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Abstract

Juxtamembrane Autophosphorylation in the Insulin Receptor Kinase

By Aaron Darius Cann 

Thesis Advisor: Dr. R. A. Kohanski

The insulin receptor is a a :p: receptor tyrosine kinase which is activated by 

autophosphorylation of its kinase-bearing P subunits in response to insulin. The 

molecular mechanism of P subunit autophosphorylation has long been a matter of 

dispute, with some groups reporting intramolecular {cis) and others intermolecular (trans) 

autophosphorylation. We used site directed mutagenesis of the complete cytoplasmic 

kinase domain (CKD) in conjunction with the standard criteria o f enzyme concentration 

dependence to study the molecular mechanism of autophosphorylation. The apparent 

mechanism of autophosphorylation was dependent on the particular residues involved in 

the reaction. Thus, tyrosines in the juxtamembrane region of the receptor (Y%5 and Y972) 

autophosphorylate in cis. but tyrosine residues in the activation loop (YII5S. Y1162. and 

Y 1162) and carboxyl terminus (Yl328and Y1334) autophosphorylate in trans. Under 

conditions where activation loop autophosphorylation did not occur (but in the presence 

o f an intact activation loop), cis autophosphorylation of the juxtamembrane tyrosines was 

observed to correlate with activation of the CKD. This was measured with a new HPLC- 

based in vitro peptide phosphorylation assay using a peptide derived from insulin 

receptor substrate-1. Moreover, a mutant enzyme with both Y965 and Y972 mutated to F
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(but not a mutant with the carboxyl terminus tyrosines mutated to F) showed very little 

peptide phosphorylation activity. Thus, we have observed a novel cis activation process 

in the insulin receptor. This process appears to explain previous conflicts in the insulin 

receptor literature.

The crystal structure of a truncated CKD lacking the juxtamembrane region (S. R. 

Hubbard et al., Nature 372 746; 1994) has been solved, and identifies residues in the 

unphosphorylated activation loop that stabilize it for cis inhibition. We found that 

disruption o f these residues caused an increased rate of juxtamembrane cis 

autophosphorylation, primarily due to a 30-fold drop in £ MnATP or £ MbATP. This implies 

that the wild-type unphosphorylated activation loop slows cis autophosphorylation by 

blocking the interaction with ATP. The converse observation has also been found: the 

truncated CKD. without the juxtamembrane region, autophosphorylates at the activation 

loop much more readily than the full-length enzyme (L. Wei el al., J. Biol. Chem. 270 

8122; 1995). Taken together, these observations suggest a new model o f the basal state 

of the insulin receptor's kinase. In this model, the unphosphorylated state of the insulin 

receptor's kinase is inhibited by reciprocal cis inhibition by the unphosphorylated 

juxtamembrane and activation loop regions. Either region can occupy the peptide 

binding site, but only the activation loop blocks ATP binding. This dual mode of 

autoinhibition may be required for prevention of trans activation in the constitutively 

tetrameric insulin receptor holomer. If cis autoinhibition is relieved by insulin, which 

remains to be established, then a much smaller conformational change than previously 

thought may suffice to transmit insulin’s activating signal across the cell membrane.
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R P-H PL C R e v e r s e - p n a s e  HPLC
SD S-PAG E S o d i u m  d o d e c y l  s u i f a t e - p o l y a c r y l a m i d e  g e l  

e l e c t r o p h o r e s i s
S H -2 s r c  h c m o l o g y - 2  d o m a i n
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xvi

TE T r i s - E D T A  b u f f e r
TFA T r i f l o u r o a c e t i c  a c i d
TLC T h i n  l a y e r  c h r o m a t o g r a p h y
T N F - a  T u m o r  n e c r o s i s  f a c t o r - a

Nomenclature for mutant versions o f the CKD (ALY2F, JMY2F, etc.) are 

described in Table 2-2. Amino acids are designated using the single-letter or three-letter 

amino acid code listed on the following page. Numbering is according to the complete 

cDNA o f the insulin receptor precursor, which includes both a  and (3 subunits.

Differential splicing of exon 11, which encodes 12 amino acids in the a  subunits, has lead 

to two numbering schemes for the receptor which differ by twelve amino acids (residues 

718-729). In this work, we use the numbering scheme of Ebina et al.{ 1), based on the IR 

isoform including this exon.
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Amino Acid Designations.

S i n g l e  L e t t e r  
C o d e

T h r e e  L e t t e r  
C o d e

F u l l  Name

A A l a A l a n i n e
c C y s C y s t e i n e
D A s p A s p a r t i c  a c i d
E G l u G l u t a m i c  a c i d
F P h e P h e n y l a l a n i n e
G G l y G l y c i n e
H H i s H i s t i d i n e
I l i e I s o l e u c i n e
K L y s L y s i n e
L L e u L e u c i n e
M M e t M e t h i o n i n e
N A s n A s p a r a g i n e
D P r o P r o l i n e

Q G i n G l u t a m i n e
R A r g A r g i n i n e
S S e r S e r i n e
T T h r T h r e o n i n e
V V a l V a l i n e
W T r p T r y p t o p h a n

pY and pT are used to denote the modified amino acids O-phosphotyrosine and O- 

phosphothreonine.
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1. Introduction

Since its isolation in 1923 by Banting et al. (2), insulin has been found to be a key 

peptide hormone involved in the normal homeostasis of carbohydrate metabolism.

Binding of insulin to its receptor, first purified by P. Cuatrecasas (3). leads to a wide 

range of short-term metabolic effects necessary for normal homeostasis, as well as 

longer-term growth promoting effects necessary for normal development. Defects in 

insulin signaling (which can occur at several levels) lead to human disease, most notably 

diabetes mellitus. On a molecular level, insulin's actions are mediated via the insulin 

receptor (IR). This receptor transmits its signal across the cell membrane via its insulin- 

dependent protein kinase activity. The IR is an important member of this class of 

enzyme, which is involved in almost every aspect of cellular signaling. The insulin 

receptor lies at the crossroads o f human health and the scientifically intriguing problem of 

protein kinase regulation. It is no surprise, then, that the activation of this receptor by 

insulin has been an active area of research since its purification in 1972. But for every 

process of activation, there must be a corresponding regulation of the basal state of the 

receptor. Put another way: the question of why the IR’s kinase is inactive in the absence 

of insulin is critical to an understanding of the barriers that must be overcome to achieve 

activation. In this dissertation, we will examine a novel component of insulin receptor 

kinase regulation and its implications for the basal state of the IR.
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The Insulin Receptor Contains a Regulated Protein Tyrosine Kinase

The ATP: protein tyrosine phosphotransferase activity of the first known protein 

tyrosine kinase. pp60v'5rc. was originally identified using TLC to demonstrate 

phosphorylation of tvrosyl residues (4.5). Not long thereafter, it was realized that the IR 

became tyrosine phosphorylated in response to insulin (6-9). Indeed, the receptor itself 

was the responsible kinase, as demonstrated by photoaffinity labeling the P subunit of the 

IR with [a-32P] 8-azidoATP (10.11). labeling with oxidized [a-32P]ATP (12). or co- 

purification (13). The kinase was shown to be activated by autophosphorylation (14). 

Thus, the first known substrate for the insulin receptor kinase was the insulin receptor 

itself. As determined by [l25I] insulin cross linking studies (15) or biosynthetic labeling 

with [’H] sugars (16). the physiological IR contains two disulfide- linked 135 kDa a  

subunits and two 95 kDa P subunits as shown in Figure 1-1. When the cDNA for the 

receptor was cloned and sequenced (1.17). the receptor was indeed found to contain a 

protein kinase domain. This domain is common to almost every known protein Ser, Thr, 

or Tyr kinase (18-20). The catalytic core of the insulin receptor was the first protein 

tyrosine kinase to be crystallized, revealing the same bilobal three-dimensional structure 

conserved in other protein kinase structures (21).

This receptor kinase activity appears to be essential for all the metabolic effects of 

insulin. Patients with normal insulin binding activity can still have disorders of the 

insulin axis (22), but kinase mutations lead to insulin resistance (23-28). Similarly, 

transfection of cells with kinase-inactive IR (29,30) or various kinase-impaired mutants 

(31) confers corresponding insulin sensitivity of glucose transport or other insulin
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dependent effects. Although kinase activity is necessary for insulin signal transduction, it 

is not sufficient: mutations in the juxtamembrane region of the receptor can block 

phosphorylation of a major substrate, insulin receptor substrate (IRS)-1. and signal 

transduction despite grossly normal autophosphorylation (32).

The substrate preference of the insulin receptor kinase provides much of the 

specificity of insulin signaling. The substrate specificity o f the IR was originally 

characterized as similar to other tyrosine kinases known at the time, namely the epidermal 

growth factor receptor (EGFR) and Src (33,34). However, the substrate specificity of the 

IR. and other tyrosine kinases, has since been found both unique and essential to their 

signal transduction (35.36). Using degenerate peptide libraries, one group (37) found an 

optimal peptide sequence of EEEYMMM for the IR. This and previous studies are 

consistent with the numerous YMXM motifs phosphorylated in IRS-1 (38), discussed 

below. A practical demonstration o f the importance of the kinase domain's specificity 

was made when the extracellular portion of the IR was fused to the intracellular tyrosine 

kinase domain of the UR2 virus transforming protein p68Bae'ros. The resulting chimera 

showed insulin-dependent autophosphorylation and phosphorylation o f synthetic 

substrates but did not signal increased glucose uptake or DNA synthesis (39). As 

discussed below, IRS-1, a similar protein termed IRS-2, and She appear to be the major 

direct physiological substrates of the IR.

Structure and Biosynthesis of the Insulin Receptor

The gene for the IR, consisting of 22 exons on the short arm o f chromosome 19 

(1.40). encodes a single 1355 amino acid polypeptide with a membrane insertion
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sequence preceding the N-terminus: this signal peptide is cleaved during translocation. 

The insulin receptor is translated as a 160kDa protein in the endoplasmic reticulum, 

which is either cotranslationally or very rapidly glycosylated to an apparent 190kDa form 

(41.42). After further glycosylation. the protein (the IR precursor) is cleaved at a basic 

cleavage signal at residue 732 to generate mature a  and P subunits. The receptor is also 

acylated (43.44) at least on the intracellular p subunit. The final IR has an a 2p2 structure; 

this is the only physiological form of the mature insulin receptor (45,46). The a  subunits 

are linked by two disulfide bonds, between C524 and C682 (47-50). a  subunits are linked to 

P subunits by disulfides as well; this involves C647 in the a  subunit (51) and an unknown 

Cys in the P subunit. Interestingly, C647S mutants do not autophosphorylate in either the 

presence or absence of insulin (51). The structure o f the IR holomer is shown 

schematically in Figure 1-1. As will be discussed further below, this tetrameric structure 

of the IR places unique demands on the regulation of the insulin receptor and its close 

relatives.

Despite its central location, the transmembrane region of the receptor plays an 

unclear role in signal transduction. Introduction of an oncogenic point mutation 

identified in ErbB-2 into this region (V938A) showed no effect in the IR (52-54), nor did a 

series of nested deletions in the transmembrane domain (53). Replacement with PDGFR 

transmembrane domain or normal ErbB-2 transmembrane domain also had no apparent 

effect (54). However, replacement of the entire transmembrane sequence with the 

oncogenic form from ErbB-2 yielded a constitutively activated receptor with persistent 

stimulation o f growth (52), and inversion of the transmembrane domain blocks insulin
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signal transduction (55). Other mutations designed to increase the a-helix content of this 

region were shown to increase internalization of the receptor via accelerated lateral 

transport, but again without alteration of insulin binding or insulin-dependent 

autophosphorylation.(56). It therefore seems unlikely that specific amino acid side chains 

in the transmembrane region play distinct roles in signal transduction. Conformational 

changes involving rotation or translation around this putative a  helix are perhaps more 

likely means of signal transduction.

Autophosphorvlation at Multiple Tvrosines Regulates the Kinase and its Interactions

It was eventually recognized that the autophosphorylation of the receptor played a 

key role in the insulin-dependent activation of the receptor in vitro (14,57) and in vivo 

(58) and that autophosphorylation occurred at multiple sites in the p subunit of the 

receptor (9.59). Phosphopeptide mapping studies traced the insulin-stimulated 

autophosphorvlation to tyrosine residues of the P subunit, including Y1158. Y1162. and Y1163 

in the activation loop (AL) of the kinase domain, and Y1134 and YIj28 in the carboxyl 

terminus (CT) tail (60-65). Later mapping studies also identified Y965 and Y972. in the 

juxtamembrane region as autophosphorylation sites (66.67) although a role for Y972 in 

insulin signal transduction had already been demonstrated by mutagenesis (32). These 

autophosphorylation sites were difficult to identify because o f the hydrophobicity of that 

portion o f the kinase and their small contribution to net insulin-stimulated 

autophosphorylation.

The AL sites Y1158, Y1162, and Y1163. are regarded as the primary 

autophosphorylation sites responsible for activation. Phosphorylation of these sites
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correlates with receptor activation (62.65.68) and mutation of these sites prevents 

activation and signal transduction (69-73) and receptor internalization (70.74).

Moreover, multiple mutants in these sites show a decreasing activity that correlates with 

decreasing insulin signal transduction (31). The structural basis for activation by 

autophosphorylation in the AL has been clarified by crystallography studies on several 

protein kinases, including the IR. and will be discussed below.

Juxtamembrane tyrosine autophosphorylation, at Y965 and Y972 (66.67). is a smaller 

fraction o f insulin-stimulated autophosphorylation (although this depends on ATP 

concentration, with lower ATP concentrations favoring juxtamembrane 

autophosphorylation over other sites (75)). Nevertheless, these sites are very important 

for receptors whose signaling involves phosphorylation of IRS -1 or IRS-2. Y972. when 

phosphorylated. docks with a protein tyrosine binding domain (PTB) of IRS-1 (76,77). 

IRS-2 (78) or She (79.80). Disruption o f this residue blocks insulin signal transduction 

and IRS-1 phosphorylation in vivo (32,81-84). The homologous residue in the insulin­

like growth factor I receptor (IGF-IR) is also involved in docking IRS-1 and She (85). 

Blockade o f the She PTB domain results in the specific loss of She phosphorylation by 

the IR (86). The receptor for IL-4 also docks IRS-1 through a very similar sequence 

TPLVIAGNPAY497RSFSNSL, which is also blocked by mutation o f Y497 to F (87). 

Unexpectedly, disruption of the PTB-pY972 interaction in vitro has very little effect on 

IRS-1 phosphorylation in vitro (88).

Internalization of the receptor is a molecular process requiring both 

phosphorylation of the activation loop and elements in the juxtamembrane region of the 

receptor (89). Roles for the autophosphorylation sites Y965 and Y972 in internalization
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have been proposed. Peptides from these regions exist as P-tum signals in solution (90) 

and in complex with IRS-1 (76). and large deletions including these regions can have an 

effect on internalization (91.92). However, conflicting observations have been made 

regarding the effect of point mutations of these sites or their surroundings on 

internalization (83.90). Mutation of the dileucine motif L992L. to AA. does reduce insulin 

internalization 5-fold (93). and since the conformation of this motif could be affected by 

the 12-amino acid mutation 966-977 that originally implicated the juxtamembrane region 

in internalization, involvement of these residues could constitute the entire contribution 

o f the JM region to internalization.

The role of the carboxyl terminus autophosphorylation sites is less well defined, 

but they do not appear to play a role in kinase activation or receptor internalization. 

Phosphorylation of this region has been shown to have a poor correlation with enzyme 

activation (62.94). Deletion o f this region (82,95) or point mutations of the 

autophosphorylation sites (70) was found to have minimal effects in some studies.

Others found the same deletion to block insulin-dependent glucose transport (96) albeit 

without affecting kinase activity or receptor internalization (97). Antibodies against this 

region (98) or mutation of these sites (99) inhibit the growth and mitogenic effects of the 

IR without affecting metabolic or transport effects. Replacement of this region with the 

homologous sequence from IGF-I blocked insulin-dependent mitogenic effects (100). In 

contrast to virtually every other mapping study of the IR (done using partially purified IR 

or IR from cell culture), one group found no evidence of phosphorylation of these sites in 

IR from intact rat liver (101), leading the authors to propose that phosphorylation of these
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sites is an artifact of heterologous IR expression. The role of the CT region remains only 

partially defined, but what role it does play appears likely to be limited to docking of 

downstream effectors, as compared to modulating activity of the receptor. The three 

clusters o f autophosphorylation sites in the IR thus play different roles in insulin signal 

transduction.

Although the IR is normally considered an exclusive tyrosine kinase, it has been 

reported that the IR possess some intrinsic ability to autophosphorylate on serine residues 

(102-104). In particular. S1287 and Slj2‘ have been identified as autophosphorylation sites 

of both the purified receptor and its cloned cytoplasmic kinase domain (105). Other 

studies have reported the absence of autophosphorylation (13,106-109) or substrate 

phosphorylation (33.110.111) on serine residues. Possible sources for this discrepancy 

include the existence o f a tightly associated serine kinase, discussed below, and the 

reaction conditions employed by Klein and co-workers (105). which employed the 

artificial stimulatory agent poly-lysine.

Molecular mechanism of IR Autophosphorvlation

The literature contains conflicting reports of the molecular mechanism of insulin 

receptor autophosphorylation. There are three possible molecular mechanisms of 

autophosphorylation in the IR holomer, which are illustrated in Figure 1-2. The standard 

method of distinguishing among these reaction methods is a study of the enzyme 

concentration dependence of autophosphorylation. This technique, introduced by 

Todhunter & Purich in the study of the cyclic AMP dependent protein kinase (cAPK)

(112). has since been used to study many protein kinases, including trans
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autophosphorvlation in the EGFR (113). trans activation of Src (114). cis activation in 

cGMP dependent protein kinase (cGPK) (115). or both in the kinase domain of Trk (116). 

phosphorylase kinase (117). and calcium/calmodulin dependent protein kinase (CaMK)-II 

(118). Many groups have found that autophosphorylation of the IR is intraholomeric by 

this method (13,59.119-121). Alternative methods with tetrameric receptors have also 

been used. IR tetramers with covalently linked insulin are capable of phosphorylating 

ligand-free tetramers. but this phosphorylation has no apparent effect on the target IR 

(122). Another study has observed that insulin binding-deficient IR becomes able to bind 

IRS-1 after exposure to insulin-binding insulin receptors, arguing that trans 

autophosphorylation does have an effect (123). Thus, the preponderance of evidence 

argues in favor of intraholomeric autophosphorylation in the insulin receptor.

Distinction between the two possible intraholomeric pathways described in Figure 

1-2 requires further effort, since none of the above studies could distinguish between 

intraholomeric cis autophosphorylation (within a P subunit) or intraholomeric trans 

autophosphorylation (between two P subunits). Because the two P subunits are 

covalently linked, their apparent concentration relative to one another is fixed by the 

structure of the holomer. This concentration, and therefore the rate of 

autophosphorylation, is independent of the concentration o f the holomer in the bulk 

solution for either cis or trans intraholomeric autophosphorylation.

A solution to this problem uses the CKD, which has been shown by several 

criteria to be a good model for the basal state of the native IR (75,124). Studies using 

CKD rather than tetrameric IR have the advantage that the concentration of CKD can be
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varied to distinguish between cis and trans autophosphorylation, as shown schematically 

in Figure 1-3. In a cis, or intramolecular, autophosphorylation event, there is no 

interaction between kinase molecules. The rate o f formation of phosphorylated CKD (P- 

CKD) is then expected to depend linearly on the concentration of CKD, so that the ratio 

P-CKD/CKD (the stoichiometry of autophosphorylation) would be constant with respect 

to CKD concentration. In contrast, a trans molecular mechanism, where one kinase 

molecule phosphorylates another, requires interaction between kinase molecules, so that 

formation of P-CKD would be expected to have a second order dependence on total CKD 

concentration. The stoichiometry of autophosphorylation would then show a linear 

dependence on CKD concentration. Thus, this technique is able to differentiate between 

the two simplest mechanism of autophosphorylation. However, studies using this method 

have presented conflicting observations of CKD autophosphorylation: An exclusively 

trans pathway was observed by Cobb et al. (125) and Wei et al. (126). but others reported 

only a cis pathway (127.128).

Other techniques have been used to address the problem in the intact tetrameric 

receptor. Shoelson and co-workers (129) used trypsin-truncated receptors, which 

consisted of an intact p subunit bound to a fragment o f the a  subunit ( a ’P). to identify an 

activation process as cis autophosphorylation. DTT-generated complete aP  halves, 

however, appeared to proceed via a trans pathway. Frattali et al. (130) also found both 

cis and trans autophosphorylation, using a 2p2 receptor tetramers with one P-subunit made 

kinase-minus by mutagenesis. Thus, both cis and trans autophosphorylations have been
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observed in the IR and its CKD. Progress towards the resolution of this apparent conflict 

will be the subject of Chapter 4.

Ser/ Thr Phosphorylation o f the Insulin Receptor

The IR has been observed to be defective in autophosphorylation and substrate 

phosphorylation in non-insulin dependent diabetes mellitus (NIDDM), a major disorder 

of the insulin axis that will be discussed further below. Serine phosphorylation of the IR 

occurs and has been postulated to be responsible for this inhibition. The IR in the basal 

state is predominantly phosphorylated on serine and threonine (9,45.101.109.131-133). 

Serine phosphorylation is also insulin stimulated (in intact cells) according to some 

(9.64.131.132) but not others (45.101,109). Serine phosphorylated receptors 

autophosphorylate more slowly on tyrosine both in vivo and in vitro (132,134.135) and 

do not activate (134) or internalize (136) normally. Impaired IR functioning in both 

women with polycystic ovary syndrome (137) and streptozocin treated rats (138) has also 

been attributed to S/T phosphorylation and is corrected by treatment with alkaline 

phosphatase (138,139). In contrast, dephosphorylation with tyrosine-specific 

phosphatases deactivates the enzyme (57.58). S1090 was identified as an in vivo insulin 

stimulated site (140), and possible serine autophosphorylation may occur as described 

above, but no clear linkage has been made between any single site of serine or threonine 

phosphorylation and regulation of the IR.
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Possible Regulation of the IR bv Other Kinases

Several labs have produced a clearer, but still incomplete picture, of IR 

modulation by protein kinase C (PKC). a well-known Ser/Thr protein kinase. This 

enzyme has been observed to directly phosphorylate the IR (141) and its CKD (142) in 

vitro. TI34S (143.144) and S1035'7 (145) have been identified as PKC phosphorylation 

sites, both in vivo (via TPA stimulation) and in vitro. Additionally. S132' has been 

identified as stimulated by phorbol esters in vivo (146-148). Phorbol esters inhibit insulin 

signal transduction (149-151). and this effect is reversed by dephosphorylation of 

subsequently partially purified receptor (149). Overexpression of protein kinase C led to 

3-4 fold stimulation of basal IR phosphorylation, at S l30y5. Tb4S and several other 

unidentified sites. This blocked insulin-dependent PI-3 kinase activation (152). Thus. 

PKC has been proposed to be responsible for reduced receptor autophosphorylation and 

signal transduction despite genetically normal receptor in NIDDM (153).

The above observations suggested an inhibitory role for phosphorylation at T 1348 

or S 1305'6. While mutagenesis of T1348 to neutral or negative residues abolished most 

insulin-stimulated threonine phosphorylation, this was found to have little effect on 

insulin-dependent autophosphorylation or tyrosine kinase activity (154,155). Moreover, 

receptors with a C-terminus truncation lacking T1348 were found to be just as susceptible 

to phorbol ester inhibition as the wild-type receptor (156,157). Other reports describe no 

difference in S1327 or T1348 phosphorylation between NIDDM patients and normal controls, 

and very low stoichiometries of phosphorylation of either site (<6% phosphorylated), 

while confirming the inhibited tyrosine autophosphorylation of IR derived from NIDDM
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patients (158). S9°7'8 in the juxtamembrane region were also identified as insulin- and 

phorbol ester- stimulated phosphorylation sites (159). However, their mutation to Ala. or 

removal by deletion, did not alter kinase activation in response to insulin or the inhibitory 

effects of phorbol esters or glucose on the IR (156.159). While PKC may play a role in 

inhibiting the IR. direct phosphorylation of the IR may thus not be the causal mechanism 

(160).

The existence of a closely associated serine kinase was first postulated upon 

observing the loss of serine kinase activity during progressive purification o f the IR 

(161). Insulin-stimulated cell extracts were able to serine phosphorylate partially purified 

IR. which itself autophosphorylated only on tyrosine residues (107.162). When copurified 

with the IR. this kinase phosphorylates the IR on Sl305/I306 (163.164). This activity can be 

separated and reconstituted (165) from the IR. and has been purified as a distinct 40kDa 

protein closely associated with the IR (166), indicating the absence of serine kinase 

activity in the IR. A second (possibly identical) insulin-receptor associated serine kinase 

has been identified by another group (167).

The insulin receptor has been described as a substrate for several other protein 

kinases. cAPK, casein kinase (CK)-l, CK-2. and Src have all been reported to 

phosphorylate and/or modulate activity of the IR (168-172). However, others have 

reported that the IR is not an in vitro substrate for CK-I, CK-II or cAPK (173,174). No 

conclusive role for these kinases has been established.
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The Insulin Receptor in Health and Disease

Molecular Processes o f the Insulin Receptor: Signaling and Cycling

The importance o f the insulin receptor's kinase activity points to a role for 

tyrosine phosphorylation in insulin signal transduction. The first known substrate of the 

receptor, as discussed on page 2, was the receptor itself. The next major substrate. IRS-1 

was first discovered using anti-phosphotyrosine antibodies (175). and the cDNA structure 

o f this protein (176) revealed multiple potential IR phosphorylation sites. IRS-1 docks to 

the JM region of the IR directly via its PTB domain, as discussed above, and is 

additionally targeted to the membrane compartment by its pleckstrin homology (PH) 

domain (177).' This PH targeting plays a role at least as important as PTB docking, but 

both are probably required for in vivo signaling at physiological quantities o f IRS-1 and 

IR (178.179). Tyrosine-phosphorylated IRS-1 has since been found to serve as a docking 

protein for many downstream effectors of the insulin signal, including GRB2/Sos (which 

activates the GTP exchange of p21ras) (180,181), PI-3 kinase (182.183), the protein 

tyrosine phosphatase Syp (184). and others. These proteins bind to specific 

phosphorylation sites on IRS-1 via phosphotyrosine-binding SH2 domains, and this leads 

to their activation (185.186). She is also phosphorylated by the IR, leading to its 

association with Grb2/Sos. This further links the IR to the growth promoting effects of 

p21ras and the microtubule associated protein (MAP) kinase pathway (reviewed by Graves 

et al. (187)).

See Lemmon et al. for a review o f PH domains (453)
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The IR is unusual among growth factor receptors in relying on a separate protein. 

IRS-1, to dock most effector molecules. Receptors for other growth factors (such as 

EGFR and the platelet-derived growth factor receptor (PDGFR)) bind effector molecules 

directly via SH2 domain interactions with autophosphorylation sites on these receptors. 

Recently, the IR has been found to dock two non-IRS signaling molecules directly: GRB- 

IR (188) and GRB-IRp (189). Docking of these molecules is a complex process, 

involving both SH2 and PH domains binding to both the JM and AL regions. A second 

intermediate docking protein. Gab-1, plays a similar role to IRS-1 and is also a substrate 

(190).

The IR- IRS-1 relationship is not an exclusive one. Mice homozygous for IRS-1 

deletion showed a minimal phenotype of moderately elevated glucose and reduced birth 

weight (191.192). but were not overtly diabetic. This was found to be due to alternative 

signaling through a closely related molecule, IRS-2 (originally termed 4PS). which is also 

a substrate for the IR and has extensive homology to IRS-1 (193). IRS-2 is the major IRS 

protein of hematopoetic cells (194). where its phosphorylation can be stimulated by a 

number of other cytokines including IL-4 (195) and interferons (196,197) using other 

protein tyrosine kinases, such as Tyk-2, JAK-1 and JAK-3. IRS-2 can also substitute for 

some of the roles of IRS-1 in NIDDM (198). IRS-1 can also be phosphorylated by the 

IGF-I receptor (199), which has close sequence homology to the IR and promotes many 

of the same effects. The IRS-1 signaling system has been extensively reviewed 

(185,186,200). IRS-3 and IRS-4, two new proteins with significant homology to IRS-1
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that are also rapidly tyrosine phosphorylated in response to insulin, were also recently 

identified (201.202).

