorylation of Akt is not acutely sensitive to rapamycin,

it was not initially recognized that mTOR was the kinase for S473-P on Akt and several other

putative kinases for S473 on Akt were proposed [35]. RNAi targeting of Rictor revealed

that the rapamycin-resistant mTOR Complex 2 is the HM kinase for Akt [36] . Cells from

knockout mice lacking mTORC2 have confirmed that phosphorylation of Akt at S473 is

dependent on mTORC2 [37–39]. SGK is highly related to Akt and it is also phosphorylated

by mTORC2 [40]. Further experiments will be required to determine if the HMs of other

AGC kinases are also phosphorylated by mTOR. These studies will be greatly helped by the

ability to acutely inhibit mTOR using TORKinibs.

HM phosphorylation by mTOR can directly increase the activity of AGC kinases. Once

phosphorylated, the hydrophobic motif of an AGC kinase binds to a docking site on the

N-lobe of its own kinase domain. Binding of a phosphorylated hydrophobic motif to the

kinase N-lobe, orders the kinase active site [41] and increases the activity of the kinase by 5

to 10 fold in the case of Akt [42].

HM phosphorylation is however, not the most important determinant of kinase activity.

Activation loop phosphorylation by PDK1 is more critical for kinase activity than hydropho-
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bic motif phosphorylation (Fig 1.3). For example, the activity of Akt with T308 (Fig 1.2)

mutated to alanine is 100 fold lower than the wild-type kinase [42]. mTOR however, co-

operates with PDK1 to activate AGC kinases. Unlike most AGC kinases, PDK1 lacks the

C-terminal hydrophobic motif. Despite lacking a hydrophobic motif, PDK1 still possesses a

binding site for phosphorylated hydrophobic motifs on the N-lobe of its kinase domain. The

hydrophobic motif binding site in PDK1 is called the PIF pocket and it can interact with the

phosphorylated hydrophobic motifs of its kinase substrates. For example, hydrophobic motif

phosphorylation of S6K by mTOR creates a binding site for PDK1 on S6K, thereby priming

S6K for activation loop phosphorylation by PDK1. Using cells in which the PDK1 PIF

pocket was mutated to no longer bind to phosphorylated HMs, it was found that S6K, RSK

and SGK all require prior hydrophobic motif phosphorylation to prime them for activation

loop phosphorylation by PDK1 [43]. In contrast, phosphorylation of the activation loop of

Akt at T308 was retained in cells with the mutant PIF pocket, suggesting that activation loop

phosphorylation Akt by PDK1 does not require priming hydrophobic motif phosphorylation

by mTOR. The turn motif (TM) is a third conserved phosphorylation site on AGC kinases.

The TM is located between the kinase domain and the HM. Phosphorylation of the TM

stabilizes the binding of the HM to the kinase N-lobe [44]. TM phosphorylation of Akt at

T450 (Fig 1.2) is absent in cells that lack mTORC2. Lacking TM phosphorylation, Akt is

unstable in these cells and associates chaperones such as HSP90. Unlike the highly regulated

HM and activation loop phosphorylations, TM phosphorylation is constitutive [45, 46].

1.4 TORC1 Substrate 4EBP-1, a Key Regulator of Cap-

Dependent Translation

In addition to S6K, mTORC1 is known to phosphorylate 4EBP, a key regulator of cap-

dependent translation [31, 32]. Most proteins are translated from mRNAs through 5’ cap-
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dependent translation rather than internal ribosome entry site (IRES) dependent transla-

tion [47]. The up regulation of cap-dependent translation is emerging as a key feature of

the oncogenic program resulting from oncogene/tumor suppressor induced activation of the

Ras⇒MAPK and the PI3-K⇒Akt⇒mTOR pathways which are the two most commonly

activated signaling pathways in cancer [48–50]. 4EBP binds to the major mRNA 5’ cap

binding protein eIF4E and inhibits the ability of eIF4E to nucleate the formation of the trans-

lation preinitiation complex. Phosphorylation of 4EBP by mTOR releases 4EBP from eIF4E,

relieving the inhibition of eIF4E by exposing a surface on eIF4E for the binding of eIF4G

(Fig 1.3). eIF4G is a large scaffolding protein which recruits the remaining preinitiation

complex members including eIF3, the 40S subunit of the ribosome and a helicase composed

of eIF4A and the helicase cofactor eIF4B. Once formed, the entire preinitiation complex,

known as eIF4F, scans forward through the 5’ untranslated region (UTR) of the mRNA to

find the start codon and begin translating the mRNA. The helicase activity provided by

eIF4A and eIF4B allows the preinitiation complex to unwind the secondary structure of 5’

UTRs that would otherwise stall the scanning process and preventing translation initiation.

Some messages are poorly translated by resting cells because they contain highly structured

5’ UTRs that are difficult to unwind. For example, the 5’ UTRs of some key oncogenic

proteins such as VEGF, ODC, HIF1α are highly structured [51]. The 5’ UTRs of these

messages probably evolved as an extra barrier to their translation so that these oncogenic

messages would not be inappropriately translated by resting cells. Translation of these

oncogenic messages likely requires high levels of translation initiating activity which may

account for the need to upregulate cap-dependent translation as part of the oncogenic pro-

gram downstream of oncogenic events within the RAS⇒MAPK and PI3-K⇒Akt⇒mTOR

pathways.
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Figure 1.3: The PI3-K⇒Akt⇒mTOR pathway.
Note especially that mTORC2 is upstream of Akt, while mTORC1 is downstream and
activated by Akt.

1.5 mTOR is Upstream and Downstream of Akt

The discovery that Akt is phosphorylated by mTORC2 was exciting because mTORC1 was

already known to be regulated in part by Akt activity (Fig 1.3). The regulation of Akt by

mTORC2, therefore places mTOR both upstream and downstream of Akt within the critical

oncogenic PI3-K⇒Akt⇒mTOR pathway. Prior to the discovery of Akt’s regulation by

mTORC2, an analysis of the molecular basis of Tuberous Sclerosis had shown that Akt is a

major regulator of mTORC1 [52]. Tuberous sclerosis is a genetic disorder caused by the

loss of either of the tuberous sclerosis genes TSC1 or TSC2. Loss of TSC1 or TSC2 causes
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the growth of benign tumors throughout the body and it characterized at the molecular level

by constitutively active mTORC1 leading to the hyperphosphorylation of S6K, S6 and 4EBP.

The TSC1/2 complex is therefore a negative regulator of mTORC1. TSC2 is a GTPase

activating protein (GAP) for the GTPase Rheb which when bound to GTP is an activator

of mTORC1. TSC2 promotes the hydrolysis GTP in Rheb to GDP. TSC2 is not stable on

its own, but must form a complex with TSC1 in order to be stable. Loss of either TSC1 or

TSC2 therefore leads to an accumulation of GTP::Rheb which activates mTORC1. TSC2

is a substrate of Akt. Phosphorylation of TSC2 by Akt inhibits the ability of TSC2 to act

as a GAP for Rheb and similar to loss of the TSC1/2 complex, leads to an accumulation of

GTP::Rheb and activation of mTORC1. In wild-type cells with an intact TSC1/2 complex,

Akt activates mTOR by phosphorylating TSC2, while in cells that lack TSC1/2, mTORC1

is constitutively activated even in the absence of growth factor stimulation of Akt through

upstream PI3-K activation.

1.6 Rapamycin Induces Feedback Activation of Akt

In addition to providing insight into the regulation of mTORC1 by Akt, studying Tuberous

Sclerosis also revealed a mechanism by which activated mTORC1 inhibits upstream acti-

vation of PI3-K and Akt. In cells lacking the TSC1/2 complex, mTORC1 is constitutively

active and S6K is constitutively phosphorylated as discussed above. In addition to hyperacti-

vation of mTORC1 and its downstream substrates, cells lacking TSC1/2 show a deficit in Akt

phosphorylation and activity [53]. Conversely, cells treated with the mTORC1 inhibitor ra-

pamycin, which strongly inhibits S6K phosphorylation by mTORC1, often show an increase

in the phosphorylation of Akt [54]. Active S6K phosphorylates IRS1, an important adapter

that allows certain receptor tyrosine kinases such as the insulin receptor and the insulin

like growth factor receptors (IGF) to activate PI3-K. Serine/Threonine phosphorylation of
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IRS1 by S6K targets IRS1 for degradation and therefore inhibits the activation of PI3-K by

RTKs such as the insulin receptor and IGF-1 [55]. Highly active S6K in TSC1/2 null cells

phosphorylates IRS1, targeting IRS1 for degradation and limiting the ability of some RTKs

to activate PI3-K and Akt. By inhibiting mTORC1 and S6K, rapamycin has the opposite

effect of relieving feedback inhibition of IRS1 from S6K. Rapamycin treatment therefore

often results in more efficient activation of PI3-K by RTKs, leading to hyperphosphorylation

of Akt. Because IRS1 scaffolds the upstream activators of the MAPK pathway including

Grb2, SOS and Ras, rapamycin treatment can also cause hyperactivation of the MAPK

pathway [56, 57]. Hyperactivation of both Akt and the MAPK pathway in response to

rapamycin treatment for cancer may actually accelerate the progression of the cancer in

some cases.

1.7 mTOR Inhibitors for Cancer

The oncogenic potential of the PI3-K⇒Akt⇒mTOR pathway became clear as the PIP3

phosphatase PTEN was identified as the second most commonly mutated tumor suppres-

sor [58] after p53 and sequencing efforts identified activating mutations in PI3-K driving a

wide variety of cancers [59]. The activation of mTORC1 downstream of PI3-K, suggested

that mTOR inhibitors and in particular inhibitors of mTORC1, such as rapamycin, would

be effective anti-cancer therapies. Several findings challenged this assumption. First of

all, although rapamycin and analogs of rapamycin developed to alter the pharmacokinetic

properties of rapamycin (rapalogs) have been evaluated for the treatment of a broad variety

of cancers, so far rapamycin has only been approved for the treatment of renal cell carcinoma.

Rapamycin’s lack of broad efficacy as a cancer therapeutic was generally thought to stem

from it’s inability to inhibit mTORC2, however in some cell lines, long-term rapamycin

treatment appeared to act as a dual inhibitor of mTORC1/2, by blocking the assembly
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mTORC2 in addition to directly inhibiting mTORC1 [16]. The ability of rapamycin to act

as a dual inhibitor of mTORC1/2 challenged the explanation that it was a poor anti-cancer

therapeutic because it didn’t inhibit mTORC2 and suggested that despite the compelling

logic of the PI3-K⇒Akt⇒mTOR pathway, mTOR might not be a good target for cancer

treatment. Furthermore the fact that rapamycin is extremely well tolerated when taken as an

immunosuppressant [60] suggested that it did not posses the type of potent anti-proliferative

activities of an anti-cancer therapeutic.

Although the failure of rapamycin to effectively treat many types of cancers suggested

that mTOR might not be a good target for cancer therapy, the surprising in vitro efficacy of

inhibitors targeting both PI3-K and the active site of mTOR challenged this view [27, 61].

At the very least, these studies argued that inhibition of mTOR in addition to PI3-K might

be important in the treatment of cancer and they left open the possibility that active site

inhibitors of mTOR alone might be powerful anti-proliferative agents. Although mTOR is

a protein kinase, it is a member of the PI3-K family of lipid kinases and small molecule

inhibitors of the active-site of PI3-K often inhibit the active site of mTOR as well. Indeed,

the classic pan-PI3-K inhibitor LY294002 (Fig 1.1) inhibits both mTOR and PI3-K with

similar potency [24]. Many of the cellular functions attributed to PI3-K using LY294002

may therefore be due to active-site inhibition of mTOR or at least dual inhibition of PI3-K

and mTOR. A structurally similar but much more potent PI3-K inhibitor, PI-103, also

inhibits PI3-K and mTOR [26] and the clinical PI3-K inhibitor NVP-BEZ235 also targets

mTOR [27]. PI-103 showed surprising efficacy in the inhibition of glioma cell proliferation

in vitro through its dual inhibition of PI3-K and mTOR [61]. In this study, PI-103 was better

at inhibiting cell proliferation than the pure PI3-K inhibitor PIK-90. It was unclear however

how a pure active-site inhibitor of mTOR would compare with a pure PI3-K inhibitor.
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1.8 Active-Site Inhibitors of mTOR

The placement of mTORC2 upstream of Akt and mTORC1 downstream of Akt suggested

that an active-site inhibitor which targets mTORC1 and mTORC2 should be efficacious

in cancer. Although long term treatment with rapamycin can inhibit mTORC2 [16], this

affect is limited to a minority of cell lines and it is unclear whether it could be relied on to

inhibit mTORC2 in cancer cells in vivo. Because of the highly compelling pathway logic

and as a hedge against the possibility that dual PI3-K/mTOR inhibitors might be poorly

tolerated in the clinic, much effort was recently invested to develop specific inhibitors of

the mTOR active site. These efforts are coming to light with the recent release of multiple

papers documenting the effect of specific active-site inhibitors of mTOR [17–23], see also

Chapter 2.

Structures of these inhibitors are shown in Figure 1.1. Except for the pyrazolopyrim-

idines, PP242 and PP30 (Chapter 2, all the ATP site inhibitors of mTOR described so far

share the aryl-morpholine pharmacophore of LY294002. The inhibitors from Astra-Zeneca

(AZD8055 and Ku-0063794) contain two morpholines. It is interesting that the morpholine

continues to be a critical pharmacophore in both the AZ and Wyeth series, which can be

traced directly back to Eli Lilly’s initial 1994 report of LY294002 [25]. Just two years after

the first report of LY294002, Abraham and colleagues reported that LY294002 was also

an inhibitor of mTOR [24]. The fact that it required almost 13 years for selective mTOR

inhibitors to be reported is quite surprising considering the increasing appreciation of the

importance of mTOR in the past decade. One potential explanation for this slow pace of

inhibitor discovery was the availability of rapamycin and its amazing potency and selectivity

for mTOR, and the difficulty of carrying out biochemical assays of mTOR kinase activity in

a highthroughput assay.
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Although no crystal structure has been reported for the kinase domain of mTOR, based

on the published structure of LY294002 and other drugs bound to the related PI3-Kγ [62]

we can make a tentative guess about the orientation of each drug in the mTOR binding site.

A key feature is an H-bond acceptor (morpholine ether oxygen circled in red) in the AZ

and Wyeth series, which is predicted to bind to the N-H bond of Val2240 in mammalian

mTOR. Interestingly, the morpholines in the AZ series contain alkyl substitutions compared

to LY294002 which may enhance binding to mTOR or diminish binding to the PI3-K. The

binding orientation of PP242 can be predicted based on a similar analysis to structures of the

related PP102 bound to PI3-Kγ . In this case the pyrimidine ring N-1 supplies the H-bond

acceptor function of the morpholine ether oxygen in the other series. In the PP242 series,

the hydroxy-indole function exerts critical interactions in the so-called affinity pocket of

mTOR. Small modifications of this heterocycle, cause severe diminution of binding affinity

or selectivity within the PI3-K/mTOR family [63].

Initial work with the active site inhibitors in vitro quickly led to a re-evaluation of

the mechanism of action of rapamycin and a new understanding for the partial effect of

rapamycin as an anti-proliferative [17, 19, 23] and anti-cancer agent [18, 20–22]. These

studies revealed that the problem with rapamycin was not that it missed mTORC2, but that

it only partially inhibits mTORC1. This has refocused our attention on the importance of

mTORC1, 4EBP1 and protein translation in the treatment of cancer.

1.9 TORKinibs and Akt

Because it was expected that TORKinibs would differ from rapamycin in their ability to

inhibit mTORC2, the effect of TORKinibs on the mTORC2 dependent phosphorylation of

Akt phosphorylation at S473 was examined. S473-P is potently inhibited by TORKinibs in

all cell lines examined so far [17–23]. Preliminary in vivo experiments, showed inhibition of
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S473-P in fat and liver of mice following acute administration of PP242 [17]. Unexpectedly,

S473-P in skeletal muscle appeared resistant to inhibition by PP242. Consistent with the

possible resistance of muscle S473-P to TORKinibs, a muscle specific knockout of the rictor,

which is required for the formation of mTORC2, shows only partial rather than complete

loss of S473-P [64]. These results suggest that in muscle a kinase other than mTOR, such as

DNA-PK, might play a role in the phosphorylation of Akt on S473, but these tissue specific

effects of TORKinibs need to be repeated using multiple inhibitors.

When studies using RNAi discovered that mTORC2 was the kinase for S473-P on Akt,

it was seen that disabling mTORC2 using RNAi also caused a loss of T308-P in most of the

cell lines examined [36, 65]. In contrast, subsequent genetic knockout of integral mTORC2

components such as Rictor, SIN1 and LST8 led to inhibition of S473-P with no effect on

T308-P [37–39]. In MEFs derived from mice lacking mTORC2, both basal and growth

factor stimulated phosphorylation of T308-P was largely unperturbed. Closer examination

revealed that, in addition to S473, these cells also lacked TM phosphorylation of Akt at

T450. Loss of TM-P reduced the stability of Akt leading to its association with HSP90 and

causing its expression level to be somewhat variable [45, 46].

Whereas, all current TORKinib studies see potent in vitro inhibition of S473-P, the

influence of TORKinibs on T308-P varies. Inhibition of mTOR using the TORKinibs

PP242 and PP30, led to a reduction in T308-P, but the EC50 for inhibition of T308-P was

4-fold weaker than for inhibition of S473 [17]. To confirm that the weaker inhibition of

T308-P wasn’t due to an off target of PP242 or PP30, it was shown that these TORKinibs

had no effect on T308-P in Sin1-/- cells. Sin1-/- cells lack mTORC2 and S473-P, but

retain T308-P. Because these cells lack the TORKinib target mTORC2 and already show

a complete loss of Akt S473-P, the only way TORKinibs could affect T308-P is through

inhibition of an off target. The TORKinibs, PP242 and PP30 had no effect on T308-P in

Sin1-/- cells, while in matching wild-type cells with mTORC2 and S473-P they inhibited
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S473-P and T308-P. In a conceptually identical experiment, the TORKinib Torin1 had

no effect on the phosphorylation of T308 in mLST8-/- cells which like Sin1-/-, also lack

mTORC2 [23]. Furthermore, another TORKinib, Ku-0063794, had no effect on T308-P

in Rictor-/-, mLST8-/- and Sin1-/- cells which all lack mTORC2, but it inhibited T308-P in

wild-type MEFs where mTORC2 is intact [19]. The lack of an effect of TORKinibs on

T308-P in cells lacking mTORC2 suggests that in WT cells the inhibition of T308-P is due

indirectly to inhibition of mTORC2’s phosphorylation of S473-P of Akt.

In wild-type cells where mTORC2 is present, S473-P and T308-P appear to be somewhat

tethered, such that inhibition of S473-P also inhibits T308-P, though to a lesser extent [66].

The partial dependence of T308-P on S473-P might be because PDK1 finds it easier to

phosphorylate Akt when it is already phosphorylated on T308, perhaps due to an interaction

between the PIF pocket of PDK1 and S473-P. Alternately S473-P might protect T308-P

from dephosphorylation. In either case, in cells that lack mTORC2, the dependence of

T308-P on S473-P is apparently lost through an unknown compensatory mechanism.

