ABSTRACT

AMAR MIRZA

Analysis of the evolutionary constraints distinguishing ErbB tyrosine kinases suggests a cis
regulatory function for the Juxtamembrane and COOH-terminal tail segments

(Under the Direction of Dr. Natarajan Kannan)

The Epidermal Growth Factor Receptor (EGFR) and related ErbB kinases have
functionally diverged from other receptor and non-receptor tyrosine kinases to be activated by a
unique allosteric mechanism, in which two kinase domains activate each other through
coordinated interactions between the catalytic core and the flanking juxtamembrane (JM) and
COOH-terminal tail (C-terminal tail) segments. To identify key residues that contribute to the
functional divergence of the ErbB family, a Bayseian approach was used to infer the selective
constraints distinguishing ErbB from non-ErbB tyrosine Kkinases. Strong ErbB-specific
constraints are imposed on residues that tether the JM and C-terminal tail segments to key
functional regions of the kinase core. The strongest constraint is imposed on a glutamine (Q791),
which tethers the C-terminal tail to a conserved inter-lobe salt bridge that is critical for inter-lobe
movement. The malleability of this inter-lobe tether in the open and closed states of EGFR
suggests a mechanism by which inter-lobe movement and ATP binding can be coordinated with
conformational changes in the C-terminal tail. Likewise, an ErbB specific [YL]xx[AG] motif in
the C-helix appears to play an active role in coupling JM and C-helix movement. We propose
that the JM and C-terminal tail segments flanking the ErbB kinase core are cis elements that that
have co-evolved with the kinase core to tightly regulate activity. Such a view readily explains the
activating and inhibitory roles of the JM and C-terminal tail segments in EGFR functions, and
provides new hypotheses for experimental studies.
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CHAPTER 1
INTRODUCTION

The epidermal growth factor receptor (EGFR) and related kinases, ErbB2, ErbB3 and
ErbB4 (collectively called the ErbB family)(1), are key components of our cellular machinery
that control major signaling pathways associated with cell migration, proliferation, and
differentiation. ErbBs consist of an extracellular ligand binding domain and an intracellular
kinase domain, which is flanked on the N and C-terminal ends by the juxtamembrane (JM)
segment and COOH-terminal tail (C-terminal tail), respectively. Because overexpression or
abnormal regulation of ErbB kinase activity is implicated in many human cancers (2), extensive
studies have been performed on ErbB kinases to understand their mechanisms of action. Studies
on the extracellular ligand binding domain of EGFR(3-7) and more recently on the intracellular
kinase domains have provided key insights into how EGFR converts an extracellular ligand
binding signal to an intracellular response(8-12). Ligand binding to the extracellular receptor
domain induces dimerization and activation of the intracellular kinase domain, which, upon
activation, autophosphorylates conserved tyrosine residues in the C-terminal tail (13, 14).
Autophoshorylation of the tyrosine residues activates downstream signaling pathways by
recruiting signaling and docking proteins to the C-terminal tail (2). While this mechanism of
signal propagation is generally believed to be conserved within the ErbB family (9), ErbB3
diverges from this canonical mechanism of action because of its inability to catalyze phosphoryl
transfer. ErbB3, however, is important for normal cellular functions inasmuch as it trans

activates other ErbB members by forming heterodimers (15-18).
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A key step in ErbB kinase signaling is the activation of the intracellular kinase domain. In
EGFR, this is achieved by an allosteric interaction between two kinase domains in an
asymmetric dimer. In the asymmetric dimer, the C-lobe of one kinase (activator) functions as an
activator by stabilizing the other (receiver) in an active conformation. This asymmetric dimer
formation not only involves the kinase core, but also the JM and C-terminal tail flanking the
kinase core. In particular, the JM segment plays an active role in the asymmetric dimer formation
by docking to the C-lobe of the activating kinase(8). Likewise, the C-terminal tail, in the inactive
dimer, prevents the asymmetric dimer formation by shielding the JM docking surface on the C-
lobe of the activator(11).

Activation of the EGFR kinase domain by dimerization involves conformational changes
in key functional elements of the kinase core. One such functional element is the flexible C-
helix, which switches from an inactive “out” to an active “in” conformation, upon formation of
the asymmetric dimer (8). Docking of the C-helix to the C-lobe of the activating monomer
facilitates this conformational switch and repositions a kinase conserved glutamate to coordinate
with a lysine, which is involved in catalysis. This mode of regulating catalytic activity by
controlling the conformation of C-helix is also observed in other protein kinases such as Cdk2
(19), Src (20) and PKA (21).