Insulin receptor is rapidly moved to an intracellular compartment upon insulin 

binding. This translocation can be reversed by insulin withdrawal, but prolonged 

presence of insulin leads to the destruction of the internalized IR and downregulation o f 

IR at the cell surface (203). Thus, the receptor ordinarily has a half-life of about seven 

hours in 3T3-L1 adipocytes, which decreases to three hours in the continuous presence of 

insulin (204-206). This internalization of insulin receptor leads to the destruction of 

bound insulin, but the IR can be returned to the cell surface. Acidification of the 

endocytic vesicles is required for both insulin degradation and IR recycling (207). This 

internalization process appears to require structural features of the juxtamembrane region 

of the kinase, as discussed above.

Disease Processes of the Insulin Axis: Leprechaunism and Rabson-Mendenhall 

Syndrome

One of the prime motivators for the active study of the insulin receptor has been 

its possible role in human health and disease. Although diabetes is by far the most 

common defect in the insulin signaling system, the relationship of IR function to disease 

has been most clearly delineated in rare genetic (germ-line) disorders of the receptor.

Most mildly. Type A insulin resistance is characterized by poor metabolic response to 

insulin, acanthosis nigricans and hyperandrogenism, which correlate with low (15-50% of 

normal) tissue insulin binding capacity (208-210). This disorder was found to be 

hereditary, implicating a genetic defect m the IR (211) which was eventually found in
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most patients (212). Type A patients are frequently heterozygotes for the IR gene, and 

many different mutations in the IR have been found that cause this syndrome.

More severe mutations in the IR gene lead to leprechaunism and Rabson- 

Mendenhall syndrome, both characterized by acanthosis nigricans, severe insulin 

resistance, pineal hyperplasia, growth retardation, dental abnormalities and early death 

(213.214). Like Type A insulin resistance, these diseases were traced to a primary defect 

in insulin receptors (210.215) and patients are typically double mutants (homozygous or 

compound heterozygous) in the IR gene (212.216-220). Similar symptoms have been 

observed in genetically engineered mice (221.222) and fruit flies (223.224) with double 

mutations in their insulin receptor genes. In contrast, point mutations in the sole insulin 

receptor family member in C. elegans actually prolong the lifespan of this organism, 

secondary to slowed metabolism (225). The poor growth of receptor-deficient patients 

illustrates insulin's role in development as a key growth hormone in at least mammals.

Disease Processes o f the Insulin Axis: Diabetes Mellitus

The best-known disorder of the insulin axis is, of course, diabetes mellitus. which 

affects 2.5-7.5% of the US population. Insulin-dependent diabetes mellitus (IDDM). or 

juvenile diabetes, is due to a pancreatic defect in insulin secretion and is not associated 

with primary abnormalities of the IR. These patients respond normally to, and are 

dependent on, insulin therapy, acting via functional insulin receptors. Antibodies against 

the IR can also cause insulin resistance (208,226-229). In both cases, the underlying 

insulin receptors are normal.
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Non-insulin dependent diabetes mellitus (NIDDM) is much more common than 

IDDM (>80% of total diabetes cases), and tends to affect older, obese patients. Although 

usually genetically normal (212.230.231). insulin receptors in NIDDM patients are 

nevertheless functionally abnormal. These receptors are defective in insulin-dependent 

autophosphorylation and phosphorylation of IRS-1 (232-234). Obese (132) or diabetic 

(235) mice also have retarded receptor autophosphorylation. Several mechanisms have 

been proposed to explain these observations, including inhibition of the IR*s kinase 

activity by PKC-induced serine phosphorylation (discussed above). More recently, 

multiple roles for TNF-a in NIDDM pathogenesis have been identified (236). IRS-1, 

when phosphorylated on serine, may be an inhibitor of the IR (237-239). A structural 

understanding of this phenomenon awaits further definition and study of the possible 

interaction between serine phosphorylated IRS-1 and the IR.

The Insulin Receptor and Oncogenesis

Growth factor receptors have often been implicated in cancer, and the IR is no 

exception. This can occur by two general mechanisms: overexpression of a normal 

receptor, or alteration of the receptor into a constitutively active form. Upregulation of 

normal IR has been observed in many patients with breast cancer (240). In breast- 

cancer derived cell lines, these receptors appear to have normal insulin-dependent kinase 

activity (241) and insulin-stimulated thymidine uptake into DNA, indicating that insulin 

may promote cancer growth (241). 3T3 and CHO cells overexpressing IR show a ligand- 

dependent transformed phenotype (242). Roles for IR have also been proposed in colon 

cancer (243) and a murine lymphoid T-cell leukemia. The IGF-IR has a much more
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prominent role in several human cancers, including Wilm's tumor, osteogenic sarcoma, 

rhabdomyosarcoma, and many others (reviewed in (244)).

Strangely, no oncogenic mutations o f the IR have been reported in humans. Still, 

the studies of L.H. Wang and coworkers have demonstrated that mutant insulin receptors 

do have oncogenic potential, v-ros (pp6&Sag~ros) was originally discovered as a viral 

oncogene in avian sarcoma virus (245), and its cellular homolog c-ros appears to be a 

monomeric transmembrane receptor tyrosine kinase (246.247). The viral form of the 

enzyme has alterations which leave it constitutively active, while the native protein shows 

only low levels of tyrosine kinase activity in the absence of its (unknown) ligand 

(247.248). First, the extracellular domain has been replaced with a viral gag sequence. 

This gag sequence is essential for the transforming activity of the gene; altered viruses 

encoding only the transmembrane and intracellular portions of ros without the gag 

protein are not transforming (249). Second, a three amino acid insert is present in the 

transmembrane domain of the protein. The membrane insertion is also important to the 

transforming activity of the oncogene; removal of this insertion causes loss of 

transformation, IRS-1 phosphorylation and PI3K activation, but not She phosphorylation, 

membrane localization, or tyrosine kinase activity (250).: Replacement o f the ros 

sequence in pp688ae'ros with the IR kinase domain can lead to a transforming retrovirus, 

with no further mutations in the kinase domain of the IR (251,252). Trypsin treatment of 

cells also mimics insulin signaling, suggesting that the extracellular a  subunits play an 

inhibitory role (253). How gag fusion activates the kinase domains of these constructs is
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unknown, but it is unrelated to dimerization potential of the extracellular gag sequence. 

ppOS838'™* and its IR cognate are monomers, and alterations of the gag domain that 

prevent dimerization do not change the transforming potential of this protein or pp68fe’at'IR 

(254).

The IR thus plays a role in two broad categories of disease: the metabolic 

regulation of glucose homeostasis (diabetes) and developmental disorders due to loss of 

function (leprechaunism and Rabson-Mendenhall syndrome) or overexpression (cancer). 

These disease processes correspond to dysfunction in the metabolic/transport and growth 

signaling pathways of the insulin receptor outlined in Figure 1-4.

The Insulin Receptor’s Place in the Family of Protein Kinases

The first protein kinase identified, phosphorylase kinase, was found by Krebs & 

Fischer (255) as an outgrowth of the classic glycogen metabolism studies o f Cori & Cori. 

This enzyme was identified by its ability to activate phosphorylase. and its regulation 

quickly became an active area of study. Phosphorylase kinase was found to be activated 

by cAMP (256) via a second kinase, the cAMP-dependent protein kinase (cAPK; also 

called protein kinase A, or PKA) (257.258). Since their discovery, the protein kinase 

family has expanded to at least several hundred members today (18). involved in 

information transmission in almost every part of the cell. The study of 

autophosphorylation in the IR is in a sense a continuation of these early studies of E. H.

: A third small mutation at the C-terminus o f  the protein, appeared to play no role in the
transforming activity o f  the protein. (248).
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Fischer. E. G. Krebs. B.E. Kemp. D. A. Walsh, and co-workers. In this and the 

following section, we will review the IR's relation to other protein kinases in terms of 

structure, function, and regulation. This will provide a framework for designing and 

understanding the effects o f site-directed mutagenesis of the insulin receptor's CKD.

Almost all protein kinases, including the IR, share a conserved catalytic core 

(1.17.19). On the basis of primary structure within this core, kinases can be divided into 

four general groupings (18). The first three of these phosphorylate proteins on Ser or Thr 

(S/T kinases), and the fourth includes the protein tyrosine kinases (PTKs). Among 

tyrosine kinases, the family o f receptor tyrosine kinases (RTKs) is distinguished by the 

presence of a transmembrane domain and extracellular ligand binding region. RTKs 

enzymes have been further classified according to the structure of their extracellular 

domain (259). The insulin receptors' place in the hierarchy o f protein kinases is 

illustrated in Figure 1-5.

The Insulin Receptor Family

As shown in Figure I -5. the IR is a prototype for subclass IV RTKs (260). In 

humans, these include the IR, IGF-IR, and insulin receptor related receptor (IRR). More 

distantly, the insulin-like peptide receptor (ILP-R), mollusk insulin-related peptide 

receptor (MIP) and DAF-2 have been identified in other species. The a 2P2 structure of 

subclass IV proteins, illustrated for the insulin receptor in Figure 1-1, is unique among 

the RTKs. Because of this, the activation process o f the IR is unique as well.

The insulin receptor shows strong homology between species. For example, 

insulin from the Atlantic hagfish can stimulate human insulin receptors (261.262). Even
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Drosophila has an insulin receptor (263-265) and it also an essential growth factor 

receptor in this organism (223.224). Avian insulin receptors are also closely homologous 

to mammalian receptors (266). More distant relatives such as MIP and DAF-2 are as 

closely related to the IR as they are to the IGF-IR. Most likely, all of the subclass IV 

RTKs are descended from a common ancestor.

After the insulin receptor itself, the IGF-IR is the best-characterized member of 

subclass IV. This receptor has also been demonstrated to have tyrosine kinase activity 

(267.268) and ligand-dependent activating autophosphorylation of its P subunit (269). 

IGF-IR also uses IRS-1 as a substrate (199). The IRR (270) shows strong homology but 

binds some other ligand (271).

These receptors are also activated by autophosphorylation at their activation loop, 

and their juxtamembrane autophosphorylation sites are closely conserved, as shown in 

Table 1-1. Y963 is not as conserved as Y972 in invertebrate species
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Tabic 1-1 Conservation of the Juxtam em brane Region in Subclass IV RTKs.

Subclass IV RTKs from various species are shown, grouped by ligand type. The 

highly conserved tyrosine phosphorylation site Ŷ 65 and the universally conserved site 

Y')72 (numbered according to the IR). are highlighted in red and marked with an arrow 

(I). The positively charged stop membrane insertion sequence is jboxed|. and separates

the transmembrane domain (underlined ) from the intracellular portion of the P subunit. 

In the case of the IRR and the invertebrate kinases, the ligand is not yet known. All of 

these receptors also contain tyrosine kinase consensus domain, beginning around human 

IR residue 993. and the activation loop autophosphorylation motif 

M T R D X Y E T D Y i l o 2YRKG, where X = V or I. Sequences were aligned using PILEUP 

(280).
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3  Table 1-1 Conservation of the Juxtam em brane Region in Subclass IV RTKs.

R e c e p t o r ____________
Insulin receptors
Human
M ouse
R a t

S e q u e n c e
I

FSWIGSIYLFLRKRQPDG. PLGPLYASS NPEY LSASDVFPCSVYVPDEW
FSWIGSIYLFLRKRQPDG. PMGPLYASS NPEY LSASDVFPSSVYVPDEW
FSWIGSIYLFLRKRQPDG. PMGPLYASS NPEY LSASDVFPSSVYVPDEW

R e f .

( 1 )

(7 1 )

(2 7 2 )

IGF-I receptors
Human VGGLVIMLYVFHRKRNNSRLGNGVLYASV NPEY FSAAD.. . . . VYVPDEW (273)
B o v in e VGGLVIMLYVF HRKR N S SRLGNGVLYASV NPEY FSAAD.. . . . VYVPDEW (274)
F r o g LVGIISIVCFVFKKR NSNRLGNGVLYASV NPEY FSAAE. . (275)
R a t VGGLVIMLYVFHRKRNNSRLGNGVLYASV NPEY FSAAD.. . . .VYVPDEW (276)

IRR r e c e p t o r s
Human LIVLAALGFFYGKKRN............. RTLYASV NPEY FS A SD .. . . .MYVPDEW (270)
G u in e a  P ig LIILAALGFFYSRKRN............. GTLYTSV NPEY LSA SD .. . . . MYIPDEW (270)

I n v e r t e b r a t e  r e c e p t o r s
C. e le g a n s  DAF-2 MSIAGCIIYYYIQVRYGKK VKALS DFMQL NPEY CVDNK.. ____YNADDW (225)
D. m e la n o g a s te r  IR LIVSLFGYVCYLHKRKVPSNDLH. MNTEV NPFY ASMQ.. . ____YIPDDW (264)
IL P -R LAVIFGIWYCTKKR FGDKQMPNGVLYASV NPEY MSSDD.. . . . VYVPDEW (277)
M o l l u s k  M IP-R v sliv a cv y y k q IkIir s d d ...........MTVISR NMNY VPSE. . . . . ILYISDEW (278)
M o s q u i to  IR FLCSVGFVAFYWY^Y^YMSKQIR. MYPEV NPDY AGVQ. . . ____YKVDDW (279)

R
ep

ro
du

ce
d 

wi
th 

pe
rm

is
si

on
 

of 
the

 
co

py
rig

ht
 

ow
ne

r. 
Fu

rt
he

r 
re

pr
od

uc
tio

n 
pr

oh
ib

ite
d 

w
ith

ou
t 

pe
rm

is
si

on
.



25

Other Receptor Tvrosine Kinases

The other subclasses of RTKs in Figure 1-5 have distinct extracellular domain 

structures. These RTKs have a single transmembrane domain and, usually, a single 

polypeptide chain. Some dimerize in response to a conformational change induced by 

binding o f monomeric ligand molecules (subclass I), others dimerize in response to 

dimeric ligand (subclass III). In each case, ligand-dependent dimerization is responsible 

for signal transduction via trans autophosphorylation, illustrated for Kit in Figure 1-6. 

Many, but not all. o f these other receptors are activated by trans autophosphorylation at 

the activation loop (the EGFR family being a notable exception). Effector docking is 

primarily via SH2 domain interaction with the autophosphorylated kinase domain, rather 

than primarily via IRS-1 as in the IR.

Structure and Function of the Insulin Receptor’s Kinase Domain

The cAMP Dependent Protein Kinase as a Reference Point for the Protein Kinase Family

cAPK has long been used as a paradigm for the protein kinase family. The 

enzyme was the second protein kinase to be identified, but the first to have 

autophosphorylation sites mapped (281) and the first to be crystallized (282,283). No 

other protein kinase has been studied as extensively as cAPK. Because o f  the 

conservation of the conserved kinase domain, many of the features first deduced in cAPK 

are applicable to the entire protein kinase family, including the insulin receptor. A
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homology table showing a sequence alignment o f the kinase domain o f the IR with the 

catalytic subunit o f cAPK is shown in Figure 1-7.

The kinetic mechanism of cAPK. has been subject to intensive scrutiny. Early 

studies (284-286) demonstrate several interesting features of the enzyme. The enzyme 

appears to have a steady state random kinetic mechanism; its maximal catalytic rate (kat) 

of 21 s '1 is still among the fastest protein kinases known. However, initial binding of 

peptide substrate leads to a nonproductive E*S complex which can bind ATP but must 

isomerize to the active form of the enzyme before catalysis can occur. This isomerization 

step, which can be rate-limiting, causes the peptide substrate inhibition (287) that has 

been observed by several groups with this enzyme (285.286) (but not the IR). In may be 

that ATP prebinding directs productive association of peptide substrate (283.287). The 

product ADP (K, lOpM) but not phosphorylated peptide (Kd > ImM) inhibits the enzyme 

(285). and ADP release appears to be the rate limiting step in catalysis (284.286,287).

In tyrosine kinases, phosphoryl transfer is also a rate limiting step (288,289)

Several residues have been found to be key in the catalytic mechanism of cAPK. 

Mutation of a conserved lysine residue in the ATP binding site (K72) leads to a three 

orders o f magnitude drop in catalytic rate. Mutation of the homologous lysine residue in 

the IR (K1030) also abolishes kinase activity and signaling (30,290). Although often 

thought o f as preventing ATP binding, mutation of this residue actually impairs catalysis 

instead (291) by inducing nonproductive ATP binding (292). A nucleotide binding loop 

with a consensus sequence of GXGXXG is also present in the small lobe o f every 

eukaryotic protein kinase (18-20).
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The reaction mechanism appears to proceed by in-line nucleophilic displacement, 

possibly using D166 as a general base catalyst. This residue is positioned correctly for its 

proposed role in every active protein kinase crystal structure so far (283,293-295) and an 

Asp at this position is universally conserved in the protein kinase family (18). The 

equivalent residue in the IR is D1132. Despite its proposed role, mutation of cAPK residue 

D166 to alanine is less inactivating than the mutation of the conserved lysine residue K.72 

(296) and the expected dependence of kat on pH has not been observed (297). Similar 

questions have been raised in kinetic studies of the tyrosine kinase Csk (298). 

Flourotyrosine. which is more easily ionized than tyrosine, shows a similar kat /KM ratio 

to tyrosine-containing gastrin but lower values of both kat and KM compared to 

unmodified gastrin (299). These observations have led these investigators to question 

whether Dllj2 is actually a catalytic base at all. or whether some other mechanism is 

involved in phosphoryl transfer.

Like the other protein kinases in Table 1-2. the cAPK’s catalytic function is 

modulated by phosphorylation in the activation loop, at T197 (300.301). This residue is 

homologous to Y1162 and/or Y1163 in the IR (Figure 1-7). T197 is constitutively 

autophosphorylated in vivo and is very resistant to phosphatase treatment in vitro. 

indicating it is inaccessible to phosphatases, extensively stabilized, or both (302).

Mutation of this residue to Ala reduces the rate of catalysis up to 500-fold, specifically by 

reducing the rate of phosphotransfer at the active site (300). Although substitution with 

Asp (which retains the negative charge) does not change the overall kat of the enzyme, it 

does reduce the rate o f phosphotransfer 20-fold, which manifests itself as an elevated 

M̂.Peptide (300). This does not reflect reduced peptide binding to the active site. A
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negatively charged amino acid can thus partially substitute for phosphothreonine at this 

position, as it can for the homologous residues S218 in Mekl (303) T500 in PKC (304).

Neither Asp nor Glu appears to substitute for phosphotyrosine at Y 1162 in the IR, 

however, probably reflecting the much greater length of phosphotyrosine relative to these 

residues (73).

Table 1-2 Kinases Activated by Phosphorylation in Subdomain VIII.

K i n a s e  C a t .  S e q u e n c e _____________________________________R e f .
IR RTK-IV DFGMTRDIYETDY1162YRKGGKGLLPVRWMAPE (62)
L ck NRTK DFGLARLIE DNEY394TAREGAKFPIKWTAPE (3 0 5 )
S r c NRTK DFGLARLIEDNE Y416T ARQGAKFPIKWT APE (3 0 6 )
TRK RTK-I DFGMSRDIYSTDYs03YRVGGHTMIPIRWMPPE (3 0 7 )
PDGFR R T K - I I I d f g l a r d im r d s n y ®57i s k g s t f i p l k w m a p e (3 0 8 )
IG F - I R RTK-IV d f g m t r d iy e t d y 1135y r k g g k g l l p v r w m s p e (3 1 0 )
CaMK-IV S /T d f g l s k iv e h q v l m k t v c g t 196p g y c a p e (3 1 1 )
cA PK -Ca S /T d f g f a k r v k g r t 197w tlc gt  p e y l a p e (3 0 1 )
c d k - 2 S /T DFGLARAFGVPVRT YT160HEWTLWYRAPE (3 1 2 )
ERK-2 S /T d f g l a r v a d p d h d h t g f l t 183e y 185v atrw yrap

T ?

(3 1 3 )

PKC-a S /T
I l l

dfgm ckehm m dgvttrt497f c g t p d y i a p e (314)
FGFR-3 RTK d f g l a r d v h n l d y S83ykkngrlpvkw m ape (315 )

This table shows a partial list o f  enzymes requiring phosphorylation in subdomain 

VIII for activation. The categorization o f each kinase is also listed, according to Figure 

1-5.

The general applicability o f  the catalytic machinery of cAPK to other kinases is 

indicated by the universal conservation o f its key catalytic residues, as established by
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Hunter and co-workers. Recent evidence suggests that a similar mechanism may be even 

more widely applicable. APH(3’)-IIIa. a prokaryotic aminoglycoside kinase involved in 

antibiotic resistance, shows a very closely homologous three-dimensional structure, 

despite an almost total lack of primary structure homology (316). The putative catalytic 

base and the homolog of cAPK residue K72, but not the GxGxxG motif, are still 

conserved in this structure.

Kinase Regulation Occurs bv Multiple Methods

Although all eukaryotic proteins conserve the key catalytic residues mentioned 

above, and appear to use the same enzymatic mechanism of phosphorylation, their 

methods of regulation vary widely. As with most proteins, kinase activity is regulated at 

the level o f protein expression. Some kinases, such as cAPK, are involved in 

"housekeeping” chores and are expressed in nearly every tissue. Others, such as the 

product of the Drosophila sevenless gene, are restricted to a subset o f ommatidial 

precursors in the developing eye (317,318). The IR itself is expressed in virtually every 

tissue, although at varying levels, with the highest concentrations in liver, fat. and muscle 

tissue (up to several hundred thousand receptors per cell) (186).3 IR expression levels 

also vary in response to insulin levels, chiefly by modulation of degradation of the 

receptor. Forms of regulation more specific to protein kinases include enzyme quaternary 

structure, intrasteric regulation, and regulation by phosphorylation. Each of these 

methods has relevance to the regulation of the insulin receptor by insulin.

3 Note that cell culture systems transfected with IR cDNA frequently express up to several million
receptors per cell (454), a potential distortion o f  the IR signaling system that is sometimes overlooked.
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Kinase Regulation by Quaternary Structure

Once expressed, the activity of protein kinases can be further modulated by their 

subunit composition. Unlike other classes o f enzymes, such as G proteins (319), no 

evidence for direct participation by residues outside of the catalytic core has been made. 

The protein kinase catalytic core is a self contained unit whose intrinsic activity is 

modulated by, but not intrinsically dependent on, the addition of other subunits.

Inhibitory subunits, such as the R subunits o f  cAPK, can be released by ligand binding, 

leaving the kinase domains uncomplexed and active (illustrated in Figure 1-8: reviewed 

in (320)). Addition of a subunit, whose availability can be regulated, can also be required 

to activate a basally inactive kinase. For example, cyclin addition to cvclin-dependent 

kinase (cdk)-2 is one of several regulatory mechanisms in this enzyme, and allows the 

active site of the enzyme to configure itself for catalysis. The insulin receptor itself may 

be inhibited by the membrane glycoprotein PC-1 (321) or serine-phosphorylated IRS-1 

(238). although no structural basis for these interactions has yet been elucidated.

However, oligomerization of the intrinsic subunits of RTKs is itself a key regulatory 

feature in this class of enzyme, as illustrated for Kit in Figure 1-6. Ligand-dependent 

dimerization of many growth factor receptor tyrosine kinases potentiates further 

activation and/or signal transduction by autophosphorylation. Subclass IV RTKs such as 

the IR are the exception to this rule since they are “pre-dimerized” by disulfide bonds, 

even in the absence of insulin (Figure l-l). Thus, regulation by quaternary structure does 

not appear to apply to the IR, which must be activated by other means in response to 

insulin.
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Kinase Regulation bv Tertiary Structure

Inhibition of a kinase molecule by an inhibitory conformation of portions of the 

same molecule is termed intrasteric inhibition (reviewed by Kemp & Pearson (322)).

This may occur, for example, by occlusion of the active site by a pseudosubstrate, defined 

as a protein sequence which conserves the binding sequences of bona fide  substrates but 

lacks the actual phosphate acceptor. CaMK-1. II, IV, and V each has a pseudosubstrate 

in their C-terminus: this region is removed from the active site by binding the 

calcium/calmodulin complex (whose affinity is regulated by the presence of Ca” ). 

Pseudosubstrates do not have to be comolecular with the active site; they can be part of 

another regulatory subunit or even free-standing inhibitory peptides (323). Nor does all 

intrasteric inhibition occur via pseudosubstrate mechanisms. As strikingly demonstrated 

in recent X-ray crystallography studies in the src family of nonreceptor tyrosine kinases 

(NRTKs) (324.325), intrasteric inhibition does not necessarily require occlusion of the 

active site but can instead involve distortion of catalytic center into an open, inactive 

form.

Since ligand-dependent dimerization does not occur in the IR, researchers have 

turned to other means of exploring the conformation of the receptor and ligand-dependent 

changes. The detailed structure of large membrane proteins is notoriously hard to study. 

Gross conformation changes in the IR upon insulin binding have been demonstrated by 

altered a-subunit crosslinking (326), altered proteolysis of cell-surface receptors 

(327.328), and altered tyrosine fluorescence (329). These methods did not allow detailed
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assessment of structure, however. An additional level of refinement has been allowed by 

the use of anti-peptide antibodies targeted against specific regions o f the IR. ATP and 

insulin, for example, both alter the binding of antibodies to the CT region (330.331) and 

the AL (332).4 Thus, insulin- and ATP- dependent conformational changes both occur in 

the IR.

Kinase Regulation bv Phosphorylation ("Primary Structure”)

As mentioned on page 5. autophosphorylation plays a dominant role in insulin 

receptor regulation. Phosphorylation was the first method of protein kinase regulation to 

be discovered and is perhaps the most general, with potential to alter quaternary, tertiary, 

and secondary structure. Phosphorylation-induced structural changes can either alter or 

inhibit protein kinases. Phosphorylation of S30 in phosphorylase kinase (333), or T l4Y b 

in cdk-2 (334) directly blocks the ATP-binding sites of these kinases (335.336).

Inhibitory phosphorylations can also act by stabilizing inhibitory portions of the kinase. 

Basal (Ca~/CaM independent) autophosphorylation of CaMK-II at Thr306, in its 

calmodulin binding domain, blocks subsequent calmodulin binding and calmodulin- 

dependent relief o f autoinhibition (337). The intrasteric inhibition of Src mentioned 

above is dependent on what is perhaps the best-known inhibitory phosphorylation event, 

at Y527. Phosphotyrosine at this position allows for the intramolecular interaction with the 

SH2 domain of Src that locks the enzyme in an inactive conformation. This interaction 

further prevents the SH2 domain from docking other signaling molecules. In each o f

4 Modulation o f  binding to the JM region also occurs, and will be discussed in the context o f  a
model for IR activation in the Discussion.
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these mechanisms, mutation o f the phosphate acceptor to Ala (or Phe) is expected to 

prevent inhibition. Y52'F mutants of Src, for example, are activated oncogenic tyrosine 

kinases (338-340). Deletion of the region containing the inhibitory site distinguishes 

between the two forms of inhibition: removal of the ATP binding site in phosphorylase 

kinase would probably render it inactive, while removal o f pseudosubstrates relieves 

inhibition. None of these cases appears to apply to the IR. as no specific site of 

phosphorylation has been conclusively associated with receptor inhibition.

Stimulatory phosphorylations fall into two general categories: those that promote 

correct alignment o f the catalytic center, and those that eliminate a pseudosubstrate site.5-6 

These correspond to basal state inhibition by distortion or occupation of the active site, 

respectively, and instances of both methods are known. As will be discussed further later 

on, pseudosubstrate domains in Type ip cGMP dependent protein kinase (cGPK) (115) 

and the CaMK family (341) are also removed by phosphorylation. Phosphorylation of 

many protein kinases, including the IR. in subdomain VIII is known to be required for 

full activity and will be discussed separately below. In either case, one expects that 

mutation of the phosphate acceptor site (to F or A, as appropriate) will prevent activation. 

However, deletion of the region containing the acceptor will either lock the catalytic 

center in an inactive state or destroy the pseudosubstrate, resulting in activation or

5 Phosphorylation also frequently creates docking sites for substrates in RTKs, as discussed on page 
14, and this is also a necassery component o f  their signal transduction. This does not activate the kinase 
activity o f  the receptor, but rather modulates the availability o f  substrate.
6 There are no known cases where enzymatic phosphotyrosine or phosphoserine participates 
catalyticaily in eukaryotic protein kinases.
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inhibition of the kinase, respectively. Thus mutagenesis can be used to distinguish the 

method of inhibition in the basal state.