The pharmacological finding that T308-P is linked to S473-P underscores the impor-

tance of deciphering the logic of complex kinase signaling pathways using specific kinase

inhibitors rather than genetic knockouts. Genetic knockouts of a key survival kinase such

as mTORC2, often generate a complex phenotype that is not due primarily to loss of the

kinase activity being studied [67]. Instead the phenotype generated by a kinase knockout is

often an amalgam of effects due to loss of the scaffolding role of the kinase protein itself and

compensatory signaling changes within the kinase network. Together these effects obscure

the phenotype that would be seen if the kinase activity were acutely inhibited. Important

aspects of kinase signaling often become apparent only once a network is probed using

specific inhibitors. Even studying kinase signaling using specific inhibitors is not without

peril because when a kinase inhibitor binds into the active site of a kinase it alters the

conformation of the kinase, sometimes leading to unexpected consequences. For instance
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the binding of inhibitors to the active site of Akt alters the conformation of Akt leading to

massive hyperphosphorylation of Akt on both S473 and T308 [68]. If simply altering the

conformation of a kinase using a small molecule can distort the logic of a kinase pathway,

removing a kinase entirely may have a correspondingly greater effect on a kinase pathway.

Although the studies mentioned above with PP242, PP30 and Ku-0063794 found a

tethering between S473-P and T308-P in a variety of wild-type cell lines [17, 19] and even

in vivo [17], studies using AZD8055 [18] and WAY-600 [21] see a striking lack of effect of

TORKinibs on T308-P, even at concentrations much higher than required to affect S473-P.

Whether the differences are due to inherent differences in the pharmacological properties

of the molecules or simply differences in experimental setup such as choice of cell line

will require directly comparing all the current TORKinibs in a side by side experiment.

Comparing the effects from multiple compounds with different structures that all target a

singe kinase is a very effective way to avoid pitfalls when using kinase inhibitors. Although

the results obtained with a single compound might be spurious because they are due to the

inhibition of a known or perhaps unknown off target, the compendium of results obtained

using two or more compounds increases the likelihood that the effects seen in the experiment

are due to inhibition of the intended target. In this regard it is scientifically irresponsible

when research with new pharmacological agents is presented without releasing the structure

of these new molecules [23]. The report of the activity of a small molecule, without revealing

its structure prevents the fundamental requirement of all science, the replication of results.

As testament to this principle, a subsequent study using Torin1, whose structure has not

been published, used PP242 to buttress their findings [69]. Luckily for those in the mTOR

field, multiple TORKinibs have been structurally reported (Fig 1.1), even two from major

pharmaceutical companies. Just as most journals require the release of protein structure

coordinates, all journals must require the release of the structure of pharmacological agents

used in a study. The patent process allows for the free circulation of new inventions while
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protecting commercial interests. Rather than opposing disclosure of chemical structures

in scientific literature, authors should secure patent protection for their inventions prior to

publication if they have commercial interests.

Despite differing in their affect on T308-P, all TORKinibs cause some inhibition of Akt

substrate phosphorylation. In the case of PP242 and Ku-0063794, their inhibition of Akt

substrate phosphorylation generally tracks with their inhibition of Akt at T308 [17, 19].

Using AZD8055 and WAY-600, although no inhibition of Akt T308-P was seen, these

molecules inhibited Akt substrate phosphorylation at concentrations slightly higher than

those required to inhibit S473 [18, 21].

1.10 Cell Proliferation and Rapamycin-Resistant

mTORC1

Across multiple cell lines, rapamycin causes a potent (EC50 1-10 nM), but only partial

(40-60%) inhibition in cell proliferation. Prior to the introduction of TORKinibs, it was

assumed that rapamycin could only partially inhibit cell proliferation because it could not

inhibit mTORC2. Reassuringly, cell proliferation is in most cases completely inhibited

by TORKinibs, at concentrations that are not substantially higher than the biochemical

EC50 for inhibition mTOR as judged by the phosphorylation of S473 on Akt or T389

on S6K. Surprisingly however, the proliferation of cells lacking mTORC2, including

Sin1-/- [17], Rictor-/- [23] and mLST8-/- [19] MEFs is only partially sensitive to rapamycin,

while TORKinibs fully inhibit the proliferation of these cells (Table 1.1). The presence of

mTORC2 is therefore not required for rapamycin and a TORKinib to have a differential

effect on cell proliferation, suggesting that rapamycin and TORKinibs differ in their effects

on mTORC1, and indicating that important activities of mTORC1 are resistant to rapamycin.
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S6K and 4EBP1 are the best characterized substrates of mTOR and naturally their

phosphorylation was examined in cells treated with TORKinibs. Surprisingly, whereas

S6K-P was potently inhibited by rapamycin and TORKinibs, 4EBP1 phosphorylation was

fully inhibited only by TORKinibs, but not rapamycin. A pair of threonine phosphorylations

on 4EBP1, T37/46, which were known to be quite resistant to rapamycin [70, 71], were

found to be highly sensitive TORKinibs. It had been previously asserted that because T37/46

were constitutively phosphorylated they were therefore partially resistant to rapamycin,

perhaps because only a small amount of mTOR activity might be required to maintain

their phosphorylation [72]. The sensitivity of T37/46-P and S6K-P to TORKinibs is nearly

identical however, suggesting that rapamycin is simply not a good inhibitor of mTOR’s

phosphorylation of 4EBP1 at T37/46. In this way, rapamycin is acting as a substrate specific

inhibitor of mTOR in that it inhibits mTOR’s phosphorylation of S6K but not 4EBP. 4EBPs

have a major role in the regulation of cap-dependent translation and across a wide range of

assays it was found that treating cells with TORKinibs, inhibited cap-dependent translation

and total protein synthesis to a much greater extent than rapamycin. The greater inhibition of

4EBP-P and cap-dependent translation could therefore account for the much greater ability

of TORKinibs to block cell proliferation when compared with rapamycin. It is also possible

that other substrates of mTORC1 are, like 4EBP, resistant to rapamycin and the combined

inhibition of 4EBP-P as well as other rapamycin-resistant substrates of mTORC1 accounts

for the profound antiproliferative effects of TORKinibs. In addition, studies showing that

TORKinibs can inhibit cell proliferation to a greater extent than rapamycin even in the

absence of mTORC2, were only performed on MEFs. It is likely that in other cell types and

especially in cancer cells with activated PI3-K and Akt, that the full inhibition of mTORC1

by a TORKinib will cooperate with inhibition of mTORC2 to fully inhibit cell proliferation.

Luckily, by targeting the active site of mTOR, TORKinibs naturally inhibit the all the activity

of mTORC1 and mTORC2.
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Despite the general finding that rapamycin is only a partial inhibitor of cell proliferation,

at very high concentrations, rapamycin is able to completely inhibit proliferation of some cell

lines [73]. Typically, cell proliferation slows by approximately 40% in cells treated with 1-10

nM rapamycin. Increasing the concentration of rapamycin above 10 nM causes no further

decrease in cell proliferation until around 10-50 µM when cell proliferation is suddenly

affected once again and cell proliferation is often fully inhibited by these micromolar

concentrations of rapamycin. Surprisingly the inhibition of cell proliferation by micromolar

concentrations of rapamycin is independent of FKBP12. Micromolar concentrations of

rapamycin therefore inhibit mTOR through a distinct mode of action from nanomolar

rapamycin which depends on binding FKBP12 to mTOR. Like the inhibition of mTOR by

TORKinibs, micromolar, but not nanomolar rapamycin causes a large decrease in protein

translation. Micromolar rapamycin and TORKinibs both cause a strong decrease in protein

synthesis and cell proliferation suggesting that micromolar rapamycin, like TORKinibs, may

be acting as a complete inhibitor of mTORC1. Reaching micromolar concentrations may

be possible and actually achieved when cancer patients are treated with rapalogs having

enhanced pharmacokinetic properties such as RAD001. It is possible that some of the

promising effects observed with rapalogs as anti-cancer agents may depend on reaching

micromolar rather than nanomolar concentrations with these agents.

1.11 Reexamination of Rapamycin’s Inhibition of

mTORC1

At nanomolar concentrations, rapamycin is a substrate specific inhibitor of mTORC1, fully

inhibiting S6K while only partially inhibiting 4EBP. Furthermore, protein translation is

largely unaffected by nanomolar rapamycin and cell proliferation is only partially inhibited.

In contrast, TORKinibs and probably micromolar rapamycin act as direct and complete
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inhibitors of mTORC1. Through complete inhibition of mTORC1, TORKinibs cause full

dephosphorylation of 4EBP, strong inhibition of protein synthesis and full inhibition of

cell proliferation. It is unclear exactly how rapamycin—FKBP binding to the FRB domain

of mTOR prevents mTOR from phosphorylating S6K. Similarly, it is unclear how 4EBP

phosphorylation can escape inhibition by rapamycin. However, knowing that rapamycin

inhibits mTORC1 in a substrate specific fashion, helps to narrow the possible models for

how rapamycin inhibits mTOR. Several models are presented below to explain the partial

inhibition of mTORC1 by rapamycin.

1.11.1 Models for Substrate Specific Inhibition of mTOR by Rapamy-

cin

One model for the inhibition of S6K phosphorylation by mTOR asserts that rather than

directly inhibiting the kinase activity of mTOR, binding of rapamycin—FKBP to the FRB

domain of mTOR occludes the association of mTOR with its substrates [5]. Within the

framework of this model, the inhibition of S6K, but not 4EBP phosphorylation by rapamycin

can be explained if binding of rapamycin—FKBP to the FRB domain of mTORC1 only

interferes with the binding and phosphorylation of S6K, but has a minimal effect on the

phosphorylation of the smaller substrate 4EBP.

Just as Rictor or Sin1 probably protects mTORC2 from inhibition by rapamycin, there

may exist a subtype of mTORC1 whose FRB is protected from rapamycin by an as yet

undiscovered protein partner. This subtype of mTORC1, which we will hypothetically

name mTORC1β , may be primarily responsible for the phosphorylation of 4EBP, while

the hypothetical mTORC1α , which is fully sensitive to rapamycin, is responsible for the

phosphorylation of S6K. This model might be verified through the discovery of new protein

co-factors of mTORC1.
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Binding of rapamycin to the FRB domain of TOR is conserved through evolution

from yeast to mammals. The conservation of rapamycin binding is probably not due to

an evolutionary need to conserve the ability of mTOR to bind rapamycin. Instead, the

conservation of rapamycin binding probably reflects the need for the FRB domain of

mTOR to perform an important cellular role and conservation of this cellular role has

constrained the evolution of mTOR and inadvertently conserved its binding to rapamycin.

Rapamycin’s binding surface with TOR is highly hydrophobic, suggesting that the FRB

domain of TOR might be involved in lipid binding. A solution structure of PA bound to

the FRB of mTOR has been solved by NMR [74], and experiments suggest that mTORC1

is regulated might be regulated in part through activation by PA [75, 76]. The conserved

binding site on mTOR for rapamycin, may reflect the constraint that mTOR maintain a

binding site for PA through evolution. PA is generated by the hydrolysis of phosphatidyl-

choline by phospholipase D, or by the phosphorylation of diacyl-glycerol (DAG), by diacyl-

glycerol kinase, or by the acylation of lysophosphatidic acid (LPA) by LPA acyltransferase

(LPAAT) [76]. Phospholipase D is probably responsible for the bulk production of PA and

phospholipase D can be inhibited by n-butanol and to lesser extent sec-butanol while it is

unaffected by tert-butanol. S6K phosphorylation is inhibited by n-butanol, but less so by

sec-butanol and unaffected by tert-butanol, suggesting a pathway in which PA produced by

phospholipase D either activates mTOR or cooperates with other inputs to mTOR to facilitate

its phosphorylation of S6K. For instance, binding of mTOR to PA might localize it to a

membrane compartment where S6K is present and waiting to be phosphorylated. Rapamycin

by binding to the FRB domain of mTOR, likely occludes binding of PA and may prevent

the PA dependent activation or localization of mTOR. Rapamycin might primarily affect

mTOR’s phosphorylation of S6K, while having less effect on 4EBP, if the pathway activating

mTOR to phosphorylated 4EBP doesn’t rely on PA. For instance, while S6K might require

PA binding to mTOR to properly associate mTOR and S6K, mTOR’s phosphorylation of
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4EBP might not require membrane association. By being regulated independently of PA,

mTOR’s phosphorylation of 4EBP would escape inhibition by rapamycin.

1.12 Using Inhibitors of mTOR to Treat Cancer

The assignment of antiproliferative effects from active-site TOR inhibitors to mTORC1 over

mTORC2, while interesting, is a rather academic enterprise, because there is no specific

inhibitor of mTORC2. A specific inhibitor of mTORC2 would undoubtedly be highly

interesting and might well prove useful for some cancers as suggested by genetic studies

in which eliminating mTORC2 [66] block the development of cancer in the mouse. But,

such an inhibitor would likely require inhibiting protein–protein interactions necessary for

the assembly of mTORC2 or allosterically inhibiting mTORC2 without affecting mTORC1.

Given that our ability to discover specific inhibitors of protein-protein interactions and

allosteric inhibitors is still in its infancy, it is unlikely we will soon see the discovery of a

specific inhibitor of mTORC2 with the potency and pharmacological properties needed for

even preclinical work. Instead, the compelling question right now is what type of inhibitor

(PI3-K, dual PI3-K/mTOR, isoform specific PI3-K, TORKinib or Rapamycin) from our

current arsenal of potent inhibitors will be the best for treating each subtype of cancer.

Of the many other hallmarks of cancer [77], hyperproliferation is often the basis for

targeting cancer using conventional chemotherapy. In this sense, mTOR inhibitors seem to

follow a similar logic. However, while conventional chemotherapy targets cancer cells by

targeting hyperproliferating cells in general, mTOR inhibitors present a slightly different

logic; they seek to inhibit the pathways that drive cell proliferation. By blocking the

proliferation of cancer cells, TORKinibs may even antagonize conventional chemotherapy

because chemotherapy relies on hyperproliferation to distinguish between cancer and non-

cancer cells. Alternately, because the PI3-K⇒Akt⇒mTOR pathway drives cell survival,

26



inhibitors of mTOR and/or PI3-K may synergize with chemotherapeutic agents that cause

or activate apoptosis. Careful awareness and evaluation of these possibilities is critical as

TORKinibs are brought into the clinic.
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Abstract

The mammalian target of rapamycin (mTOR) regulates cell growth and survival by integrat-

ing nutrient and hormonal signals. These signaling functions are distributed between at least

two distinct mTOR protein complexes, mTORC1 and mTORC2. mTORC1 is sensitive to the

selective inhibitor rapamycin and activated by growth factor stimulation via the canonical

PI3-K⇒Akt⇒mTOR pathway. Activated mTORC1 kinase upregulates protein synthesis by

phosphorylating key regulators of mRNA translation. By contrast, mTORC2 is resistant to

rapamycin. Genetic studies have suggested that mTORC2 may phosphorylate Akt at S473,

one of two phosphorylation sites required for Akt activation; this has been controversial, in

part because RNAi and gene knockouts produce distinct Akt phospho-isoforms. The central

role of mTOR in controlling key cellular growth and survival pathways has sparked interest

in discovering mTOR inhibitors that bind to the ATP site and therefore target both mTORC2

and mTORC1. Here we investigate mTOR signaling in cells and animals with two novel

and specific mTOR kinase domain inhibitors (TORKinibs). These TORKinibs (PP242 and

PP30) are the first specific active-site inhibitors of mTOR and therefore the first specific

inhibitors of mTORC2 and we use them to show that pharmacological inhibition of mTOR

blocks the phosphorylation of Akt at S473 and prevents its full activation. Furthermore, we

show that TORKinibs inhibit proliferation of primary cells more completely than rapamycin.

Surprisingly, we find that mTORC2 is not the basis for this enhanced activity and show that

the TORKinib PP242 is a more effective mTORC1 inhibitor than rapamycin. Importantly,

at the molecular level PP242 inhibits cap-dependent translation under conditions in which

rapamycin has no effect. Our findings identify new functional features of mTORC1 that

are resistant to rapamycin but are effectively targeted by TORKinibs. These potent new

pharmacological agents complement rapamycin in the study of mTOR and its role in normal

physiology and human disease.
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2.1 Introduction

The mammalian target of rapamycin (mTOR) is a serine-threonine kinase related to the lipid

kinases of the phosphoinositide 3 kinase family (PI3-K). mTOR exists in two complexes,

mTORC1 [1, 2] and mTORC2 [3, 4], which are differentially regulated, have distinct

substrate specificities and are differentially sensitive to rapamycin. mTORC1 integrates

signals from growth factor receptors with cellular nutritional status and controls the level of

cap dependent mRNA translation by modulating the activity of key translational components

such as the oncogene and cap binding protein eIF4E [5].

mTORC2 is insensitive to rapamycin and selective inhibitors of this complex have

not been described. Partly because acute pharmacological inhibition of mTORC2 has not

been possible, the functions of mTORC2 are less well understood than those of mTORC1.

mTORC2 is thought to modulate growth factor signaling by phosphorylating the C terminal

hydrophobic motif of some AGC kinases such as Akt [4, 6] and SGK [7] although other

kinases including DNA PK and Ilk have also been implicated in Akt hydrophobic motif

phosphorylation [8–11]. Growth factor stimulation of PI3-K causes activation of Akt by

phosphorylation at two key sites: the activation loop (T308) and the C terminal hydrophobic

motif (S473). Active Akt promotes cell survival in many ways including suppressing apopto-

sis, promoting glucose uptake, and modifying cellular metabolism [12]; consequently, there

is significant interest in identifying the kinase(s) responsible for each activating phosphory-

lation, the relationship between these phosphorylation sites, and the role of differential Akt

phosphorylation on Akt substrate phosphorylation. Of the two phosphorylation sites on Akt,

activation loop phosphorylation at T308, mediated by PDK1, is indispensable for kinase

activity, while hydrophobic motif phosphorylation at S473 enhances Akt kinase activity by

approximately five-fold [13].

40



Disruption of mTORC2 by different genetic and pharmacological approaches has variable

effects on Akt phosphorylation. Targeting mTORC2 by RNAi [6, 14], homologous recombi-

nation [15–17] or long-term rapamycin treatment [18], results in loss of Akt hydrophobic

motif phosphorylation (S473), strongly implicating mTORC2 as the kinase responsible for

phosphorylation of this site. RNAi targeting mTORC2 and long term rapamycin result in

loss of Akt phosphorylation in activation loop (T308), but this phosphorylation remains

intact in mouse embryonic fibroblasts (MEFs) lacking the critical mTORC2 component

Sin1. It cannot be inferred from this genetic data whether acute pharmacological inhibition

of mTORC2 would block the phosphorylation of Akt only at S473, resulting in partial Akt

deactivation, or also disrupt phosphorylation at T308, resulting complete Akt inhibition.

Several small molecules have been identified that directly inhibit mTOR by targeting the ATP

binding site; these include LY294002, PI-103 and NVP-BEZ235 [19–22]. These molecules

were originally discovered as inhibitors of PI3-Ks and later shown to also target mTOR.