Phosphorylation has several features recommending it as a method o f kinase 

control. First, phosphorylation and phosphorylation-dependent activation can persist 

after removal of small molecule control elements, such as Ca“ . This is thought to be 

crucial, for example, in the role of CaMK-II in stimulating long-term potentiation in the 

hippocampus (342). If one kinase molecule of the multimeric complex is 

dephosphorylated or replaced, its neighbors can quickly rephosphorylate it. Moreover, 

protein kinases can potentially phosphorylate themselves, reducing the requirement for 

other enzymes in the signal cascade. If another protein kinase is used, such as in the 

well-known MAP kinase cascade (reviewed in (187)), this allows for amplification o f a 

signal as well.

Protein kinases are often regulated by multiple methods. The cyclin dependent 

kinase (cdk) family, for example, are regulated by the availability of their cyclin 

counterparts, which vary with the cell cycle; phosphorylation at their activation loop; and 

are additionally inhibited by binding of several other proteins (reviewed by Morgan 

(343)). After calcium binding has released the pseudosubstrate domain in CaMK-II, 

phosphorylation of this region renders the enzyme calcium-independent; but basal 

autophosphorylation at the same sites prevents calmodulin binding and activation. In the 

insulin receptor, only one major regulatory mode has been given a structural basis: 

activation by autophosphorylation at the AL.
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Activating Phosphorylation in the IR: The “Activation Loop"

The best-known mode of regulation o f the insulin receptor is autophosphorylation 

of its activation loop, in subdomain VIII (shown in Figure 1-7). Phosphorylation, or 

existence of a negative charge, at the homologous position is an activating feature in 

many protein kinases throughout the protein kinase tree (Table 1-2). This region has been 

termed the activation loop, defined as extending between the conserved motifs DFI15IG 

and API17SE (344). In the CKD. trisphosphorylation at Tyr-1158.1162. and -1163 leads 

to up to 200-fold activation (125.126) and a similar loss of catalytic activity is seen in 

cAPK upon mutagenesis of the corresponding T197 (300).

Structural studies have revealed a conserved basis for activation by 

phosphorylation of T19' and its cognates in Table 1-2. This residue communicates with 

the catalytic loop of the kinase, in subdomain VI. In kinases regulated by 

phosphorylation, a conserved Arg (R1131 in IR) immediately precedes the catalytic base 

(345). Interactions between this Arg and pT or pY in the activation loop have been 

observed between pT197 and R165 in cAPK. (282.283), between pT160 and R126 in a 

cyclin/CDK-2 complex (294), and between pY~'94 and R363 (via a water molecule) in the 

kinase domain of Lck (293).? Similar interactions have been proposed in the IR (21). 

Furthermore, the IR mutation RII3IQ has already been observed in a human patient to 

cause insulin resistance and diabetes via impairment of protein kinase activity (346).

7 This residue need not be a phosphoamino acid for the interaction with the conserved Arg. For example, 
the catalytic core of phosphorylase kinase has E,K at this position, which makes the same interaction with 
R148 (335).
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Phosphothreonine-l97and homologs make additional contacts as well. In cAPK, 

pT197 interacts with H8? in the small lobe of the kinase, and K189 in the activation loop 

itself. It is conserved in crystal structures of phosphorylated Lck (pY394 -R387, (293)). cdk- 

2/ cyclin A (pTl60-R150, (294)). The IR has R1155 at this position, which has been proposed 

to interact with pYll62on these grounds (21). The pTl97-H87 interaction is thought to 

promote correct orientation between the ATP-binding small lobe and the catalytic loop 

bearing large lobe, but is not conserved in kinase structures with phosphorylated 

activation loops. It is absent in Lck (293) but present in cdk-2/cyclin A complex (pT160- 

R3°). Nevertheless, in cAPK, mutational studies of H87 identified this residue as playing a 

role in peptide binding and conformational stabilization (347) as well as binding of the R 

subunit (348). The insulin receptor has two Arg residues near the primary structure 

position of H87, Rl039and R1041, which could potentially make a similar interaction in the 

phosphorylated CKD.

To illustrate these interactions and their modulation by activation loop 

phosphorylation more closely, we can compare the structures o f  c/s-inhibited CKD with 

phosphorylated cAPK (Figure 1-9). The effect o f phosphorylation is more clearly shown, 

however, by comparing the structures o f the cdk-2/cyclin A complex with (294) and 

without (349) phosphorylation at T160 (Figure 1-10). This protein serine/threonine kinase, 

which has also been crystallized in the apo state without cyclin A (336), is the only 

protein kinase for which both phosphorylated and unphosphorylated forms have been 

made publicly available via the Brookhaven protein data bank. The position of T 160 is 

dramatically shifted by phosphorylation, and the homologs o f cAPK residues R165 (R126), 

H87 (R50), and K189 (R150) are no longer able to interact with the residues. Interestingly,

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



37

these three side chains themselves don't show very different positions in the two crystal 

structures. In the recently reported structure of dually phosphorylated MAPK ERK2 

(295) pT183 shows a dense web of hydrogen bonds and ionic contacts similar to pT197 in 

cAPK. pTl8? is involved in no fewer than 8 such contacts, including R68 and R65 (via a 

water molecule) in the small lobe. RMA in the catalytic loop, and R170 in the activation 

loop; these are the structural homologs of H87. R165. and K189 in cAPK. respectively.

Like the insulin receptor. ERK2 requires phosphorylation at additional residues in 

the activation loop, in this case YI8S. pY185 interacts with R 192 and R189 in the large lobe 

o f the kinase, where it forms part of the P+l recognition pocket. Unlike the AL tyrosines 

of the IR. this residue in MAP kinases can slowly autophosphorylate by a cis mechanism, 

leading to partial activation of the enzyme (350). This may reflect the unique role of the 

IR activation loop in autoinhibition of the basal state.

These studies have provided a structural basis for activation by phosphorylation at 

the activation loop. In the absence o f phosphorylation, does the enzyme has low activity 

merely because of the absence o f these interactions, or are there additional inhibitory 

interactions that further inhibit catalysis in the basal state? Structural and kinetic studies 

of the activation loop by the Hendrickson, Ellis, and Soderling laboratories have provided 

evidence that the unphosphorylated activation loop blocks catalysis through three 

additional mechanisms. An autoinhibitory region for this region was proposed when a 

peptide based on CKD residues 1134-1162 was found to inhibit the IR with an IC50of 

lOOpM (351). In the crystal structure of the CKD, Y1162 was found to occupy the peptide- 

binding site. Secondly, the F1151 near the beginning of the activation loop occupies the 

ATP binding site. Finally, proper lobe rotation in the IR is also prevented by DFG. The
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unphosphorylated activation loops of FGFR (352). Src (325). p38,vlAPli (353). ERK-2 

(354). and uncomplexed cdk-2 (336) have all been found to block the peptide binding 

sites of these kinases, but the inhibition of ATP binding by DF1I5IG and the lobe- 

orientation effect of this residue are so far unique to the IR. Motion of the activation 

loop is required to relieve all o f these inhibitory interactions in addition to the activating 

interactions described above. The autoinhibitory and activating roles o f the AL are 

summarized in Figure 1-11.

The crystal studies of the Hendrickson lab do not tell the whole story of regulation 

in the CKD. The form of the kinase crystallized in this study omitted both the JM and 

CT regions, as shown in Figure 1-7. Possible regulation by these regions of the kinase 

could thus not be elucidated by this structure. Nevertheless, this study was 

groundbreaking for its characterization of the still-unique form of regulation by the 

insulin receptor's activation loop, and its first look at the three-dimensional structure o f a 

protein tyrosine kinase. We will make further use of these data in identifying residues that 

may modulate autoinhibition by the activation loop, as we shall see in Chapter 4.

The main focus o f this thesis will be on the mechanism of autophosphorylation in 

the JM region (Chapter 4) and the resulting activation of the complete CKD (Chapter 5). 

We will eventually use these results to propose a possible scheme for IR regulation in 

response to insulin (Chapter 6). First, though, we will discuss the general methods used 

in this work (Chapter 2) and the development and use of a new assay of the receptor’s 

tyrosine kinase activity (Chapter 3).
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Figures for Chapter 1
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Figure 1-1 Structure of the Insulin Receptor Holomer.

The structure o f the OC2P2 insulin receptor holomer is shown schematically. Amino 

acid numbers of domain and subunit boundaries are shown at left. Disulfide bonds 

(dashed lines), autophosphorylation sites (red circles, identified in center) and the 

subdomains of the B subunit (JM, juxtamembrane; KD, kinase domain; and CT, carboxyl 

terminus) are shown. Amino acid numbers of the locations o f disulfide bonds and the 

beginning and end o f domains are shown in the left half o f  the figure; 

autophosphorylation sites are numbered in the center. At right, the membrane insertion 

sequence (R953KR) and the site o f  docking of the PTB domain o f IRS-1 and She are 

shown. The P-subunit Cys involved in the single disulfide bond to the a  subunit is not 

yet known.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



40

INTRAHOLOMERIC

trans CIS

Jit
a

•  • a

a a
• • •

a

M Q • • •

INTERHOLOMERIC

a
a a a a

•  • •

" I R I  I r I"
•  • •

JB__ n. M £
h < -  -

Figure 1-2 Intramolecular vs. Intermolecular Autophosphorylation in the IR.

The three possible routes o f autophosphorylation within the holomeric IR are 

shown. The IR is shown schematically as in Figure 1-1, with the addition o f dashed red 

arrows showing direction o f autophosphorylation.
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Figure 1-3 Cis vs. Trans Autophosphorylation in the CKD.

In a trans autophosphorylation reaction {top), one molecule of CKD 

phosphorylates another. Autophosphorylation (expressed as mol PO4/ mol CKD) 

therefore shows a linear dependence on enzyme concentration {top right). In a cis 

autophosphorylation reaction {bottom), one kinase molecule phosphorylates itself. 

Because this reaction does not require interaction between kinase molecules, each 

molecule of kinase autophosphorylates independent o f  the presence o f other kinase 

molecules and so the stoichiometry of autophosphorylation is independent o f enzyme 

concentration {bottom right). The elements o f each CKD molecule are explained in 

Figure 1-11.
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Figure 1-4 Principal Effects of Insulin on Target Tissues.

The chief effects o f  insulin on its target tissues are shown schematically. All 

effects described are stimulatoiy except for those that are shaded; these are inhibitory.

The effects o f  insulin can be loosely grouped into growth-promoting, transport- 

promoting, and metabolic. Effects are also organized by the tissues they are observed in; 

the primary insulin-responsive tissues (muscle, fat, and liver) and all other tissues 

(“other”). The insulin receptor is present and identical in all mammalian tissues measured 

so far and is responsible for all o f  these effects. Summarized from (355).
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Figure 1-5 Insulin Receptor Phytogeny.

The IR is shown in the context o f the eukaryotic protein kinase superfamily. The 

classifications including the insulin receptor are highlighted in red. The Ser/Thr kinase 

families are shown classified according to Hanks and co-workers (18,19) on the basis o f 

primary structure within the conserved kinase domain. Nonreceptor tyrosine kinases 

(NRTKs) are classified as described by Sudol (356), and receptor tyrosine kinases 

(RTKs) are categorized according to Pulido (260) on the basis o f  domain structure. 

Subclass IV RTKs from nonhuman species (such as DAF-2) are not shown here but are 

listed in Table 1-1.
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Figure 1-6 Dimerization-Dependent Signaling by Monomeric Receptor Tyrosine 

Kinases.

The activation o f c-Kit is shown. The kinase domain is illustrated as in Figure

1-8. In this figure, it is connected to an extracellular ligand binding domain by a single 

transmembrane domain. In the absence o f stem cell factor (SCF) the receptor is 

monomeric, unphosphorylated and inactive. SCF is itself dimeric, and is drawn as a 

double green star. Upon binding SCF, kinase domains are brought into proximity and 

phosphorylate each other. Note that bivalent ligand alone is not sufficient to cause 

dimerization; other sequences in the extracellular region are also required. The 

phosphorylated c-Kit then docks and activates downstream effects, such as PI-3K, via 

SH2 domains. This model is based on the work o f Yarden and co-workers (357).
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Figure 1-7 Primary Structure of the CKD and Comparison to cAPK.

The primary structure of the CKD. including the entire intracellular P subunit of 

the IR. is shown in single-letter amino acid code. The primary structure of cAPK is 

aligned as a reference according to Hanks et al. (19). Selected amino acids are 

highlighted as follows: autophosphorylation sites are shown in red and underlined. The 

glycine-rich ATP binding loop and conserved lysine involved in ATP orientation are 

shown in green. The putative catalytic base and adjacent arginine are shown in pink, and 

the DFG motif involved in autoinhibition o f the ATP binding site is shown in blue.

These residues and the APE motif marking the end of the activation loop are |boxed|. IR

regions frequently referred to in the text are marked above the IR sequence (JM. AL, CT) 

and the eleven subdomains of the protein kinase catalytic core, defined according to 

Hanks & Hunter (18), are shown below the cAPK sequence (I-XI). The cAPK sequence 

shown is from the mouse a  catalytic subunit (GCG file: MUSPKCD (358)) and the IR 

sequence shown is human (GCG file: HUMINSR (1)). The extent of the crystal data for 

cAPK (PDB entry: 1ATP, (359)) and for the core of the CKD (PDB entry: 1IRK. (21)) 

are shown by brackets marked with the structure identity (e.g. [lATP->).
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Figure 1-7 Primary Structure of the CKD and Comparison to cAPK.
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Figure 1-8 Kinase Regulation by Subunit Dissociation: cAPK.

This figure shows an outline o f regulation in cAPK. In the absence of cAMP 

(green trapezoid), the R subunits (dark blue irregular) and catalytic subunits (light blue, 

drawn similarly to the CKD in Figure l- l  1) exist as an R2C2 tetramer. The R subunits 

inhibit the C subunits by binding to the peptide binding site via a pseudosubstrate 

sequence. Binding of cAMP to the regulatory R subunits causes dissociation o f the 

tetramer, leaving free and catalytically active C subunits. Note that T 197 (solid red circle), 

the homolog o f Y 1162 in the CKD, is constitutively phosphorylated. T 197 plays important 

roles in both active site stabilization and recognition o f the R subunit. The ATP binding 

site (hollow red in the C subunit) is not thought to be directly inhibited.
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Figure 1-9 Autoinhibited IRK Compared to Active cAPK.

The diagrams on the following pages show a comparison o f the unliganded. 

autoinhibited catalytic core o f the IR kinase core (A) and the ternary complex of cAPK 

with MgATP and the peptide inhibitor PKI (B). The small lobe is colored in gray, and 

the large lobe in blue, in both structures. The activation loop is shown in pink. The 

backbone of the glycine-rich ATP binding motif (IR: g i0O3_g 1008; cAPK: G50-G55) is 

shown in green, and the putative catalytic base (D1132 or D165) is shown in olive. The 

conserved Phe of the DFG motif (F1151 or F184) is shown in yellow in both structures, but 

occupies very different positions: in the IR kinase it occupies the ATP binding site, 

whereas in cAPK it occupies a pocket formed by L95 and Y164. The corresponding pocket 

in the CKD, between M105' and H1'30. is empty (not shown). This Phe is thus responsible 

for blockading the adenine binding pocket in IRK. In the cAPK structure, ATP (red) is 

bound in this pocket. Note also that the unphosphorylated Y1162 in IRK is hydrogen 

bonded to the D1132. occupying the space filled by the phosphate-acceptor analog Ala in 

PKI (orange, found in cAPK structure only). The activation loop in cAPK adopts a very 

different conformation from the IR, stabilized by pT197 (red) which makes interactions 

with H87 in the small lobe, R164 immediately preceding the catalytic base, and K192 in the 

activation loop itself (each shown in green). The homolog of R164 in IRK, R "31. is also 

shown but makes no similar interaction with the unphosphorylated activation loop of 

IRK. Crystallographic data was taken from the Brookhaven Protein Data Bank, entry 

1 ATP for the ternary complex of cAPK (359). and entry 1IRK for the inhibited structure 

ofIR  (21).
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Figure 1-9 Autoinhibited IRK Compared to Active cAPK.

A. Catalytic core o f the insulin receptor’s kinase domain.
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Figure 1-9 Autoinhibited IRK Compared to Active cAPK.

B. Ternary complex o f cAPK with peptide inhibitor and MgATP.
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Figure 1-10 Modulation of Activation Loop Conformation by Phosphorylation.

The cyclin dependent kinase from yeast, in complex with cyclin A, is the only 

protein kinase structure for which both unphosphorylated and phosphorylated forms are 

currently available. These structures are essentially superimposable except around the 

activation loop. Cyclin A (upper right, in pink) and cdk-2 (lower left, in light blue) are 

drawn as protein cartoons. The activation loop is drawn similarly in dark blue 

(unphosphorylated) or red (phosphorylated). Note the very different location of T lc0 (the 

homolog of Y 1162 in the IR and T197 in cAPK) in the two forms of the activation loop. 

When phosphorylated (red stick model, center), pT160 forms a dense network of hydrogen 

bonds with positively charged residues. From top to bottom, these residues are R50 from 

the small lobe, R1IS0 from the activation loop itself, and R126. the catalytic-loop homolog 

of R1131 in the IR and R164 in cAPK (all drawn as green stick models). There are no direct 

interactions between pTl60and cyclin A, although the cyclin molecule does play a 

significant role in restructuring the a  helix containing R50. In contrast, the 

unphosphorylated T 160 is largely exposed to solvent (dark blue ball-and-stick). No other 

amino acid side chains are shown.

This figure is drawn from crystallographic data from Russo and co-workers, PDB 

files 1JST (294) for the phospho, and 1FIN (349) for the apo form, of the cdk-2/cyclin A 

complex.
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Figure 1-10 Modulation of Activation Loop Conformation by Phosphorylation.
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Figure 1-11 Autoinhibition in the Catalytic Core of the CIO).

This is a schematic description o f autoactivation and autoinhibition in the 

truncated catalytic core o f  the CKD, based on the crystallographic and kinetic studies of 

the Ellis and Hendrickson (21,126). The CKD is illustrated as a blue diamond, with a 

circular hole representing the binding site for ATP (pink circles) and a square hole for 

peptide substrates. The activation loop is shown as an irregular gray dumbbell with end 

regions capable o f occluding both binding sites. In the basal state (I), the activation loop 

blocks both the ATP and peptide binding sites. In the presence o f ATP, however, the 

activation loop can be autophosphorylated in trans (H), leading to the removal of Y1162 

from the peptide binding site and F1151 from the adenine binding pocket. The resulting 

kinase (III) has free binding sites and shows up to 200-fold activation over the basal state 

(I). In addition to the loss o f  autoinhibition shown, the kinase is also thought to be 

activated by new electrostatic contacts between phosphotyrosine residues in the activation 

loop and R1131, which is adjacent to the catalytic base, and by a lobe rotation allowed by 

the repositioning o f FIISI.
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2. Materials and Methods.

Materials.

Insulin-free radioimmunoassay-grade Fraction V bovine serum albumin (BSA, #A- 

7888). Grade V protamine chloride from salmon, and the disodium salt o f  ATP from equine 

muscle (#A-5394). were purchased from Sigma. [y-32P] ATP was synthesized from H:/ 2P04 

according to the method of Walseth & Johnson (360) and purified (361). Other buffer salts 

and metals were at least reagent grade.

Agarose was purchased from either Sigma (Low EEO) or Kodak (Molecular 

Biology Grade). Hindlll- or BstEII- digested A. DNA for use as electrophoresis markers 

were purchased from New England Biolabs or Gibco BRL. All restriction enzymes, 

polymerases, DNA modification enzymes, and their reaction buffers were purchased from 

New England Biolabs except for BstXI, which was purchased from Stratagene. dNTP 

mixtures for polymerase chain reaction (PCR) were purchased from Pharmacia. Wizard 

Maxiprep kits for large scale plasmid purifications were purchased from Promega. 

Purification of DNA fragments from agarose gels was done using either the GeneClean II 

kit or using spin columns (0.45pm Durapore filters, Millipore). Cloning vectors were 

obtained from the following sources: pBS+, Stratagene; pVL1392 and pVL1393, 

Invitrogen; pSP72. Promega. The plasmid pTZ19UIR containing the complete IR cDNA 

was a generous gift of Dr. Whittaker. DNA sequencing was done using the Sequenase 

2.0 kit from United States Biochemicals; [ot ’5-S] dATP was from New England Nuclear.
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Bacterial growth media were purchased from Gibco BRL. All other materials were at 

least reagent grade.

Construction and Expression of Mutant Kinases.

Mutant forms of the CKD (residues 953-1355 of the human IR) were constructed 

by site-directed mutagenesis o f  plasmids encoding the cDNA for the CKD and expressed 

in a baculovirus/5/9 eukaryotic expression system. A baculovirus encoding the wild-type 

CKD was a generous gift of the late Dr. Ora Rosen.

General Molecular Biology Methods.

All cloning was done in E. coli strain HB101. Agarose gel electrophoresis was 

done in Ix TAE buffer (362). DNA purification from agarose gels was done using either 

the GeneClean II kit according to manufacturer's instructions, or using a spin-filter 

followed by phenol/chloroform extraction and ethanol precipitation. Concentrations of 

gel-purified DNA fragments were estimated by gel electrophoresis vs. known quantities 

o f Hindlll digested X DNA. Ligations were performed for 3 hours-ovemight at 16°C 

using 12ng/kb of each DNA fragment and 10U T4 DNA ligase in lOpl Ix T4 ligase 

reaction buffer supplied by the manufacturer. For every ligation reaction, a control 

ligation reaction, lacking insert DNA. was also done to check for possible vector 

recircularization. Ligation reaction mixtures were used without further purification to 

transform competent cells (stored at -80°C), made competent using the calcium chloride 

method (362). Transformed cells were plated on agar plates containing Luria Broth (LB)

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



56

media supplemented with 50pg/ml ampicillin and grown overnight at 37°C. Ligation 

reactions including the insert cDNA yielded 5- to 50-fold more colonies upon 

transformation then did their insert-deficient control reactions.

Colonies, 8-36. derived from each ligation reaction were individually inoculated 

into 2ml LB cultures (50pg/ml ampicillin) and grown with shaking overnight at 37°C. 

Small-scale plasmid purifications were done by the boiling lysis method (362) and 2pl 

plasmid DNA (approximately l-2pg plasmid DNA) from each colony was typically 

digested with 2-5 U restriction enzyme in a lOpl reaction mixture for 2-4 hours, at the 

temperature appropriate for each enzyme. The resulting fragments were analyzed by 

agarose gel electrophoresis and compared with theoretical maps of the plasmid under 

construction.

The remnants of a single growth culture whose DNA matched the theoretical map 

was then used to inoculate 400ml o f LB supplemented with lOOpg/ml ampicillin and 

grown for 16-24 hours with shaking at 37°C. Large scale purifications were done using 

the Wizard Maxipreps kits with the following modifications: Bacterial lysis and 

preparation of the crude nucleic acid pellet were done by the alkaline lysis method (362). 

Following purification, plasmid DNA was diluted to 1.5 ml and centrifuged for 5 minutes 

at 15,000x g at room temperature, to pellet resin fines which otherwise could irreversibly 

bind DNA upon freezing. The supernatant, containing the plasmid DNA, was stored at 

4°C for up to two months but was otherwise kept at -20°C for long-term storage. All 

plasmids described were purified by this large-scale method except where subcloning was 

done directly from miniprep plasmid DNA, as noted in the text. Every plasmid purified 

was verified by mapping with at least 8 restriction enzymes selected to give 1-5 different
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sized fragments: particular enzymes are noted only when they specifically distinguished 

between different mutant constructs. Glycerol stocks of bacteria transformed with each 

plasmid made were prepared by addition of sterile glycerol to 30% (v/v). and stored at - 

70°C or -150°C.

Preparative-scale restriction enzyme digestions were done at manufacturers’ 

recommended temperature in lOOpl volumes using various amounts of purified plasmid; 

enzymes were generally not heat-inactivated after digestion (unless a subsequent buffer 

could cause undesired side reactions). Digests using BstXI and TaqI were carried out at 

elevated temperatures as recommended by the manufacturer. Calf intestinal phosphatase 

(CIP) treatment, when used, was generally carried out as follows: 10U CIP, 5gl I Ox 

CIP buffer (1 Ox: 0.5M Tris-HCl. pH 9.0, lOmM MgCf,. ImM ZnCl,, lOmM spermidine), 

and 5-50|ig plasmid DNA in a final volume of 50pl was incubated at 37°C for 30 

minutes. Another 10U CIP was then added and incubation continued for another 30 

minutes. DNA was then either gel-purified or the following inactivation procedure used: 

Addition of 1 pi 0.5M EDTA. pH 8, then heat inactivation at 68°C for 10 minutes, 

followed by phenol/chloroform extraction, ethanol precipitation, and resuspension in 20- 

40pl TE.

Polymerase chain reaction (PCR) was done using Vent polymerase. lOOpl PCR 

reaction mixtures contained 1 pmol DNA template, 100 pmol each primer, lx reaction 

buffer, 16pl 1.25mM dNTP mix, and 5 U Vent polymerase; reactions were overlaid with 

mineral oil to prevent evaporation. Thermal cycling was done on a Perkin-Elmer thermal 

cycler with three steps per cycle: 1 minute denaturing step (92°C); 2 minute annealing

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



58

step (36-50°C depending on primers' melting temperatures); and an extension step of 1 

minute /kb (72°C). A 10 second equilibration step was inserted before each reaction step 

to insure the machine reached the desired temperature before beginning each incubation. 

All reactions were carried out for 30 cycles.

PCR products were separated from template plasmid DNA by agarose gel 

purification. Second-round PCR reactions, which did not include wild-type template, 

were only gel purified if more than one PCR product was detected by electrophoresis. 

Otherwise, second-round PCR products were ethanol precipitated, resuspended in 40pl 

TE, and digested directly. The resulting fragment was ligated into the recipient plasmid 

and 4-12 minipreps prepared and phenol-chloroform extracted. All DNA derived from 

PCR reactions was sequenced to verify mutations and the fidelity o f the PCR reaction.

Sequencing was done using the manual dideoxy chain termination method of 

Sanger (363). using [a-?5S] dATP . according to kit manufacturer's instructions 

(Sequenase 2.0). 20gg purified plasmid DNA or 20gl (approximately 20pg) miniprep 

DNA was used as template, and 1 Ong of each of the outer mutagenesis primers was used 

as primer for the sequencing reaction. Nongradient 0.5mm 5.2% T (5%C) denaturing 

polyacrylamide gels were prepared as described by Maniatis, Fritsch, and Sambrook 

(362) and run in lx  Tris-Borate-EDTA buffer. Gels were dried for 1-2 hours at 70°C and 

subject to autoradiography for 1-4 days to visualize bands, which were loaded, from left 

to right, in the order G-A-T-C. This allowed for reading the complementary sequence by 

inverting the autoradiograph.
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Subcloning Vectors p72CKD. pBSm3. and p72M5F.

Mutant construction was facilitated by use o f the subcloning vectors p72-CKD. 

pBSm3. and p72m5F, which were constructed by R.A. Kohanski. p72-CKD contained 

the 1.7kb Bgll/BamHI fragment from the human IR cDNA (supplied in pTZ19U-IR by J. 

Whittaker) ligated to pSP72 digested with KpnI/BamHI and two annealed 

oligonucleotides, KCKD1 and KCKD2 (Table 2-1). The resulting construct. p72CKD. 

possessed a Kozak consensus sequence (CGCCACC) immediately upstream from an 

ATG methionine initiation codon and the in-frame nucleotide sequence encoding the 

residues R953-SL'55 of the human IR. A restriction map of p72CKD and constructs derived 

from it is shown in Figure 2-2.
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Table 2-1 Oligonucleotide Sequences for Plasmid Construction.

N am e P l a s m i d U / L * S e q u e n c e  ( 5 '  - > 3 '  )

KCKD2 p 7 2 C K D L CATGGCGGTGGTACTCTTTCTCCGTCGGT

KCKD1 p 7 2 C K D U CGCCACCATGAGAAAGAGGCAGCCAGAT

HBB2 p U C l 9 G S C K D L TGGCTGCCTCTTTCTGGATCCA

HBB1 p U C l 9 G S C K D U AGCTTGGATCCAGAAAGAGGCAGCCAGAT

PBSKHL pXCKD L AGCTTGATATCGGATCCTCTAGACTAGTAGATCTGGTACCAAGCTTG

S 1 D 3 L pXCKD L GTGATGGCAGGTGAAGCCCTTCATGACGCTAG

PBSKHU pXCKD U AATTCAAGCTTGGTACCAGATCTACTAGTCTAGAGGATCCGATATCA

S 1D 3U pXCKD U CTAGCGTCATGAAGGGCTTCACCTGCCATCACGTG
*

U designates an upper strand, and L a lower strand, oligonucleotide.
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pBSm3 was designed to facilitate mutagenesis of the 3' region of the IR cDNA. 