Because all of these molecules inhibit PI3-Ks and mTOR with similar potency, they cannot

be used to selectively inhibit mTOR or PI3-Ks in cells. Indeed, because mTORC1 and

mTORC2 function downstream of PI3-Ks in most settings, it is unclear to what extent the

ability of these molecules to block the activation of signaling proteins such as Akt reflects

PI3-K versus mTOR inhibition. It is possible that some of the functions attributed to PI3-Ks

using the classical inhibitor LY294002 are a consequence of mTOR inhibition [22, 23], but

it is has not been possible address this because small molecules that inhibit mTOR without

inhibiting PI3-Ks have not been available.

We recently reported the synthesis of pyrazolopyrimidines that inhibit members of the

PI3-K family including mTOR [24]. Two of these molecules, PP242 and PP30, are the

first potent, selective, and ATP-competitive inhibitors of mTOR. Unlike rapamycin, these

molecules inhibit both mTORC1 and mTORC2, and, unlike PI3-K family inhibitors such as

LY294002, these molecules inhibit mTOR with a high degree of selectivity relative to PI3-Ks
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and protein kinases. To distinguish these molecules from the allosteric mTORC1 inhibitor

rapamycin, we are calling them TORKinibs for TOR Kinase domain inhibitors. The dual

role of mTOR within the PI3-K⇒Akt⇒mTOR pathway as both an upstream activator of

Akt and the downstream effector of pathway activity on cell growth and proliferation has

excited interest in active-site inhibitors of mTOR [25–30]. We describe here the biological

activity of these molecules.

2.2 Results

2.2.1 Specific Active-Site Inhibition of mTOR by the TORKinibs

PP242 and PP30

PP242 and PP30 inhibit mTOR in vitro with a half-maximal inhibitory concentration (IC50)

of 8 nM and 80 nM, respectively (Table 2.1). As expected for active site inhibitors, PP242

and PP30 inhibit mTOR in both mTORC1 and mTORC2 (Table 2.2). Both compounds

are selective within the PI3-K family, inhibiting other PI3-Ks only at substantially higher

concentrations (Table 2.1). Testing of PP242 against 219 purified protein kinases at a

concentration 100-fold higher than its mTOR IC50 value revealed exceptional selectivity

with respect to the protein kinome; most protein kinases were unaffected by this drug, and

only four – PKC alpha, PKC beta, RET and JAK2 (V617F) – were inhibited more than

80 percent [24]. We determined IC50 values for PP242 against these kinases in vitro using

purified protein. In these assays, PP242 was relatively inactive against PKC beta, RET or

JAK2 but inhibited PKC alpha with an in vitro IC50 of 50 nM (Table 2.1). Importantly, PP30

showed no activity against PKC alpha or PKC beta in the same assay. These data indicate

that PP242 is a highly selective inhibitor of mTOR and that PP30 can be used to confirm

that the effects of PP242 are due to inhibition of mTOR and not PKC alpha. The availability
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of a second structurally dissimilar mTOR inhibitor, PP30, provides additional control for an

unanticipated off-target of PP242.

PP30PP242

mTOR

p110
p110
p110
p110
PI4K
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PKC
PKC I
PKC II
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Table 2.1: In vitro IC50 values in µM for PP242 and PP30 determined in the presence of
10 µM ATP.

IC50 µM vs the Indicated Preparation of mTOR

Compound mTOR (Invitrogen) mTORC1 mTORC2

PP242 0.008 0.030 0.058
PP30 0.080 0.128 0.281

[ATP] µM 10 100 100

Table 2.2: In vitro IC50 determinations using three forms of mTOR.
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2.2.2 Inhibition of mTORC2 and Akt Phosphorylation by TORKinibs

We characterized the effect of PP242 on the PI3-K⇒Akt⇒mTOR pathway. PP242 and PP30

both inhibited insulin stimulated phosphorylation of Akt at S473, confirming that mTOR

kinase activity is required for hydrophobic motif phosphorylation (Fig 2.1A). Inhibition

of mTOR by PP242 and PP30 also resulted in loss of Akt phosphorylation at T308, but
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Figure 2.1: Inhibition of mTORC2 by TORKinibs affects pS473 and pT308 of Akt.
A) Serum-starved L6 myotubes were pre-treated with kinase inhibitors prior to stimulation
with insulin for 3 minutes. Lysates were analyzed by western blotting.
B) PP242 inhibits pS473 of Akt more potently than pT308. Serum-starved L6 myotubes
were treated with kinase inhibitors prior to stimulation with insulin for 10 minutes. Akt
phosphorylation was measured by in-cell western and is shown relative to serum starvation
and insulin stimulation (n = 3 for each inhibitor dose). EC50 values from the best fit curves
are plotted. ***p < 0.001, F test. EC50 values for PIK-90 on pS473 and pT308 were not
significantly different (p = 0.2, F test).
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significantly higher doses of PP242 and PP30 were required to inhibit T308 as compared

with S473 (Fig 2.1A and B). PP242 inhibited S473-P and T308 P at both early and late time

points after insulin stimulation, indicating that the differential sensitivity of these sites to

PP242 does not reflect differing kinetics of phosphorylation (Fig 2.2). By comparison, the

PI3-K inhibitor PIK-90 which does not inhibit mTOR, inhibited the phosphorylation of both

Akt sites equipotently (Fig 2.1B), as observed previously [20].
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Figure 2.2: PP242 inhibits Akt phosphoryla-
tion over the course of one hour.
L6 myotubes were pre-treated with PP242 or
DMSO for 30 minutes and stimulated with
insulin for the indicated time prior to lysis and
analysis by western blotting.

We sought to confirm that the loss of T308-P caused by PP242 and PP30 results from

inhibition of mTOR mediated phosphorylation of S473, rather than inhibition of an off

target kinase, or an effect of mTOR inhibition unrelated to S473-P. To do this we examined

the effect of PP242 on T308 phosphorylation in two situations in which Akt could not be

phosphorylated on S473. First we overexpressed S473A mutant Akt and stimulated these

cells with insulin (Fig 2.3). S473A Akt was phosphorylated on T308 to a similar level

as wild-type, yet in contrast to the wild-type, T308-P on S473A Akt was not inhibited by

PP242. The lack of effect of PP242 on S473A Akt confirms that PP242 inhibition of pT308

requires S473 and also that PP242 does not inhibit PDK1 in cells as was suggested by direct

testing of PDK1 in vitro (Table 2.1).
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Figure 2.3: pT308 is not inhibited by PP242
in cells overexpressing S473A Akt.
HEK293 cells were transfected with wild-type
Akt, S473A Akt or not transfected (Mock) and
were treated with 2.5 µM PP242 or 625 nM
PIK-90 as indicated prior to insulin stimula-
tion. Lysates were analyzed by western blot-
ting. Quantitation of pT308 relative to insulin
treated cells overexpressing wild-type Akt
(lane 2) is shown below that blot. Data are rep-
resentative of two independent experiments.

As a further test of the specificity of PP242 and the requirement for functional S473

phosphorylation in order for PP242 to inhibit T308-P, we examined the effect of PP242

on the phosphorylation of Akt in primary MEFs from embryos that lack Sin1 [16] (Fig

2.4). Sin1 is a component of mTORC2, and knockout of Sin1 compromises the physical

integrity of mTORC2 leading to a complete loss of Akt phosphorylation at S473 without

affecting its phosphorylation at T308. Consistent with our results from L6 cells, PP242

inhibited the phosphorylation of Akt at both S473 and T308 in wild type MEFs. By contrast,

PP242 had no effect on the phosphorylation of T308 in Sin1-/- MEFs that lack mTORC2.

Furthermore, PP242 had no effect on the constitutive phosphorylation of the turn motif of Akt

at T450 [16, 31]. As a further comparison we examined the effect of long term rapamycin

which is known to block the assembly of mTORC2 is some cell lines [18]. Similar to

PP242, long term rapamycin treatment inhibited S473-P and reduced the phosphorylation of

T308-P as was seen previously [18]. Importantly, the PI3-K inhibitor PIK-90 and the PDK1

inhibitor BX-795 [32] blocked phosphorylation of T308 in Sin1-/- MEFs, indicating that

the failure of PP242 to block T308 in Sin1-/- MEFs does not reflect a general resistance of
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T308 to dephosphorylation in cells that lack mTORC2. From these data, we conclude that

PP242’s effect on T308-P is dependent on its inhibition of Akt phosphorylation by mTOR

at S473. It remains unclear why mTORC2 knockout cells, but not cells treated with RNAi

or pharmacological inhibitors of mTORC2, are able to retain T308 phosphorylation in the

absence of phosphorylation at S473. However, there are a growing number of examples

in which genetic deletion of a kinase results in compensatory changes that mask relevant

phenotypes observed with the corresponding small molecule inhibitor [33].
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Figure 2.4: pT308 is not inhibited by PP242 in Sin1-/- MEFs which lack pS473.
Primary wild-type (WT) and SIN1-/- mouse embryonic fibroblasts (MEFs) were pre-treated
with 625 nM PIK-90, 10 µM BX-795, 100 nM rapa. for 24 hours, 100 nM rapa. for 30
minutes or the indicated concentrations of PP242 prior to stimulation with insulin. Lysates
were analyzed by western blotting.
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2.2.3 Akt Substrate Phosphorylation is Only Modestly Inhibited by

PP242

Akt requires phosphorylation at both S473 and T308 for full biochemical activity in vitro [13]

but it is unclear whether all of the cellular functions of Akt require it to be dually phosphory-

lated. Singly phosphorylated (T308-P) Akt from Sin1-/- MEFs is competent to phosphorylate

the cytoplasmic Akt substrates GSK3 and TSC2, but not the nuclear target FoxO [16]. Be-

cause low concentrations of PP242 inhibit the phosphorylation of S473 and higher concentra-

tions partially inhibit T308-P in addition to S473-P, we used PP242 to examine whether some

substrates of Akt are especially sensitive to loss of S473-P (Fig 2.5). We compared PP242

to the PI3-K inhibitor PIK-90 and the allosteric Akt inhibitor Akti 1/2 [34], which inhibit
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Figure 2.5: Phosphorylation of the
Akt substrates GSK3α/β , TSC2
and FoxO1/O3a is not potently in-
hibited by PP242.
Lysates from L6 myotubes treated
with kinase inhibitors and stimu-
lated with insulin were analyzed by
western blotting. Quantitation of
pAkt and pTSC2 relative to the in-
sulin control (lane 2) is shown be-
low these blots.
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the phosphorylation of Akt at both sites. In contrast to PIK-90 and Akti-1/2 which com-

pletely inhibited the phosphorylation of Akt and its direct substrates, PP242 only partially

inhibited the phosphorylation of cytoplasmic and nuclear substrates of Akt. This suggests

that phosphorylation of the Akt substrates we examined is only modestly sensitive to loss

of S473 P. A caveat of comparing Akt substrates in Sin1-/- MEFs with PP242 treated cells

is the different turn motif (T450-P) status in these two conditions (Fig 2.4). In contrast to

Akt which maintains T308-P, SGK activity is completely inhibited by genetic disruption of

mTORC2 [7]. Because SGK can phosphorylate FoxO and its activity is completely inhibited

by disruption of mTORC2, it was suggested that, while GSK and TSC2 are phosphorylated

by Akt, FoxO is primarily phosphorylated by SGK [7]. Because Akti-1/2 does not inhibit

SGK [34], but inhibits FoxO1/O3a phosphorylation at T24/T32 in L6 myotubes (Fig 2.5),

Akt is likely the major kinase for T24/T32 of FoxO1/O3a in L6 myotubes.

2.2.4 PKC-HM Phosphorylation

Just as mTORC2 is the major hydrophobic motif kinase for Akt [6] (Fig 2.1), it has been

suggested that mTORC2 also phosphorylates the hydrophobic motif (HM) of PKC (reviewed

by Jacinto and Lornberg [35]). Initially a link between mTORC2 and PKC was found in yeast

where overexpression of PKC1 suppresses the growth defect induced by loss of TORC2 [36].

In mammalian cells, reducing expression of mTORC2 by rictor RNAi decreases HM-

P on PKCα [4], indicating the mTORC2 might phosphorylate the HM of PKCα . Full

mouse knockout of mTORC2 also decreases the HM phosphorylation of PKC [15], in

addition, to the complete dephosphorylation of the turn-motif (TM) of PKC [31, 37]. TM

phosphorylation stabilizes PKC and, protein levels of PKC are generally lower, but highly

variable, in cell lines derived from mice lacking mTORC2 [37]. Loss of TM phosphorylation

and the consequent destabilization of PKC makes it difficult to interpret the loss of PKC-HM

phosphorylation seen in cells lacking mTORC2.
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Figure 2.6: PKC-HM phosphoryla-
tion is not obviously impaired in
cells treated with PP242.
Western blot of lysates from L6
myotubes.

To examine the effect of acute mTOR inhibition on PKC-HM phosphorylation, we treated

serum-starved L6 myotubes with PP242 prior to induction of PKC-HM phosphorylation by

serum or phorbol-12-myristate-13-acetate (PMA) (Fig 2.6). PKC-HM phosphorylation was

assessed by western blot using an antibody that recognizes the hydrophobic motif of all PKC

isoforms. Upon treatment of L6 myotubes with serum or PMA, a robust increase in PKC-

HM phosphorylation was seen. Longer exposures reveal several bands of slightly differing

molecular weight becoming phosphorylated, probably due to the antibody recognizing

multiple isoforms of PKC (data not shown). As expected, the increase in phosphorylation

induced by serum and PMA was not blocked by rapamycin. More importantly, PP242 did not

block PKC HM-P either, suggesting that mTOR is not the hydrophobic motif kinase for PKC.

Previously it was seen that of the PKC isoforms examined, only PKCα’s HM was affected by

rictor RNAi [4]. It is possible that the major stimulation induced phosphorylations seen with

the pan-PKC-HM antibody in L6 myotubes do not include PKCα , although in Hela cells this

antibody specifically recognizes PKCα [4]. Further experiments, using pull-downs of PKCα

will be required to definitively determine if acute inhibition of mTOR affects PKCα-HM

phosphorylation. Nonetheless, the lack of effect of PP242 on PKC-HM phosphorylation

seen in Figure 2.6, indicates that mTORC2 is not the hydrophobic motif kinase for every
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isoform of PKC.

2.2.5 PP242 Does Not Have an Obvious Effect on Actin Stress Fibers

TORC2 is required for the generation of a polarized actin cytoskeleton in yeast [36]. Previous

analysis of mTORC2 function using RNAi revealed a role for mTORC2 in the control of the

actin cytoskeleton [3, 4], yet these findings were not confirmed in primary MEFs lacking

mTORC2 [15, 17]. We examined actin stress fibers in NIH-3T3 cells treated with PP242

(Fig 2.7) and in primary MEFs (Data not shown). After 8 hours of treatment with PP242, we

found no obvious effect on the morphology or abundance of actin stress fibers, suggesting

that mTORC2 activity is not required for the maintenance of actin stress fibers in these

cells. That PP242 didn’t obviously affect the morphology or abundance of actin stress

fibers, does not rule out a role for mTOR in the control of the actin cytoskeleton, but it does

show pharmacological inhibition of mTORC2 does not affect the obvious changes in actin

structure seen with RNAi.

Untreated PP242 2.5 µM, 8hr

10
 µ

m

Figure 2.7: PP242 does not affect actin stress fibers.
NIH-3T3 cells were stained for actin with Alexa 488-phalloidin (green) and for DNA with
DAPI (blue). Images are representative of greater that 100 cells.
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2.2.6 RSK Phosphorylation

p-90 ribosomal protein S6 kinase (RSK), like S6K, phosphorylates ribosomal protein

S6 and may in addition phosphorylate other translational effectors such as eEF2 kinase

and eIF4B [38]. RSK has two kinase domains, an N-terminal and a C-terminal kinase

Domain (NTD and CTD). The CTD of RSK is a member of the calmodulin-dependent

kinase or CamK kinase family, while the NTD is an AGC kinase. Full activation of RSK

requires several steps involving phosphorylation of both kinase domains. Initially, RSK

is phosphorylated on the activation loop of the CTD at T573 by ERK. ERK is a MAP

Kinase downstream of Ras. Like other AGC kinases, the NTD has a hydrophobic motif

c-terminal to the kinase domain, which in the case of RSK sits in a linker region between

the NTD and the CTD. Once activated by ERK the CTD phosphorylates its only known

substrate, the NTD-HM at S380 in the linker region between the two kinase domains. HM

phoshphorylation of the NTD recruits PDK1 which phosphorylates the activation loop of the

NTD at S221, leading to full activity of the NTD. The NTD rather than the CTD is thought

to phosphorylate RSK substrates.
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Figure 2.8: mTOR does not phosphorylate
p90-RSK.
Western blot of lysates from HEK-293 cells.

A specific and covalent inhibitor of the CTD of RSK was developed based on a bioinfor-

matic analysis of the kinome [39]. The inhibitor, called fmk, exploits a fluoromethyl ketone

group to react with a cysteine in the active site of RSK. fmk avoids inhibiting other kinases
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with a similar cysteine in their active site because it requires the presence of a small residue

at the gatekeeper position in the kinase active site. The identity of the amino acid at the

gatekeeper position of a kinase active site plays a large role in determining the specificity of

kinase inhibitors. fmk only binds and reacts with kinases that have a threonine or smaller

reside at the gatekeeper position. Because the inhibitor is covalent it was possible to quantify

the occupancy of the inhibition in the active site of the CTD or RSK [40]. Surprisingly, if

was found that even when the CTD’s active site was fully occupied with fmk, NTD-HM

sometimes remained somewhat phosphorylatated, suggesting that a kinase besides the CTD

of RSK might be phosphorylated the HM or RSK. Because mTOR is the only kinase known

to phosphorylated the HM of AGC kinases [35], we tested whether mTOR might participate

in the phosphorylation of the HM of RSK (Fig 2.8). We stimulated HEK-293 cells with PMA,

a stimulus known to induces HM phosphorylation of RSK which can be inhibited partially

by fmk. fmk at 3 and 10 µM reduced but did not eliminated RSK-HM phosphorylation at

S380. PP242 on its own or in combination with 3 µM of fmk also did not affect RSK-HM-P,

but was sufficient to block the phosphorylation S6K and S6 at multiple sites. Interestingly,

fmk reduced S6 phosphorylation without affecting S6K phosphorylation, suggesting that

RSK phosphorylates S6. However PP242 completely inhibited S6 phosphorylation, without

affecting HM-P of RSK. Therefore inhibition of mTOR prevents RSK from phosphorylating

S6. These findings could be explained by S6 requiring a priming phosphorylation from

mTOR or S6K before it can be phosphorylated by RSK, although more experiements will

be required to confirm this mechanism.

2.2.7 PP242 Inhibits Proliferation More Completely than Rapamycin

We next measured the effect of dual mTORC1/mTORC2 inhibition by PP242 on the pro-

liferation of primary MEFs (Fig 2.9). For this analysis, we compared PP242 to selective

mTORC1 inhibition by rapamycin. Rapamycin was tested at concentrations above its mTOR
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Figure 2.9: Differential inhibition of cell proliferation by PP242 and rapamycin does not
require mTORC2.
Proliferation of primary MEFs cultured for three days in the presence of kinase inhibitors
was assayed by resazurin fluorescence (RF) and is shown in arbitrary units.