Annealed oligonucleotides PHBS1 and PHBS2 (containing the 3’ BstXI site from the hIR 

cDNA) were inserted into the cloning vector pBS+ on BstXI and Xbal sites to yield 

pBSm. The 1.38kb Bgll/PstI fragment from pTZ19UIR was ligated with Pstl/Hindlll- 

treated pUC19 and the annealed Hindlll/Bgll adapter oligonucleotides HBB1 and HBB2. 

yielding pUC19gsCKD. pBSm was treated with BstXI and EcoRI. and ligated with the 

1,04kb BstXI/EcoRI fragment from pUC19gsCKD to yield pBSm3. This vector had a 

unique StuI site and lacked the 5' end of the cDNA. upstream of the internal BstXI site.

pBSm was also digested with BstXI and Hindlll and ligated with the 

BstXI/Hindlll insert from pBSH3-FMAKD to yield pBSm5F. The HindlH/EcoRI 

fragment from this was inserted into Hindlll/EcoRI digested pSP72 to yield p72M5F, 

which was used as the host for the silent StuI->NheI site conversion involved in the 

construction of pXCKD, described below.

Construction of the Cytoplasmic Kinase Domain Cassette Vector pXCKD.

This vector was designed to allow convenient interchange of CKD mutations and 

transfer of the CKD into a variety of shuttle or expression vectors, including the 

baculovirus expression vectors pVL1393 and pVL1392. To facilitate cloning on StuI 

sites, the 5’ StuI site was converted to a unique Nhel site, making the 37 StuI site unique 

as well. There was no change in the encoded amino acid sequence. 

p72M5F*SN, containing the silent conversion of the 5' StuI site to an Nhel site, was 

prepared as follows: p72M5F was linearized with Dralll, and then further digested with
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StuI. (StuI cleavage of DralH cut p72M5F does not remove enough DNA to be 

detectable by agarose gel electrophoresis). The Dralll/StuI digested plasmid was ligated 

to the pre-annealed oligonucleotides SID3L and SID3U (Table 2-1) encoding the same 

amino acids as the wild type sequence but including the StuI ~>NheI conversion. 

Minipreps were tested for both the loss of the StuI site and gain of the Nhel site, and the 

incorporation o f the oligonucleotides verified by sequencing.

The plasmid pBS+ was digested with EcoRI and Hindlll. The resulting 3.2kb 

fragment, which lacked most of the MCS, was ligated to the pre-annealed 

oligonucleotides PBSKHU and PBSKHL (Table 2-1) yielding the 3.2kb plasmid pBX. 

Minipreps were tested by both the loss of the PstI site from the MCS and the gain o f a 

Spel site introduced by the oligonucleotides. The 1,8kb Xbal/Kpnl fragment from 

p72CKD. including the cDNA for the CKD. was ligated to the 3.2kb Xbal/Kpnl fragment 

of pBX. Minipreps were screened for linearization with Xhol, indicating the presence of 

the insert, which contains an Xhol restriction site. The resulting 4.8 kb plasmid was 

named pBXCKD. pBXCKD was digested with Xhol and BstXI. The resulting 4.6 kb 

product was gel purified and was discemibly smaller than Xhol-only cut pBXCKD run in 

an adjacent lane (240 bp difference) indicating that the BstXI digestion was complete. A 

cDNA fragment containing the StuI->NheI modification, the XhoI/BstXI fragment 

(237bp) from p72M5F»SN. was ligated into XhoI/BstXI digested pBXCKD, prepared 

above. Minipreps were screened by Nhel cleavage. The resulting construct was pXCKD. 

A diagram of this plasmid and its derivatives is shown in Figure 2-1.
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Overview o f Mutagenesis.

The mutants discussed were made using the overlap-extension PCR process (364), 

using the primers and templates listed in Table 2-2. The overlap-extension process 

requires two outside primers and two inside primers; either or both o f the latter two may 

be mutagenic. The sequences of oligonucleotides used are given in Table 2-3.

Restriction enzyme sites near the ends o f the PCR product are used to splice the product 

into a host vector, generally either p72CKD or pXCKD. From there, the cDNA was 

generally transferred directly to pVL1393 for baculovirus construction, as described 

below.

Table 2-2 List of Mutants, Mutations, and Mutagenesis Primers.

The names, specific mutations, locations within the cDNA, and mutagenesis 

reagents for each mutant CKD construct are listed here. Each mutant also had a 

methionine at its 5' end. The primers described were used for mutagenesis by the 

overlap-extension PCR process as described (364); their sequences are given in Table

2-3. Amino acid numbers are according to the complete human IR sequence; nucleotide 

numbers begin with the initiator methionine o f the cDNA for the CKD (residues 953- 

1355). All PCR products were verified by DNA sequencing.

* cDNAs including these mutations were a generous gift o f Dr. L.-H. Wang, and so 

no PCR mutagenesis was performed. Mutation sites were verified by DNA sequencing.
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Table 2-2 List of Mutants, Mutations, and Mutagenesis Primers.

M u ta n t D e s c r i p t i o n T e m p la te 5 ’
U p p er

5 '
L ow er

3 '
U p p e r

3 '
L ow er

ALCTY4F y l l 6 2 , 1 1 6 3 , 1 3 2 8 , 13 34p *  * * *

ALY2F Y 13 62,  11 63p k *

CTY2F y l 3 2 8 ,  13 34 p p72CKD U3922 YF1328 YF1334 L4431

D1132N DU32N pBSm3 PBSRP 32LS D32N L 3786

D1161A d1161a pBSm3 PBSRP 1161LS D1161A L 3786

JMALY4F y 9 6 5 , 9 7 2 ,  1 1 6 2 ,1 1 6 3 p * * * *

JMCTY4F y 9 6 5 ,  972,  1328,  1334p ★ k * *

JMY2F y 9 6 5 , 9 7 2 p p72CKD SP72X Y 965F Y972F P3125L

K1030A k 1030a k *

R1136Q r 1136q pBSm3 PBSRP LS1136 R1136Q L 3786

Y 1158F y H  ^8 pi k *

Y1158W Y1150w pBSm3 PBSRP Y58W2 Y1158W L3786

AGATE D e l e t i o n  
1 1 6 2 . . . 1 1 6 6

pBSm3 PBSRP DCNTRL U3615 L 3786

AGATE2 D e l e t i o n  
1 1 6 1 . . . 1 1 6 5

pBSm3 PBSRP DGATE2 U3615 L 3786

AK1283 T r u n c a t i o n  a f t e r
2^1283

pT Z 19uIR IR 3698 K1283
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Table 2-3 Oligonucleotide Sequences for CKD Mutants.

Marne M u ta n t 'J /L S e q u e n c e  ! 5 ' - > 3 ' )

DCNTRL AGATE L GAGCAGACCCTTGCCTATCCGTTTCATAGATGTCTCTGG

U 3 6 1 5 AGATE 

AGATE2

rJ GGCAAGGGTCTGCTCCC

DGATE2 AGATE2 L GGAGCAGACCCTTGCCTACCCGTTTCATAGATGTCTCTGG

K 1 2 8 3 A K 1283 L GCTGCTCGGATCCTCTAGATCTACTTGTTCTCCTCGCTGTGG

IR 3 6 S S A K 1283 U CTTTGGCGTGGTCCTTTGGG

L4 4 31 CTY2F L GTTGCCCCAAAGGAGCAGC

Y F 1 3 2 S CTY2F L j AAGGGATGTGTTCCTCGAAGCTCCGCTTGAAA.CC

U 3 9 2 2 CTY2F u CCAGCTTTCCAGAGGTGTCG

Y F 1 3 3 4 CTY2F r- T CGAGGAACACATCCCTTTCACACACATGAACG

L 3 7 8 6 D 11 3 2 N  

2 1 I 6 1 A  

AGATE 

AGATE2

CCAGATACCCTCCATCC

3 2 L S 2 1 132N T CTGCCAGGTTCCGATGC

D 32N 2 1 1 3 2 N J CATCGGAACCTGGCAGC

RBSRP D 1132N  

D 1 1 6 1 A  

R 1136Q  

AGATE 

AGATE2

u GAAACACCTATGACCATG

i 1 6 IL 3 D 1 1 6 1 A T CCGGTAGTACGCCGTTTCA

D 1 1 6 1 A 2 1 1 6 1 A u TGAAACGGCGTACTACCGG

P 3 1 2 5 L JMY2F L CCATGCCGAAGGATCCCTGC

Y 9 6 5 F JMY2F L CTCAGGGTTTGAAGAAGCGAAAAGCGGTC

S P 7 2 X JMY2F U GACT CACT AT AGGGAGACCG

Y 9 7 2 F JMY2F U CGCTTCTTCAAACCCTGAGTTTCTCAGTGC

Y58W 2 Y1158W L CGTTTCCCAGATGTCTCTGGTC

Y 1158W Y1158W U GAC CAGAGACAT CT GGGAAACGGAT TACTACCG

Mutaeenized bases are underlined. ▼ marks the site o f  deletions.
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Construction o f Plasmids Containing Activation L o o p  Mutants: AGATE. AGATE2.

Y1158W. and D1161 A.

AGATE. Y1158W. and AGATE2 were made using the outer primers PBSRP and 

L3786. using pBSm3 as the template. BstXI and StuI sites were used to digest PCR 

products and p72CKD (AGATE and Y1158W) or pXCKD (AGATE2). For p72CKD. 

this required a partial StuI digest, because of the presence of the two original StuI sites 

(Figure 2-2). Screening minipreps of candidate p72AGATE with StuI allowed distinction 

between recircularized double-StuI cleaved p72CKD (no StuI insert) and native p72CKD 

(493 bp fragment) and the desired p72AGATE (478 bp). Minipreps for pXAGATE2 were 

screened with Hindlll for a 1.7 kb insert. EcoRI and PstI cleavage sites were used to 

move the CKD cDNAs from p72AGATE, p72Yl 158W, and pXAGATE2 into pVL1393. 

where minipreps were screened with either Xhol for a 2.2kb insert (p93AGATE2) or 

with Kpnl for a 1.9kb insert (p93AGATE). An overview of p93 constructs is shown in 

Figure 2-3.

Purified and BstXI/StuI digested PCR products containing the D1161A mutation were 

obtained from Q.X. The insert was ligated into BstXI/StuI digested pXCKD, minipreps were 

screened for a 1.7kb Hindlll fragment, and the mutation site was verified by DNA sequencing. 

pXDl 161A was digested with PstI and EcoRI. and the resulting 1.4kb insert ligated into 

EcoRI/PstI digested pVL1393. Minipreps were screened for the presence of a 2.2kb Xhol 

fragment. p93Dl 161A was purified from a large scale culture and the mutation again verified 

by sequencing.
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Construction of Plasmids Containing the Autophosphorvlation Site Mutants: JMY2F. 

ALY2F. and CTY2F.

PCR for the JMY2F mutant was done using p72CKD. not pXCKD. as the 

template. The PCR product was digested with Xhol and EcoRI. and the 145bp fragment 

remaining was ligated to similarly digested pXCKD. Minipreps were verified by DNA 

sequencing. The 1.6kb EcoRI/PstI insert from pXJMY2F was inserted into similarly 

digested pVL1393. yielding p93JMY2F. Minipreps wrere screened for a 2.2kb Xhol 

fragment. Neither pXJMY2F nor p93JMY2F yield the 1,4kb Hindlll fragment found in 

most other pX and p93 constructs, since the 5’ portion of the MCS is derived from p72 

(the PCR template, which lacks a 5’ Hindlll site) rather than pXCKD (which has a 

Hindlll site 5' to the cDNA encoding the cDNA). A similarly derived TaqI site is also 

found in the 5' MCS of JMY2F constructs. These features were used for plasmid 

verification.

For the CTY2F mutant, the 510bp PCR product was trimmed and ligated into 

pXCKD using Aval and Spel sites: minipreps were screened for a 1.7kb Hindlll 

fragment. Since pXCKD contained two Aval sites (Figure 2-1), this required purification 

of the 0.9 and 3.6 kb fragments from and Aval/Spel digest of pXCKD; the 0.4 kb 

fragment was discarded. The trimmed PCR product (0.4 kb) was then ligated to both the 

0.9 and 3.6 kb fragments in a three part ligation, yielding pXCTY2F. Minipreps were 

screened for a 1.7 kb Hindlll fragment. The l.6kb EcoRI/PstI insert from this plasmid 

was then inserted into pVL1393, digested on the same sites, to yield p93CTY2F. The 

mutation induced an additional TaqI cleavage site at the mutation site, which was used to 

verify the presence or absence of the CTY2F mutation during these and subsequent steps.
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A pUIRT19- based plasmid containing the ALY2F mutation was a generous gift 

of L.-H. Wang. This plasmid was digested with StuI and BstXI to excise the insert 

containing the mutation sites, and were ligated into p72CKD using the same sites.

Minipreps were selected by DNA sequencing. PstI and EcoRI were used to excise the 

entire cDNA p72ALY2F, which was inserted into pVL1393 on the same sites.

Minipreps were verified by the presence of a 1,4kb BstXI fragment generated by the 

BstXI restriction site in the CKD cDNA and the BstXI site native to pVL1393.

Inserts derived from ALY2F, Y1158W. and AGATE mutant, could be distinguished from 

most other mutations described here by their retention of the native 5’ StuI restriction site in the 

cDNA of the hIR CKD (illustrated in Figure 2-2). The 3' StuI restriction site was not altered in 

any mutant. These mutants were unique in their yielding an 0.5kb fragment upon StuI digestion. 

Alternatively, only these constructs lacked the Nhel site introduced in pX based vectors. 

Practically. Nhel was found to yield only partial digestion of pX based inserts. Convincing 

demonstrations of the Nhel restriction site required complete linearization with PstI; codigestion 

with Nhel then yielded a 1.4 kb fragment if the Nhel site was present.

Expression and Purification of Kinases.

Baculovirus with CKD cDNA in place of the polyhedrin gene were constructed using the 

BaculoGold kit (Pharmingen) according to manufacturer’s instructions. Wild-type and mutant 

CKD were purified from infected SJ9 cells by the method of Villalba et al. (128) with 

modifications. Anion-exchange chromatography was performed with a 1 x 1 Ocm 

diethylaminoethane (DEAE) 8HR column (Waters). The ammonium sulfate fractionation and the 

phenyl-Sepharose column were omitted. Size exclusion chromatography was done using a
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Superdex 75 16/60 or 26/60 column (Pharmacia) Purification was assayed by monitoring A280 

and Coomassie Brilliant Blue staining of SDS-PAGE separated proteins. 2-5jil o f each 1.5 ml 

fraction was run in each lane of a 10%T.2%C minigel (Mini-Protean II. Hoeffer) and transferred 

to polyvinyldiflouride (PVDF) membranes. CKD eluted at 8.5% Buffer B from the DEAE 

column and as a symmetrical single peak from the size-exclusion column at approximately 

50kDa. CKD could also be detected by Western blot with polyclonal anti-CKD antibody, 

autoradiography (following autophosphorylation with [y-32P] MnATP), or by IRS939 

phosphorylation assay, described below. Enzyme concentrations were calculated from the 

absorbance at 280 nm. using an extinction coefficient o f 40200 M'1 cm'1 (365). Every mutant 

kinase was verified at least once by each of these methods. Enzyme prepared by this method was 

typically at least 90% pure (as estimated by Coomassie blue staining), the major contaminant 

being a -45 kDa proteolysis product o f the CKD.

Other Mutants and Expression Systems.

The pairwise double-cluster mutants JMALY4F, ALCTY4F. and JMCTY4F were 

built by fragment swapping of plasmids bearing JMY2F, CTY2F. and ALY2F mutations. 

Baculoviruses encoding RII36Q, DM32N, and a C-terminus truncation mutant AK'283 were 

also constructed. These constructs may facilitate future enzymatic studies o f the CKD.

Attempts were made to express the CKD as a glutathione S-transferase fusion 

protein in several strains of E. coli. Although some immunoreactive full-length fusion 

protein was expressed, the majority of immunoreactive material was degraded and 

insoluble, and no autophosphorylation activity could be detected. This led to the use of 

the Sf9 expression system described above.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



70

Enzymatic Assays

Autophosphorvlation Reactions

Unless otherwise noted, autophosphorylation reactions in Chapter 4 were for one 

minute in 50mM HEPES. pH 7.0. containing 5mM fresh manganese acetate (MnAc), 0.01% 

bovine serum albumin (BSA). w/v. ImM dithiothreitol (DTT), and |y 2P] ATP at 

concentrations as specified in the figure legends. Reactions (20-60pl) were quenched by 

addition of 0.5 volumes 3x Laemmli sample buffer (initial concentrations: 6% sodium dodecvl 

sulfate (SDS). w/v, 60mM ethylenediaminetetraacetic acid (EDTA), 20% glycerol, 50mM 

DTT. in 63.5 mM Tris-HCl, pH 6.8) and analyzed by sodium dodecyl sulfate- polyacrylamide 

gel electrophoresis (SDS-PAGE) as described by Kohanski & Schenker (124) using 10%T. 

2%C slab gels. A similar protocol for measuring autophosphorylation was used Chapter 5, 

except that most experiments in that section used the same reaction conditions as in the 

peptide phosphorylation reactions (described below).

Peptide Substrate Phosphorylation Reactions.

IRS939, a peptide substrate based on the phosphorylation site Yq3Q o f IRS-1, was 

used as substrate. All enzyme assay components except for manganese acetate (MnAc) 

and the enzyme itself were individually adjusted to pH 7.0 with either sodium hydroxide 

or acetic acid, filtered through 0.45pM or smaller filters, and stored in small aliquots at - 

80°C. MnAc solutions were made fresh and used immediately. Peptide and nucleotide 

concentrations were verified spectrophotometrically at 280nm and 259nm, respectively,
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except for IRS939F. which was measured by weight (extinction coefficients for peptides 

are given in Chapter 3.) All kinase reactions were carried out at room temperature in 

50mM Tris-acetate, pH 7.0. Unless noted otherwise. 50mM magnesium acetate (MgAc) 

and 0.1% BSA were also present in reaction mixtures. Reactions were quenched by 

addition of 0.1-0.5 volumes 5% H,P04 (v/v). Reaction times, enzyme and substrate 

concentrations, and any preincubation of the enzyme were as described in the text and 

figure legends. Results from analyses with more that 20% phosphorylation of IRS939 

were excluded because of excess substrate consumption. [Y2P] ATP was used only in 

experiments explicitly intended for autophosphorylation measurements.

Reaction volumes were chosen such that 1-10 nmol of peptide were injected per 

analysis. This permitted assays at lOpM peptide, with a 100 pi injection volume, or up to 

0.5 mM peptide with an injection volume o f 20pl. Reactions using higher peptide 

concentrations required dilution after quenching to fall within the desired range for 

sample injection and product analysis.

HPLC Analysis.

IRS939 phosphorylation was assayed by HPLC using a Hewlett-Packard 1090 

Liquid Chromatograph equipped with an automated injector. The column was a small­

bore C8 column, 2x100mm, with MOS Hypersil-2 3 pm packing (Keystone Scientific 

#103-32-2). Detection was done using a Linear Instruments 206 PhD continuous flow 

spectrophotometer and Linear Instruments UVIS 206 PC computer software for 

simultaneous monitoring of multiple wavelengths. Quantification of peak heights at 

220nm was done with a Hewlett-Packard 3396A integrator.
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A gradient system was used with the following solvents: A. 0.12% TFA (w/v),

1% methanol (v/v) and 2% acetonitrile (v/v) in water. B, 0.1% TFA (w/v), 1% methanol 

(v/v) and 2% water (v/v) in acetonitrile. Solvents were filtered through 0.45[iM filters 

before use. Unless noted otherwise, elutions were performed at a flow rate of 0.25 ml/min 

using Gradient I: 0-5 min. 2-10% B; 5-16.5 min, 10-22% B: 16.5-16.6 min. 22-2% B. 

followed by 5.5 minute equilibration at 2% B. The column was washed periodically, as 

described under Results, using Gradient II: 0-5 min. 2-10% B; 5-16.5 min. 10-22% B;

16.5-30 min. 22-70% B; 30-31 min. 70-2% B: followed by 7 minutes equilibration at 2%

B. Further details o f this assay method are given in Chapter 3.

Two-Dimensional Phosphopeptide Mapping.

Autophosphorylated 32P-labeled CKD was isolated for proteolytic digestion as 

described in (124). Proteolysis was done for 16-24hr using Ipg Endoproteinase Lys-C 

(Wako) in 0.5ml of 50mM ammonium bicarbonate, with a second addition of protease at 12- 

18hr. Gel fragments were recovered by centrifugation and the supernatant was lyophilized in 

a Savant Speed-Vac. Samples were resuspended in water and relyophilized 6-7 times. Two- 

dimensional phosphopeptide mapping for determination of autophosphorylation sites was 

performed according to Boyle et al. (309) with modifications as follows: Samples were

reconstituted in 5-15pl 20% acetic acid and a portion (typically l-5|il) spotted onto 20cm x 20 

cm Kodak cellulose TLC plates (#1366061). Electrophoresis at 16°C in 20% acetic acid, 5% 

n-butanol was for I hour at 1000V, with a 19cm separation between electrodes. Under these 

conditions, the phosphopeptides are all cationic. Under these conditions, the phosphopeptides 

are all cationic. Ascending chromatography was done in butanol: pyridine : acetic acid : water
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(15:10:3:12. v/v). Radiolabelled phosphopeptides were visualized by autoradiography using 

Kodak XAR X-ray film.
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Figures for Chapter 2

EcoRI
Hindlll
Kpnl

loI/Aval

pXCKD jMy 2F 
4901 bp

ALY2F

 .Nhel

Dralll
BstXI

CTY2F

Hindlll /  \  
BamHI TaqI

Figure 2-1 Diagram of pXCKD based constructs.

The cDNA of the hIR CKD is shown (boxed arrow) along with the modification 

sites o f the JMY2F. AL Y2F. and CTY2F tyrosine mutants (black squares). Restriction 

sites shown are common to all pXCKD-based constructs except as follows: An additional 

TaqI site is present at the CTY2F mutation site in pXCTY2F and derivatives; and the 

Hindlll site 5' to the cDNA is replaced with an additional TaqI site in pXJMY2F and 

derivatives.
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BamHI-Aval-BamHI-Pstl-HindlH-Aval-XhoI

PstI,

A vai

p72C K D

ALY2F 4125 bp

BstXI
StuI

Xhol/ Aval 
Kpnl

EcoRI

Figure 2-2 Diagram of p72CKD based constructs.

The cDNA of the hIR CKD (boxed arrow) in the context of p72, along with the 

modification site of the ALY2F mutant (black square).
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H in d lll
istXI.val

IstXI

'hoI/Aval

Aval

P93CKD

11003 bp

B am H l
A val
Kpnl
EcoRI
H in d lll
Kpnl

IstXI

H indlll

X hol/A valH indlll
StuI N hel

A valH ind lll B stX I D ra lll

PstI Spel

Figure 2-3 Diagram of pVL1393-based constructs.

The cDNA of the hIR is shown (boxed arrow) inserted to the vector pVL1393. 

Restriction sites shown are common to all mutant constructs except as follows: In 

constructs based on p72CKD (Y1158W. AGATE, ALY2F) the Nhel site is silently 

replaced with a StuI site, and the Hindlll site just 5’ to the insert is missing. In the 

JMY2F construct the Nhel site is retained but the Hindlll site lost. All 33 TaqI sites, 

and mutation sites within the cDNA, are omitted for clarity.
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3. Development of an HPLC-Based Peptide 

Phosphorylation Assay.8

77

Synthetic peptide reagents have several advantages over other commonly used 

tyrosine kinase substrates such as 4:1 poly Glu-Tyr copolymer (366). reviewed in (367). 

histones (5). and reduced and thio-carboxamidomethlyated lysozyme and its proteolytic 

fragments (124.368). Peptides are readily synthesized in any desired sequence and are 

commercially available at high purity, and have thus been used widely in the 

characterization of protein tyrosine kinases since their introduction to the field (369).

To facilitate the kinetic study of the CKD, we developed a peptide-based assay for the IR 

kinase.

Assay of protein kinases began with indirect assays of the earliest studied protein 

kinase, phosphorylase kinase, which phosphorylates serine and threonine residues (255). 

Direct observation of phosphorylation was first done using [y-32P] ATP to radiolabel the 

protein substrate, followed by trichloroacetic acid precipitation (255). Since then, 

isotope-based quantitation of polypeptide product has become the dominant form of assay 

of protein kinases. Refinements have included use of filter paper binding (258,370,371), 

TLC (369.372), (SDS-PAGE, as in (124)), polyethyleneimine-cellulose chromatography 

(373). HPLC (374.375), or ferric-chelate paper (376) to recover 32P-labeled

* This work has been reported (455).
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phosphoproteins or phosphopeptides.9 3:P use is hazardous and inconvenient because of 

the need to replenish stocks frequently and the increasing difficulties of radioactive waste 

disposal. Use of [y-32P] ATP in protein kinase assays, although common, is therefore 

becoming problematic.

The most popular kinase assay is probably the phosphocellulose filter binding 

assay (reviewed in (377)). In addition to the use of [y-j2P] ATP. the method requires 

peptide substrates with at least two positively charged residues. This requirement was 

advantageous in early studies of protein kinase A, whose preferred substrates include at 

least basic residues (378). Tyrosine kinases, however, have consensus sequences with 

few basic residues, and a predominance of acidic residues instead (37). Most 

physiologically derived peptide substrates o f the IR. for example, have therefore been 

used with added basic residues to facilitate this assay (38.379.380). These additional 

residues may alter the kinetic properties of the substrates v ia  altered charge or length, or 

even modulate the activity o f the enzyme itself. The homopolymers poly-Lys and poly- 

Arg are already known to dramatically stimulate the insulin receptor kinase (381) and it is 

possible that similar effects could stem from high concentrations o f polybasic peptides. 

Thus, modifications of peptide substrates specifically for isolation of the product could 

alter or mask important properties of these substrates.

Nonradioactive assays, which could avoid such complications, have been 

described. Nuclear magnetic resonance techniques can be used to follow phosphopeptide 

production directly, but requires high peptide concentrations because of low sensitivity

9 The method o f  Toom ik et al. (376) employs tritiated peptides instead o f  [y-32P] ATP. Many o f  the same
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(382). Mass spectrometry (383) and capillary zone electrophoresis (384) show promise 

as kinase assays, but are not yet widely deployed. Techniques for quantifying ADP or P, 

have been applied to the assay of protein kinases (114.385.386). However, these 

products may not be formed stoichiometrically with phosphopeptide in all cases, because 

of the variable levels of intrinsic ATPase activity common to most protein kinases 

(387.388) including the insulin receptor (389). Nonradioactive "tags” have also been 

added to peptides for recovery or detection in kinase assays: Biotinvlated peptides can be 

selectively recovered (390) or quantified (391) by their tight binding to avidin.

Detection of fluorescently labeled phosphopeptides has been done by a commercially 

available ferric chelate system (Spinzyme, Pierce Chemical Co.) or by electrophoretic 

mobility shift using peptides fluorescently labeled before (392) or after (393) the kinase 

reaction. When added before the kinase reaction, these nonradioactive labels may also 

affect the properties of the substrate.

In the present study, we have developed a nonradioactive assay for protein 

tyrosine kinase activity. Phosphorylation of peptides lowers their retention times from an 

RP-HPLC column, allowing for the separation and spectrophotometric quantitation of 

both apopeptide substrate and phosphopeptide product. This assay is suitable for the 

kinetic characterization of tyrosine kinases.

disadvantages apply.
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HPLC Separation of Reaction Components and Products

The peptide substrate IRS939 (Table 3-1) is based on the sequence of the known 

IRS-1 phosphorylation site Y939. When incubated with MnATP and CKD. IRS939 (peak 

1) was converted into a second peak (Peak 2. Figure 3-1). The identity of Peak 2 as 

phosphorylated IRS939 (P-IRS939) was established in several ways: (1) when [y-32P] 

ATP was included in the reaction mixture. P-IRS939 (but not IRS939) was radioactive.