IC50 and at all concentrations tested it inhibited growth to the same extent. By contrast,

PP242 had a dose dependent effect on proliferation and at higher doses was much more

effective than rapamycin at blocking cell proliferation. The ability of PP242 to more ef-

ficiently block cell proliferation than rapamycin could be a result of its ability to inhibit

mTORC2; rapamycin can only inhibit mTORC1. To test this possibility we measured the

effects of both compounds on the proliferation of Sin1-/- MEFs which lack mTORC2. In

Sin1-/- MEFs rapamycin was also less effective at blocking cell proliferation than PP242.

That PP242 and rapamycin exhibit very different anti proliferative effects in Sin1-/- MEFs,

suggests that the two compounds differentially affect mTORC1.

2.2.8 Rapamycin-Resistant mTORC1

mTORC1 regulates protein synthesis by phosphorylating the hydrophobic motif of p70S6

Kinase (S6K) at T389 and the eIF4E binding protein, 4EBP1, at multiple sites. Our prolif-

eration experiments suggest that rapamycin and PP242 have distinct effects on mTORC1.
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We compared the effects of acute treatment with rapamycin and PP242 on S6K, ribosomal

protein S6 (S6) and 4EBP1 phosphorylation (Fig 2.10A), to see if these inhibitors differen-

tially affect the phosphorylation of these canonical substrates of mTORC1. Both rapamycin

and PP242 inhibited the phosphorylation of S6 Kinase and its substrate S6, and neither ra-

pamycin nor PP242 affected the phosphorylation of 4EBP1 on T70 (Fig 2.10B). In contrast,

PP242 fully inhibited the phosphorylation of 4EBP1 at T36/45 (same as T37/46 in human

4EBP1) and S65, while rapamycin only had a modest affect on these same phosphorylations.

Treatment of cells with PP30 was also effective at reducing the phosphorylation of 4EBP1

at T36/45 (Fig 2.11) indicating that the block of T36/45 phosphorylation by PP242 is due to

its inhibition of mTOR and not PKC alpha. PIK-90 did not reduce the phosphorylation of

4EBP1 at T36/45, demonstrating that inhibition of PI3-K and Akt activation alone is not

sufficient to block the phosphorylation of 4EBP1 at T36/45 (Fig 2.11).
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4EBP1 is sensitive to
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and PP242 but not
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The enhanced dephosphorylation of 4EBP1 caused by PP242 as compared with ra-

pamycin could be due to incomplete inhibition of mTORC1 by rapamycin or involvement of

mTORC2 in the phosphorylation of 4EBP1. To examine these alternatives, we analyzed the

effect of PP242 and rapamycin on the phosphorylation of 4EBP1 in Sin1-/- MEFs that lack

mTORC2 (Fig 2.12). Sin1-/- MEFS showed higher levels of p4EBP1 suggesting that due to
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the lack of mTORC2, these cells have more mTORC1 activity, although stronger p70S6K

phosphorylation in wild-type cells contradicts this simple interpretation. Despite an increase

in p4EBP1 in Sin1-/- as compared with wild-type MEFs, shorter exposures of the p4EBP1

blots (Fig 2.12) show that PP242 inhibits p4EBP1 with the same potency in both cells. The

fuller inhibition of p4EBP1 by PP242 than by rapamycin in wild-type and Sin1-/- MEFs,

indicates that the presence of mTORC2 is not required for rapamycin and PP242 to have

distinct effects on 4EBP1 phosphorylation, and suggests that PP242 is a more complete

inhibitor of mTORC1 than rapamycin.
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2.2.9 Inhibition of Translation by TORKinibs

While the precise role of S6K in translation control is still poorly understood, the hypophos-

phorylated 4EBP1 protein acts as negative regulator of the major cap binding protein eIF4E.

We directly assessed the effect of PP242 on cap dependent translation downstream of mTOR

activation. The phosphorylation of 4EBP1 by mTOR in response to growth factor and

nutrient status causes it to dissociate from eIF4E allowing eIF4G and associated factors to

bind to the 5’ cap, recruit the 40S subunit of the ribosome and scan the mRNA for the start

codon to initiate translation. The phosphorylation of 4EBP1 by mTOR is complicated in

that it occurs at multiple sites and not all sites are equally effective at causing dissociation

of 4EBP1 from eIF4E [41]. Furthermore, a hierarchy is thought to exist whereby the N

terminal threonine phosphorylations at 37/46 precede and are required for the C terminal

phosphorylations at S65 and T70 [42, 43]. Phosphorylation at S65 causes the greatest de-

crease in affinity of 4EBP1 for eIF4E [44, 45] and S65 is probably the most important site in

cells for dissociation of 4EBP1 from eIF4E [46], but other sites are also important [41, 47].

We examined the effect of PP242 on the active eIF4E initiation complex of translation

utilizing a cap binding assay. eIF4E binds tightly to beads coated with the cap analogue

7-methyl GTP (m7GTP) allowing proteins bound to eIF4E to be examined. Rapamycin

caused partial inhibition of the insulin stimulated release of 4EPB1 from eIF4E (Fig 2.13)
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consistent with its partial inhibition of S65 phosphorylation (Fig 2.10A). The rapamycin

induced retention of 4EBP1 was accompanied by a loss of recovery of eIF4G because the

binding of 4EBP1 and eIF4G to eIF4E are mutually exclusive. In contrast, treatment with

PP242 caused a much larger retention of 4EBP1, raising the retention of 4EBP1 above the

level seen in unstimulated serum-starved cells which are known to have low levels of protein

translation [48].
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Figure 2.14: PP242 inhibits cap-dependent
translation.
A) Primary MEFs were transfected with a bi-
cistronic reporter vector. The ratio of renilla
(Cap-dependent) to firefly (IRES-dependent)
luciferase activity was measured after incu-
bation overnight in either 10% serum (steady
state) or with the indicated inhibitors in the
presence of 10% serum (n = 3). *p < 0.05,
**p < 0.01, ANOVA with Tukeys post test.
B) Renilla (Cap-dependent) luciferase activ-
ity.
C) Firefly (IRES-dependent) luciferase activ-
ity. Firefly luciferase activity of the PP242
treated sample is not significantly different
from control (p = 0.4, ANOVA).

Translation initiation depending on eIF4E activity is the rate limiting step in cap-
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dependent protein translation. PP242 caused a higher levels of binding between 4EBP1 and

eIF4E than rapamycin (Fig 2.10A), suggesting that cap-dependent translation will be more

highly suppressed by PP242 than by rapamycin. To quantify the efficiency of cap-dependent

translation in the presence of PP242 and rapamycin, we used the well established bicistronic

reporter assay where translation initiation of the first cistron is dependent on the 5’ cap while

initiation of the second cistron depends on a viral internal ribosome entry site (IRES) that

bypasses the need for cap-binding proteins such as eIF4E [49]. PP242 caused a significant

decrease in cap-dependent, but not IRES-dependent (Fig 2.14), translation while rapamycin

did not have a statistically significant effect on cap dependent translation (Fig 2.14), consis-

tent with the modest effect of rapamycin on 4EBP1 phosphorylation (Fig 2.10A). Based on

this assay, inhibition of mTOR and p4EBP1 reduces cap-dependent translation by about 30%,
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suggesting that cap-dependent translation is only partially inhibited by hypophosphorylated

4EBP1. The majority of protein synthesis is thought to be cap-dependent, and consistent

with this we find that PP242 also reduces total protein synthesis by about 30%, whereas

rapamycin does not have a significant effect (Fig 2.15A and B).

2.2.10 Inhibition of mTORC1 and mTORC2 In Vivo

Mouse knock outs of mTORC1 or mTORC2 result in embryonic lethality and thus it has

been difficult to examine the effects of loss of mTOR in animals. To begin to explore the

tissue specific roles of mTORC1 and mTORC2 and confirm the pathway analysis from

cell culture experiments, we treated mice with PP242 and rapamycin, and examined the

acute effect of these drugs on insulin signaling in fat, skeletal muscle and liver tissue (Fig

2.16). In fat and liver, PP242 was able to completely inhibit the phosphorylation of Akt at

S473 and T308, consistent with its effect on these phosphorylation sites observed in cell

culture. Surprisingly, PP242 was only partially able to inhibit the phosphorylation of Akt in

skeletal muscle and was more effective at inhibiting the phosphorylation of T308 than S473,

despite its ability to fully inhibit the phosphorylation of 4EBP1 and S6. These results will
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be confirmed by in vivo dose response experiments, but, consistent with the partial effect

of PP242 on pAkt in skeletal muscle, a muscle specific knockout of the integral mTORC2

component rictor resulted in only a partial loss of Akt phosphorylation at S473 [50]. These

results suggest that a kinase other than mTOR, such as DNA-PK [8, 9] may contribute to

phosphorylation of Akt in muscle.

Rapamycin often stimulates the phosphorylation of Akt [51, 52], probably by reliev-

ing feedback inhibition from S6K to the insulin receptor substrate 1 (IRS1) [53], a key

signaling molecule that links activation of the insulin receptor to PI3-K activation. In all

tissues examined, and especially in fat and muscle, acute rapamycin treatment activated the

phosphorylation of Akt at S473 and T308 (Fig 2.16). In contrast to rapamycin, by inhibiting

both mTORC2 and mTORC1, PP242 suppresses rather than enhances Akt activation.

As was seen in cell culture, rapamycin and PP242 also differentially affect the mTORC1

substrates S6K and 4EBP1 in vivo. S6 phosphorylation was fully inhibited by rapamycin and

PP242 in all tissues examined. While PP242 was effective at blocking the phosphorylation

of 4EBP1 on both T36/45 and S65 in all tissues examined, rapamycin did not block 4EBP1

phosphorylation as completely as PP242. Further experiments will be required to identify

the mechanism by which 4EBP1 phosphorylation is partially resistant to rapamycin.

2.3 Discussion

Rapamycin has been a powerful pharmacological tool allowing the discovery of mTOR’s role

in the control of protein synthesis. Since the discovery of a rapamycin-insensitive mTOR

complex there has been a significant effort to develop pharmacological tools for studying

this complex. Here we have used for the first time two structurally distinct compounds

to pharmacologically dissect the effects of mTOR kinase inhibition toward mTORC1 and

mTORC2 activity. We have shown through the use of these inhibitors that the inhibition of
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mTOR kinase activity is sufficient to prevent the phosphorylation of Akt at S473, providing

further evidence that mTORC2 is the kinase responsible for Akt hydrophobic motif phos-

phorylation upon insulin stimulation. We also find that phosphorylation at T308 is linked to

phosphorylation at S473, as had been observed in experiments where mTORC2 was dis-

abled by RNAi and long term rapamycin, but not homologous recombination. Surprisingly

however, inhibition of mTORC2 does not result in a complete block of Akt signaling, as

T308P is partially maintained and Akt substrate phosphorylation is only modestly affected

when S473 is not phosphorylated.

Despite its modest effect on Akt substrate phosphorylation, PP242 was a strikingly

more effective anti proliferative agent than rapamycin. These results were reproduced

even in cells lacking mTORC2 (Sin1-/-), suggesting that downstream mTORC1 substrates

might be responsible for PP242’s strong anti-proliferative effects. Interestingly, we observe

that phosphorylation of the mTORC1 substrate 4EBP1 is partially resistant to rapamycin

treatment at concentrations that fully inhibit p70S6K while PP242 completely inhibits both

p70S6K and 4EBP1. Because rapamycin can only partially inhibit the phosphorylation of

4EBP1, but it can fully in inhibit the phosphorylation of p70S6K, rapamycin appears to

be a substrate selective inhibitor of mTORC1. Consistent with this finding, experiments

with purified proteins have shown that rapamycin/FKBP12 only partially inhibits the in

vitro phosphorylation of 4EBP1 at Ser 65 by mTOR but can fully inhibit the in vitro

phosphorylation of S6K [54]. By contrast, LY294002, a direct inhibitor of many PI3-K

family members including mTOR, was equally effective at inhibiting the phosphorylation of

S6K and 4EBP1 by mTOR in vitro [54] and in cells [23], though this finding is complicated

by LY294002’s inhibition of multiple lipid and protein kinases [55] including PIM, a

kinase potentially upstream of 4EBP1 phosphorylation [56, 57]. These results argue that

PP242, in addition to being useful for investigating mTORC2, can reveal rapamycin-resistant

components of mTORC1 function. Indeed, proliferation of Sin1-/- MEFs is more sensitive to
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PP242 than rapamycin (Fig 2.9), suggesting that rapamycin-resistant functions of mTORC1,

including the aspects of translation initiation highlighted in Figures 2.13, 2.14 and 2.15

are key to the anti-proliferative effects of PP242. Furthermore, our findings suggest that

the inhibition of translational control and the anti-proliferative effects of PP242 require

inhibition of 4EBP1 phosphorylation and eIF4E activity.

Using TORKinibs to acutely inhibit mTOR has surprisingly led to the identification of

outputs from mTORC1 that are rapamycin-resistant. These observations should motivate

further studies aimed at understanding how rapamycin is able to selectively affect different

outputs downstream of mTORC1. As active site inhibitors of mTOR join rapamycin and

its analogs in the clinic [21, 26, 28], it will be important to understand the distinct effects

of these pharmacological agents on cellular and organismal physiology and to evaluate

their efficacy in the treatment of disease and cancer caused by hyperactivation of the PI3-

K⇒Akt⇒mTOR pathway.

2.4 Materials and Methods

Ethics Statement

Mice were handled in accordance with protocols approved by the committee for animal

research at the University of California, San Francisco.

Cell Culture

Cells were grown in DMEM supplemented with 10% FBS, glutamine and penicillin/strepto-

mycin. Confluent L6 myoblasts were differentiated into myotubes by culturing them for

5 days in media containing 2% FBS. L6 myotubes were maintained in media containing

2% FBS until use. Primary wild-type MEFs used in Figures 2.14 and 2.15 were isolated
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at embryonic day 13.5 as previously described [58]. Primary Sin1-/- MEFs and matching

wild-type controls were provided by B. Su and isolated as previously described [16].

Cell Lysis and Western Blotting

Except where indicated otherwise, cells were serum starved overnight and incubated with

inhibitors or 0.1% DMSO for 30 minutes prior to stimulation with 100 nM insulin for 10

minutes. All inhibitors were either synthesized as previously described [20, 24, 59] or were

from Calbiochem (rapamycin and Akti-1/2). Cells were lysed by scraping into ice cold

lysis buffer followed by brief sonication. Lysates were cleared by centrifugation, resolved

by SDS-PAGE, transferred to nitrocellulose and immunoblotted with antibodies from Cell

Signaling Technology. Unless otherwise indicated, cells were lysed in (300 mM NaCl,

50 mM Tris pH 7.5, 5 mM EDTA, 1% Triton X-100, 0.02% NaN3, 20nM microcystin

(Calbiochem), Sigma phosphatase inhibitor cocktails 1 and 2, Roche protease inhibitor

cocktail and 2 mM PMSF). For Fig 2.10, cells were lysed in cap lysis buffer (140 mM KCl,

10 mM Tris pH 7.5, 1 mM EDTA, 4 mM MgCl2, 1 mM DTT, 1% NP-40, 20 nM microcystin,

Sigma phosphatase inhibitor cocktails 1 and 2, Roche protease inhibitor cocktail without

EDTA and 2 mM PMSF).

Cap Pull-Down Assay

L6 myotubes from one well of a six well plate were lysed in 300 µl of cap lysis buffer as

described above. 50 µl of detergent free cap lysis buffer and 20 µl of pre-washed cap beads

were added to 150 µl of cleared lysate and incubated at 4°C overnight with tumbling. The

beads were washed twice with 400 µl of cap wash buffer (cap lysis buffer with 0.5% NP-40

instead of 1% NP-40) and twice with 500 µl PBS. The beads were boiled in SDS-PAGE

sample buffer and the retained proteins analyzed by western blot. All antibodies were
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from Cell Signaling Technologies except for the anti-eIF4E antibody which was from BD

Biosciences.

PKC Kinase Assays

Phosphorylation of histone H1 (4 µM) by PKC was assayed in a buffer containing 200 ng/ml

recombinant kinase (25 mM HEPES pH 7.5, 10 mM MgCl2, 5 mM -glycerol phosphate,

0.05 mg/ml phosphatidylserine, 0.03% Triton X-100, 0.5 mg/ml BSA, 2.5 mM DTT, 100 µM

CaCl2, 1 µM PMA, 10 µM ATP and 15 µCi/ml of γ-32P-ATP. Inhibitors were tested in a

four-fold dilution series from 10 µM to 600 pM and four measurements were made at each

concentration. The kinase reaction was terminated by spotting onto nitrocellulose, which

was washed 5 times with 1 M NaCl/1% phosphoric acid. The radioactivity remaining on the

nitrocellulose sheet was quantified by phosphorimaging and IC50 values were determined

by fitting the data to a sigmoidal dose-response curve using the Prism software package.

Other Kinase Assays

PDK1, mTORC1 and mTORC2 were assayed as previously described [20].

In-Cell Western

L6 myotubes were grown and differentiated in 96 well plates. The outside wells of the plate

were not used for the experiment, but were kept filled with media. Following stimulation,

cells were fixed for 15 minutes with 4% formaldehyde in PBS with Ca++ and Mg++. The

cells were washed 3 times with PBS and then blocked and permeabilized with 5% goat serum

in PBS with 0.3% Triton X-100 (PBS-GS-TX). Primary antibodies to S473 (Cell Signaling

#4060) and T308 (Cell Signaling #2965) were added at 1:1000 and 1:500 respectively in

PBS-GS-TX and the plates were incubated at 4°C overnight. The plates were then washed 3

66



times with PBS and goat anti-rabbit secondary antibody (Pierce Biotechnology) was added

at 0.01 µg/ml in PBS-GS-TX. After 1 hour at room temperature, plates were washed 3

times more with PBS. ELISA chemiluminescent reagent (Femto, Pierce Biotechnology)

was added to each well and after 1 minute the plate was read in a luminescence plate reader

using a 100 ms integration time. The pAkt signal from pT308 and pS473 was normalized to

control wells, so that 0 represents the level of pAkt in serum starved cells and 1 represents

the level upon insulin stimulation. EC50 values were determined by fitting the data to

a sigmoidal dose-response curve using the Prism software package. The significance of

differences between EC50 values was evaluated using the F test.

Akt Transfection

Akt was transfected into HEK293 cells using Lipofectamine 2000 according the manufac-

turers protocol. Two days after transfection, cells were serum starved overnight and the next

day they were treated with inhibitors and processed for western blotting as described above.

Actin Cytoskeleton Staining

NIH-3T3 cells were plated on poly-lysine coated coverslips at 30% confluence the day

before the experiment. Following treatment with PP242 or 0.1% DMSO for 8 hours in 10%

serum growth media, the actin cytoskeleton was stained as previously described [24].
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Bicistronic Reporter Assay

Primary MEFs were transfected with a bicistronic reporter [58] containing a viral IRES using

Lipofectamine 2000 according to the manufacturers protocol. At two days post transfection,

cells were treated overnight with compounds as indicated or starved of serum. The next

day Renilla and Firefly luciferase activity were measured using the Dual-Luciferase kit

(Promega). Differences in the ratio of Renilla to Firefly luciferase signals were analyzed for

statistical significance by one-way ANOVA with Tukey’s post test using the Prism software

package.