(2) Direct sequencing by automated Edman degradation showed the selective absence of 

the ninth amino acid in P-IRS939. eluted at 11.8 minutes, whereas Tyr was the ninth 

amino acid sequenced in IRS939. eluted at 14.3 minutes. (3) The A /A ratio o f P- 

IRS939 was 8 times higher than that of unmodified IRS939 (Table 3-1), as expected 

(394). (4) P-IRS939 was formed only upon incubation of IRS939 with CKD in the 

presence of ATP and Mg2* or Mn2'. Prequenching of the complete reaction mixture, or 

omission of enzyme or ATP. abolished formation of P-IRS939.

No HPLC peak was attributable to the enzyme itself, which in any event was 

usually present in subpicomolar quantities. The assay therefore gave no information 

about enzyme autophosphorylation.
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Table 3-1 Physical Properties o f Peptide Substrates and Inhibitors.

P e p t i d e S e q u e n c e R e t e n t i o n £ £
T i m e  ( m i n )

220 -1 -1 
(M »cm  )

280 -1 -1 
(M #cm )

I R S 9 3 9 REETGSEEYMNMDLG 1 4 . 3 1 5 1 0 0 1 2 8 0
P - I R S 9 3 9 REETGSEEpYMNMDLG 1 1 . 8 1 5 1 0 0 1 6 0

I R S 9 3 9 F REETGSEEFMNMDLG 1 7 . 1 1 5 1 0 0 < 3 0

This table shows the primary sequence and physical properties o f the substrate, 

product, and inhibitor forms of IRS939. The sole tyrosine, phosphotyrosine, or 

phenyalanine residue is shown in red. All sequences were verified by automated Edman 

sequencing, including the absence o f tyrosine in P-IRS939. Peptide synthesis and 

sequencing were done by the Protein Core facility o f the Mt. Sinai School o f Medicine. 

Retention times were measured using Gradient I or II. for IRS939 was calculated 

using the PEPTIDESORT computer program (280), and e^o calculated using the 

A220/A280 ratio measured from elution profiles, for P-IRS939 and IRS939F were 

assumed equal to that o f  IRS939, and their values calculated using their measured 

A320/A280 rations. Since IRS939F had no detectable absorption at 280nm, its is stated 

as an upper bound.
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Use o f Carrier BSA

When we began analyzing the recovery of stable reaction products, we observed 

that net peptide recovery was incomplete at low concentrations of peptide and ATP. 

Therefore, we added carrier BSA to the reaction mixtures, since this was known to have 

no effect on CKD autophosphorylation (124). Titration of BSA led to 0.05% as the 

minimum saturating concentration for both complete peptide recovery and optimal kinase 

activity (Figure 3-2). To provide a margin of safety, we routinely used 0.1% BSA as a 

carrier in out kinase reactions. This necessitated periodic washing of the column to 

prevent BSA buildup, as discussed below.

To further assess the assay method, we followed the formation of P-IRS939 and 

the net recovery of peptide over time (Figure 3-3). Recovery of IRS939, measured as 

the sum of apo-IRS939 and P-IRS939 recovered, was independent o f the extent of 

reaction. This indicated that accurate quantitation of apo- and phosphopeptide, using 

integrated peak areas at 220nm. was not affected by phosphorylation. Moreover. IRS939 

could be completely converted to P-IRS939. suggesting a homogenous pool of phosphate 

acceptor.

Compatibility o f the Assay with Reaction Components

IRS939F. which was identical to IRS939 except for the replacement of the 

tyrosine residue with phenylalanine (Table 3-1), was used to demonstrate the 

compatibility o f this assay system with peptide inhibitors (Figure 3-4). Substitution of 

the less-polar Phe for Tyr typically increases the retention of peptides on RP-HPLC
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columns. IRS939F was found to elute after IRS939 (Figure 3-4 and Table 3-1) and thus 

did not interfere with quantitation of IRS939 and P-IRS939. The inhibitory 

nonhvdrolyzable analog of ATP. adenylyl imidodiphosphate (AMP-PNP) was also used 

as an inhibitor o f peptide phosphorylation in the insulin receptor kinase (Figure 3-4). 

Since AMP-PNP coeluted with ATP. it did not interfere with quantitation of peptide 

species. Therefore, inhibitor studies, important for kinetic analyses, may be done with 

this assay.

Tyrosine kinases have been studied using either magnesium or manganese as the 

required divalent cation (for example, (395)). However, DTT is a common preservative 

in enzyme reactions and purifications, keeping cytoplasmic proteins in a reduced state.

We found during the development of this assay that the combination of manganese and 

DTT led to instability of the quenched reaction mixture. Reactions done with DTT 

present could be analyzed immediately, but upon standing in DTT-containing acidified 

reaction mixture. IRS939 was converted to a series of new peaks (

Figure 3-5). These peaks were not P-IRS939 because they occurred even when CKD or 

ATP were excluded from the reaction mixture. Moreover, P-IRS939 was itself converted 

to a similar mixture of peaks under the same conditions. The modification(s) responsible 

for the new peaks was not determined, but these artifacts did not occur if  manganese or 

DTT were omitted from the reaction mixture. However, these peaks were never observed 

in experiments using magnesium as the divalent cation, even with ImM DTT present in 

the reaction mixture. Therefore, experiments were typically done using MgAc as the 

metal cofactor.
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Chromatography Details

BSA was not eluted from the HPLC column by Gradient I. We found that 

multiple analysis using BSA-containing reaction mixture led to progressively delayed 

elution of ATP and the earlier elution of peptides (Figure 3-6). This eventually led to a 

loss of separation of peptides from ATP. which made quantitation of peptides inaccurate, 

especially at low peptide concentrations or with little conversion of apo- to 

phosphopeptide. This effect was prevented by periodically eluting the BSA from the 

column by performing an assay using Gradient II instead of Gradient I. Gradient II is 

identical to Gradient I before 16.5 minutes, so peptide elution is unaffected: but since 

Gradient II is longer, it reduces the number of samples that can be analyzed per day.

700jig of injected BSA was the largest amount that did not interfere with 

phosphopeptide quantitation under the conditions shown in Figure 3-6. As a precaution, 

we generally washed the column after 300p.g net BSA has been injected. Assays at 

elevated ATP concentrations required more frequent washing, since the interfering ATP 

peak is broader. In an experiment identical to that in Figure 3-6. but with lOmM ATP 

instead of 0.5mM. 300pg BSA (five runs) was sufficient to interfere with analysis. If 

more than 500nmol ATP are injected per analysis, it is best to perform all analyses with 

Gradient II. The frequency of wash cycles can be reduced by injecting smaller volumes, 

which decreases both the BSA bound in each run and the amount o f '‘interfering’” ATP.

There was a small (<0.5% peak area) run-to-run carryover of peptides. This is 

normally below the margin of error of measurement. However, a blank gradient needed
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to be run between injections producing large peptide peaks and injections producing 

much smaller peaks.

The choice of gradient is a major factor in the time required for assay. The 

principle gradients described here (Gradient I and II) were chosen for general 

applicability to a wide range of ATP and peptide concentrations assayed in the presence 

of carrier BSA. For some applications, this is not necessary, and a shorter gradient can 

be used. For example, the gradient used in Figure 3-4 eluted both IRS939 and P-IRS939 

in under ten minutes without compromising the accuracy or net peptide recovery. We 

were not successful in establishing an isocratic elution system: these were found to yield 

broad peaks and poor resolution o f ATP from phosphopeptide.

Limits of This Assay

Our IRS939 preparation included a small (0.3% total peptide) contaminant which 

coeluted with P-IRS939. Because of this, each experiment included a prequenched 

control which was subtracted from the measured P-IRS939 peak area. The lower limit of 

detection was the higher of either 0.5 % conversion to P-IRS939 or 10 pmol P-IRS939. 

Reproducibility of integrated peak areas, based on repetitively injected samples from a 

single quenched reaction mixture, was typically ± 5% phosphopeptide peak area for P- 

IRS939 peaks representing 2% conversion of IRS939.
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Discussion

The present assay technique has several advantages over most other protein kinase 

assays. Since nucleotides are well separated from peptide substrates and products 

(Figure 3-1). the ATP concentration can be as high as necessary to achieve saturation of 

the enzyme. We have successfully measured reaction rates from 50pM - l5mM ATP. 

This is an advantage over methods using [y-32P] ATP, whose sensitivity actually falls  as 

total ATP concentration increases due to the decreasing specific radioactivity of [y-32P] 

ATP. The range of ATP usable in this assay is limited only by the lower detection limit 

for phosphopeptide. discussed below.

The range of usable peptide concentrations is also broad. Since the 

chromatography technique used is retentive, injection volumes can be raised to increase 

sensitivity at low peptide concentrations. Figure 3-6 demonstrates analysis with a 2.4% 

conversion o f 20pM IRS-939, using 75pl injections; we have performed assays 

successfully at peptide concentrations as low as lOpM. using an injection volume of 

200p.I. Purity of the peptide substrate can also be a limiting factor in the sensitivity of 

phosphopeptide detection. In our preparation of IRS939, for example, a very small 

(0.3%) impurity was found to co-elute with P-IRS939, and was subtracted from every 

experiment during quantitation. This nevertheless prevented accurate quantitation of P- 

IRS939 peaks much below 0.5% the area of the apopeptide. Reaction mixtures can be 

diluted prior to analysis, so there is no upper bound on assayable peptide concentration 

other than solubility. We have assayed IRS939 phosphorylation at concentrations up to 

ImM.
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The ability to isolate peptides of varying sequences by reverse phase HPLC has 

already been established. Phosphorylation decreases the retention time o f peptides from 

RP-HPLC columns because of the increased hydrophilicity of the phosphate group 

compared to the hydroxyl group (Table 3-1 and Figure 3-1). This has been observed for 

a range of phosphorylated peptides (396) and for tryptic phosphopeptides derived from 

the CKD itself (67). A basic substrate of a serine kinase has been assayed using this 

principle (397). Reduction in peptide retention by phosphorylation appears to be a 

general phenomenon allowing the separation of apo- and phosphopeptide by reversed- 

phase HPLC under acidic conditions .10

Inhibition studies are essential for distinguishing between closely related kinetic 

mechanisms by initial velocity studies (398). Construction of peptide inhibitors of 

protein kinases is commonly done by synthesizing a pseudosubstrate: replacing the 

phosphate acceptor hydroxyl group of a known substrate with a hydrogen atom (323).

We tested our assay for compatibility with one such inhibitor, IRS939F, where the 

phosphate-accepting tyrosine residue in the substrate IRS939 was replaced with a 

phenylalanine residue. IRS939F was in fact an inhibitor of IRS939 phosphorylation 

(Figure 3-4). IRS939F eluted after apo-iRS939 and thus did not interfere with 

quantitation of either IRS939 or P-IRS939. This was expected, since the phenylalanine 

residue in IRS939F was more hydrophobic than the tyrosine in IRS939. This 

compatibility of IRS939F with our assay system is probably a general feature o f the Tyr- 

to-Phe class of pseudosubstrate peptide inhibitors.

Ferry et al. (375) observed both increasing and decreasing retention o f  various peptides upon
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AMP-PNP. a nonhydrolyzable inhibitor}' analog ATP. coelutes with ATP and did 

not interfere with quantitation of peptide species (Figure 3-4). The present assay is 

therefore generally compatible for studies with both peptide and nucleotide inhibitors.

During the development of this assay, we detected and corrected an apparent 

problem with peptide recovery (Figure 3-2). The nature of this loss was not determined, 

but was probably binding o f peptide to the plastic walls of the reaction tubes or the glass 

walls of the HPLC vials. The assay has a built-in control for such losses: total peptide 

recovery is quantifiable with every assay Most other assays, including the 

phosphocellulose filter binding assay, lack this control and may consequently underreport 

enzyme activity (399).

There are several possible extensions to this assay. This technique could be used 

to study other protein kinases or phosphatases. Studies of reverse reactions o f these 

enzymes is also possible. Moreover, for some kinetic paradigms, it is useful to monitor 

the phosphorylation o f multiple substrates in the same reaction mixture. This should be 

possible if a gradient can be established where the substrates and products are resolved 

from each other. If necessary, slight modification o f peptides can produce large changes 

in elution times. For example, a peptide equivalent to IRS939 except for the absence of 

the carboxy-terminal glycine residue eluted at 16.1 minutes instead of 14.3 minutes 

(using Gradient 1).

In summary, the method described here is applicable to a broad range of substrate 

concentrations and compatible with common types o f kinase inhibitors. Peptides do not

phosphorylation, but their chromatography was carried out at pH 7.4.
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require special modifications to facilitate detection or the separation of products from 

substrates. Radioisotopes are not needed for detection, and the net recovery o f apo- plus 

phosphopeptide can be monitored as an internal control for the reactions. Finally, it is 

compatible with inhibitor studies for the kinetic analysis o f protein kinases. These 

properties suggest that reverse phase HPLC may prove generally useful in the study of 

protein tyrosine kinases, their peptide substrates, and inhibitors, and possibly other 

enzymes that metabolize phosphopeptides as well.
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Figures for Chapter 3
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Figure 3-1 Separation of IRS939 from P-IRS939.

A typical chromatogram of an IRS939 phosphorylation reaction mixture is shown. 

1 !2pM IRS939 was phosphorylated using 360nM CKD in 50 mM MgAc, 50mM Tris 

acetate, and ImM ATP for 4 min before acidification of 0.2 volumes 5% H3P04. A 50 pi 

aliquot was injected onto a 2 x 100 mm MOS-Hypersil-2 column and eluted using the 

gradient shown. P-IRS939 (peak 1) is readily resolved from IRS939 (peak 2); peaks were 

identified as described in the text.
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Figure 3-2 Effect of BSA on Peptide Recovery and Phosphorylation.

The BSA concentration was varied in a series of 80pl reaction mixtures 

containing 50pM IRS939. lOOnM CKD, and ImM ATP. Reactions were quenched after 

five minutes with 8pl of 5% phosphoric acid and 30pl were analyzed by HPLC using the 

following gradient: 0-2.5 minutes, 2-12% B; 2.5-16.5 minutes, 12-25% B. P-IRS939 

recovered, expressed as a fraction of total IRS939 injected (■), and the net recovery of 

apo- and phosphopeptide (i.e., the sum of recovered P-IRS939 and recovered IRS939, 

expressed similarly: ▲) are shown as a function of BSA concentration. These values were 

determined from duplicate reaction mixtures by integration of the appropriate peaks on 

HPLC chromatograms. Error bars are ±1 standard deviation.
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Figure 3-3 Time Course of IRS939 Phosphorylation by CKD.

500nM CKD was activated by pre-autophosphorylation with 500pM ATP in the 

presence of 30(ig/ml protamine chloride. After 20 minutes, the enzyme was diluted to 

7.2nM in a reaction mixture containing 500pM ATP and 50pM IRS939. lOOpl aliquots 

were withdrawn at the indicated times and quenched by addition of 20(il 5% H3P 04, and 

90pl were then analyzed by HPLC using Gradient I. IRS939 phosphorylation (■) and net 

recovery of apo- plus phosphopeptides (A) as a function of reaction time, are expressed 

as in Figure 3-2, except without error bars since only single determinations were made.
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Figure 3-4 Inhibition of IRS939 Phosphorylation by Peptide or Nucleotide 

Inhibitors.

Reaction mixtures, of 20pl each, containing 290pM IRS939 in the presence of 

0.5mM ATP were incubated for ten minutes (A), or phosphorylated for ten minutes in 

the presence of 80nM protamine-stimuiated CKD. prepared as in Figure 3-3 (B). or 80nM 

protamine-stimulated CKD plus 1.5mM IRS939F (C). Reactions were quenched and 

diluted by addition of180pi reaction buffer containing 0.22% phosphoric acid, and 80pi 

aliquots were analyzed by HPLC. IRS939 phosphorylation was inhibited by AMP-PNP 

(D-F). 40pi o f 2mM AMP-PNP in water was acidified by adding lOpl o f 5% phosphoric 

acid and 20pl were analyzed by HPLC (D). 112pl IRS939 was phosphorylated for 1.5 

minutes with 200pM ATP and 36nM protamine-stimulated CKD without (E) or with (F) 

2mM AMP-PNP. and quenched and analyzed similarly. In this experiment the flow-rate

was increased to 0.3 ml/min and the elution gradients were are shown (------ ). P-IRS939,

IRS939. and IRS939F, when present, eluted at 7.8, 9.6, and 11.5 minutes, respectively.
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Figure 3-4 Inhibition of IRS939 Phosphorylation by Peptide or Nucleotide 

Inhibitors.
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Figure 3-5 Stability o f the Apopeptide in Quenched Reaction Mixtures.

Because routine automated assay of hundreds of samples would necessarily 

involve a delay between sample preparation and assay of later samples, we investigated 

the stability of reactants in quenched reaction mixtures. Mixtures o f 100 pi each 

containing lOOpM IRS939, 1 mM ATP, 5mM MnAc, and ImM DTT, but no MgAc, 

BSA, or CKD. were acidified with lOpl of 5% H3P 04 before the addition of CKD to a 

final concentration of 200nM. 25pl aliquots were analyzed either immediately (A) or 

after standing for 18 hours at room temperature in a sealed glass HPLC vial (B). 

Reaction mixtures omitting DTT (C) or MnAc (D) were also analyzed after standing for

18 hours. Unmodified IRS939 eluted at 11.7 minutes using the gradient shown (------ ).

Unmodified P-IRS939, not present in this experiment, eluted at 10.0 minutes using this 

gradient.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



96

B

Eco
CM
CM

UJ
Oz
<
CQ
O'
O
CO
CQ
<

.10

.05

0

20 5 20 5

MINUTES

20

Figure 3-6 Cumulative Effect of Multiple Injection on Phosphopeptide Elution 

and Detection.

To determine how frequently the HPLC column needed to be regenerated, we 

investigated the effect o f sequential analyses on recovery and quantitation of reactants 

and products. 20pM IRS939 was phosphorylated by 50nM CKD in the presence of ImM 

ATP and quenched after four minutes by addition of 0.2 volumes 5% phosphoric acid. 

Repeated injections o f 75pl aliquots o f the quenched reaction mixture were made 

sequentially. Elutions were done using Gradient I, without intervening wash cycles, so 

that BSA accumulated on the column. Chromatograms from the 1st (A), 12th (B) and 

16th (C) injections are shown. The trailing edge of the large peak at the left- hand side of 

each chromatogram is ATP. The elution times of P-IRS939 (▼) were 11.8, 11.1, and 

10.9 minutes, and the elution times of IRS939 were 14.3, 13.6, and 13.4 minutes, in 

panels A, B, and C, respectively. The phosphopeptide peak shown represents 2.2% 

phosphorylation of the peptide, or 42 pmol P-IRS939.
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4. Cis Autophosphorylation of Juxtamembrane 

Tyrosines.11

In this chapter, we examine the hypothesis that clusters of the multiple 

autophosphorylation sites in Figure 1-1 proceed via different molecular mechanisms. The 

JM autophosphorylation sites proceeded via a kinetic pathway that is distinct from that of 

the other sites, as a function o f both ATP dependence and reaction rate (67). It seemed 

plausible, therefore, that these sites could proceed via a distinct molecular mechanism as 

well. We use the technique of Todhunter & Purich (illustrated in Figure 1-3). in 

conjunction with site-directed mutagenesis, to resolve the site-specific contributions of 

both cis and trans autophosphorylation in the CKD.

Kinetics of Juxtamembrane Autophosphorylation

In order to most clearly demonstrate the mechanism of the JM sites, we utilized 

reaction conditions where these sites were the dominant component of 

autophosphorylation. A previous kinetic study (75) had revealed that the JM sites are 

favored relative to other sites by low ATP concentration. We therefore used 10pM ATP 

in our initial studies. We chose a reaction time of one minute as the minimum 

experimentally reproducible reaction time, so that net autophosphorylation would most 

nearly reflect the rate o f initial autophosphorylation rather than an endpoint

These results have been reported (456).
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stoichiometry. To maintain the constraint A TP»CK D  for pseudo-first order reactions 

while maximizing radioisotope incorporation, we used 1.4[iM CKD.

We verified that these conditions yielded juxtamembrane autophosphorylation by 

using [y-32P] ATP to radiolabel CKD under the above reaction conditions, followed by 

two-dimensional TLC analysis of radiolabeled peptides generated by Endo-Lys C 

protease digestion (Figure 4-1). The same procedure was applied to mutant CKD 

molecules lacking pairs of major autophosphorylation sites Y965-,,72f  (JMY2F). y 1I6: i163F 

(ALY2F). and y i324I334F (CTY2F). We found that juxtamembrane autophosphorylation 

was the dominant (>90%) component o f autophosphorylation in the wild-type, AL Y2F 

and CTY2F CKDs. The ALY2F construct showed more carboxyl terminus 

autophosphorylation than the WT or CTY2F CKDs.

Map assignments were made using two techniques. First, we monitored the loss 

of each spot in the appropriate mutant using reaction conditions (1.4 p.M CKD, 20 minute 

reaction time. 500pM [y-32P] MnATP) where all spots were populated in the wild-type 

kinase (Figure 4-1. panel E). For example, the J spot is absent in the map of the JMY2F- 

CKD under these conditions (D). Engl et al. (400) also found a very similar tryptic 

peptide from the JM region at this location, usrng a similar mapping technique, but 

another group did not (401). We therefore further verified the identity of the JM peptide 

by reverse phase HPLC exactly as described in (67,75). The tryptic peptide derived from 

the JM spot eluted at the position previously determined for the principal juxtamembrane 

tryptic peptide. Moreover, an apparently identical tryptic peptide was observed, by both
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two-dimensional TLC and HPLC. in both the ALY2F and AGATE constructs (Table 

2-2). confirming that this site could not have been at the activation loop.

Independence of JM Autoohosphorvlation on CKD Concentration

Once we had determined that our reaction conditions permitted chiefly JM 

autophosphorylation. we investigated the molecular mechanism of autophosphorylation 

by measuring the concentration dependence of autophosphorylation.

In the plot shown in Figure 4-2 the stoichiometry of autophosphorylation for each 

versions of the CKD is shown as a function of CKD concentration. Autophosphorylation 

of the WT- and CTY2F-CKD is qualitatively independent of enzyme concentration, and 

quantitatively showed a first-order (WT. 1.04±.02 ; CTY2F, 1.05±.03) dependence on 

enzyme concentration over the ranges tested. The WT and CTY2F-CKDs therefore meet 

the above criteria for a cis autophosphorylation reaction, which occurs at the JM 

autophosphorylation sites.

Deviation from cis autophosphorylation was found to correlate with a shift 

towards phosphorylation at other sites. The ALY2F mutant autophosphorylates by a cis 

reaction below 150nM (apparent reaction order, 1.03±0.02) but shows a detectable 

contribution of trans autophosphorylation above 290nM (reaction order 1.13 ± 0.04).

This mutant also shows a larger component of CT autophosphorylation compared to the 

WT-CKD, as measured at 1.4 pM enzyme in Figure 4-1. Autophosphorylation o f the 

JMY2F-CKD is highly enzyme concentration dependent (an apparent slope o f 1.5 ±0.05) 

and very slow (about 10% that of the WT construct even at 1.1 pM enzyme, Figure 4-2), 

consistent with the absence of the dominant cis JM autophosphorylation pathway. Thus,
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in these four versions o f the CKD. then, deviation from pure cis autophosphorylation 

(Figure 4-2) and deviation from pure juxtamembrane autophosphorylation (Figure 4-1) 

both follow the order JMY2F»ALY2F>CTY2F=WT.

Dependence of Juxtamembrane Autophosphorylation on ATP Concentration

The average stoichiometries of autophosphorylation in Figure 4-2 were 0.23±0.02. 

0.04±0.01, and 0.04±0.0l for the ALY2F, WT. and CTY2F enzymes, respectively.

These three reactions all involved the same JM autophosphorylation sites (Figure 4-1). 

Thus, removal o f two potential (but unused) autophosphorylation sites in the ALY2F 

construct caused a 6-fold increase in the rate of cis autophosphorylation at the JM sites.

To investigate the kinetic basis for this observation, we varied the only accessible 

parameter of the reaction, ATP concentration (Figure 4-3).

The WT and CTY2F enzymes showed similar second-order rate constants for cis 

JM autophosphorylation (£JM/A!MnATP of 3200 and 4900 min*1 M*1. respectively; Table 4-1). 

We use £JMto denote the apparent catalytic constant for juxtamembrane 

autophosphorylation. and £ MnATP to denote the half-saturation point with the substrate 

MnATP (this value does not apply when using M g" as cofactor). The ALY2F construct 

showed a much more efficient JM autophosphorylation reaction (kSM/KMnATP 121000 

min'1 M'1) due primarily to a 24-fold drop in /(MnATP. Using the constants in Table 4-1, we 

calculated autophosphorylation stoichiometries at lOpM MnATP of 0.03, 0.04, and 0.30 

mol P04/mol CKD, which compares well to the observed averages o f0.04, 0.04, and 0.23 

for the WT, CTY2F, and ALY2F kinases respectively. Thus, the increased

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



101

autophosphorylation of the ALY2F at 10pM MnATP appears to be a function of its 

lowered A'MnATP.

Table 4-1 ATP Dependence of Juxtamembrane Autophosphorylation.

Enzyme ^ M n A T P

(pM)
k jv i

(mol m o l ’ 1 m i n _i
jtcJM/K MnATP 

( x l 0 ’ J m i n ’ 'M’ 1)
AAG 

k c a l / m o l )
WT 75 ±3 0 . 2 4  ± 0 . 0 2 3 . 2 N/A

CTY2F 120 ±16 0 . 5 9  ± 0 . 0 6 4 . 9 - 0  . 2 5
ALY2 F 3 . 2  ± 0 . 3 0 . 3 9  ± 0 . 1 0 121 - 2 . 2

The data from the Eadie-Scatchard plots in Figure 4-3 were analyzed by linear 

regression to extract an apparent first-order rate constant for JM autophosphorylation (k1M 

from the x-axis intercept) and the apparent dissociation constant for ATP binding (AMnATP. 

the negative reciprocal o f the slope). AAG was calculated from the formula

AA G = -RT In . Errors shown are ±1 standard deviation.

Kinetics of AL and CT Autophosphorylation.

It is generally accepted that the kinase domains of RTKs autophosphorylate in 

trans, and this has been supported by crystallographic data (21,352). Here, we have 

reported cis autophosphorylation in the unique juxtamembrane subdomain of the IR- 

CKD, which was not present in those crystallographic studies. To provide a positive 

control for our study, we set out to verify the occurrence of trans autophosphorylation at
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AL and CT sites in the WT-CKD. To accomplish this, we employed the activating 

polycation protamine chloride (125.381) and 500|iM MnATP. a concentration known to 

enhance autophosphorylation of these sites (75). Under these reaction conditions, 

autophosphorylation occurred chiefly at the AL and CT sites, with a predominance of bis­

and tris-phosphorylated activation loop phosphopeptides (Figure 4-4). These reaction 

conditions were thus suited for studying the molecular mechanism of the fast phase of 

autophosphorylation. We used the same concentration-dependence technique used above 

(Figure 4-2. illustrated in Figure 1-3) to study the molecular mechanism of 

autophosphorylation (Figure 4-5). Autophosphorylation was very rapid and showed an 

apparent reaction order o f 1.8. with a maximum incorporation at one minute reaction time 

of 3.2 +/- 0.5 mol P04/ mol kinase (out of a possible 7). No further enhancement of rate 

was observed above 200nM CKD. suggesting that either the enzyme-enzyme interaction 

was saturated, the enzyme had reached its Vmax for autophosphorylation. or near-endpoint 

conditions were being observed at this point. This showed that the CKD employed here 

is capable of intermolecular autophosphorylation, and the cis autophosphorylation in WT, 

ALY2F. and CTY2F-CKD detected in Figure 4-2 results from the intrinsic molecular 

mechanism and not from any technical difficulty or systematic error obscuring trans 

reactions.