35S Labeling of New Protein Synthesis

Primary MEFs grown to 70% confluence in 6-well plates were incubated overnight in either

10% Serum (Steady State), kinase inhibitors in 10% serum, or 0.1% serum (starved). Cells

were then washed once with DMEM lacking cysteine and methionine (DMEM-noS) and

the media was replaced with DMEM-noS including dialyzed serum and kinase inhibitors as

indicated. After incubation for 1 hour, 50 µCi of Expre35S35S (NEN) was added to each well

and the cells were labeled for 4 hours. Cells were washed once with ice-cold PBS, and lysed

as described above for western blotting. Following separation by SDS-PAGE, and transfer

to nitrocellulose, 35S labeled proteins were visualized by autoradiography with film. For

quantitation, the membrane was exposed to a phosphorimager screen and the resulting image

was quantified in ImageJ. Differences in 35S incorporation were analyzed for statistical

significance by one-way ANOVA with Tukey’s post test using the Prism software package.
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In Vivo Drug Treatment and Western Blotting

Drugs were prepared in 100 µl of vehicle containing 20% DMSO, 40% PEG-400 and 40%

Saline. 6 week old male C57BL/6 mice were fasted overnight prior to drug treatment.

PP242 (0.4 mg), rapamycin (0.1 mg) or vehicle alone was injected IP. After 30 minutes for

the rapamycin-treated mouse or 10 min for the PP242 and vehicle treated mice, 250mU

of insulin in 100 µl of saline was injected IP. 15 minutes after the insulin injection, the

mice were sacrificed by CO2 asphyxiation followed by cervical dislocation. Tissues were

harvested and frozen on liquid nitrogen in 200 µl of cap lysis buffer. The frozen tissue was

thawed on ice, manually disrupted with a mortar and pestle, and then further processed

with a micro tissue-homogenizer (Fisher PowerGen 125 with Omni-Tip probe). Protein

concentration of the cleared lysate was measured by Bradford assay and 5-10 µg of protein

was analyzed by western blot as described above.

Cell Proliferation Assay

Wild-type and Sin1-/- MEFs were plated in 96 well plates at approximately 30% confluence

and left overnight to adhere. The following day cells were treated with PP242, rapamycin

or vehicle (0.1% DMSO). After 72 hours of treatment 10 µl of 440 µM resazurin sodium

salt (Sigma) was added to each well, and after 18 hours the florescence intensity in each

well was measured using a top-reading florescent plate reader with excitation at 530 nm and

emission at 590 nm.
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Chapter 3

Molecular and Cellular Response to

Isoform Specific PI3-K Inhibition

Abstract

Growth factors and insulin activate receptor tyrosine kinases in the plasma membrane.

Receptor tyrosine kinases, such as the insulin receptor, then activate the mytogen activated

protein kinase (MAPK) pathway and the phosphoinositide 3-kinase (PI3-K) pathway. These

two pathways are the most commonly mutated pathways driving cancer. PI3-K inhibitors

are currently being developed and tested as anti-cancer therapeutics. PI3-K produces the

lipid second messenger PIP3 which recruits proteins with plextrin homology (PH) domains

to the membrane. Akt is an important kinase which contains a PH domain and is activated

by phosphorylation downstream of PI3-K; activation of Akt is responsible for many of

the cellular effects of PI3-K activation. Two isoforms of PI3-K, p110α and p110β are

distributed throughout the body. Biochemically, p110α and p110β appear to be quite similar,

suggesting they might be redundant. We treated cells with specific inhibitors of p110α and

p110β to find that inhibitors of p110α block insulin stimulation of Akt phosphorylation and
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glucose uptake triggered by insulin. Inhibitors of p110β had no effect on Akt activation or

glucose uptake in these assays, providing strong evidence that p110α is the major isoform

of PI3-K downstream of insulin receptor activation. Surprisingly, when we examined PIP3

levels we saw that inhibition of either p110α or p110β reduce PIP3 levels to a similar

extent. Consistent with the reduction in PIP3 levels by inhibitors of p110β , pretreatment

with the p110β inhibitor TGX-115, cooperated the p110α inhibitor, PIK-75, to block the

activation of Akt in muscle cells, but this synergy was not observed in Fat cells These data

are consistent with p110β generating basal levels of PIP3 that cooperate, in some cell types,

with agonist stimulated rises in PIP3 generated by p110α .

3.1 Introduction

Phosphoinositide 3-kinases (PI3-Ks) catalyze the synthesis of the phosphatidylinositol

(PI) second messengers PI(3)P, PI(3,4)P2, and PI(3,4,5)P3 (PIP3 and see Fig 3.1) [1]. In

the appropriate cellular context, these three lipids control diverse physiological processes

including cell growth, survival, differentiation, and chemotaxis [2]. The PI3-K family

comprises 15 kinases with distinct substrate specificities, expression patterns, and modes

of regulation. The class I PI3-Ks (p110α , p110β , p110δ , and p110γ) are activated by

tyrosine kinases or G protein-coupled receptors to generate PIP3, which engages downstream

effectors such as the Akt/PDK1 pathway, the Tec family kinases, and the Rho family

GTPases. The class II and III PI3-Ks play a key role in intracellular trafficking through the

synthesis of PI(3)P and PI(3,4)P2. The PIKKs are protein kinases that control cell growth

(mTORC1) or monitor genomic integrity (ATM, ATR, DNA-PK, and hSmg-1).

The importance of these enzymes in diverse pathophysiology has made the PI3-K family

the focus of intense interest as a new class of drug targets [3]. This interest has been fueled

by the recent discovery that p110α is frequently mutated in primary tumors [4] and evidence

79



HO

HO
OH

OH

OH
P

P

HO

HO  OH

OH
P

P
P

HO

HO

OH OHOH
P

P
P P

P

PI PI(5)P

P

HO

OH

OH
P

PI(3,5)P2

PI(4,5)P2
PI(3,4,5)P3

PI(3,4)P2

P

HO

HO
OH

OH
P

PI(4)P

P
P

HO
OH

OH
P

HO

OH
OH

OH
P

P

PI(3)P

PIKfyve (?)

PI4-Ks

Class II PI3-Ks
Class III PI3-K

PI(5)P4-Ks

PIKfyve

Class I PI3-Ks
PI(4)P5-Ks

Class II PI3-Ks

MTMs

SHIPs

PTEN12

3

4
5

6

P

Figure 3.1: Routes for the synthesis of phosphoinositides in mammalian cells.
Lipid kinases are shown in red and lipid phosphatases are shown in blue.

that the lipid phosphatase PTEN, an inhibitor of PI3-K signaling, is a commonly inactivated

tumor suppressor [5]. Efforts are underway to develop small molecule PI3-K inhibitors

for the treatment of inflammation and autoimmune disease (p110δ , p110γ , and mTOR),

thrombosis (p110β ), viral infection (the PIKKs), and cancer (p110α , mTOR, and others).

Recently, the first selective inhibitors of these enzymes have been reported [6–11].

A key challenge in targeting the PI3-K family with drugs is to understand how individ-

ual PI3-K isoforms control normal physiology, as this defines the therapeutic window for

targeting a specific isoform. Genetic approaches to uncouple the action of PI3-K isoforms

have been frustrated by the complex coordinate regulation of these enzymes. Homozygous

deletion of either p110α or p110β (the two most widely expressed PI3-Ks) leads to embry-

onic lethality in mice [12, 13]. Heterozygous deletion of these isoforms is complicated by a

compensatory downregulation of the p85 regulatory subunit [14]. Knockout of p85 isoforms

induces a paradoxical increase in PI3-K signaling [15, 16], reflecting the fact that p85 both

promotes PI3-K activity (by stabilizing the p110 catalytic subunit) and inhibits it (by reduc-
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ing basal activity and sequestering essential signaling complexes [17, 18]. A similar effect

has been observed among the PIKKs, where a deficiency in DNA-PK alters the expression

of ATM and hSmg-1 [19]. In addition to these compensatory mechanisms, PI3-Ks possess

kinase-independent signaling activities that can cause inhibitors and knockouts to induce

different phenotypes [20, 21]. For example, p110γ knockout mice develop cardiac damage

in response to chronic pressure overload, whereas mice bearing a p110γ kinase-dead allele

do not [22]. In this case, the difference was traced to an allosteric activation of PDE3B

by p110γ that is disrupted in the knockout but unaffected by the kinase-dead allele or an

inhibitor.

Cell-permeable small molecule inhibitors make it possible to directly assess the pheno-

typic consequences of inhibiting a kinase with a drug in a physiologically relevant model

system. The challenge for pharmacological target validation is that few well-characterized,

selective kinase inhibitors are known. This has been particularly true for the PI3-Ks, as the

two primary pharmacological tools available, wortmannin and LY294002, are broadly active

within the family. We report here a set of potent, chemotypically diverse small molecule

inhibitors that span the PI3-K family. Critically, this panel includes representatives from a

large number of PI3-K inhibitor chemotypes currently in preclinical drug development and

therefore anticipates the biological activities likely to be found in eventual clinical candidates.

Using this chemical array, we identify p110α as the key PI3-K activity downstream of the

insulin receptor.
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3.2 PI3-K Inhibitors

Representatives from nine chemical classes of PI3-K inhibitors were selected from com-

pounds under development by the pharmaceutical industry. Compounds from each class

were synthesized and their activity against the class I PI3-Ks measured in vitro. The ex-

tended specificity profile of these compounds was determined by measuring IC50 values in

vitro against 15 purified PI3-K family members (Fig 3.1). As this panel includes almost all

proteins with sequence homology to p110α , it is highly enriched for the likely targets of

these inhibitors. These compounds were also tested against 40 additional purified kinases

from three families: the PIPKs, the class II PI4-Ks, and the protein kinases (data not shown).
Table S1. IC50 Values (!M) for Selected PI3-K Inhibitors against Lipid Kinases 

 

 PIK23 TGX115 AMA37 PIK39 IC87114 TGX286 PIK75 PIK90 PIK93 PIK108 PI-103 PIK124 
KU-
55399 

PI3Ks              

p110" >200 61 32 >200 >200 !"#$ %"%%#&$ %"%''$ %"%()$ *"+$ %"%%&$ %"%*($ ("($

p110# 42 0.13 3.7 11 16 %"'*$ '"($ %"(#$ %"#)$ %"%#,$ %"%&&$ '"'$ '"*$

p110$ 0.097 0.63 22 0.18 0.13 '$ %"#'$ %"%#&$ %"'*$ %"*+$ %"%!&$ %"(!$ %",*$

p110% 50 100 100 17 61 '%$ %"%,+$ %"%'&$ %"%'+$ !"'$ %"'#$ %"%#!$ )")$

PI3KC2" >100 >100 >100 >100 >100 -'%%$ .'%$ %"%!,$ .'+$ .'%%$ .'$ %"'!$ /0$

PI3KC2# 100 50 >100 100 >100 .'%%$ .'$ %"%+!$ %"'!$ .*%$ %"%*+$ %"(,$ /0$

PI3KC2% >100 100 50 100 >100 /0$ /0$ /0$ /0$ /0$ /0$ /0$ /0$

hsVPS34 .#%$ #"*$ -'%%$ -'%%$ -'%%$ ("'$ *"+$ %"&($ %"(*$ .#$ *"($ '%$ .'%$

$      $ $ $ $ $ $ $ $

PI4Ks      $ $ $ $ $ $ $ $

PI4KII" -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$

PI4KIII" -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ %"&($ '"'$ .#%$ -'%%$ -'%%$ -'%%$

PI4KIII# -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ .#%$ ("'$ %"%')$ -'%%$ .#%$ -'%%$ -'%%$

$      $ $ $ $ $ $ $ $

PIKKs      $ $ $ $ $ $ $ $

ATR -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ *'$ '#$ ',$ -'%%$ %"&#$ *$ *%$

ATM -'%%$ *%$ /0$ -'%%$ -'%%$ -'%%$ *"($ %"+'$ %"!)$ (#$ %")*$ (")$ %"%%#$

DNA-PK >100 1.2 0.27 >100 >100 .#%$ %"%%*$ %"%'($ %"%+!$ %"'*$ %"%%*$ '"#$ .'%$

mTORC1 >100 >100 >100 >100 >100 >100 ~1 1.05 1.38 ~10 0.02 9 .*%$

mTORC2 >101 >100 >100 >100 >100 ND ~10 /0$ /0$ /0$ 0.083 /0$ -'%%$

      $ $ $ $ $ $ $ $

PIPKs      $ $ $ $ $ $ $ $

PI4P5KI" -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$

PI4P5KI# -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$

PI5P4KII# -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ -'%%$ /0$

 

All IC50 values were determined in the presence of 10 !M ATP expect IC50 values in italics, which were 

determined at 100 !M ATP. 

 
Table 3.1: IC50 value in µM for selected PI3-K inhibitors against lipid kinases.
All IC50 values were determined in the presence of 10 µM ATP expect IC50 values in italics,
which were determined at 100 µM ATP.
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3.3 The Role of PI3-K Isoforms in Insulin Signaling

Class I PI3-Ks are activated by the insulin receptor [23], and PI3-K activity is required for

the metabolic effects of insulin [2]. The central role of PI3-K in insulin signaling raises

the possibility that therapeutic use of PI3-K inhibitors may cause insulin resistance and

associated morbidity. Broad spectrum pharmacological inhibition of all PI3-Ks would be

predicted to block the metabolic effects of insulin, although this has not been demonstrated

in vivo. While it may be possible to selectively inhibit individual PI3-K isoforms without

impairing glucose homeostasis, the sensitivity of this process to pharmacological inhibition

of each class I PI3-K remains to be defined. Asano and coworkers have argued that p110β

is the primary insulin-responsive PI3-K in adipocytes, relying largely on adenoviral overex-

pression of p110 isoforms and microinjection of isoform-specific inhibitory antibodies [24].

These pioneering studies were among the first to explore signaling by PI3-K isoforms, but it

is unclear to what extent these approaches can anticipate the effects of small molecule in-

hibitors. The use of knockout animals to study the role of p110 isoforms in insulin signaling

has been complicated by the inability to generate viable homozygotes and a compensatory

downregulation of the p85 subunit that is observed in heterozygous animals [14]. For these

reasons, the key translational question with respect to insulin signaling by PI3-K—the sensi-

tivity of this process to pharmacological inhibition of each isoform—remains unresolved.

We therefore chose to examine this question using isoform-selective PI3-K inhibitors.

3.4 p110α Is the Primary Insulin Responsive PI3-K in

Adipocytes and Myotubes

We initially explored the effects of PI3-K inhibitors in 3T3-L1 adipocytes and L6 myotubes,

two widely used model systems for studying insulin action in fat and muscle, respectively.
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Activation of the PI3-K pathway was monitored by Western blotting for phosphorylation

of known PI3-K effectors (Fig 3.2) and cellular inositol lipids were quantified by 32P-

orthophosphate metabolic labeling (Fig 3.5). To measure inositol inositol lipid levels from

cells labeled with 32P, lipids are first deacylated (Fig 3.3), followed by HPLC analysis of the

lipid headgroups (Fig 3.4).

All p110α inhibitors potently blocked insulin-stimulated phosphorylation of Akt in

adipocytes (data not shown) and myotubes (Fig 3.2A). This was observed for multitargeted

inhibitors such as PIK-90 and PI-103 (which inhibit p110α most potently but also target

p110β at concentrations 10 to 30-fold higher) as well as PIK-75, which inhibits p110α

> 200-fold more potently than p110β . Consistent with their effect on pathway effectors,

PIK-75 and PI-103 also potently blocked production of PI(3,4)P2 and PIP3 in adipocytes

and PIP3 in myotubes (PI(3,4)P2 was not detected in myotubes).

By contrast, inhibitors of p110β (TGX-115 and TGX-286) and p110δ (IC87114 and PIK-

23) had no effect on the insulin-stimulated phosphorylation of Akt (Fig 3.2A). Strikingly,

the p110β inhibitor TGX-115 reduced insulin-stimulated PI(3,4)P2 and PIP3 levels in

adipocytes by 50%, yet failed to block Akt or mTORC1 activation in these cells (Fig 3.5).

However, TGX-115 and TGX-286 did potently inhibit Akt phosphorylation induced by

lysophosphatidic acid (Fig 3.2B), a stimulus that activates p110β [25], confirming that these

inhibitors can functionally block p110β activity in these cells. These data argue that p110β

and p110δ play a less-significant role in insulin signaling in adipocytes and myotubes.
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PIK-75
p110

PI-103
p110 / multi-targeted

PIK-90
p110 / multi-targeted

TGX-115
p110 / p110

IC87114
p110

TGX-115
p110 / p110

TGX-286
p110 / p110

TGX-286
p110 / p110

B

A

Figure 3.2: Inhibitors of p110α block activation of Akt
A) Western blots of lysates from L6 myotubes stimulated with insulin (100 nM) in the
presence of PI3-K inhibitors. Phosphorylation site of rpS6 is S235/S236.
B) Western blots of lysates from L6 myotubes stimulated with LPA (10 µM) in the presence
of PI3-K inhibitors.
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Figure 3.5: Phospohinositides levels following insulin stimulation (100 nM) in the presence
of PI3-K inhibitors.
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3.5 Functional Inhibition of Glucose Transport

We next investigated whether biochemical inhibition of the PI3-K pathway by these inhibitors

induces functional inhibition of glucose transport in cells. We find that p110α inhibitors

blocked insulin-stimulated glucose uptake in adipocytes with a dose response that closely

mirrors their ability to block Akt phosphorylation (Fig 3.6). By contrast, the p110β inhibitor

TGX-115 had no effect on glucose transport, whereas TGX-286 had a small effect at the

highest dose; we attribute this weak activity of TGX-286 to p110α inhibition at high

concentrations, as this compound is less selective than TGX-115 (Table 3.1).