Interaction with ATP

The activation-loop autoinhibited form o f CKD is partially stabilized by a 

hydrogen bond between the catalytic base and Y "62 (21). During this study, we also 

observed enhanced initial autophosphorylation in the ALY2F construct (Figure 4-2),
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which we ascribed to a reduced A*InATP for autophosphorylation (Figure 4-3 and Table 

4-1). Elevated basal activity in activation loop Tyr-> Phe mutants has been previously 

observed (70,73) but not addressed kinetically. The most likely structural explanation for 

this reduced £ MnATP is then not the prevention of formation of pY1162 (which does not 

occur in any case. Figure 4-1). but loss o f the hydrogen bond between tyrosine-1162 and 

D1132. Removal o f this constraint in the ALY2F construct would be expected to make it 

easier to remove the activation loop from its autoinhibitory conformation. This would 

facilitate ATP access for autophosphorylation at remaining autophosphorylation sites, 

explaining the reduced A*1nATP observed for this reaction.

To further explore the connection between activation loop mutations and the ATP 

dependence of cis autophosphorylation, we measured the ATP dependence of 

autophosphorylation for mutants in the activation loop. A view of key residues involved 

in stabilizing the activation loop is shown in Figure 4-6. D"61 makes four ionic 

interactions in a solvent-shielded environment, evidently playing an important role in 

loop stabilization. We constructed a D1161A mutant to examine the effect of disrupting 

these interactions. Additionally, we constructed mutants with deletions of a large portion 

of the activation loop (AGATE and AGATE2). A YI158W mutant was originally intended 

to facilitate tryptophan fluorescence studies o f gate conformation, but is also useful to 

examine alteration of this residue (in comparison to the ALY2F mutants). ATP data for 

autophosphorylation of these mutants is shown in Figure 4-7 and Table 4-2. Interestingly, 

the D1161 A, AGATE and AGATE2 enzymes all have approximately the same kinetic 

parameters as each other and ALY2F, a 30-fold drop in KMnA7? for JM

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



104

autophosphorylation. This suggests that the activation loop is a bistable construct, as will 

be discussed further in Chapter 6.

Table 4-2 ATP Dependence of JM Autophosphorylation in AL Mutants.

Enzyme ^MnAT? kjM k ^ , / K <nAT9 AA G
(HM) (mol m o l ”1' m i n ”~ ( x l 0 " J m i n ”‘M”‘ ) k c a l / m o l )

D1161A 3 . 9 0 . 3 1 79 - 1 . 9
AGATE2 4 . 0 0 . 1 7 42 - 1 .  6
Y1158W 79 0 . 2 1 2 . 6 + 0 . 1 3

The data from the Eadie-Scatchard plots in Figure 4-7 were analyzed and 

described as in Table 4-1.

We also measured the JMY2F mutant’s dependence on ATP by the same protocol 

used in Figure 4-3 (Figure 4-8). JMY2F showed a ninefold increase in £ MnATP (to 

640pM) and a twofold drop in kSM for autophosphorylation, measured at 200nM kinase. 

Since the overall rate of JMY2F autophosphorylation is concentration-dependent (Figure 

4-2), one or both of these parameters (probably kSM) must be enzyme-concentration 

dependent as well. These parameters must apply to autophosphorylation o f the activation 

loop and/or carboxyl terminus residues. It has already been observed that these sites 

proceed via a different kinetic phase with an elevated A*tnATP for autophosphorylation 

relative to juxtamembrane autophosphorylation (75). The altered £ MnATP observed in this 

experiment for the JMY2F construct may then reflect the properties of the sites
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undergoing autophosphorylation rather than a change in the enzyme's interaction with 

ATP. as we will discuss further in Chapter 6.

The Two Phases of Autophosphorylation Have Distinct Molecular 

Mechanisms

Earlier work on the kinetics of the CKD and tetrameric IR identified two reaction 

phases, a high-affinity slow phase occurring at the juxtamembrane autophosphorylation 

sites and a low-affinity fast phase at the activation loop and carboxyl terminus sites (75). 

To determine whether each reaction phase progressed in cis or trans. we studied the 

enzyme concentration dependence of autophosphorylation of the wild-type CKD and 

several site-specific mutants under conditions where they autophosphorylated principally 

by the slow phase (Figure 4-1 through Figure 4-3) or fast phase (Figure 4-4 and Figure

4-5). The first-order dependency observed in the wild-type CKD reacting by the slow 

phase (Figure 4-2) is a hallmark of cis reaction. Under the same reaction conditions, 

deviation from first-order dependence on enzyme concentration among the mutants 

correlated with the appearance of autophosphorylation at non-juxtamembrane sites 

vFigure 4-1). Stimulated autophosphorylation in the wild-type CKD, which occurred at 

sites characteristic of the fast phase of autophosphorylation (Figure 4-4), also occurred by 

a trans mechanism (Figure 4-5). These results provide compelling evidence that both cis 

and trans pathways exist in the CKD, and that the cis pathway specifically applies to the 

juxtamembrane autophosphorylation sites.
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Figures for Chapter 4
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Figure 4-1 Site distribution of initial autophosphorylation.
These autoradiograms show two-dimensional [32P]-phosphopeptide maps generated by 

endoproteinase Lys-C digestion o f autophosphorylated CKD molecules. WT (A), ALY2F (B), 
or CTY2F (C) -CKD were autophosphorylated for 1 minute using lOpM [y-32P] ATP at 
1.4(iM enzyme concentration. Twenty-minute reactions at 500pM [y-32P] ATP and 
1.4(iM CKD were also done for JMY2F (D) and WT-CKD (E). [32P]-phosphopeptides were 
resolved by electrophoresis in the first dimension and ascending TLC in the second, as 
described in Materials and Methods. Arrowheads denote the point o f sample application.
Spot assignments (F) were made as described in the text: J, juxtamembrane; A l, A2, and A3, 
activation loop, mono-, bis-, and tris- phosphorylated; C, carboxyl terminus 
autophosphorylation sites. Autoradiogram exposure times were adjusted to give approximately 
equal saturation of the film for the J spot.
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Figure 4-2 Concentration Dependence of Autophosphorylation.

Various concentrations of WT (®), ALY2F (®), JMY2F (^ ) ,  and CTY2F ( ) were 

incubated with 1 OpM ATP for 1 minute and assayed for autophosphorylation by SDS-PAGE 

as described in Materials and Methods, except for the use of 0.1% BSA as carrier. Data 

points, collected in quadruplicate, are shown ± 1 standard deviation. Results are expressed as 

moles phosphate incorporated per mol kinase. Specific activities of [y-32P] ATP ranged from 

10000 to 27000 cpm/ pmol, measured at the time of data collection.
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Figure 4-3 Dependence o r JM  Autophosphorylation on MnATP.

lOOnM WT (®), 120nM ALY2F (®), or 120 nM CTY2F (' -)  were incubated with 

various concentrations of [y-32P] ATP for one minute and the reaction products measured 

as in Figure 4-2; data points are the average of two determinations. The data are shown 

as an Eadie-Scatchard plot. A fixed number of cpm [y-32P] ATP was used for each 

reaction series as follows: WT, 3.4 x 106 cpm per 40pl reaction; ALY2F and CTY2F, 3.6 

x 106 cpm per 60pl reaction. The right panel is rescaled to allow visibility of the ALY2F 

dataset.
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Figure 4-4 Site distribution of initial stimulated autophosphorylation.

These autoradiograms show two-dimensional [32P]-phosphopeptide maps from 

WT-CKD autophosphorylated for 1 minute with 500jiM [y-32P] ATP, at 0.7 pM enzyme 

concentration, with (A) or without (B) 30pg/ml protamine chloride. Mapping techniques 

and site assignments are as in Figure 4-1.
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Figure 4-5 Enzyme Concentration Dependence of AL and CT 

Autophosphorylation.

To determine the molecular mechanism of CKD autophosphorylation at AL and 

CT sites. WT-CKD was autophosphorylated under conditions that favored these domains. 

The indicated concentration of WT-CKD was autophosphorylated with 500|iM MnATP 

with (®) or without ( - )  30jag/ml protamine chloride, using 0.1% BSA as carrier in either 

case. Data were measured in at least triplicate and expressed as in Figure 4-2. Specific 

activities of [y-32P] ATP ranged from 320 to 3200 cpm/' pmol, measured at the time of 

data collection.
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Figure 4-6 Residues Stabilizing the Activation Loop in IRK.

This figure shows the interactions between the variable portion of the activation 

loop and the rest of the kinase molecule in IRK. The three potential autophosphorylation 

sites in the activation loop (Y1158. Y1162. and Y“63) are shown from left to right as bright 

red stick models. As before. Y1162 can be seen hydrogen bonded (dotted lines) to the 

catalytic base D1132 (olive). The rest of the activation loop is drawn in bright pink stick 

models, except for Eu59-D1161. E1159 and T1160 are omitted for clarity; these residues are 

pointing towards the viewer, into solvent. Note in particular that D1161. shown in yellow, 

makes numerous contacts with residues from the large lobe and is a key site of 

stabilization for the activation loop. Residues not in the activation loop are drawn as 

green stick models (for those residues making H-bonds with the activation loop) or blue 

spheres (all others).

This figure was arranged with SwissPDB-View (402) and rendered with POV- 

RAY (403).
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Figure 4-6 Residues Stabilizing the Activation Loop in IRK.
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Figure 4-7 ATP Dependence of Autophosphorylation in AL Mutants.

Autophosphorvlation of activation loop mutants was measured and shown as in Figure

4-3. Autophosphorvlation data is shown for the Y1158W (^ ), WT (®), ALY2F (X). D1161A 

(®). and AGATE2 ( ) enzymes. Data for the AL Y2F and WT kinases are redrawn from 

Figure 4-3. The lower panel is rescaled for better visibility.
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Figure 4-7 ATP Dependence of Autophosphorylation in AL Mutants.
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Figure 4-8 ATP Dependence of JMY2F Autophosphorvlation.

The ATP dependence of autophosphorylation in the JMY2F construct was 

measured and displayed as in Figure 4-3. vauto is used instead of VJM because JM 

autophosphorylation does not occur in this construct.
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5. Activating Effects of Juxtamembrane

12Autophosphorylation

Lag Phase in IRS939 Phosphorylation.

To characterize the basal state o f the CKD, we studied the phosphorylation of 

IRS939 in the presence and absence of activating agents. When assayed in the presence 

of 50 mM MgAc and 0.5 mM ATP, we found a lag phase in the phosphorylation o f 

IRS939 (Figure 5-1). Naive enzyme (reaction begun by addition of enzyme, without 

preincubation) did not show a strictly initial linear reaction progress (R2 = 0.98 when 

measured over 0-50 min, and note the upward curvature) but did eventually reach a 

steady state at a final velocity o f 29 min'1 (measured over 25-50 min, R2 = 0.997). This 

reaction showed a lag phase, measured as a time intercept, o f 7.6 ± 1.0 minutes; this 

observation was statistically significant when compared to the null hypothesis (no lag 

phase; p=.006). When the enzyme was preincubated with MgATP and protamine 

chloride, the subsequent reaction was linear (R2 = 0.996), showed no significant lag phase 

(time intercept, 0.8 ± 0.55 minutes; p = 0.21), and was much faster (260 min'1). Enzyme 

preincubated with MgATP alone showed a small lag phase o f questionable significance 

(1.0 ± 0.46 minutes, p = 0.06) and was also linear (R2 = 0.998); the rate, however, was 

nearly unchanged from enzyme assayed without preincubation (37 min'1). Other 

preincubation experiments showed that preincubation with 50 mM MgAc, 50pM IRS939,

Preliminary portions o f  this work were presented at the Tenth Symposium o f  the Protein Society
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2mM AMP-PNP (a nonhydrolyzable ATP analog), or buffer alone did not affect the 

course o f the subsequent IRS939 phosphorylation reaction (Figure 5-2). Thus, the lag 

phase was abolished by preincubation with only those conditions that would be expected 

to support autophosphorylation: it required both divalent cation and hydrolyzable ATP. 

and was not due to a peptide-induced conformational change.

These observations suggested that the lag phase might be due to progressive 

autophosphorylation of the enzyme during the substrate phosphorylation reaction. As 

discussed on page 3. autophosphorylation at the activation loop is known to activate the 

enzyme. However, several other explanations were possible. The enzyme could be 

activated by ADP formed during the preincubation period (activation by P-IRS939 was 

unlikely, since the lag phase was abolished by preincubation with MgATP alone). The 

observation that AMP-PNP did not abolish the lag phase argued against a nucleotide- 

dependent conformation change being the initial activating event, but did not rule this 

out; AMP-PNP is not always a kinetic model for ATP (285). To further characterize the 

lag phase and its possible linkage to enzyme autophosphorylation, we studied the time 

course o f IRS939 phosphorylation under different reactant concentrations.

Surprisingly, the phosphorylation of IRS939, expressed as moles phosphorylated 

IRS939 (P-IRS939) per mole of enzyme, was independent of enzyme concentration 

(Figure 5-3). This conflicted with the standard model of activation by trans 

autophosphorylation at the activation loop shown in Figure 1-11. If progressive 

autophosphorylation were the cause of the acceleration observed during the steady state,

(457).
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than higher enzyme concentrations would be expected to autophosphorylate more rapidly 

(by the law of mass action) and hence show shortened lag phases. This suggested that if 

autophosphorvlation was the activating event, either the activation loop was not involved 

or it could autophosphorylate in cis. The observations in Chapter 4. that 

autophosphorvlation at Y"'72 and Y972 could occur in cis. made these sites tempting 

candidates for the activation process.

The independence of IRS939 phosphorylation with respect to enzyme 

concentration also allowed us to vary the enzyme concentration. This was needed to keep 

IRS939 conversion above the sensitivity limit of our assay (0.5% phosphorylation) and 

below 20% phosphorylation, to prevent effects due to excess consumption of substrate.

To further evaluate the dependence o f the lag phase on reactants, and determine 

steady-state kinetic parameters for IRS939 phosphorylation, reactions were studied at 

various ATP and IRS939 concentrations. Although the steady-state rate o f IRS939 

phosphorylation was dependent on IRS939 concentration, the time required to reach that 

rate was not. Both the reaction rate and the duration of the lag were strongly dependent 

on ATP concentration, however, with elevated ATP both increasing the reaction rate and 

shortening the lag phase (Figure 5-5). These results appear consistent with the results 

described in Figure 5-1. Neither IRS939 preincubation nor the concentration of IRS939 

(at least over the range 10-200^M) in the assay affects the duration of the lag phase. 

Preincubation with MgATP, however, abolishes the lag phase; similarly, when reactions 

are done without preincubation, the lag phase is attenuated at higher ATP concentrations. 

As expected, the reaction rate with respect to each substrate appeared saturable.
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Closer inspection of the dependency of the lag phase (L. with units o f minutes) on [ATP] 

shows an apparent hyperbolic dependence. A replot o f this relationship showing L vs. 

1/[ATP] (lower right panel o f Figure 5-5) suggests a minimum lag time (Lmm) o f 1 

minute; half-minimal lag is observed at 2.5 mM ATP (£ ATP Iae). The saturability o f the lag 

phase demonstrates that the activation process involves an enzyme-catalvzed step and is 

not. for example, caused by a breakdown product or contaminant in the ATP modulating 

the activity o f the enzyme. Kinetic parameters extracted from Figure 5-4 and Figure 5-5 

are summarized in Table 5-1.

Table 5-1 Kinetic Parameters of IRS939 Phosphorylation.

V a r i e d
S u b s t r a t e

P a r a m e t e r V a l u e

I R S 9 3 9 * f t * .  IP.S939 44 ±  15

ap p 38 ± 7 m i n ' 1
MgATPb MgATP 5 1 0  ± 2 0 0  tiM

Vm, a p p 82 m i n ' 1
j^ATP, l a g 2 .  5 mM

-Omm 0 . 9 8  ± 0 . 4 5  m i n

Values were determined from linear regression analysis of the data in Figure 5-4 

and Figure 5-5 : line fits are illustrated in these figures, a, IRS939 varied at fixed 0.2 mM 

MgATP. b, MgATP varied at fixed lOO^M IRS939.
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Correlation between Enzyme Autophosphorylation and the Lag Phase

Direct demonstration of a linkage between autophosphorvlation and the lag phase 

required measurement of enzyme autophosphorylation. Measurement o f enzyme 

autophosphorvlation at the nanomolar enzyme concentrations used in Figure 5-1 through 

Figure 5-5 is difficult. To circumvent this, we took advantage of the independence of 

reaction rate with respect to enzyme concentration (Figure 5-3). Instead of using a single 

continuous reaction mixture containing enzyme. ATP. and IRS939, as was done earlier, 

we used a two-step procedure. The enzyme was incubated with MgATP alone and 

aliquots periodically removed diluted into reaction mixture containing both MgATP and 

IRS939. These secondary assays were conducted for very short times (3 minutes) and 

used much higher enzyme concentrations (50-140 nM) to produce a measurable amount 

of product during this brief time. This technique had two advantages over the simpler 

continuous method. First, because enzyme concentration in the primary reaction mixture 

was high (700 nM). enzyme autophosphorylation was readily measurable by use of 

radiolabeled ATP. Secondly, progressive peptide consumption was not a problem in the 

assay, since each secondary assay began with a fresh stock of IRS939 and ATP.

The use of this technique allowed us to simultaneously measure enzyme 

autophosphorvlation and reaction rate (Figure 5-6, top), which were shown to correlate as 

a function of time. Removal of ATP by dialysis did not restore the lag phase to 

prephosphorylated enzyme (Figure 5-6, bottom). This argued for the causal role of 

autophosphorylation in activation, as compared to a coincidental role (such as both being 

due to an ATP-dependent conformational change). Reaction rates measured by this
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protocol were very similar to those obtained by the earlier method, despite the much 

higher enzyme concentration during autophosphorylation (a final rate o f 19 min'1 in 

Figure 5-6 vs. 21 min'1 measured under the same concentrations of MgATP and IRS939 

in Figure 5-4). This suggested that the final states of the enzyme were the same, i.e., no 

new activation process was induced by the higher enzyme concentration used during 

autophosphorvlation. The duration o f  the lag phases was also similar (this will be 

addressed further below), indicating that the existing activation process did not proceed 

faster at the higher enzyme concentration. This extended the independence of L with 

respect to [E], originally established in Figure 5-3, up to 700nM. Moreover, the lag phase 

was observed during autophosphorvlation in the absence of IRS939; every data point in 

Figure 5-6 was exposed to IRS939 for the same 3 minutes. This verified that the lag 

phase was not due to continuous exposure to IRS939 or P-IRS939, as was suspected from 

the earlier results.

We also studied the ATP dependence o f initial autophosphorylation (Figure 5-7) 

to determine whether they were linked as a function of ATP concentration. The 

observed 7(MeATP in this process was approximately 2.6+/-0.2 mM, very similar to the 

2.5mM ÂATP Iat observed previously for the lag phase (Table 5-1). A maximum rate of 0.6 

min'1 was observed.

Mathematical Model of Activation by Autophosphorylation

In Figure 5-5, the duration o f the lag phase appeared to show saturation with ATP:
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K  ATPUg Equation 5-1
L = L m,aA + -  :

; [ATP] I

where L is the observed lag phase, and Zmin and KXTPLa* are experimentally derived 

constants representing the minimum lag time and the ATP concentration at which the lag 

is at twice its minimum duration, respectively (Table 5-1). We will relate these constants 

to a kinetic model of IRS939 phosphorylation or CKD activation. Building such a model 

will allow us to rewrite Equation 5-1 in terms of kinetic parameters of the activation 

process, and to generate an equation that should describe progress curves such as those in 

Figure 5-5. If activation due to autophosphorylation is the process underlying the lag 

phase, the rate of autophosphorylation should determine the rate of enzyme activation 

during the lag phase. Although similar to the formal treatment of enzyme hysteresis 

(404). hysteresis does not apply to our case because of the involvement of a covalent 

modification to the enzyme (phosphorylation).

The simplest scheme for cis autophosphorylation that allows for saturation by

ATP is

E +ATP <=> E« ATP kM >EP + ADP Scheme 5-1

where E is unphosphorylated enzyme. EP is phosphorylated enzyme, and E-ATP is the 

binary complex with ATP. We use km  here as in Chapter 4, and use KAT? because the 

treatment below can be applied to both MnATP and MgATP (although the correct value
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must be selected for actual calculations). To generate a mathematical model describing

the autophosphorvlation process, we make the following assumptions:

1) The enzyme exists in only two kinetically relevant forms, whose concentrations are 

[E] (apo) and [EP] (phospho). They are related by [E]T = [E] + [EP], where [E]T is the 

total enzyme concentration. This is justified, despite the presence of multiple 

autophosphorylation sites, by the observation that autophosphorylation under the 

reaction conditions o f Figure 5-6 occurred almost exclusively at juxtamembrane sites 

(see page 129).

2) The total enzyme concentration [E]T is much less than the total ATP concentration 

[ATP]t , s o  that the free ATP concentration [ATP] is approximately constant ([ATP]

— [ATP]t ). This is justified by the pseudo-first order reaction conditions used, where 

ATP was typically two to four orders o f magnitude in excess of enzyme.

3) The reverse reaction does not occur or occurs slowly (the equilibrium lies to the 

right).

4) The process is not affected by the presence of IRS939, whether phosphorylated or 

not. This is justified by the observations that L is independent of [IRS939] (Figure

5-4), that CKD activation occurs even in the absence of IRS939 (Figure 5-6), and 

preincubation with IRS939 had no effect on subsequent reaction o f the CKD (Figure

5-2).
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5) ATP binding to the enzyme is near equilibrium. This holds even for cAPK. whose 

maximal rate of catalysis (21 s'1) is much higher than rates of autophosphorylation in 

the CKD (maximum, approximately 0.1 s '1).

The rate of new formation of phosphoenzyme should then be proportional to [E] 

and the saturation of the enzyme with ATP:

</[EP] ^ d[E] 
d t  d  t = *,M [E]

[ATP]
[ATP] + K.-ATP

Equation 5-2

Integration over time using the starting conditions [EP] = 0, [E]=[E]T then gives 

[E] (and hence [EP]) as a function of time:

[EP] = [E]t l - e

* , M [ A T P |  
W ATTI-A '"1’

Equation 5-3

so that the fraction of phosphorylated enzyme F  (dimensionless) is given by the simple 

exponential decay

[ATP| S

F = [ E P ]  = l _ e  vfATPI+A:

[E]t

Equation 5-4

Proposing that EP is an activated form of E, and that E is essentially inactive 

except for autophosphorylation, means that the two forms of the enzyme have different 

constants for catalysis. If E has a catalytic constant for IRS939 phosphorylation of kE and
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EP has a different rate constant ytEP. and the Michaelis constants are the same1’. than the 

overall rate constant for substrate phosphorylation by a mixed pool of kinase molecules is 

^  = t f - n  Ate + ( F ) * Ep Equation 5-5

But if ( l-F) kE «  F kBP. we can approximate that over the population o f enzyme E ,̂

£Cat * (F')kEP Equation 5-6

If the Michaelis constants are different. Equation 5-5 takes on a more complex

form requiring information about substrate concentrations. However, if  we are either

near the Michaelis constants for EP or these constants are similar or lower than those for 

E. than the approximation in Equation 5-6 still holds, because the rate o f phosphorylation 

by E will still be less than that by EP given the other assumptions described below. No 

study has described an increase in KM values upon phosphorylation or activation of the IR 

(indeed, this would constitute deactivation.)

This approximation is justified by several factors. First, we principally study the 

enzyme under conditions where F>QA, because data before this is technically difficult to 

acquire anyway with the wild-tvpe enzyme. Since autophosphorvlation begins as soon as 

we add ATP, we cannot measure IRS939 phosphorylation in the absence of cis 

autophosphorylation without mutagenesis. Second, a kinetic model for E that cannot 

convert to EP, the JMY2F mutant, (F=0) showed almost no IRS939 phosphorylation

11 Phosphorylation has been observed to activate the enzyme solely by changes in ^  without 
change in the Michaelis constant (33,111,408,417). It is not clear, however, which autophosphorylation 
sites this activation was caused by (JM , AL or both).
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activity near the values of EP (see below). This suggests that E has very little 

catalytic activity. Third, we were able to adequately describe our data without a fcE 

different from 0, and extensions o f the model with kE > 0.05 kE? no longer fit the data.

The velocity equation for a two-substrate enzyme with rapid equilibrium random 

order kinetic mechanism, such as the insulin receptor kinase (111). is (398):

[ATP] Y  [IRS939] "l Equation 5-7
v = ■ = k„

[E]t  “  1, [ATP] + Kmat? X  PRS939] + KMJRSW

Here, v is the absolute rate o f IRS939 phosphorylation and has units o f M '1 min'1. 

v ’ . the turnover rate per molecule of enzyme, is shown for easy comparison with the 

figures and has units of min'1. The assumptions used in deriving Equation 5-7 require 

that [IRS939] — [IRS939]T and [ATP]2[ATP]t . that is. that we restrict ourselves to initial 

velocity conditions with respect to substrates (but not necessarily with respect to 

autophosphorylation).

Substituting Equation 5-4 and Equation 5-6 into Equation 5-7 we obtain

Equation 5-8
v '= k E P \ - e ‘'I

*im IATP| 
[ A T P | + K aT P [ATP] Y [IRS939]

[ATP] + ^M^xp J^[IRS939] + ^m.IRS939 ,

Inspection of Equation 5-8 shows that as t increases, v’ asymptotically approaches 

a final steady state value, which we will term v*„.

v„ = lim v '=kEp 
t ->00

[ATP]  ̂ [IRS939]
[A IP] + t^[IRS939] 4- £ ^^5 9 3 9  J
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Equation 5-9

This steady-state rate is just what we would have obtained from Equation 5-7 

with kat set to kEP. To relate these parameters to L. the observed time intercept in a plot 

of P-IRS939/[E]t  v s . time (such as Figure 5-1 through Figure 5-5) we must first integrate 

Equation 5-8 with respect to time. We obtain

T = [ v ' d l = k B f  [ATP] [IRS939]
 ̂[ATP] + ^ M ATP t [IRS939] + £ MIRS9„  /

t +

< *W [ATP| ]

l - e  v ( a tp i - a :a t ? J 

'  ^ m [A T P ]  N

[a t p ]+ /: ATP

Equation 5-10

where T = [P-IRS939]/EX. i.e. cumulative turnovers per enzyme molecule. For large t 

(after the lag phase) we can see that T approaches the limiting line l̂im

W A T P ] Y
T„m = Hm T = kEP

t —> 00

[ATP] I [IRS939] 
[ATP] + £ mat? j([IRS939] + K m iIRS939

-1
t +

[ATP] +K A T P

=  v. t + ^jm [ATP]
[ATP] -rK ATP

Equation 5-11

The lag phase L is then the time point where this limiting line intersects the time 

axis (we used this method to obtain values of I  in Figure 5-4 and Figure 5-5, for
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example). We obtain an expression for L by solving for t in Equation 5-11. constraining

[ATP] +K ATP)'
(  £jM [ATP] V Equation 5-12

This equation allows us to predict the lag phase of substrate phosphorylation in 

terms of kinetic parameters for autophosphorylation. Most immediately,

I  k1M [ATP] V 1 Equation 5-13

""" ~ VaTP] + K AW '  ~  k m

And. using Equation 5-1.

™ ™  Equation 5-14
ATP.Lug   fC

So far, the mathematical model appears to correlate with our experimental results. 

The equality predicted by Equation 5-14 is observed in Figure 5-7 and Table 5-1.

Equally important is what is absent from these equations: the independence of T on [E]T 

mirrors the results in Figure 5-3 and is a direct result of the use o f the cis 

autophosphorvlation mechanism in Scheme 5-1 to generate Equation 5-2.14 Likewise, we 

have not found any basis for the inclusion of an IRS939 term in L. in keeping with the 

results in Figure 5-4.

To test whether progress curves such as those shown in Figure 5-4 and Figure 5-5 

are actually described by Equation 5-10, we gathered data over a range of different ATP
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( 100-15000MM) and IRS939 concentrations (10-500MM) (Figure 5-10). Using the lag 

parameters from Table 5-1 and refining the steady-state parameters by global error 

minimization (Table 5-2), we found a good fit between progress curves calculated using 

Equation 5-10 and the results in Figure 5-10. Thus, cis autophosphorvlation as an 

activating progress was able to predict the observed progress curves.

Table 5-2 Kinetic parameters of IRS939 phosphorylation from global fit.

P a r a m e t e r V a l u e

K m , IP.SS3S 44 Mm

•Kit, MgATP 4 1 0  Mm

Vm 1 0 6  m i n " 1

These parameters were obtained by minimizing the error function 

E = ^ T -  Tobs)/ T 2 against the dataset in Figure 5-10, using Equation 5-10 and the lag 

parameters in Table 5-1 to calculate T.

Site Assignment of Enzyme Autophosphorylation

Two-dimensional phosphopeptide mapp'ng showed that autophosphorylation 

under the reaction conditions of Figure 5-6 occurred at the juxtamembrane 

autophosphorylation sites Figure 5-8. To confirm the causal role o f autophosphorylation 

at these sites in activation of the enzyme, we measured IRS939 phosphorylation by the

u A trans mechanism would have resulted in a dependency o f  L on [E]T, in contrast to these results, as 
mentioned on page 118.
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Y‘,65 <57:F construct (JMY2F) and studied its phosphorylation of IRS939. Substrate 

phosphorylation was greatly reduced (Figure 5-9). This indicates that juxtamembrane 

autophosphorvlation is a nonessential activator of IRS939 phosphorylation by the CKD. 

Mutation of the carboxyl terminus sites had little effect, and there was still a lag phase, 

confirming that phosphorylation of these sites was not the activating autophosphorylation 

event.

Choice of Enzvme

These findings were made possible by the establishment o f reaction conditions 

allowing for almost exclusive phosphorylation of the JM region. The absence of 

autophosphorvlation at other sites in the kinase was a requirement for clear interpretation 

o f our results, to allow for clear assignment of which sites are required for the activation 

process. Selective JM autophosphorvlation was allowed by the CKD construct and 

reaction conditions employed. The version of the CKD employed in this study, originally 

constructed in the laboratory of the late O.R. Rosen. (128), includes the entire 

intracellular portion of the & subunit of the IR (residues 953-1355) and shows substantial 

autophosphorylation in its juxtamembrane region (128). like the complete IR (67,75).

This CKD shows similar kinetics o f autophosphorvlation as well (67,75).15 The 

similarity of this CKD to tetrameric IR, and our success in using it to identify cis 

autophosphorylation in the JM region, suggested our use of this construct as a starting 

point in characterizing the kinetic effects of this autophosphorylation.

15 Another version o f  the insulin receptor’s kinase domain, including residues 959-1355, shows very little 
JM autophosphorylation (Table 6-1) and w ould not have been suitable for this study.
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Choice o f Reaction Conditions

Although the ability to autophosphorylate at the JM sites is intrinsic to the CKD 

(67.128). the actual choice of the JM sites as the near-exclusive sites o f 

autophosphorylation were dictated by the reaction conditions employed. In Chapter 4. we 

attained this by using very short reaction times and low ATP concentrations (Figure 4-1). 

While suitable for characterizing cis autophosphorylation, these restrictions would not 

allow production o f sufficient P-IRS939 for reliable assay. Fortunately, we found that the 

use of MgATP instead of MnATP abrogated AL phosphorylation even at one hour 

reaction time, and CT autophosphorylation was only slight (Figure 5-8). This result was 

not an artifact of the mapping technique used, as we were able to demonstrate activation 

loop autophosphorylation using this technique and appropriately autophosphorylated 

CKD (Figure 4-1 and Figure 5-8). The absence of protamine, a polycation stimulatory 

agent of the CKD and IR (125,381,405), was also required for the absence of activation 

loop autophosphorylation using MgATP as substrate, as protamine appeared to 

specifically stimulate trans autophosphoiy lation (Figure 4-5) of the AL and CT sites 

using either Mn”  (Figure 4-4) or M g" (Figure 5-8). In keeping with the trend that both 

protamine and M n" preferentially stimulate AL/CT autophosphorylation, protamine has 

been observed to alter the metal requirements o f the enzyme, bringing M g" on par with 

Mn"(405). By appropriate choice of reaction conditions, we were able to study the role 

of juxtamembrane autophosphorylation in IRS939 phosphorylation in the absence of 

potentially confounding autophosphorylation at other sites.
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The reason why Mg ' should not support AL. autophosphorvlation may involve 

conformational differences in the enzyme. Starting with the first biochemical 

characterizations o f the IR kinase (406) and continuing with the CKD (125) 

autophosphorylation has been observed to be grossly weaker in the presence of saturating 

M g" than saturating Mn”  (405.407). The /C,pvTP for juxtamembrane 

autophosphorvlation (2.5 mM. Figure 5-7) is much higher than observed values of £ MnATP 

(75 ILM. Figure 4-3 and Table 4-1: 60-180|iM, (75)). A similar finding has also been 

made for overall autophosphorylation of the receptor (408) MgATP and MnATP bind 

CKD with similar affinity (407). so the observed differences in autophosphorvlation are 

not due solely to different affinities for metal-ATP. Kinetic studies of substrate 

phosphorylation have indicated the existence of a regulatory metal-binding site, in 

addition to the metal-ATP binding site, which is more stimulated by Mn”  than Mg”  

(395.409.410). None o f this explains why one metal should alter the apparent substrate 

specificity of autophosphorylation: an answer to this question will require more detailed 

structural studies o f the enzyme bound to the two forms. First steps towards this have 

already begun: Mn” . but not Mg” , has been shown to produce an activating 

conformation change in the CKD (407). An alteration of substrate preferences in 

response to protamine has been noted in the IR (411), and choice of divalent cation has 

altered the substrate specificity of phosphorylase kinase with regards to both diffusible 

substrates (412) and selection of autophosphorylation sites(413). Although our 

understanding of the differential effects of Mn”  and Mg”  are as yet incomplete, we were
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nevertheless able to exploit our observations to study the kinetic effects o f JM 

autophosphorylation.16

16 Since the physiological metal is likely to be M g" rather than Mn*~, which is present at only 
micromolar concentrations 'n v‘vo, one could describe Mn~-supported enhanced AL and CT 
autophosphorylation as "artificial” in a sense. This alone does not alter the usefulness o f  Mn“  as an 
effective cosubstrate f o r in vilro studies. Indeed, most studies with the insulin receptor have used M n " or 
mixed M n~/M g~, because these allow the maximum signal o f autophosphorylation. Our finding that 
metals have a differential effect on the site distribution o f  autophosphoryiation points out that such choices 
may have unintended consequences and should be related to m vivo situations only with care.
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Figures for Chapter 5

Figure 5-1 Preincubation with MgATP Abolishes the Lag Phase in IRS939 

phosphorylation.

The phosphorylation of IRS939 by the CKD was monitored over time after 

various pretreatments o f the enzyme. l^M  CKD was either not preincubated (A) or 

preincubated for 20 minutes with 0.5 mM MgATP without (■) or with (♦ ) 30pg/ml 

protamine before dilution into reaction cocktail containing 50pM IRS939 and 0.5mM 

MgATP. Aliquots were removed and quenched at the indicated times and assayed for P- 

IRS939 by RP-HPLC as described in Chapter 3. Data is expressed as cumulative 

turnovers per enzyme molecule, with units of mol P-IRS939/mol CKD. The lower panel 

is rescaled for better visibility of the lag phase and omits the protamine stimulated series. 

Final enzyme concentrations were 5.6 nM (A), 10 nM (■), or 1 nM (♦).
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Figure 5-1 Preincubation with MgATP Abolishes the Lag Phase in IRS939 

phosphorylation.
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Figure 5-2 CKD Preincubation with IRS939, Mg** alone, or ATP Analog Does 

Not Affect Subsequent IRS939 Phosphorylation.

The phosphorylation of IRS939 by the CKD was monitored over time after 

various pretreatments of the CKD. 0.7 CKD was preincubated for 25 minutes with 

2mM AMP-PNP with 50mM MgAc (, -), 50^M IRS939 (*), 0.5mM ATP with 50mM 

MgAc ( ), 50mM MgAc alone (+) or buffer alone (C ) before 1:100 dilution into 

reaction cocktail containing 50pM IRS939 and 0.5mM MgATP.
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Figure 5-3 Enzyme concentration dependence of IRS939 phosphorylation.

Top. To determine whether the rate o f IRS939 phosphorylation was a function of 

CKD concentration, phosphorylation of IRS939 was measured using 1.4-28 nM CKD. 

lOOpM IRS939 was phosphorylated using 200pM MgATP. using 28 (♦), 14 (■), 7 (A). 

2.8 (X). or 1.4 (■*) nM CKD without preincubation. IRS939 phosphorylation was 

measured over time and expressed as in Figure 5-1 , that is. cumulative moles P-IRS939/ 

mol enzyme. A dashed line is shown through the average of the points. The results 

shown are representative of three experiments. Bottom. A residuals plot is shown with 

residuals grouped by time and plotted against the enzyme concentration. 5 (■), 30 (A).

60 ( ), 90 (*), or 120 ( • )  minutes. A linear fit o f the residuals showed no apparent 

trend with increasing enzyme concentration (p=0.14).
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Figure 5-4 Dependence of lag on IRS939 concentration.

(This page) 10 (♦), 25 (■). 100 (A), or 200 (X) Mm IRS939 was incubated with 

200(iM MgATP and 2-10nM CKD. IRS939 phosphorylation was measured over time 

and expressed as in Figure 5-1. The replot of steady-state velocities v’^ (Next page, top) 

shows a Eadie-Scatchard plot o f v'ss/[IRS939] vs. v'^. Time intercepts (L) in minutes, 

were measured by linear regression through the terminal datapoints from each time series 

in panel A (fits are shown as lines) and are shown plotted against peptide concentration 

(Next page, bottom). The slope o f this line (.003 min/^M) was not significantly different 

from 0 (p=0.79).
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Figure 5-5 Dependence of Lag on ATP Concentration.

(This page) 2500 (♦ ). 1000 (■). 500 (A). or 200 (X) MgATP were incubated 

with Fixed lOOpM IRS939 and 20nM CKD IRS939 phosphorylation was measured over 

time and expressed as in Figure 5-1. (ATexi page, top) A Lineweaver-Burke plot was used 

for determination of steady-state kinetic parameters is shown. (Next page, bottom) Time 

intercepts. L . were measured by linear regression through the terminal datapoints from 

each time series (fits are shown as lines (A)) and are shown are against MgATP 

concentration.
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Figure 5-5
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Dependence of Lag on ATP Concentration.
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Figure 5-6 Correspondence between reaction rate and autophosphorvlation.

Top. 700nM CKD was preincubated with either 0.2mM MgATP. in a reaction 

volume of 200(il, or 0.2mM p - j2P] ATP at a specific activity o f 5900 cpm/ pmol in a 

reaction volume of 500p.l. 20pl aliquots were periodically removed from the radiolabeled 

pool, quenched by addition of 10pl 3x Laemmli buffer, and analyzed for phosphate 

incorporation by SDS-PAGE ( ). 1 Oul aliquots o f the nonradioactive pool were 

removed and added to 40ul reaction mixture containing IRS939 and MgATP for final 

assay concentrations of 140nM CKD. 100gM IRS939. and 0.2mM ATP. These assays 

were quenched after three minutes by addition of I Op! 5% phosphoric acid and IRS939 

phosphorylation determined as in Figure 5-1. The rate of IRS939 phosphorylation during 

sequential three minute assays is shown (♦ ) at the midpoint of each 3-minute assay. All 

reactions and analysis were done in duplicate and the averages shown.

Bottom. After one hour, the remainders (260ul each) of the radiolabeled reaction 

mixtures were quenched by addition of 60gl 0.5M EDTA and then pooled. The pooled 

reaction mixtures (total volume, 640gl) were dialyzed for 4 hours at 4°C vs. 400ml 

50mM Tris acetate, pH 7.0 (at room temperature), 0.1%BSA. ImM EDTA. and ImM 

DTT. then overnight vs. 800ml fresh buffer, and finally dialyzed for 4 hours against 

500ml of the same buffer except without DTT and EDTA. As measured by j2P counting, 

dialysis was at least 98% complete with respect to ATP. Enzyme autophosphorylation 

and IRS939 phosphorylation activity were then monitored as above, except that enzyme 

concentrations were 180nM and 35nM for the enzyme incubations with MgATP and 

IRS939/MgATP, respectively, and 40pl aliquots (instead of 20pl) were used to monitor 

enzyme autophosphorylation.
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Figure 5-6
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Figure 5-7 Dependence of JM autophosphorylation on MgATP.

280nM CKD was autopliosphorylated in 40pl reactions with 10-5000pM p - j2P]

MgATP (constant 5.6 x 106 cpm/ reaction) and quenched after one minute with 20pl 3x

Laemmli buffer. Autophosphorvlation was analyzed by SDS-PAGE. Points shown are

the average of duplicate determinations.
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Figure 5-8 Two-Dimensional Phosphopeptide Mapping.

Autophosphorylation sites were mapped using the same methods and assignments 

as Figure 4-1 (A) Autophosphorylation under the conditions o f Figure 5-6. (B) With 

30|ig/ml protamine.
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Figure 5-9 Effect of Tyr->Phe Mutations on IRS939 Phosphorylation.

Wild-type CKD (♦), JMY2F (■), CTY2F (▲) or ALY2F (X) were used to 

phosphorylate lOOpM IRS939 with 200|iM MgATP. IRS939 phosphorylation over time 

was measured and expressed as in Figure 5-1.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



148

Figure 5-10 Fit of Mathematical Model for IRS939 Phosphorylation.

IRS939 phosphorylation data were collected at 10 (A). 25 (B), 50 (C), 100 (D), 

200 (E), or 500 (F) pM IRS939 and 50 (A ). 100 (♦ ), 200 ( - ) ,  500 ( •  or +), 1000 (*), 

2500 (®), 5000 (-), 10000 ( -) or 15000 ( ) pM MgATP. Results are expressed as in 

Figure 5-1. CKD concentration varied from 3.5 -140 nM CKD, as allowed by the 

independence of Ton  [CKD] established in Figure 5-3. To confirm this, two series were 

collected at two different [CKD] concentrations: 500pM ATP in panels C (5.6 and 35 nM 

CKD) and F (35 and 140 nM CKD). All curves shown were drawn using Equation 5-10 

and the constants in Table 5-1 and Table 5-2.
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Figure 5-10 Fit of Mathematical Model for IRS939 Phosphorylation.
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6. Discussion.

Cis Autophosphorylation in the Insulin Receptor's Kinase

The use of the complete CKD as a model for studying IR autophosphorylation 

patterns was based on previous work, in which the CKD was shown to be a good model 

for the basal state o f the tetrameric IR (75.124). In this study, we took advantage of the 

monomeric nature o f the CKD to apply the concentration-dependence technique of 

Todhunter & Purich (112) to the problem of the molecular mechanism of 

autophosphorylation. We have shown that while the complete CKD can 

autophosphorylation by both cis (Figure 4-2) and trans (Figure 4-5) pathways, it is the 

JM region that participates in the cis reaction (Figure 4-1). Thus, the answer to our 

question of the molecular mechanism of autophosphorylation appears to be that both the 

cis and trans pathways illustrated in Figure 1-3 exist. A unified picture of CKD 

autophosphorylation incorporating these findings is shown in Figure 6-1. While the 

present results do not rule out the possibility of JM autophosphorylation in trans , this 

event seems unlikely, since insulin (which stimulates dimerization of ap  half receptors, 

as described below) causes a decrease in the fraction of autophosphc. ylation occurring at 

the JM sites (75). As we shall discuss, our findings reconcile discordant results in the 

literature and contribute to an understanding of the basal state o f the insulin receptor’s 

kinase.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



151

Previous Kinetic Studies o f  Autophosphorvlation in the CKD

Several other groups have studied the molecular mechanism of 

autophosphorylation of the CKD. and two of them have reported exclusive trans 

autophosphorylation of the enzyme (summarized in Table 6-1). At first glance, this 

appears to contradict our present findings of the existence of cis autophosphorylation. 

However, JM autophosphorylation was at most a minor component of the 

autophosphorylation reactions studied by these two groups. The CKD employed by Wei 

et al. (126) was a truncated form which lacked the juxtamembrane region of the enzyme 

entirely, so no cis autophosphorylation process at these sites could have been observed. 

Although the JM sites are present in the CKD used by Cobb et al. (125), they were a very 

minor component of autophosphorylation (401). Thus, the lack of cis 

autophosphorylation in both studies reflects the lack of JM involvement in the 

autophosphorylation reaction.

Autophosphorvlation in the construct of Cobb and co-workers is similar to 

autophosphorylaticn of our JMY2F construct, as a function o f enzyme concentration 

dependence, overall rate and site distribution. However, Cobb’s version of the CKD does 

possess intact JM autophosphorylation sites. This lack of JM autophosphotylation may 

be explained if  one notes that the versions of the CKD employed were not identical to the 

CKD used in studies observing a cis JM pathway (Table 6-1). The version of the CKD 

employed by Cobb et al. was slightly truncated at its very N-terminus, and lacked the 

sequence R953KRQPD958. This sequence is present in both the complete IR and in all 

CKD molecules employed in this study. The comparison in Table 6-1 appears to suggest
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a role for this positively charged cluster in acting as a binding determinant for cis 

autophosphorylation of the nearby Y965 and Y 972.

Whatever the reason for the low amounts of JM autophosphorylation observed by 

these groups, their findings of trans autophosphorylation in autophosphorylation 

reactions involving AL and/or CT sites are in agreement with our own findings (Figure 

4-4 and Figure 4-5) and the scheme in Figure 6-1. Similarly, groups that reported cis 

autophosphorylation reported that a large fraction o f their autophosphorylation occurred 

near the N-terminus of the CKD (Table 6-1).

Table 6-1 Concentration-Dependence Studies of CKD Autophosphorylation.

E n z y m e  A u t o p h o s p h o r y l a t i o n  K i n e t i c s  D i s t r i b u t i o n  S o u r c e

R M o l  P 0 4 [CKD] [ATP] Conc i .  • JM AL CT

0  m o l  pM pM

CKD

Rms-  5 1155 1 0 . 0 3 0 . 0 0 6 - 3 10 Mn >9 0 T h i s  w o r k
r - 3 _  S 2355 2 0 . 1 3 - 3 0 . 0 1 2 - 6 5 0 0 Mn, P 5 65  30 T h i s  w o r k

R’53-  S ‘355 1 0 . 0 8 0 . 3 - 3 1 0 0 Mn 40 ( 1 2 8 )
g *59_ S 13 - 2 3? 0 . 0 2 - 1 60 Mg,  P < 1 0 ( 1 2 5 , 4 0 1 )
V3-S_ k :;=3 2 0 . 9 0 . 2 - 9 1 0 0 0 Mg — 1 0 0  — ( 1 2 6 )

This table summarizes the studies on the molecular mechanism of 

autophosphorylation in the CKD. The apparent reaction order (RO), with respect to CKD 

concentration, is shown, along with the ranges o f CKD concentration used and the ATP 

concentration employed.

* Mn and Mg indicate the metaJ cofactor used; P indicates the presence of 

protamine chloride.
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Studies using Holomeric q-,6-. IR or aB Halves.

If  the JM sites autophosphorylate in cis, one might expect that dissociation o f a 2p2 

IR into afi-halves would shift an autophosphorylation reaction towards these sites. 

Insulin-binding, kinase active aP-halves can be produced by brief treatment of insulin 

receptors with reducing agents under alkaline conditions (414) or by mutagenesis o f  the 

cysteine residues involved in intrachain disulfide bonds (48). Insulin-independent 

autophosphorylation in DTT-generated aP  halves occurs at a similar rate to that in a 2p2 

IR (129.414,415), and this autophosphorylation occurs in cis within an aP half (129). 

Direct verification of JM involvement in this reaction has not been reported, chiefly 

because the autophosphorylation sites involved in aP  autophosphorylation have not been 

described17. However, the low insulin-responsiveness o f cis autophosphorylation in these 

studies showed that cis autophosphorylation was less dependent on insulin then trans 

autophosphorylation. aP-halves show strong responsiveness to insulin only under 

conditions where they reverted to a covalent a 2p2 or noncovalently associated (aP)«(aP) 

structure (129,414.416-419) and this autophosphorylation was concentration-dependent 

(129,417). aP-halves of IGF-I receptors also show strong ligand responsiveness under 

reassociating conditions (420). Apparent autophosphorylation of a DTT-generated aP  

half receptor was stimulated 2-3 fold by addition of a 5-fold excess of a p(K1030A) receptor,

17 M illimolar DTT itself has been shown to preferentially enhance tyrosine phosphorylation at the 
JM sites in native receptor preparations (400), but it is not clear that the reducing conditions used in this 
study resulted in nonassociating a(3 halves (419).
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and much of the autophosphorylation was revealed to be on the inactive a(3<KI030A>. 

requiring a trans pathway (421). The cis- autophosphorylation of the active a p WT was 

stimulated only 3-fold by insulin, but trans autophosphorylation of the inactive a p<K1030A) 

by its active a p WT partner was stimulated 20-fold (130). This insulin dependence mirrors 

that of the JM sites in the purified IR: up to 2-fold for the JM sites, but up to 20-fold for 

AL and CT sites (75). These reports are therefore consistent with both cis 

autophosphorylation o f the weakly insulin dependent JM sites and trans 

autophosphorylation o f the strongly insulin-dependent AL and CT sites.

One group has argued for an all cis mechanism of insulin regulation (48). Using 

analytical ultracentrifugation, this group observed dimerization of otherwise aP form 

Q324.t>28g receptor18 Vvith an association constant of 20pM. a :p2 WT and aP C524-628S 

receptors both showed the same 2-3 fold stimulation of autophosphorylation and 

exogenous substrate phosphorylation, as well as enzyme concentration-independent 

autophosphorylation in the presence and absence of insulin. On the basis o f these parities 

between the WT and C524-628S receptors, this group reported that insulin-dependent 

activation is all cis. and dimerization of aP halves is not necessary for insulin-stimulated 

kinase autophosphorylation or kinase activation. Interpreted in the light of the present 

findings, however, their results can be reconciled with the many groups that have 

observed activation in trans. Like our results in Chapter 4, their results were probably 

limited to observation of cis (JM) autophosphorylation by their use of a low 5pM ATP

,s Mutation o f  these two cysteine residues was the minimum change necessary to produce a P  halves 
(48,50), and this was the observation that identified these residues as those involved in the disulfide bonds 
linking the two halves o f  the receptor (Figure I -1).
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concentration in their activation studies. The all cis mechanism proposed—while it 

explains the data observed— is probably not applicable to the more general case of 

reaction conditions allowing trans autophosphorylation. such as physiological ATP 

concentrations. Similarly, the 2-3 fold stimulation o f autophosphorylation by insulin 

observed in these studies is characteristic of the JM sites in vitro (75). The absence of 

trans pathways in this study reflects the reaction conditions employed rather than an 

intrinsic absence of these pathways from the IR.

Activation by Juxtamembrane Phosphorylation.

The findings of cis autophosphorylation in the JM region o f the CKD (Chapter 4) 

are complemented by the observation that this autophosphorylation activates the enzyme 

(Chapter 5). We observed that activation of the CKD paralleled autophosphorylation as a 

function of time (Figure 5-6) and ATP concentration (Figure 5-5 and Figure 5-7) under 

conditions where this reaction was limited to JM sites (Figure 5-8). A mathematical 

model o f cis autophosphorylation was able to account for the observed progress curves of 

IRS939 phosphorylation over a wide range of substrate and enzyme concentrations 

(Figure 5-10 and Equation 5-10). Finally, our findings were confirmed by the 

observation that the JMY2F construct showed very little IRS939 phosphorylation activity 

(Figure 5-9). These findings were made possible by the establishment of an experimental 

system that allowed almost exclusive JM autophosphorylation together with 

phosphorylation of IRS939.
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Autoinhibition bv the JM Region.

What is the means by which JM autophosphorylation activates the CKD? The 

juxtamembrane region of the kinase is certainly not required for catalysis or maximal 

activity of the enzyme, since a truncated catalytic core lacking this region (126) is at least 

as active as either version of CKD including this region (125,128). Moreover, the 

activation observed in Chapter 5 was partial; at least 10-fold further stimulation could be 

attained by autophosphorylation under conditions that promote activation loop 

autophosphorylation (Figure 5-1). The findings of cis autophosphorylation require that 

Y965 and/or Y972 must be able to access the active site of its own P-subunit. It is thus likely 

that, when so bound, they can block peptide substrate binding, especially since they are 

present at very high effective concentration relative to any diffusible substrate. 

Phosphorylation of the JM sites in response to insulin could then release them from the 

active site and make them available to recruit IRS-1 and other substrates via PTB 

domains, as proposed (76,77,79). Activation through autophosphorylation o f the JM 

region would still be partial because of a persistent lack of the hydrogen-bond network 

thought to be promoted by pY1162, as discussed in the Introduction. We will elaborate 

further on this possible mechanism after comparison to other protein kinases in the next 

section.

The juxtamembrane region of the kinase has been described as playing a role in 

ATP binding, which could also potentially be evoked in a proposed regulatory role for 

this area. The ATP binding loop G1003-Gl00s illustrated in Figure 1-9 is nearby in the amino 

acid sequence, and a deletion mutant A966-977 had an elevated KMnATP for insulin-
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stimulated autophosphorvlation (210 pM vs. 27 (uM) (81). In this study, a point mutant 

Y ^F  showed a normal £ MnATP of 35pM. and all three kinases showed about the same kauto. 

In light of more recent evidence, however, the proposed role of the juxtamembrane region 

in ATP binding seems unlikely for three reasons. First, this region is outside the 

conserved catalytic core necessary for catalysis in protein kinases in general (19) or the 

IR in specific (126). Secondly, the three-dimensional structure of the IR (like that of 

other protein kinases including either only a catalytic core or N-terminal additions) 

appears to contain a complete ATP binding site. There is no evident place for a 

contribution from the JM region. Nevertheless, the crystal structure of the IR contained 

neither ATP nor a JM region, and inhibitory interactions between the ATP binding site 

and regions outside the catalytic core have been observed for at least CaMK-I (422). 

Finally, the truncated form of the CKD studied by Wei ei al. (lacking the JM region) 

showed the same ATm atp for peptide substrate phosphorylation as the 48kDa form of the 

enzyme (126). Thus, the proposed explanation for alterations in A'MnATP in JM mutants, 

while it explained the observations made at the time, has become unlikely in the results of 

subsequent evidence.

Our results suggest an alternative explanation for the results of Backer et al. The 

deletion A966-977 removes Y972 and radically alters the environment of Y963, resulting in 

the loss of juxtamembrane autophosphorylation (66). In Figure 4-8, we observed that 

mutation of both these sites resulted in a similar large increase in £ MnATP for overall 

autophosphorylation. In both the CKD and the insulin-stimulated tetrameric IR, 

autophosphorylation sites change drastically as the ATP concentration is raised, with
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lower ATP concentrations involving predominantly JM autophosphorvlation (75). 

Removal of both these sites would be therefore be expected to greatly reduce kinase 

autophosphorylation at low concentrations of ATP. Thus, the altered composite /£MnATP in 

the A966-977 construct may simply reflect an alteration in the autophosphorylation sites 

involved in the reaction, rather than a structural role for the JM region in modulation ATP 

binding. This highlights one of the difficulties in studying autophosphorylation, 

especially cis autophosphorylation, in protein kinases: the enzyme is the substrate, and 

"substrate-level’' effects can be difficult to distinguish from "enzyme-level” effects.

There are several other protein kinases whose activity has been found to be 

regulated by cis autophosphorylation, and one striking example whose activity isn 7 

modulated by cis autophosphorylation. Examination of the circumstances and 

mechanisms of these regulatory events will help shed further light on the potential 

mechanism of activation by cis phosphorylation in the IR.

Regulation of Other Kinases by Cis Autophosphorvlation.

The type ip cGMP-dependent protein kinase (115) is a homodimeric S/T protein 

kinase with regulatory and catalytic sequences both contained in each 78kDa polypeptide 

chain. The N terminus 100 residues contain the dmerization and cGMP binding 

domains. cGMP-dependent autophosphorylation occurs in cis at S63 and S79, even in 

monomeric forms of the enzyme (115). Autophosphorylation at this latter residue 

activates this enzyme, through relief of a nearby pseudosubstrate sequence (Table 6-2).

R75 in this nearby consensus sequence is required for autoinhibition (423). Thus, the 

enzyme is activated by cis autophosphorylation at a site close to an autoinhibitory site,
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but the autophosphorylation site is not the site that directly occupies the active site in the 

inhibited state.

Table 6-2 Autoinhibitory Sequences Modulated by Cis Autophosphorylation.

Enzyme Family Amino Acid Sequence R e f .