To do this, an assay was developed to quantitate the con-
tribution of each class IA PI3-K isoform to the total PI3-K
activity present in protein complexes that may contain
multiple lipid kinases. This assays relies on the ability of
three compounds in our panel (PIK-23, TGX-115, and
PIK-75) to inhibit greater than 90% of the activity of their
primary target, with minimal inhibition of the other class
IA PI3-Ks, at a selected concentration of drug in vitro (Fig-
ure 6A). Adipocytes and myotubes were stimulated with
insulin, IRS-1 was immunoprecipitated from lysates of
these cells, and immunocomplexes were subjected to
an in vitro PI3-K assay (Figure 6B). IRS-1 associated
PI3-K activity increased 20- to 40-fold within 90 s of insulin
stimulation in each cell type and then gradually declined
over 30min (Figure 6B, blue). Treatment with the p110a in-
hibitor PIK-75 dramatically reduced the overall level of
PI3-K activity in immunoprecipitates from both cells
(Figure 6B, green). By contrast, the p110b/p110d inhibitor
TGX-115 reduced IRS-1-associated PI3-K activity by
!30% in adipocytes and !10% in myotubes (Figure 6B,
red line). The p110d inhibitor PIK-23 had no effect on
IRS-1-associated PI3-K activity from adipocytes, and
a small effect in myotubes (Figure 6B, black). These data
are consistent with our findings from intact cells that insu-
lin stimulated PIP3 production is most sensitive to p110a
inhibitors and that p110b inhibitors partially block PIP3

production in adipocytes, but not in myotubes.
These data suggest that p110b associates with IRS-1 in

adipocytes and generates PIP3, but that this pool of PIP3 is
not functionally coupled to Akt activation. As PI3-K also
controls a retrograde signaling pathway which leads to
the phosphorylation of IRS-1 on serine residues that target
this protein for degradation (Harrington et al., 2005), we
next explored the isoform dependence of this process.
Adipocytes were treated with isoform-specific inhibitors,
stimulated with insulin for 30 min, and IRS-1 was immuno-

precipitated from lysates of these cells and blotted for
phosphorylation of three residues (Ser 307, Ser 612, and
Ser 632). Phosphorylation of these residues is insulin
stimulated, wortmannin sensitive, and promotes IRS-1 in-
activation, indicating that these are major sites of negative
regulation under the control of the PI3-K pathway. We find
that inhibitors of p110a, but not inhibitors of p110b/p110d,
abolish the phosphorylation of these sites (Figure 6E).

p110b/p110d Set a Phenotypic Threshold in
Myotubes, but Not Adipocytes
It is possible that p110b or p110d contributes a pool of
PIP3 that is not independently required for Akt phosphor-
ylation but which defines a threshold for the amount of
p110a activity necessary to activate the pathway. A pre-
diction of this model is that inhibition of p110b or p110d
should shift the amount of p110a activity required to acti-
vate Akt and other downstream effectors.
We tested this hypothesis bymeasuring the effect of the

p110b/p110d inhibitor TGX-115 on the ability of the p110a
inhibitor PIK-75 to block Akt phosphorylation at Thr 308.
TGX-115 alone at concentrations up to 10 mM had no ef-
fect on insulin-stimulated Thr 308 phosphorylation in
either adipocytes or myotubes (Figure 7A, black). PIK-75
alone blocked Thr 308 phosphorylation in these two cell
types with IC50 values of 1.2 and 1.3 mM, respectively
(Figure 7A, blue). When PIK-75 was retested in the pres-
ence of 10 mM TGX-115, the dose response in myotubes
shifted to !8-fold lower concentrations (IC50 = 0.17 mM);
an identical dose shift was observed for phosphorylation
of Akt Ser 473 (Figure S5). By contrast, no significant shift
was observed in adipocytes (Figure 7A, red).
These results support a model in which p110b/p110d

synthesize a basal pool of PIP3 in myotubes that lowers
the amount of p110a activity required for Akt phosphory-
lation; the change in this phenotypic threshold is detected

Figure 5. Effect of Inhibitors on Glucose
Transport in Adipocytes and Mice
(A) Insulin-stimulated transport of 3H-2-deoxy-

glucose into adipocytes. Triangle, insulin plus

inhibitor; square, no insulin; diamond, insulin

plus cytochalasin B (20 mM); circle, 1% of

input 3H-2-deoxyglucose. Error bars represent

mean ± SEM.

(B) Insulin tolerance tests in mice. Red, in-

sulin plus drug vehicle; blue, insulin plus drug;

green, drug plus insulin vehicle; black, insulin

vehicle plus drug vehicle. Error bars represent

mean ± SEM.
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Figure 3.6: Insulin (100 nM) stimulated glucose uptake in L1 adipocytes is blocked by
inhibitors of p110α but not p110β .

3.6 p110α/p110δ Set a Phenotypic Threshold in Myo-

tubes, but not Adipocytes

It is possible that p110β or p110δ contributes a pool of PIP3 that is not independently

required for Akt phosphorylation but which defines a threshold for the amount of p110α

activity necessary to activate the pathway. A prediction of this model is that inhibition of
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p110β or p110δ should shift the amount of p110α activity required to activate Akt and

other downstream effectors.

We tested this hypothesis by measuring the effect of the p110β /p110δ inhibitor TGX-

115 on the ability of the p110α inhibitor PIK-75 to block Akt phosphorylation at Thr 308.

TGX-115 alone at concentrations up to 10 µM had no effect on insulin-stimulated Thr

308 phosphorylation in either adipocytes (data not shown) or myotubes (Fig 3.7A, black).

PIK-75 alone blocked Thr 308 phosphorylation in these two cell types with IC50 values of

1.2 and 1.3 µM, respectively (data not shown for adipocytes and Fig 3.7A, blue). When

PIK-75 was retested in the presence of 10 µM TGX-115, the dose response in myotubes

shifted to 8-fold lower concentrations (IC50 = 0.17 µM); an identical dose shift was observed

for phosphorylation of Akt Ser 473 (data not shown). By contrast, no significant shift was

observed in adipocytes (data not shown).

Addressing these questions will require a systematic re-
interpretation of PI3-K signaling based on pharmacologi-
cal inhibitors with defined isoform-selectivities. Toward
this goal, we report here the biochemical and structural
analysis of a panel of potent, chemotypically diverse, and
isoform-selective inhibitors of the PI3-K family. This fam-
ily-wide selectivity analysis provides the first global view
of the interaction between chemically diverse inhibitors
and the PI3-K family, revealing pairs of kinases (pharma-
logs) that display similarities in inhibitor sensitivity not
predicted by sequence analysis. As this inhibitor array in-
cludes representatives from a large number of chemotypes
currently in preclinical development, these compounds
preview the target selectivities, and therefore biological
activities, of eventual clinical candidates.

The crystal structure of PIK-39 provides the first struc-
tural rationale for selective inhibition of a lipid kinase,
based on the identification of an active site residue (Met
804) that undergoes an inhibitor-induced conformational
rearrangement to create a novel selectivity pocket. This in-
sight should guide the design of selective PI3-K inhibitors,
in the same way that structural studies of the gatekeeper
pocket (Schindler et al., 1999) and the inactive conforma-

tion (Schindler et al., 2000) have guided the discovery of
selective protein kinase inhibitors. Alternative mecha-
nisms of inhibitor selectivity are likely to be important for
other PI3-K family members, and the structure of a novel
inhibitor with selectivity for p110g has recently been
reported (Camps et al., 2005). This crystal structure may
assist in the design of p110g inhibitors, although the
features that control the isoform-selectivity of this com-
pound have not been described.
The key role of PI3-K in insulin signaling raises concerns

about the therapeutic use of PI3-K inhibitors, and we
therefore explored the sensitivity of insulin signaling to
pharmacological inhibition of different PI3-Ks. This analy-
sis identified p110a as the critical lipid kinase required for
insulin signaling in two key cell types, adipocytes and my-
otubes. p110b and p110d, by contrast, play a secondary
role in insulin signaling in these cells. p110b and p110d
are being actively pursued as targets for the treatment of
thrombosis and inflammation, respectively, and our re-
sults suggest that insulin resistance is less likely to be
associated with drugs that inhibit these enzymes. p110a
inhibitors are more likely to block insulin signaling, but it
is important to emphasize that we have focused in this

Figure 7. p110b Sets a Threshold for
p110a Activity in Myotubes, but Not Adi-
pocytes
(A) Dose response for inhibition of Akt Thr 308

phosphorylation in response to TGX-115

(black), PIK-75 (blue), or PIK-75 + 10 mM TGX-

115 (red) in adipocytes ormyotubes. Represen-

tative Western blots are shown below. Error

bars represent mean ± SEM.

(B) Effect of the p110b inhibitors TGX-115 and

TGX-286 on Akt phosphorylation induced by

the PTEN inhibitor bpV(pic) (5 mM).

744 Cell 125, 733–747, May 19, 2006 ª2006 Elsevier Inc.

Figure 3.7: Inhibition of p110β cooperates with inhibition of p110α to block pAkt in L6
myotubes.

These results support a model in which p110β /p110δ synthesize a basal pool of PIP3

in myotubes that lowers the amount of p110α activity required for Akt phosphorylation;

the change in this phenotypic threshold is detected as a shift in the dose-response curve for
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the p110α inhibitor PIK-75. Nonetheless, we did not observe a significant decrease in bulk

PIP3 levels in myotubes in response TGX-115 treatment (Fig 3.5). This may reflect the

difficulty in quantifying small changes in PIP3 levels by metabolic labeling or the fact that

only certain pools of PIP3 are functionally coupled to Akt phosphorylation.

We reasoned that one way to provide support for this model would be to use an inhibitor

of PTEN to acutely unmask basal PIP3 synthesis. Treatment with the PTEN inhibitor

bpV(pic) [26] induced rapid Akt phosphorylation in both myotubes and adipocytes, and the

inhibitor sensitivity of this Akt phosphorylation was measured (Fig 3.7B). p110β inhibitors

potently blocked this Akt phosphorylation in myotubes but had no effect in adipocytes (data

not shown). This is consistent with our findings from dose-shift experiments and supports a

model in which p110β generates a basal pool of PIP3 that is coupled to Akt phosphorylation

in myotubes.

3.7 Materials and Methods

Cell Culture

3T3-L1 fibroblasts were differentiated to adipocytes essentially as described [27]. Adi-

pocytes were used between 5 and 25 days post-differentiation and in all cases > 95%

differentiated. L6 myoblasts were differentiated to myotubes by growing cells to confluence

and then culturing in low serum (2% FBS) containing media for 5 days.
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32P-orthophosphate Lipid Profiling

Metabolic labelling was performed essentially as described [28]. Adipocytes or myotubes

were differentiated in 10 cm dishes. Prior to labelling, cells were serum starved overnight in

DMEM + 0.1% BSA. The following morning, the cells were washed once with phosphate-

free DMEM + 0.1% BSA, and then incubated for two hours in 10 mL of the same. After this

incubation, 32P-orthophosphate was added to each dish (1.5 mCi per dish for myotubes, 2

mCi per dish for adipocytes), and the cells were incubated an additional 2 hours. After this 2

hour incubation, inhibitors were added at the indicated concentrations and incubated for 10

minutes. Insulin was then added (final concentration, 100 nM) and the cells were incubated

for an additional 10 minutes. The media was then removed, cells were washed once with

ice-cold PBS (Ca++ and Mg++ free), and then dissolved in 1 mL of MeOH:HCl (10:1). Cells

were scraped off plates, transferred to eppendorf tubes, and CHCl3 (1 mL) was added. Cells

were vortexed, water (1 mL) was added, cells were vortexed again, centrifuged (14,000 rpm

for 1 minute), and the organic layer (bottom) was transferred to a new tube. One mL of

MeOH:HCl (10:1) was added, followed by 0.1 M EDTA (1 mL), the solution was vortexed,

centrifuged (14,000 rpm for 1 minute), and the organic phase was transferred to a new tube.

Lipids were deacylated as follows. The organic phase was concentrated to dryness

(SpeedVac). 0.75 mL of the following solution was then added: 13.4 parts of a 40% MeNH2

solution in water; 8 parts water; 22.9 parts methanol; and 5.7 parts n-butanol by volume.

This solution was incubated for 50 minutes at 53°C in a heat block. This solution was then

concentrated to dryness (SpeedVac) resuspended in water (0.5 mL), sonicated (bath sonicator,

1 minute), and then 0.5 mL of the following solution as added: 20 parts n- butanol, 4 parts

petroleum ether, and 1 part ethyl formate. The solution was vortexed, and the aqueous phase

(bottom) was extracted. For adipocytes, this extraction was repeated twice. The aqueous

phase was then concentrated to dryness (SpeedVac) and redissolved in 10 mM (NH4H2PO4
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(0.5 mL). A fraction of this sample (typically 0.25 mL) was then analyzed by HPLC using a

Partisphere-5 SAX column (25 cm) with the following program at 1 mL/min.: 5 minutes at

10 mM NH4H2PO4, followed by a gradient from 10 mM to 800 mM NH4H2PO4 over one

hour. 32P was measured by automated mixing of efluent with scintillant (Monoflow 4) at a

ratio of 3:1 and scintillation counting by a Packard Radiomatic detector. Retention times of

inositol lipids were assigned using 32P-labelled standards. The following retention times

were observed: PI(3)P, 20.5 min.; PI(4)P, 22.1 min.; PI(3,5)P2, 39.5 min.; PI(3,4)P2, 40.3

min.; PI(4,5)P2, 43.3 min.; PI(3,4,5)P3, 64.7 min.

PI3-K Pathway Western Blotting

Fully differentiated adipocytes or myotubes were serum starved overnight, and pre-incubated

with inhibitor at the indicated concentration for 30 minutes. Cells were then stimulated

with insulin (100 nM) for 5 minutes and lysed in RIPA buffer. These lysates were resolved

by SDS-PAGE, transferred to nitrocellulose, and analyzed by western blotting. Antibody

dilutions were 1/1000 for all primary antibodies except those for rpS6 (1/3000), and 1/1000

for secondary antibodies (Pierce).

Glucose Uptake

Glucose uptake in adipocytes was measured essentially as described [27]. Adipocytes in

12-well plates were serum-starved (3 hr) and then incubated in PBS with compound (30

min), at which point cells were stimulated with insulin (100 nM). 3H-2-deoxyglucose (100

µM,1 µCi/ml) was added 15 min after insulin stimulation and uptake was allowed to proceed

for an additional 15 min. Adipocytes were washed three times with PBS, dissolved in 0.1%

SDS, and the internalized radioactivity was measured by scintillation counting.
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Chapter 4

Spot: Software for the Analysis of Kinase

Assays

Abstract

Kinases are involved in the regulation of every cellular process. Kinases can be inhibited by

small molecules binding their catalytic active sites, and partly for this reason, kinases have

emerged as major drug targets for the treatment of disease and cancer. There are 518 protein

kinases in the human kinome and many more lipid and small molecule kinases. Kinase

inhibitors often inhibit multiple kinases. To discover selective kinase inhibitors, multiple

inhibitors must be tested against multiple kinases. We employ a simple and robust format

for the manual assay of protein and lipid kinases. Here we present a computer program

called Spot that greatly aids in the analysis of these kinase assays.
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4.1 Kinases and Kinase Inhibitors

By transferring a phosphate from ATP onto a protein or other substrate such as a lipid or

metabolite, kinases change the charge and shape of the substrate often drastically altering

the substrate’s cellular function. The cellular activity of many proteins is regulated by

phosphorylation. For some proteins the presence or absence of a phosphate will determine

whether the protein is targeted for degradation. For other proteins, their enzymatic activity is

regulated by phosphorylation. For instance, many protein kinases are themselves regulated

by phosphorylation. Kinases possess a solvent exposed loop near their active sites called the

activation loop. Kinases are often active only when phosphorylated on their activation loop.

Some kinases, such as Glycogen Synthase Kinase, are inhibited by phosphorylation.

Lipids are phosphorylated by a dedicated set of kinases distinct from the protein kinases.

Many bulk membrane lipids have phosphorylated headgroups because the integrity of the

lipid bilayer requires polar headgroups combined with hydrophobic lipid tails. In addition

to their structural role, membranes are also an important platform for the communication

of signals from the outside of the cell to the interior. One way that extracellular signals

are transmitted to the inside of the cell is by triggering the phosphorylation of membrane

lipids to serve as second messengers. The phosphoinositides are an important class of

cellular lipids that often serve as second messengers (Fig 3.1). In particular, PIP3 production

by PI3-K has emerged as a important oncogenic signal driving cancer and for this reason,

inhibitors of PI3-K and PI3-K effectors are being developed to treat cancer (Chapters 1 and

2).

The best way to validate a kinase as a drug target is to generate a specific inhibitor of

the kinase and test it in vitro and in vivo against models of cancer and disease. Knockout

and RNAi strategies to study kinase function often yield phenotypes that are due to the loss

of a scaffolding function of the kinase rather loss of kinase activity. Because kinases are
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related through an evolutionary common ancestor and their active sites are constrained to

all bind ATP, kinase active sites are all quite similar from a pharmacological point of view.

To discover a selective inhibitor of a kinase requires testing many inhibitors against many

kinases, to find those that inhibit one or perhaps a few kinases. Structural variants of the

most promising compounds are then generated, followed by more testing. This procedure is

repeated until an inhibitor with the desired potency and selectivity is generated.

4.2 Potency and Selectivity of Kinase Inhibitors

The potency of a kinase inhibitor for an individual target is usually measured by finding the

concentration of compound required to inhibit 50% of the activity of a kinase in an in vitro

assay; this concentration is the IC50 of a compound for an individual kinase. Kinase assays

are often performed in the presence of 10–100 µM ATP, while the cellular concentration of

ATP is 1–5 mM. Active-site kinase inhibitors are less potent in cells than in vitro because

the inhibitor has to compete with cellular levels of 1–5 mM ATP for binding to the active

site of a kinase. The precise shift in potency depends on the affinity of the kinase for

ATP according to the Cheng-Prusoff relationship [1], but typically the cellular potency of a

kinase inhibitor will be about 50 fold weaker than its in vitro potency [2]. We prefer to use
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kinase inhibitors at < 10 µM because, in general, the specificity of small molecule inhibitors

decreases dramatically when they are used above 10 µM. Active-site kinase inhibitors,

should therefore have an in vitro IC50 of < 10–20 nM. Finding a kinase inhibitor with an in

vitro IC50 of 5 nM and using it at < 10 µM does not guarantee selectivity for a single kinase.

Kinase inhibitor selectivity is evaluated by measuring the IC50 of an inhibitor for multiple

kinases. Ideally every kinase would be tested, but even the most comprehensive commercial

kinase screens only cover about half of the protein kinases.

4.3 Low Throughput Kinase Assays

There are many ways to assay a kinase including detection of the phosphorylated product

by an antibody and measurement of ATP consumption [3] or ADP release [4], but the most

direct and reliable way to assay a kinase is by measuring transfer of radioactive phosphate

from γ-32P-ATP onto the kinase substrate. Because of the wide dynamic range inherent

to the detection of radioactivity, this assay format can effectively assay kinases with vasty

different levels of in vitro kinase activity.

A radioactive kinase assay is prepared by mixing a kinase and its substrate with a suitable

buffer. A low but defined concentration of cold ATP such as 10 µM is then added in addition

to a few nM of γ-32P-ATP which serves as a tracer for the reaction. After the kinase reaction

is complete, the key step is to remove the unused radioactive ATP and measure how much

radioactive phosphate was transfered onto the substrate by the kinase. In the case of protein

kinases, separating the kinase from the substrate can be accomplished by running a gel. The

ATP is highly charged and runs to the bottom of the gel, while the protein is retained. For

lipid kinase assays, the lipid substrate can be separated from the unused ATP by thin layer

chromatography (TLC) on silica. The non-polar lipid tails pull the lipid substrate up the
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plate, while the more polar ATP is retained at the baseline. Both gel and TLC assays are

laborious for more that about 10 samples.

4.4 Kinase Assays by Substrate Capture on Nitrocellulose

The assay format we use avoids running a gel or a TLC plate and relies on the fact that

proteins and lipids stick essentially irreversibly to nitrocellulose, while ATP can be washed

away. A small portion of a kinase assay, typically 1–3 µl, is spotted down onto nitrocellulose.

The unused ATP is then washed away with a high salt buffer containing phosphoric acid.

The substrate remains bound to the nitrocellulose. Radioactivity transfered by the kinase

from γ-32P-ATP to the substrate is then quantified by exposing the nitocellulose sheet to

a phosphorimager plate and reading the plate to create an image. An example image of a

kinase assay is shown in Figure 4.2. Each spot on the image represents an individual assay.