IR RTK-IV r k r q p d g p l g p l y 965a s s n p e y 972l s a s d v f p c Ch. 4 - 5

CaMK-II* CaMK HRQET286VDCLKKFNARRK0KGAILTT3O6MLAT ( 1 1 8 , 4 2 4 ,

425)

CaMK-IV CaMK m l k v t v p s c p s 12s 13p c s s v t s s t e n l ( 4 2 6 -4 2 8 )

cGPK-ip AGC q k q s 63a s t l q g e p r t k r q |a|i s a e p ( 1 1 5 , 4 2 3 )

A s i m i l a r  s i t u a t i o n  n o t  r e l i e v e d  b y  p h o s p h o r y l a t i o n :  
P K C - p I I  AGC PPSEG EE S16T 17VRFARKG@LRQ (429)

The primary structure of known or suspected autoinhibitory domains modulated 

by cis autophosphorylation is given for several protein kinases from diverse parts of the 

protein kinase family. Residues thought to be binding determinants for peptide 

pseudosubstrates, or bona fide  autophosphorylation sites, are underlined: the phosphate

acceptor cognates themselves, when known, are [boxed. Autophosphorylation sites are in

boldfaced red and are numbered.

* T286 in CaMK-II is a trans autophosphorylation site that destabilizes the inhibitory

sequence surrounding it when phosphorylated. T306 is a cis autophosphorylation site that 

stabilizes this region by preventing calmodulin binding.
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Even more striking is the resemblance between activation by JM 

autophosphorylation in the insulin receptor and autophosphorylation in CaMK-IV (also 

known as CaMK-Gr). The kinase autophosphorylates at its N terminus (426) in an 

intramolecular reaction (427): this confers Ca“ /CaM independent activity to the enzyme. 

The N-terminus o f this protein may function as an autoinhibitory region. Deletion of the 

N-terminus 21 residues had little effect on calmodulin dependent activation of the 

enzyme, nor did single mutations of either autophosphorylation site S12 or S13. The 

mutant SI2 I3A, however, was inactive despite phosphorylation o f T 196 in the activation 

loop (Table 1-2) and deletion of the C-terminal calmodulin-binding autoinhibitory 

domain discussed below, which otherwise render the enzyme fully active and C a" 

independent (428). Despite its lack of a consensus peptide binding site, this region 

appears to be a very powerful inhibitory region.

Another CaMK, CaMK-II, has been the subject of an incisive series of 

investigations in the laboratory ofT.R. Soderling (118,341,424.425.430-437). This 

enzyme is multimeric, with 10-12 a  and/or P subunits. It does not share the N-terminus 

autoinhibitory region of CaMK-IV and does not require phosphorylation of its activation 

loop for autophosphorylation. The C-terminus o f CaMK-II, like CaMK-IV, CaMK-I and 

CaMK-V, has a calmodulin binding region (residues 296-309) that overlaps a well- 

defined pseudosubstrate (underlined in Table 6-2). Ca~/calmodulin results in trans 

(intraholomeric trans, in the parlance of Figure 1-2) autophosphorylation of T286, which 

results in Ca“ /calmodulin independent activity. In contrast, slow Ca~-independent cis 

autophosphorylation o f T306 blocks calmodulin binding and calmodulin-dependent
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autophosphorvlation of T286. When T286 is mutated to Ala. the enzyme is still activated by 

Ca''/calmodulin but does not autophosphorylate and does not become C a" independent, 

arguing that Ca~/calmodulin binding alone is sufficient to release the pseudosubstrate.

The structure of the related monomeric enzyme CaMK-I has been determined 

(422). Like CaMK-II and CaMK-IV. CaMK-I binds Ca~7calmoduIin in its C-terminus to 

relieve an autoinhibitory domain (438). CaMK-I is monomeric and regulated by 

phosphorylation o f its activation loop instead o f its calmodulin-binding autoinhibitory 

domain or N-terminus. CaMK-I and CaMK-IV have substantial differences at their N- 

terminus, and CaMK-I does not share the mechanism described above for N-terminal 

regulation of CaMK-IV. In the crystal structure, the C-terminus calmodulin binding 

domain of CaMK-I is bound to the glycine-rich loop, resulting in the occlusion of the 

adenine binding pocket by F31. Additionally, the unphosphorylated activation loop 

occupied the peptide binding site. Despite this, a peptide including the consensus peptide 

pseudosubstrate from the C-terminal autoinhibitory region of CaMK-I is competitive with 

peptide substrate rather than ATP (438). This suggests that regulation of the enzyme 

could be much more complex than a simple pseudosubstrate mechanism.

Protein kinase C is a well-studied protein kinase with many isozymes (reviewed 

in (439)). The (311 isozyme contains a pseudosubstrate sequence near their N-terminus 

(304). This site is adjacent to the phosphorylation sites S16 and T17 (440), which 

autophosphorylate in an intramolecular manner (429). Both the pseudosubstrate and 

autophosphorylation sites are conserved in other conventional PKCs (a , pi, and 

y isozymes) (439). The phosphorylation of S!6 and T '7 in response to Ca~ has been
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proposed to contribute to the activation of this enzyme. However, mutation of these 

residues to Ala actually activates PKC (441). and their state of phosphorylation has no 

kinetic correlation with enzyme activation (442). This points out the need for kinetic 

verification of activation such as was done in Chapter 5. The mere existence of cis 

autophosphorylation sites near a potential inhibitory sequence does not constitute proof 

that phosphorylation of these sites relieves inhibition. In PKC, it is a ligand induced 

conformational change, not phosphorylation of S16 and T17, that appears to relieve the 

pseudosubstrate inhibition from this region.

What lessons can we learn from these regulatory mechanisms of PKC, cGPK, 

CaMK-II and CaMK-IV? First, we see that regulation by cis autophosphorylation is 

found in diverse parts of the protein kinase tree. The kinases in Table 6-2 come from 

three of the four families of protein kinases described in Figure 1-5, suggesting that this 

mechanism was either present in a common ancestor or, more likely, evolved multiple 

times throughout the protein kinase family. Also note the diversity of domain structures 

in these kinases: the IR and cGPK-ip are dimeric with respect to kinase domains, while 

CaMK-IV is monomeric and CaMK-II is multimeric. Cis autophosphorylation is thus not 

associated with any particular quaternary structure but can evidently be applied to a broad 

range of structures. Each of the kinases in Table 6-2 is physiologically regulated by 

ligand binding: insulin to the a  subunit of the IR, cGMP (or cAMP) to cGPK, Ca~7CaM 

to CaMK-II and IV, and Ca~ and phospholipids to PKC. The IR is the only one of these 

to have the ligand binding and kinase domains separated by a cell membrane and 

additionally, occurring on separate subunits, and so is likely to have a more complex
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regulatory scheme than these others. It is clear that regulation by cis autophosphorylation 

is not restricted to multistage activation processes such as we will propose below for the 

IR.

Regulation in CaMK-IV in particular shows very strong resemblance to regulation 

of the CKD. 1) Both kinases are at least as active when these regions are deleted, strongly 

arguing that they are not required for catalysis but rather play an inhibitory role when 

present. 2) Both autoinhibitory regions are at the extreme N-terminus of their kinase 

domains. 3) Neither region contains a readily identifiable pseudosubstrate region. 4) 

Neither pair of autophosphorylation sites are consensus sequences for the kinases in 

question. The EY972L is at best an incomplete motif, and there is no negative charge 

preceding Y965 or positive charge preceding S1" 13. 5) Both autoinhibitory regions are 

relieved by cis autophosphorylation. 6) Both regions have two phosphorylation sites, and 

either o f them can functionally substitute for the other (with regards to enzyme 

activation). Only double mutants show an effect (365,428). 7) Like the IR, CaMK-IV is 

activated by phosphorylation at the activation loop (Table 1-2). CaMK-IV is dependent 

on phosphorylation of the activation loop (at T200 in the human form of CaMK-IV, T196 in 

the rat) for full activity (428,443). As in the IR, this occurs in trans, although here the 

reaction is catalyzed by a distinct CaMK-Ia kinase (443,444). Instead of insulin binding, 

CaMK-IV is additionally regulated by a Ca^/CaM binding domain in its C-terminus, 

common to the members of the CaMK family. So many features in common would 

suggest that the structural basis for inhibition by these two regions would also be similar. 

Unfortunately, the mechanism o f autoregulation in CaMK-IV is at present no better 

defined than for the JM region o f the IR. The existence of this many parallels between

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



164

two distant relatives in the protein kinase family (Figure 1-5) is somewhat surprising, and 

suggests that a mechanism may be discovered in other protein kinases as well.

The lack o f a consensus phosphorylation sequence in CaMK-IV and the IR 

suggests that instead o f a true pseudosubstrate, the autophosphorylation sites in these 

enzymes may themselves be acting as competitive, albeit poor, substrates. As mentioned 

above, the existence of cis autophosphorvlation requires that these phosphorylation sites 

be able to occupy the active site. Thus, an intrasteric mechanism of this type has already 

been proposed for CaMK-IV (428). The poorly conserved binding determinants around 

these autophosphorylation sites may actually contribute to their autoinhibitory potency by 

inhibiting autophosphorylation in the absence of ligand. “Substrate inhibition” has been 

well-characterized in at least cAPK, and is though to involve a nonproductive mode o f 

peptide binding (see page 25). Such a binding mode could be invoked to explain 

autoinhibition in the special case o f intramolecular binding. Not every cis 

autophosphorylation site can bind by such a mode, however, as shown by the counter­

example ofPKC-piI.

An alternative explanation is that neither region acts by mimicking binding o f 

diffusible substrate, but rather distorts the catalytic domain in some other way such as has 

been observed in CaMK-I (422), Hck (325), or Src (324). The lack o f inhibition o f 

autophosphorylation by IRS939 makes peptide binding to the JM-inhibited form unlikely, 

but peptide binding can be prevented by means other than simple binding of the JM 

region to the peptide binding site. As the case of CaMK-I above illustrates, defining the 

mechanism of inhibition by inhibition studies alone can produce misleading results, so
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differentiating between these two possibilities would best be done by structural studies of 

a complete CKD or CaMK-IV molecule. Given the already-known ability of these 

regions to bind to the active site, vs. the unknown ability of these sequences to bind to 

other parts of their respective kinases, the “competitive blocking substrate” mechanism 

seems the more plausible. We will next explore the structural consequences of such a 

state and the interaction between this region and the activation loop of the IR.

The Basal State of the Insulin Receptor's Kinase and Kinase Regulation.

Elevated basal activity in activation loop Tyr-> Phe mutants in the IR has been 

previously observed, but not explained (70,73). We also observed enhanced initial 

autophosphorylation in the ALY2F construct (Figure 4-2), which we ascribed to a 

reduced KMnATP for autophosphorylation (Figure 4-3 and Table 4-1). This effect was not 

related to activation loop autophosphorylation, which did not occur in either the WT or 

ALY2F CKDs (Figure 5-8). As illustrated in Figure 4-6, binding of the activation loop 

tyrosine residues to the active site appears to preclude ATP binding via the linked DF1151 

(21). This suggests a possible explanation for elevated basal activity in Tyr->Phe 

mutants of die activation loop: Removal of the hydrogen bond between Y1162 and catalytic 

base allows the activation loop to fall away from the active site and facilitates ATP 

access. In the crystal structure o f Hubbard et al., D1161 also makes numerous contacts 

stabilizing this loop (illustrated in Figure 4-6), and mutation o f this residue to Ala also 

lowers the KATP for JM autophosphorylation (Figure 4-7). Deletion of 5 residues in the 

activation loop (AGATE2) also has a similar effect. However, mutation o f Y "58 (which

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



166

makes no such stabilizing effects in the crystal structure) has little impact on this process 

(Figure 4-7). Thus, our findings support the model of cis inhibition by activation loop 

blockade of ATP binding, as proposed on structural grounds (21).

The energetic effects implied by the changes in JM autophosphorylation in Table 

4-1 and Table 4-2 do not appear to correlate with the number of hydrogen bonds made by 

these residues (Figure 4-6). Mutation of D1161. an essential residue in holding the 

activation loop in an autoinhibitory conformation, appears to have the same effect as 

mutation of Y1162/3 or deletion o f the region containing all these residues. Similarly, in 

crystallographic studies. Elizabeth Goldsmith and co-workers demonstrated that minor 

mutations in the activation loop of a MAP kinase caused disproportionately large disorder 

o f the entire activation loop (445). A possible cause for this disparity can be illustrated 

by an example of activation loop mutation in another receptor tyrosine kinase, the 

fibroblast growth factor receptor (FGFR).

Mutation o f the activation loop in FGFR-3 has been observed to produce a large 

increase in ligand-independent kinase activity (446), resulting in thanatophoric dysplasia 

type II. a fatal skeletal growth disorder (447). Using carrier-free [y-32P] ATP, Webster 

and co-workers demonstrated that a K650E mutant in the activation loop of FGFR-3 

resulted in an apparent 100-fold activation of basal autophosphorylation. The 

autophosphorylation occurred at unidentified sites not including the two activating 

tyrosine phosphorylation sites in the activation loop, since additional mutants at these 

sites had no further effect. The crystal structure o f the closely related FGFR-1 in the 

unphosphorylated state (352) does not show a clear role for K650 in stabilizing the
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activation loop, leading the authors to suggest that E650 may play a role in stabilizing a 

noninhibitory conformation of the AL in this enzyme. In support of this role, Webster et 

al. found that activation in FGFR-3 was quite selective for the particular mutation K650E.

The activation o f the CKD by mutagenesis reflects an energetic difference 

between two states, one with the AL bound in an inhibitory conformation (illustrated in 

Figure 1-9 and corresponding to State I in Figure 6-3 and Figure 1-11) and the other with 

the AL region free but unphosphorylated (State II, illustrated below). Activation of the 

enzyme may be achieved by either destabilizing State I, as we apparently did in the 

D 1161A or AGATE2 mutants, or stabilizing State II, as may occur in the K650E mutant of 

FGFR-3. In fact, any mutagenic change will alter the ffee-energy state of both 

conformations; the precise contribution of altered contacts can only be known if  solution 

structures are known for both forms. The unknown contribution of new interactions in 

the altered State II conformation o f D1161 A, ALY2F, and AGATE2 may account for the 

poor correlation between the number of bonds disrupted by these mutants and their 

apparent kinetic effects.

Structural Consequences of Cis Autophosphorvlation

The ability o f the CKD to autophospnorylate by an intramolecular mechanism 

implies that the juxtamembrane region of a CKD molecule can occupy its own active site, 

with ATP bound. To explore the structural consequences of our conclusions, we 

developed a model structure for JM autophosphorylation. Such a conformation could not 

have been observed in the pioneering crystal structure o f Hubbard et al. (21), since the 

catalytic core they crystallized had a truncated N-terminus lacking this region of the
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CKD. In that structure, the active site was occupied by Y116\  which made a hydrogen 

bond with the catalytic base (D1132) and was seemingly poised for cis 

autophosphorylation (Figure 4-6). However, two structural features argued that the 

crystallized form of the kinase was catalytically incompetent. First, the large and small 

lobes o f the kinase were rotated too far apart for correct positioning of the active site; and 

second, the ATP-binding site was blocked. Both o f these structural features were 

mediated by the placement of the region near F '151 in the ATP binding site o f the CKD. 

Hubbard et al. suggested that in an active conformation o f the kinase, F1151 would occupy 

the pocket formed by HIU0 and M1051, by analogy with the ternary complex cAPK with 

ATP and the peptide inhibitor PKI (283). This placement o f FIISI would allow both proper 

lobe orientation and ATP binding, but would remove Y1162 from the active site o f  the 

kinase.

We began construction of our model by relieving the CKD of the structural 

constraints on catalysis. We superimposed each lobe of the CKD separately onto the 

corresponding lobes of the cAPK crystal structure, giving a relative orientation more 

appropriate for catalysis. The induced steric overlap of F1151 with the ATP binding 

pocket, and the blockade of the peptide binding site by Y1162, were relieved when residues 

o f the activation loop of the cAPK were used as an initial guide for the activation loop of 

the CKD. This placed F1151 in the pocket formed by H1130 and M 10SI, as proposed by 

Hubbard et al. The 5-aa insert of the activation loop of IRK (Y"63-G1167) was added at the 

apparent peptide bond between D1161 and L1'68, followed by bond angle and length 

normalization and energy minimization. ATP was inserted into its now-unoccupied 

binding site, again by homology with cAPK, although the phosphate chain was shifted
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slightly because of small differences in orientation between the glycine rich loops (G‘°°J- 

G1008 in IR) of cAPK and the CKD. At this point, the model structure was seemingly 

poised for catalysis, except for the lack of a peptide substrate.

To complete our model for cis juxtamembrane autophosphorylation, we had to 

add these residues to our model. We began by positioning E972YL of the juxtamembrane 

region relative to the catalytic loop as in the sequence DYII62Y of the CKD structure.

This also oriented the hydroxyl group of Y9'2 towards the catalytic base D1132 and placed it 

near the y-phosphoryl of ATP. Residues 974-984 were inserted as an extended surface 

loop connecting E972YL to the first defined residue in the crystal structure, i.e. V985. The 

connection did not require any changes in the established peptide backbone structure of 

the catalytic core, as generated above. However, the side chains of two residues in helix 

C (R1030 and N1046) were repositioned to accommodate the new juxtamembrane loop. 

Finally, the repositioned activation and juxtamembrane loops and all splice sites were 

energy minimized. The resulting model structure is shown in Figure 6-2. To the extent 

that the structure presented by Hubbard et al. is evidence against a cw-reaction for Y1162, 

the model developed here is consistent with cis autophosphorylation of Y972. It illustrates 

a basal state confomer of this kinase that is derived from the evidence for intramolecular 

reaction mechanism within the JM subdomain, as presented in Chapter 4. This confomer 

corresponds to State II in Figure 6-3.

Functional Interactions Between the JM and AL Regions.

The observation of cis autophosphorylation at the JM sites demonstrates that the 

JM region can bind the active site of the enzyme in solution, and the model in Figure 6-2
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appears to show this is structurally feasible Evidence that the activation loop can also 

make this interaction comes from the crystal structure of the CKD and the corresponding 

observation that mutations that would be expected to disrupt this structure modulate 

juxtamembrane autophosphorylation. This demonstrates a functional interaction between 

these two disparate parts of the enzyme in the basal state of the CKD, as illustrated in 

Figure 6-3. The scheme in Figure 6-3 encompasses the three major configurations of the 

CKD apparent from this study. In the basal state of the CKD (Region A) the kinase 

exists in equilibrium between State I (AL in, JM out) and State II (AL out, JM in). 

Disruption of State I in the ALY2F, D1161 A, and AGATE2 mutants leads to a greater 

fraction of the enzyme existing in State II, which can bind ATP; hence the reduced KAT? 

observed in Table 4-2. Upon juxtamembrane autophosphorylation, the enzyme moves to 

the partially activated state in Region C, between the partially active State IV and an AL- 

inhibited State V. This is the transition responsible for the lag phase in Chapter 5, and the 

inability of the JMY2F to pursue this pathway accounts for its inactivity. Alternatively, 

trans autophosphorylation can lead directly to the fully active State III. Since 

juxtamembrane mutants have been observed to have full insulin-stimulated kinase 

activity (81), we propose that State III is not in equilibrium with a JM-bound 

conformation. Further support from this model comes the observation that the D1161 A, 

but not Y1158F, mutant shows enhanced sensitivity to chymotryptic cleavage at the 

activation loop relative to wild type CKD (365).
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Implications for Insulin-Dependent Signaling in the Tetrameric IR.

Given the requirement for pY972 in phosphorylation o f IRS-1 in vivo, any IR not 

phosphorylated in at least one P subunit JM region is unlikely to play a role in 

phosphorylating this key intermediate or subsequent signal transduction. Nevertheless, 

insulin-stimulated kinase activity o f tetrameric IR bearing JM mutations is seemingly 

normal (81). It appears that upon stimulation by insulin, complete activation of the 

kinase occurs, even when the JM region is mutated (448). This is consistent with our 

apparent results in Chapter 5, that activation by JM autophosphorylation is only partial—  

being much less, for example, than protamine-stimulated activation (Figure 5-1), which 

favors the activation loop sites (Figure 4-4).

What, therefore, are the consequences of cis autophosphorylation in the a 2p2 IR? 

The complete answer will necessarily require study of the intact tetrameric form of the 

IR. At least one major environmental feature of the native IR (the cell membrane) is 

absent in the studies described in Chapters 4 and 5. For that matter, a physiological cell 

membrane is only poorly mimicked by the nonionic detergents often used to solubilize 

tetrameric receptor forms for study in vitro, and careful reconstitution of a native lipid 

environment may be required. However, we can incorporate the autophosphorylation 

scheme in Figure 6-1, the inhibitory role o f the JM region suggested in Figure 6-2, and 

the reaction pathways in Figure 6-3, together with the known role o f pY972 in substrate 

docking, to create a new hypothetical model for activation o f the IR in response to insulin 

(Figure 6-4).
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In this scheme, the IR is cis inhibited by its JM regions in the absence of insulin 

(1). Insulin binding causes a conformational change within a (J subunit that allows cis 

autophosphorylation and partial activation (2). This partially activated receptor then 

phosphorylates its partner in trans (3). The second P subunit then phosphorylates the first 

in trans. and one or both P subunits phosphorylate docked IRS-1 at multiple sites (4).

This model accounts for the low fraction of JM autophosphorylation in most mapping 

studies, since the JM sites on only one p subunit need be phosphorylated. Note that this 

model does not require a large conformational change altering the relative orientation of 

the p subunits, as is often proposed (so far without evidence) in models o f trans 

activation of the IR. Rather, a cis “pre-ignition” stage can supplant this role. The 

mechanism of activation of cis autophosphorylation could then be as simple as a normal 

displacement o f the transmembrane sequence by a few angstroms. This would alter the 

position of the RKR motif discussed above relative to the phosphate layer of the inner 

leaflet of the cell membrane, and thereby modulate the conformation of the 

juxtamembrane inhibitory sequence.

The scheme in Figure 6-4 is supported by several lines of evidence. First, it 

reconciles the need for trans activation of the AL with the need for cis 

autophosphorylation at the important docking site Y*’72. Autophosphorylation of the JM 

region is one of the earliest responses to insulin (66), consistent with a role for a cis “pre- 

ignition” stage involving this region. Similarly, an antibody against residues 964-979 

blocks insulin-dependent signal transduction and autophosphorylation—but not the 

kinase activity o f prephosphorylated receptor (449). The principle of microscopic
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reversibility would seem to require that if insulin causes a localized conformation change 

in the JM region, than alteration of JM conformation should increase the binding of 

insulin. This has been observed with anti-JM antibodies (450) and there is evidence that 

basal, possibly juxtamembrane, autophosphorylation increases the affinity of the IR for 

insulin (451).19 Thus, multiple independent lines of circumstantial evidence are consistent 

with (but do not directly demonstrate) the model in Figure 6-4.

One possible argument against this model is the report o f Lee and co-workers that 

equivalent sites in both p subunits are phosphorylated regardless of which a  subunit 

binds insulin (452). However, the tryptic mapping methods used in this study were 

probably unable to resolve the highly hydrophobic JM phosphopeptides. Very similar 

techniques were once used to argue that JM autophosphorylation does not occur (32) and 

have since been supplanted both by these authors (66) and others (63,64,67). The 

observation that overall phosphorylation was 50% stronger in the p subunit whose 

associated a  subunit did not bind BBA-insulin is consistent with this scheme as well, if 

one allows that the second-stage p subunit phosphorylation may not be as complete as the 

first round events it requires.

Since kinase activation and gross autophosphorylation are approximately normal 

in juxtamembrane point mutants, relief of JM autoinhibition by autophosphorylation 

cannot be absolutely required for activation of trans autophosphorylation. An additional

19 An asymmetric role for the two [i subunits in [RS-1 phosphorylation, as proposed in this model, 
could explain the observation that IRS-1 overexpression only partially rescues the effects o f  Y972 mutants 
(458). Some phosphorylation sites on IRS-1 might require the particular orientation o f IRS-1 stabilized by 
the interaction with pY972. O f course, there are several other possible explanations for these observations 
(458).
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conformational change must be required to relieve cis inhibition by this sequence in JM 

mutants in response to insulin. Thus, although cis autophosphorylation of JM tyrosines 

may cause activation of the CKD. the causal role o f JM autophosphorylation in the 

tetrameric IR remains to be established. It is possible that JM autophosphorylation and 

insulin can both partially activate the IR via relief o f JM autoinhibition. This scenario 

would allow autophosphorylation at physiologically low insulin concentrations (where 

the JM sites are preferred (67,75)) to potentiate the IR to signal transduction by insulin, as 

has been observed (451). Relief o f pseudosubstrate inhibition by either ligand binding or 

ligand-dependent autophosphorylation has been well-documented in at least one other 

protein kinase, CaMK-II (discussed above). The hypothetical scheme in Figure 6-4 would 

only be ruled out if neither insulin-dependent conformation change nor insulin-dependent 

juxtamembrane autophosphorylation affected the conformation of the juxtamembrane 

region.

In summary, we have clarified the molecular mechanism of autophosphorylation 

in the insulin receptor’s cytoplasmic kinase domain. We have also found that cis 

autophosphorylation can activate the CKD, which suggests a possible inhibitory role for 

the juxtamembrane region in inhibition of the receptor’s basal state. This activating role 

of juxtamembrane autophosphorylation is complementary to the proposed substrate 

docking role of pY972 and may contribute to the exquisite regulation IR 

autophosphorylation and IRS-1 phosphorylation in response to insulin.
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Figures for Chapter 6

Figure 6-1 Unified Scheme of Autophosphorylation in the CKD.

The CKD is shown as in Figure 1-11, with the addition o f a green stalk 

representing the juxtamembrane region o f the kinase. The two pathways of 

autophosphorylation suggested by this and previous work are illustrated as red arrows, 

denoting cis autophosphorylation of the JM sites (A) and trans autophosphorylation o f 

the AL (B) and CT sites (C).
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Figure 6-2 Molecular Model for Juxtamembrane cis Autophosphorylation.

A possible basal state conformer allowing JM cw-autophosphorylation was built 

on the crystal structures o f the CKD (21) and the ternary complex of cAPK with peptide 

inhibitor and nucleotide (359), as described in the text. The space-filling model shows 

the small lobe in yellow, the large lobe in white, the activation loop in cyan (with Y 1162 in 

red) and F1151 in khaki, the putative catalytic base D1132 in dark blue, the bound ATP in 

magenta, g 1003-G1008 0f  the glycine rich nucleotide binding loop in green, and the amino 

acid sequence E971-Y984 (from the JM domain) as a stick drawing in red. Y972 is shown 

poised for cis autophosphorylation. Further details o f model construction are in the text.
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Figure 6-3 Reciprocal Regulation by JM  and AL Regions.

This scheme extends the model shown in Figure 1-11 by incorporating our 

findings about the JM region of the CKD. The unphosphorylated state of the enzyme 

(area A) exists in an equilibrium between States I (AL bound) and II (JM region bound). 

State II can bind ATP, which can lead to cis autophosphorylation. generating State IV, 

which again is in equilibrium with a gate-out state (V). This latter form was the state 

crystallized by the Hendrickson laboratory. Because of this, and because of the lack of 

new contacts formed by the phosphorylated activation loop, a kinase population in area C 

is only partially activated. Under conditions favoring trans autophosphorylation. State II 

can have an alternate path towards activation, via trans autophosphorylation of the AL 

(area B). This leads to full activation (State III) regardless of the phosphorylation state of 

the JM region. ATP binding is explicitly shown only for State II, although it can occur to 

any of the kinase forms with an unoccupied ATP binding site (II, IIL IV).
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Figure 6-3 Reciprocal Regulation by JM and AL Regions.
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Figure 6-4 Hypothetical model of Insulin’s Activation of the Tetram eric IR.

The tetrameric IR is shown in a modification o f the style o f Figure 1-1. The JM 

and AL regions are shown as green (upper) and gray (lower) flags, respectively, over a 

notch representing the active site; the ATP binding site is no longer shown separately. 

Phosphorylated regions are striped red and are targeted by dashed arrows. In the basal 

state of the IR (/, corresponding to area A in Figure 6-3) the enzyme is unphosphorylated 

and has low activity. Insulin binding (pink sphere) stimulates cis autophosphorylation 

and partial activation of one P subunit via relief o f  JM autoinhibition (2). This partially 

activated subunit can then phosphorylate and fully activate its partner in trans, as well as 

dock IRS-1 (3) and can then be activated by its partner (-/). Note that in this asymmetric 

model of P subunit autophosphorylation, only one p subunit docks IRS-1 and the 

interactions of the two P subunits with this molecule could thus be distinct.
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Figure 6-4 Hypothetical model of Insulin’s Activation of the Tetrameric IR.
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