Darker spots reflect higher kinase activity. Kinase activity is measured by integrating the

intensity of the spots in the image. This assay format is applicable to a wide variety of

purified lipid kinases (Fig 4.3). Without any fundamental changes, protein kinases can be

assayed using the same assay format. The IC50 values for PKC, PDK1, and mTOR in Table

2.1 were determined using this membrane capture assay.
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Figure 4.3: Substrate specificity of lipid kinases.
Kinases were incubated in the appropriate reaction buffer with γ-32P-ATP (5 µCi per each
50 µl reaction), nonradioactive ATP (10 µM), BSA (0.5 mg/ml) and each phosphoinositide
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4.5 Image Processing Approaches used by Spot

Because the kinase assay is spotted down manually with a multichannel pipette, the exact

location of the assay spots will vary from one assay to another. If the spots were always

in the same place it would be trivial to measure their intensity. Historically, we manually

placed a region of interest (ROI) over each spot using an image analysis program such as

ImageJ or ImageQuant. The integrated intensity in each ROI was then measured by the

program and returned as a list of values. Placing the ROIs requires 10–15 minutes and is

very tedious, so it is desirable to use a computer program to automatically find the spots

in the kinase assay, integrate their intensities and format the data into a convenient array

for subsequent analysis. Spot performs all these tasks with minimal manual intervention.
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Before we describe how to use of Spot to analyze a kinase assay we will explain the image

analysis techniques it employs.

4.5.1 Finding the Spots

The intensity of the spots varies greatly across the kinase assay, so the spots must be located

in a manner that is independent of their intensity. This requirement excludes a common

image processing technique where the image is thesholded to create a binary version of the

image and then the binary operations are used to erode each spot to a single pixel. Instead,

finding the spots in the kinase assay image relies on the fact that a spot must be brighter than

its neighboring pixels. Unfortunately, some pixels are brighter than their neighbors because

of noise introduced in the process of recording an image and due to random chance in the

process of radioactive decay. To exclude noise and only find the locations where a kinase

assay was spotted down, the image is first smoothed, to create a blurred version of the image.

Smoothing or blurring an image makes each pixel dependent its neighbors, so only robust

groups of bright pixels will survive the blurring. After blurring the image, legitimate spots

from the kinase assay will appear as a smooth hills on a flat background. At the top of each

hill is a pixel whose intensity is brighter than all of its neighbors. To mark the location of

each assay, Spot places an ROI centered on the top of each hill in the smoothed image.

4.5.2 Refining the Spot Locations

Smoothing the image is a great way to find the general location of the spots, but sometimes

the exact ROI locations chosen during the smoothing procedure fail to completely cover the

radioactive spots in the original image. To make sure that all the ROIs are well centered over

their respective kinase assays, Spot refines the ROI positions. To refine the spot positions,
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Spot tests multiple locations for each ROI and chooses the position that maximizes the

intensity captured by the ROI.

4.5.3 Arraying the Spots

Kinase assays are often performed in 96 well plates. Rather than a list of intensities and spot

locations, the intensities should be reported in a grid format having the same dimensions as

the original kinase assay. The assay format need not be a 96 well plate, but the analysis will

be explained assuming a 96 well plate oriented as usual with 8 rows and 12 columns. Spot

must discover the row and column position of each spot. This is achieved by first clustering

the y coordinates into 8 groups where each group represents all the spots in a single row

from the 96 well plate. Clustering works because the y coordinates of the spots within a

single row should be more similar to each other than to any other row. If the assay is not

oriented horizontally, but instead the rows are angled so that their y coordinates overlap,

clustering into rows will fail. Once the spots within each row have been identified, the

column positions are identified by sorting each row of spots by their x coordinates. Spot

then organizes the data into an array format for output.
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4.6 Using Spot to Analyze a Kinase Assay

Figure 4.4: Screenshot depicting the analysis of dose–response data from Figures 4.1 and
4.2 using the MATLAB image analysis script Spot. Automatic location, refinement and
integration of radioactive spots were accomplished by following the five steps indicated on
the left panel of the graphical interface.

1) Starting Spot

At the MATLAB command, prompt type ’spot’ to start the software. Use the dialog box to

choose an image file for analysis. Typhoon Gel files as well as Tiffs are accepted.

The graphical interface is organized by steps to help guide the user. Each step is a set

of software buttons and options grouped together within a box. Use the ’Rotate’ and ’Flip’

button within ’Step 1’ to adjust the image orientation.
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2) Crop the Image

Click on ’Draw Box’ within ’Step 2’ and draw a box on the image that only contains the

spots to be analyzed. Click on ’Crop Image’ to focus on the spots to be analyzed.

3) Find the Spots

Click on ’Find Spots’ within ’Step 3’. If too few spots are found, adjust the rejection slider

to a lower value, and if too many are found, move the slider to a higher value. Left click on

the image to manually identify a spot. Right click on the edge of an already identified spot

to delete it. Left click and hold on a spot identifier to move it.

4) Refine the Spots

Use the ’Spot Size’ slider in ’Step 4’ to adjust the spot size so that the darkest spots are

just contained within the spot indicators. Adjust the intensity level of the image to confirm

that low-intensity pixels are contained within the spot indicators. Click ’Refine Spots’ to

optimize the location of each spot. If the spots move too far, adjust the ’Spot Movement’

slider to a lower value and return to Step 3).

5) Array and Save the Spots

Before saving the spots, click on the button that best indicates the type of data (Regular

Array, Rows of Data or Neither). For data in rows or in a regular array, specify the number

of rows. For data in a regular array, also specify whether to number the data by rows or

columns and whether to transpose the data before writing it to file. Click ’Save Spots’ and

assign a file name in the dialog box. A tab-delimited text file will be written. If the spots are

misnumbered, see below for troubleshooting advice. After saving the file, the data will also

be available on the clipboard.
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Viewing Saved Data

To view previously saved spots, first perform Step 1) and then press ’Load Spots’. At the

file selection dialog, choose a file created previously at Step 5).

Troubleshooting

Sometimes spots will be missnumbered if the rows overlap. In this case, the spots must be

manually chosen. First clear the current spot identifiers by clicking ’Clear Spots’. Manually

add new spot identifiers by left clicking on the image. Add the spot identifiers in the order

they should be numbered. Click ’Refine Spots’ to refine their positions. Before saving,

specify ’Neither’ as the data type. The spots will be numbered in the order in which they

were selected.

4.7 Obtaining Spot

Matlab source code for Spot is freely available under the GPL license from:

http://shokatlab.ucsf.edu/SPOT.htm.
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Chapter 5

The Structure and Properties of a

Re-Engineered Homeodomain

Protein–DNA Interface

Abstract

The homeodomain–DNA interface has been conserved over 500 million years of evolution.

Despite this conservation, we have successfully re-engineered the engrailed homeodomain

to specifically recognize an unnatural nucleotide using a phage display selection. Here we
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report the synthesis of novel nucleosides and the selection of mutant homeodomains that bind

these nucleotides using phage display. The high resolution crystal structure of one mutant in

complex with modified and unmodified DNA demonstrates that, even with the substantial

perturbation to the interface, this selected mutant retains a canonical homeodomain structure.

Dissection of the contributions due to each of the selected mutations reveals that the majority

of the modification-specific binding is accomplished by a single mutation (I47G) but that

the remaining mutations re-tune the stability of the homeodomain. These results afford

a detailed look at a re-engineered protein–DNA interaction and provide insight into the

opportunities for re-engineering highly conserved interfaces.

5.1 Introduction

The re-design of one member of a highly conserved and large protein family has been

useful for the generation of tools to dissect individual protein function in complex biological

systems. Protein kinases, for example, contain highly conserved ATP binding pockets

and can be studied by introducing a large-to-small mutation at a conserved position in the

active site, thereby creating an engineered kinase that uniquely inhibitable using an enlarged

inhibitor that is too bulky to fit into the active site of wild-type kinases [1–3]. Similarly, an

Asp-to-Asn mutation in the active site of a GTPase can switch the nucleotide specificity from

GTP to another nucleotide, XTP, allowing the activity of an engineered GTPase to be tracked

in the presence of other GTPases [4–7]. In these cases, the high sequence conservation

of the engineered protein’s family allowed extension of an engineering solution from one

protein to other members within the family. While these examples illustrate the utility of

engineering protein-small molecule interactions, many proteins exert their regulatory roles

in the cell through protein–protein or protein–DNA interactions. Therefore we wondered

110



whether highly conserved, extended interfaces can be re-engineered to incorporate new

functionality.

Several extended interfaces have been engineered including the interacting surfaces

between human growth hormone with its receptor [8], zinc fingers with diverse DNA

sequences [9–11] and the protein heterodimerization interface of a endonuclease [12].

Perhaps the most dramatic example of an adaptive protein surface is the variable region

of an antibody, which can recognize chemically diverse haptens including those derived

from the synthetic elaboration of biomolecules [13]. Although these examples highlight the

adaptability of protein interfaces, they also demonstrate that protein engineers have focused

on interfaces that have a high degree of natural functional variability and generally the amino

acids at these interfaces are poorly conserved. In contrast, to take advantage of the frequent

occurrence of highly conserved domains and their interacting surfaces, we are interested

in how much adaptability—and corresponding potential for re-engineering—exists within

highly conserved biomolecular interfaces. To address this question, we chose to focus on

the homeodomain–DNA interaction.

The homeodomain (HD) is a DNA-binding domain that has been conserved over 500-

million years of evolution in both structure and function [14]. The 60 amino acid HD

is composed of three alpha helices (Fig 5.1A), the C-terminal of which is referred to as

the recognition helix due to base-specific contacts it makes in the major groove of DNA

with the sequence TAATXX (Fig 5.1A and 5.1B in green) [15–18]. These conserved

contacts include: a hydrophobic interaction of either Ile or Val at position 47 with the

C5-methyl group of thymidine 4, two invariant hydrogen bonds from Asn51 to adenosine

3, and contacts between either a Gln or a Lys at position 50 that specify the last two base

pairs in the recognition sequence (TAATTA or TAATCC, respectively) [19]. While these

residues are nearly invariant in naturally occurring homeodomains, we recently reported

the re-engineering of this interface using a phage display selection with a synthetic DNA
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oligomer bearing an unnatural nucleotide [20]. This selected homeodomain (HDΦ) binds

with specificity for DNA bearing an oxazolidinone appendage projecting into the major

groove of the DNA on an alkynyl linker.

Here we report mutations recovered from phage display selections against DNA strands

bearing other modified nucleotides. We also report extensive characterization of one mutant,

HDΦ, including biochemical dissection of the roles for each mutation in binding studies

and we analyze the stability of these mutants using CD spectroscopy. Finally, we report the

high-resolution crystal structure of HDΦ bound to modified and unmodified DNA. Together,

these results provide insight into the engineering of highly conserved interfaces.

5.2 Design and Synthesis of Derivatized Nucleosides

Our work re-engineering homeodomain–DNA interactions, has focused on the well charac-

terized Q50K mutant of the engrailed homeodomain (HDi). The Q50K variant is naturally

occurring in some HDs (e.g., Bicoid) and alters the binding specificity from the palin-

dromic consensus sequence of the wild-type HD, TAATTA, to the nonpalindromic sequence

TAATCC, therefore simplifying biochemical analysis. To engineer HD–DNA interactions,

we have focused on regions of the HDi–DNA interface [21] where the homeodomain makes

highly conserved contacts to the DNA (Fig 5.1A). The hydrophobic contact between Ile47

and the C5-methyl group of thymidine 4 in the recognition motif (TAATTA) was attractive

because a large-to-small mutation at Ile47 might create sufficient space to accommodate

prosthetic groups appended to the C5 position of T4. Furthermore, the Ile47 contact con-

tributes substantially to DNA binding but, unlike Asn51 (another conserved residue that

contacts the DNA), Ile47 is not completely essential (Kd,I47A/Kd,WT ∼ 20, Kd,N51A/Kd,WT

>1000 [22]).
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Figure 5.1: Sequences and schematic representation of the homeodomain mutants recovered
from phage selections.
A) HDi is shown bound to TAATCC with its recognition helix (α3) shown in green.
B) Helical wheel representation of the HD recognition helix with the three canonical base-
specific contacts (Ile47, Lys50 and Asn51) shown in green, residues that were varied in the
library presented in boxes and mutations that comprise HDΦ indicated in the sequence and
shown in red.
C) Example DNA sequence used in the phage selections with oxazolidinone-modified
nucleoside 1 incorporated into the HDi binding site.
D) The clones recovered from selections for binding to the modified DNA strands, TAA1CC
(1), TAA2CC (2), TAA3CC (3), TAA4CC(4) and TAA5CC (5). In two cases (indicated with
a question mark) the sequencing led to ambiguous results at position 52.
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With this region of the protein-DNA interface in mind, we have designed synthetic

appendages to the DNA that introduce diverse chemical functionality and steric demands

into the interface, yet are unlikely to compromise the basic structure of the B-form DNA or

clash with the backbone of the helix-turn-helix motif, which is fundamental to the HD fold

[20]. The use of allyl or propargyl linkers appended to the C5 of thymidine bases allows

the incorporation of diverse chemical functionality and the impact of these modifications

has be systematically explored elsewhere [23]. In these cases, the extended π-system can

contribute to the base-base stacking within the DNA helix thereby stabilizing the desired

B-form DNA-structure.

Due to the limited space between the major groove of the DNA and the protein backbone

of the recognition helix, we chose to focus on flat, five and six-membered heterocycles

connected to the base through a propargyl linker at C5 of thymidine (1–5). These alkynyl

heterocycles were synthesized as shown in Supplementary Scheme 1. To install these

appendages onto the nucleoside base, Sonogashira conditions were used to couple these

terminal alkynes to 5’-dimethoxytrityl (DMT) protected 2’-deoxy-5-iodouridine (Supple-

mentary Scheme 2) as we have reported previously [20]. Installing the DMT-protecting

group prior to the Sonogashira coupling proved advantageous both because this route al-

lowed the use of a common starting material, and also because this protection scheme

allowed the reaction to be performed in THF. Using THF as solvent accelerated the reaction

dramatically relative to DMF and simplified the work up of the desired nucleosides. These

modified nucleosides were then incorporated into DNA oligomers (Fig 5.1C) using solid

phase DNA synthesis as previously described [20].
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5.3 Phage-Display Selections

Models and biochemical data [20] demonstrate that a steric clash between Ile47 and alkynyl

substituents prevents HDi from binding to the modified DNA. Therefore, we have sought

mutant HDs that bind specifically to the modified DNA strands, presumably including a

large-to-small mutation at Ile47. To select for such mutants, we employed a phage selection

with a HD displayed on the major coat protein (P8) of M13 phage. The phage display system

has been used previously to select for mutants of engrailed HD that bind to unmodified

[24, 25] and oxazolidinone 1 modified DNA [20]. The selections using unmodified DNA

have validated this approach; the amino acids enriched in the selections largely recapitulated

those found in naturally occurring HDs.

To generate the library of mutant HDs, we used a variant of Kunkel mutagenesis to

introduce mutations focused around Ile47 (Fig 5.1B, boxed residues) and, to increase the

proportion of functional HDs, the library was biased towards approximately 4 mutations

per clone using split-and-pool DNA synthesis to construct the degenerate oligonucleotide

used for mutagenesis [20]. With this approach, we were able to obtain high coverage of the

library using only modest numbers of unique transformants (1.8 x 107 Ampr colonies).

Using this library and previously established selection conditions, we enriched for DNA-

binding phage within 3–4 rounds of selection. To identify mutations enriched by these

selections, we sequenced several clones from each enriched pool (Fig 5.1D). The sequenced

clones demonstrated common mutations derived from independent library members and for

TAA1CC a single clone dominated the selection.

As we expected, the sequences largely contained Lys50, consistent with the known

role for this residue specifying the last two base pairs of the DNA binding site used in the

selection (i.e., TAAXCC). While it was encouraging that most of the clones contained a

small residue at position 47, this bias was programmed into the original library (50% Ala;
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50% Gly). Nonetheless, the bias toward Gly47 (see Figure 5.1D) was expected from previous

data demonstrating that I47A has low binding affinity and specificity. From the selected

clones, we found a preponderance of mutations at two other positions: Ile45 and Lys52.

These mutations are on the back side of the recognition helix from Ile47. Closer examination

of the sequences from the selected clones demonstrates that these clones clustered into two

groups: those with consensus mutations (Lys50, Gly47, I45V/T/L and K52M) and clones

that did not have these mutations but are also missing residues identified as particularly

important for homeodomain function (e.g., Trp48 and Asn51) suggesting that this second

population is composed of residual clones that do not bind the desired DNA.

Having identified consensus mutations in selection against various modified DNA strands,

we chose to focus on one mutant in particular, HDΦ (I45V, I47G, Q50K and K52M) because

it completely dominated the pool enriched using oxazolidinone 1 and furthermore it was the

only clone to give a strongly positive result in a phage ELISA [20]. Replacement of Ile45

by Val is not entirely surprising given that Ile and Val are equally likely to occur in natural

homeodomains at position 45 and this substitution is quite conservative. The replacement of

Lys52 with Met however is quite surprising; out of 129 human homeodomains, 103 have

Arg at position 52, 10 have Lys, 7 have Ala, but none have Met [26].

5.4 Biochemical Analysis of a Selected Mutant

When given the choice in a competition EMSA assay, HDΦ binds 5 fold more tightly to

TAA1CC20 than unmodified DNA, while HDi binds specifically to unmodified DNA (Fig

5.21A). The preference of HDΦ for TAA1CC20 was seen previously using HDΦ fused

to maltose binding protein [20]. Untagged HDΦ also prefers binding to TAA1CC20 over

TAA2CC20, another oxazolidinone-bearing strand(Fig 5.21B).
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Figure 5.2: Selectivity of HDi and
HDΦ for modified and unmodified
DNA.
A) A competition Cy3/Cy5 EMSA,
where the ratio of binding each
DNA strand is assayed by compar-
ing the ratio Cy3 to Cy5 fluores-
cence in the shifted band, demon-
strates that untagged HDi binds
specifically to unmodified DNA
(TAATCC20, lane 2) and that HDΦ
binds specifically to TAA1CC20
(lane 3).
B) HDΦ does not prefer an-
other oxazolidinone modification,
TAA2CC20 (lane 3). In the absence
of HD, no shifted band is observed
(lane 1).

Next we investigated the role of the two mutations in the hydrophobic core of the

homeodomain by mutating these residues back to the wild-type sequence, either individually

(HDi I47G, I45V and HDi I47G, K52M) or together (HDi I47G). In electrophoretic mobility

shift assays (EMSAs) using either modified or unmodified DNA strands, we were surprised

to find that HDi I47G functioned with specificity and affinity comparable with HDΦ (Table

5.1 and Fig 5.3). While the conditions presented also suggest the selectivity of HDs lacking

the hydrophobic mutations is somewhat depressed, the importance of this result is mitigated

by modest variability of the selectivities observed under different conditions. Nonetheless,

under all conditions tested, HDΦ is the tightest and most selective HD, demonstrating that

HDΦ binds with the desired specificity for TAA1CC20.
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Figure 5.3: Biochemical dissection of the mutations that comprise HDΦ.
EMSA were performed with TAATCC20 (!, dashed) and TAA1CC20 (red ", red solid) to
determine the relative binding affinities of HDs harboring one (HDi I47G) or two (HDi I47G,
I45V and HDi I47G, K52M) mutations.

Kd (nM)

Mutant TAATCC20 TAA1CC20 TAATGC20 TAATCG20 Tm (◦C) ∆H (kcal/mol)

HDi 2.1 ± 0.3 17.8 ± 3.5 8.8 ± 0.2 6.0 ± 1.0 52.6 ± 0.7 -30 ± 2
HDΦ 5.8 ± 0.6 1.5 ± 0.1 4.5 ± 0.6 18.0 ± 1.5 53.9 ± 0.5 -36 ± 2
HDi I47G 4.2 ± 0.6 2.3 ± 0.3 47.3 ± 0.5 -29 ± 1
HDi I47G, 2.3 ± 0.1 3.1 ± 0.3 59.4 ± 0.4 -36 ± 2

I45V
HDi I47G, 4.6 ± 1.0 2.3 ± 0.3 43.1 ± 0.5 -26 ± 1

K52M

Table 5.1: Binding affinities and thermal stabilities for HD mutants.
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A B

Figure 5.4: HDΦ requires high PEG-400 to crystallize.
A) Crystals grown in low (1%) PEG-400.
B) Crystals grown in high (20%) PEG-400 are isomorphous to those previously grown of
HDi-TAATCC [15].

5.5 Structural Analysis of the Selected Mutant in Com-

plex with DNA

To understand the structural basis for this re-engineered HD–DNA interaction, we solved

x-ray crystal structures HDΦ in complex with both modified and unmodified DNA to 2.2

Å and 1.9 Å respectively (Fig 5.4 and Table 5.2). Analysis of the structures reveals that,

despite the perturbation of the mutations in the HD and the modification to the DNA, HDΦ

still adopts a canonical HD structure as judged by the nearly identical ribbon representations

of Cα-positions for the HDi–TAATCC, HDΦ–TAATCC and HDΦ–TAA1CC structures (Fig

5.5A). The oxazolidinone modification is clearly visible in the electron density (Fig 5.5B)

and projects into the cavity created by the I47G mutation (Fig 5.5E). The average B factor of

the oxazolidinone modification (34 Å2) is similar to the base to which it is connected (33 Å2)

and is also similar to the average B factor of sidechains Lys50 (35 Å2) and Asn51 (37 Å2),

suggesting that the oxazolidinone is well ordered within the context of the re-engineered

interface. In the complex of HDΦ with unmodified DNA, the cavity created by the I47G

mutation (compare Figure 5.5C and 5.5D) is occupied by three ordered water molecules (Fig
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Data Collection
DNA TAA1CC TAATCC
PDB code 2HOT 2HOS
Space group C2 C2
Unit cell parameters

a (Å) 127.86 127.10
b (Å) 45.05 45.03
c (Å) 73.57 73.08
β (◦) 118.65 118.41

Wavelength (Å) 1.11588 1.11588
Resolution (Å) 2.19 (2.27-2.19) 1.90 (1.97-1.90)
Number of Observations

Total 54,224 101,609
Unique 19,157 29,027

Completeness (%) 95.3 (76.7) 92.4 (62.6)
Mosaicity (◦) 0.68 0.61
Rsym

a 0.040 (0.310) 0.033 (0.399)
〈I/σ〉 13.8 (2.6) 15.3 (2.1)

Refinement
Resolution range (Å) 65-2.19 (2.25-2.19) 35-1.90 (1.95-1.90)
Number of observations used 15,928 23,285
R valueb 0.22 0.22
Rfree

c 0.26 (0.40) 0.26 (0.42)
Free R fraction (%) 6.9 6.8
Number of atoms

Protein 938 976
DNA 863 855
Solvent 92 159

Average B-factors
Protein (Å2) 39 42
DNA (Å2) 39 42
Solvent (Å2) 40 48

RMS differences in B-factor
Between bonded main chain atoms (Å2) 0.6 0.7
Between bonded side chain atoms (Å2) 1.5 1.7

RMS deviations from idealityd

Bond lengths (Å) 0.010 0.010
Bond angles (◦) 1.7 1.7

Residues in core φ -ψ regions (%) 99 100
Residues in disallowed regions (%) 0 0

Values in parentheses are for the highest resolution shell. aRsym = ∑h ∑i |Ii(h)−〈I(h)〉|/∑h ∑i Ii(h),
where Ii(h) is the ith measurement and 〈I(h)〉 is the mean intensity of symmetry-equivalent obser-
vations. bR = ∑ |Fobs −Fcalc|/∑Fobs, where Fobs and Fcalc are the observed and calculated structure
factors. cRfree is the R value obtained from a set of diffraction data not used for refinement. dRoot
mean squared deviations are with respect to the Engh and Huber parameters.

Table 5.2: Crystallographic data and refinement.
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5.5D). In both structures of HDΦ, with the exception of the waters immediately surrounding

the modification and cavity, the waters at the protein DNA interface are similar to those

found in the unengineered HDi–TAATCC interface.

C D E

A B

Figure 5.5: The structure of HDΦ bound to TAATCC and TAA1CC.
A) Ribbon overlay of HD–DNA complexes (HDi–TAATCC [15] in blue, HDΦ–TAA1CC in
red and HDΦ–TAATCC in yellow).
B) Electron density in the vicinity of the alkynyl nucleoside. 2F◦ −Fc electron density from
a simulated-annealing composite omit map is contoured at 1σ .
C) HDi–TAATCC. The hydrophobic contact between Ile47 and the C5-methyl of thymidine
in the recognition sequence TAATCC is indicated by green dashes.
D) HDΦ–TAATCC. Three waters shown in red occupy the cavity created by the I47G
mutation in HDΦ. For clarity, only these three waters are displayed.
E) HDΦ–TAA1CC. The oxazolidinone substituent packs against the cavity created by I47G
and displaces the three waters seen in D).

In the structure of HDi bound to TAATCC, residue Lys50 contacts the last two bases

through two alternate conformations allowing it to bind specifically to both base pairs

[15]. However, in the electron density for HDΦ bound to either TAA1CC (Fig 5.6) or
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Figure 5.6: Conformation of Lys50.
The 2F◦−Fc electron density from HDΦ–TAATCC contoured at 2σ in the vicinity of Lys50.
Lys50 makes a hydrogen bond (green dashes) to guanosine opposite C5 in the recognition
sequence TAATCC. In the structure of HDi–TAATCC [15] Lys50 adopts an alternate
conformation (gray) that makes hydrogen bonds (gray dashes) to guanosine opposite C6 in
the recognition sequence TAATCC. Consistent with the electron density, Lys50 in HDΦ–
TAATCC (shown here) and HDΦ–TAA1CC (not shown) has been modeled in a single
conformation (shown here in orange).

TAATCC, K50 only occupies one of these conformations, with no apparent structural basis

for specifying the final base TAATCC. To test if HDΦ has decreased specificity for the

last C-G base pair (TAATCC) compared to the previous C-G base-pair (TAATCC), HDΦ

and HDi binding to TAATCG and TAATGC were assayed by EMSA (Fig 5.7). We found

that HDΦ retains specificity for the final basepair despite the single orientation of Lys50

observed in the crystal structure. Furthermore, we found that HDΦ binding to its preferred

DNA target is competed at approximately the same concentration of salmon sperm DNA as

was found for HDi (Fig 5.7C).

We next turned our attention to the two hydrophobic mutations, I45V and K52M found
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Figure 5.7: The specificity
of HDi and HDΦ for the final
two basepairs of TAATCC.
A) The affinity of HDi (")
and HDΦ (!) for TAATCG.
B) The affinity of HDs for
TAATGC.
C) Binding of HDΦ to
TAA1CC (!) and HDi to
TAATCC (#) in the presence
of competing salmon sperm
DNA. The associated gels
are shown below each curve.

in HDΦ. Examining the region of HDΦ around Val45 revealed only minor changes relative

to HDi such electron density best explained by Ser35 adopting a second conformation. It

is possible that this second conformation requires the slightly reduced steric volume of the

I45V mutation, but the importance of this second conformation is unclear. Examination of

the environment surrounding the K52M mutation reveals that this mutation could relieve

electrostatic repulsion caused by three lysine residues (K17, K52 and K55) in close proximity

to one another. Engrailed is a member of a small subset of homeodomains that have basic

amino acids at both position 17 and position 52. Most homeodomains possess a salt bridge

between Glu17 and Arg52 in the homeodomain consensus sequence [27]. The high density

of positive charge caused by the presence of K17, K52 and K55 is destabilizing and can

be relieved by K52A and K52E mutations, which stabilize engrailed HD as previously

demonstrated [28]. This result suggests that K52M may impact protein stability and led us

to wonder more generally about the effects of the HDΦ mutations on HD stability.
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5.6 Analysis of the Stability of the Selected Mutant

To examine the stability of the HDs used in this study, we monitored their thermal denatu-

ration by CD spectroscopy (Fig 5.8). Starting with HDi, introducing the I47G mutation is

destabilizing to the protein (∆Tm –5.3 ◦C). In general, the replacement of an amino acid with

glycine is destabilizing because the unfolded state of the protein is entropically stabilized by

extra conformations available to glycine [29] especially in an alpha helix [30]. As predicted

from the relief of repulsive charge-charge interactions, the K52M mutation is stabilizing,

not only recovering the stability lost by I47G, but further stabilizing HDΦ V45I to a net

6.8 ◦C above HDi. The dramatic stabilizing effect of the K52M mutation is consistent with

the notion that selection favored HDs with stabilizing mutations, but more surprising, the

other mutation, I45V, destabilizes the HD by 4–6 ◦C, depending on the sequence context,
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Figure 5.8: Analysis of the effect of
HDΦ mutations on HD stability.
A) CD spectroscopy was used to mon-
itor the thermal denaturation of HDs.
The derivative of the CD curve was used
to determine the melting temperature
(inset) [31]. The colors and symbols for
each mutant are shown in B) along with
the effects of mutations on the thermal
stability of the mutant HDs.

124



bringing the net thermal stability of HDΦ close to that of HDi (Fig 5.8B and Table 5.1). The

phage selected mutations re-tuned the stability of the HD, leading to similar stabilities of

HDΦ with HDi.

5.7 Conclusions

Despite the high conservation of HD–DNA contacts, particularly Gln/Lys50, Asn51 and

Ile/Val47, using phage display and nucleoside chemistry we were able to re-engineer the

HD–DNA interface, completely disrupting one of the conserved contacts (Ile47–T4) and

replacing it with an elaborated nucleoside that packs against the cavity created by an I47G

mutation. Although these modification represent a dramatic perturbation, the high resolution

structure of this interface reveals that the selected mutant functions without affecting the HD

fold. Furthermore we found that the selected mutations tuned the stability of the selected

HD to be similar to the starting HD. Analysis of the HDΦ–TAA1CC interaction reported

here demonstrates that even highly conserved interfaces, such as the homeodomain–DNA

interface, contain sufficient adaptability to allow the installation of novel function—in

this case specific binding to modified DNA. This latent adaptability is of importance to

protein engineers who wish to make tractable the enormity of the proteome by exploiting its

conserved motifs and domains, including the homeodomain.

5.8 Materials and Methods

Synthesis

The synthesis of alkynes 1 and 3, and their corresponding nucleosides have been reported

previously [20].

125



Phage Library Construction and Selection

The phage library used for these selections and the conditions for the selections have been

published elsewhere [20].

Expression and Purification of Mutant HDs

Mutations were introduced using QuikChange mutagenesis. Expression and purification of

the HDs were carried out using maltose binding fusions and subsequent Factor Xa cleavage

according to the manufacturers instructions (NEB) with the following exceptions. After

loading, the MBP column was rinsed with 10 column volumes of a high salt buffer (1M NaCl,

20 mM HEPES pH 7.6, 1 mM EDTA, 0.001% (w/v) NaN3) to remove DNA contaminants.

The bound material was eluted into ammonium acetate (50 mM) with maltose (10 mM) and

the eluent was lyophilized. The resulting white powder was resuspended to 3.3 mM in 100

mM ammonium acetate and treated with Factor Xa (0.05 mg/mL) for 1 h at room temp..

Overcleavage of the N-terminal sequence GSDEKRPR was evident upon extended treatment,

so the reaction conditions were carefully optimized and the desired protein purified using gel

filtration over a superdex 75 prep grade column in 100 mM ammonium acetate. The HDs

were further purified by reverse phase HPLC as necessary. Concentrations of the purified

HDs were determined using the calculated extinction coefficient at 280 nM (6970 M−1cm−1).

The purity of the proteins was analyzed by denaturing PAGE (10–20% polyacrylamide,

SDS/Tris-Glycine, Biorad) and the identity was established by MALDI-TOF on a Voyager-

DE STR.
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Conventional Electrophoretic Mobility Shift Assays

Binding of the protein to DNA was determined essentially as described [20, 24] except using

HDs cleaved from the maltose binding protein tag (see above), and the following conditions.

DNA probes (0.5 nM) were combined with increasing concentrations of protein in assay

buffer (100 mM KCl, 20 mM HEPES pH 7.6, 2 mM MgCl2, 1 mM EDTA, 5% glycerol,

0.02% NP-40, 0.1 µg/mL BSA). The binding reactions were incubated for at least 30 min.

at room temp. and were then run on 15% 0.5 X TBE polyacrylamide gels (pre-run for at

least 30 min. at 200 V) for aprox. 35 min. at 200 V. The fluorescence was recorded on

a Typhoon scanner, integrating the bound and free bands to determine the fraction bound.

Apparent equilibrium dissociation constants were determined by fitting the fraction bound

as a function of the Log [HD] to the sigmoidal dose-response model using GraphPad Prism

[32].

Cy3/Cy5 Competition EMSA Analysis of HDs

Competition EMSA experiments were performed essentially as described [20], except using

the untagged homeodomain and a modified assay buffer (100 mM KCl, 20 mM HEPES pH

7.6, 2 mM MgCl2, 1 mM EDTA, 5% glycerol, 0.02% NP-40, 0.1 µg/mL BSA). Briefly, the

HD (40 nM) was incubated with two competing probes (200 nM ea.), one Cy3-labeled, the

other Cy5-labeled. Similar binding reactions were performed without competition to serve

as Cy3 and Cy5 standards to facilitate quantification of the ratio bound (each channel was

normalized to its respective standard).
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Circular Dichroism

Ellipticity at 222 nm (Θ222) was followed as a function of temperature essentially as de-

scribed [19, 22]. Pure lyophilized homeodomain was resuspended to 20 µM in a buffer

containing 20 mM potassium phosphate (pH 7.4) and 100 mM potassium chloride. Θ222 of

each sample in a 0.2 cm quartz cuvette was monitored at 1 ◦C intervals from 15 to 85 ◦C

with one minute of equilibration at each temperature. A Jasco J-710 spectropolarimeter

equipped with peltier temperature control acquired samples with a 10 second update interval,

a 16 second response time and a 2 nm spectral bandwidth. After being heated to 85 ◦C the

sample was returned to 15 ◦C and Θ222 was re-measured to confirm that the denaturation

was reversible. Initial and final measurements of Θ222 at 15 ◦C differed by less than 10%.

Melting temperature and enthalpy of denaturation were determined by fitting the derivative

of the denaturation curves to the van’t Hoff difference equation [31]. Fitting the difference

data obviates the need to fit baselines to the data thus reducing the number of free parameters

available to the fit. Thermal denaturation curves were numerically differentiated, smoothed

over a 3 ◦C window and fit to the van’t Hoff difference equation using Levenberg-Marquardt

least squares minimization (Fig 5.8A inset) using scripts written in Matlab [33].

Crystallization and Cryo-Protection

Crystals grew in hanging drop essentially as described [21] except that a higher concentration

of PEG-400 was used in the well solution. DNA strands were resuspended to 1 mM in 3 M

ammonium acetate and annealed by repeated cycles of heating and cooling in a thermal

cycler. HDΦ was also resuspended to 1 mM in 10 mM bis-tris propane (pH 7.0). HDΦ–DNA

complex was formed by mixing 2 parts DNA duplex with 1 part HDΦ. Hanging drops were

formed by combining 1 µl HDΦ–DNA with 1 µl of a well solution containing PEG-400

and a lower (100–250 mM) concentration of ammonium acetate. Initially we prepared
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hanging drops using a well solution containing 250 mM ammonium acetate and 1% (v/v)

PEG-400. These drops yielded crystals shaped like partial footballs that diffracted poorly

and had unit cell parameters of a = 68 Å, b = 68 Å, c = 211 Å, α = 90◦, β = 89◦ and

γ = 60◦ when indexed in P1 (Supplementary Figure 3, panel a). Raising the concentration of

PEG-400 yielded a different crystal form (Supplementary Figure 3, panel b) that diffracted

better and indexed in C2 with unit cell parameters a = 127 Å, b = 45 Å, c = 73 Å and

β = 118◦ (isomorphous to published crystals of HDi–TAATCC [15]). 20% (v/v) PEG-400

and 100 mM ammonium acetate is an optimal well solution for growing this crystal form.

Crystals were cryo-protected by the slow (over several minutes) addition of glycerol to a final

concentration of approximately 25%. When cryo-protecting the crystal used for the structure

of HDΦ bound to TAATCC (PDB code 2HOS), 10% (v/v) 3-methyl-2-oxazolidinone was

included in the cryo-protectant. Density at the crystal packing interface near Tyr25 of chain

B has been modeled as 3-methyl-2-oxazolidinone.

Data Collection and Refinement

Data were collected at the ALS beamline 8.3.1. Data were indexed, scaled and integrated

with HKL2000 [34]. The starting model for HDΦ bound to TAATCC (PDB code 2HOS)

was derived from the structure of HDi bound to the same DNA sequence (PDB code 2HDD,

[15]) by removing all waters, replacing all mutated residues (45, 47 and 52) with glycine and

setting the backbone occupancy of these residues to zero. Rigid body refinement followed

by all atom refinement was performed using CNS [35]. At this stage, density consistent

with the mutated residues was clear and these residues were modeled into the structure.

Further refinement with TLS parameters was performed using Refmac [36] and waters were

added using Coot [37]. In the 2HOS structure, five residues were each modeled in two

conformations (Chain A: R18, N21, N23, S35 and Chain B: N21). Alternate conformations

were only modeled when suggested by strong difference (F◦ −Fc) density and supported
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by an omit map. 2HOS with no waters and a single conformation for all residues was

used as the initial model for HDΦ bound to TAA1CC (PDB code 2HOT). After initial

refinement with Refmac, the alkynyl oxazolidinone modification at T14 was clear. Modeling

of the oxazolidinone modification into the structure was followed by additional cycles of

refinement and addition of waters. No residues were modeled with alternate conformations

in the 2HOT structure. Structure graphics were generated using Pymol [38]. CNS was used

to generate a simulated-annealing composite omit map from the 2HOT coordinates (Figure

2, panel b).

Accession Codes

Structure factors and final coordinates have been deposited in the RCSB PDB with ID codes

2HOT and 2HOS for HDΦ bound to TAA1CC and TAATCC respectively.
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Morpholino-Pyridine Inhibitors of the PI3-K Family
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