In addition to the precise positioning of the regulatory C-helix, activation of EGFR and
ErbB4 kinases also involves movement of the N-terminal ATP binding lobe relative to the C-
lobe, and repositioning of the activation loop from an inactive to active conformation (9, 22-28).
Presumably these conformational changes are also tightly controlled in ErbB kinases to avoid
physiological catastrophes regulate catalytic activity. Although previous crystallographic and
computational studies(28, 29) have provided some insights into how these conformational
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changes might be regulated, the precise mechanisms by which inter-lobe movement and
activation loop movement is coupled to ErbB kinase activation is still not fully understood.
Experimental delineating these mechanisms requires, however, that one first formulate the right
hypotheses based on available information on ErbB kinases. One valuable source of information
in this regard is the evolutionary constraints distinguishing ErbB kinases from other functionally
distinct tyrosine kinases.

We have shown using several case studies that Bayesian analysis of the evolutionary
constraints distinguishing functionally divergent protein kinases is a viable approach for
identifying structural elements that contribute to the allosteric specificity of kinases in signaling
pathways (29-32). Using this approach, we recently demonstrated that the conserved C-terminal
tail, which wraps around the AGC kinase core, is a cis regulatory module that can allosterically
regulate AGC kinase activity (30). This study also allowed us to formulate and test new
hypotheses regarding the role of conserved motifs in the C-terminal. In particular, the role of a
conserved proline rich (PXXP) motif in the maturation of PKC, and the role of a conserved
FDxY motif in PDK1 binding(33) was demonstrated using a combination of mutational analysis
and peptide array studies.

In this study, we compare the functional constraints distinguishing ErbB kinases from
other tyrosine kinases to identify key residues/motifs that contribute to ErbB kinase functional
divergence. Our analysis reveals that strong ErbB kinase specific constraints are imposed on
residues that are involved in tethering the JM and the C-terminal tail segments to key functional
regions of the kinase core. Analysis of these tethering interactions in light of the wealth of
structural and functional data available on the ErbB family suggests a model in which the C-
terminal tail and JM region can function as cis regulators by controlling inter-lobe and C-helix
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movement, respectively. Such a model readily explains the activating and inhibitory functions
observed for the JM and C-terminal segments, and provides mechanistic clues to a frequently
occurring lung cancer mutation (L861Q), which appears to activate EGFR by altering the

canonical tethering interactions between the JM segment and C-helix.



CHAPTER 2
RESULTS AND DISCUSSION

A co-conserved sequence pattern characteristic of the ErbB family

To identify which sequence features most distinguish ErbB kinases from other receptor
and non-receptor tyrosine kinases, we performed statistical analysis of the selective constraints
distinguishing ErbB kinases from other tyrosine kinases (see Methods). These constraints
generally correspond to residues that are highly conserved in ErbB kinases but strikingly
different in tyrosine kinases outside of the ErbB family. Within the catalytic core, these residues
correspond to Y/L764 and A/G767 in the C-helix ([YL]xx[AG] motif), Q791 in the inter-lobe
linker, N816 and W817 in the E-helix, and 1938, I1L941 and D942 in the I-helix (Fig 1). These
ErbB-specific residues although widely dispersed in sequence spatially interact with conserved
motifs in the JM segment and C-terminal tail (Fig 2). To understand why nearly all the ErbB
residues interact with the JM and C-terminal tail, we compared the selective constraints imposed
on these flanking segments in ErbB and other receptor tyrosine kinases (see Methods). This
revealed that the JM and C-terminal tails also conserve sequence motifs that are unique to the
ErbB family(Fig 1). Some of the characteristic motifs in the C-terminal tail are PxRYLVI and
[DE][AP][DE][ED]Y motifs that are tethered to the C and N-lobe of the kinase core, respectively
(Fig 1,2). The JM segment, likewise, contains key sequence motifs that are tethered to the N and

C-lobes of the kinase in the asymmetric dimer (Fig 1; Fig 2 and Fig3).



Figure 1

Figure 1: Contrast Hierarchical Alignment showing sequence patterns that distinguish ErbB
kinases (foreground) from other tyrosine kinases (background). The residues that contribute to
the functional divergence of the ErbB family are indicated by black dots above the alignment.
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foreground set (ErbB  sequences)

EREREE] ggF contrast with residues observed at the
T L corresponding  position in  the
< Iggggwg B2 83 | background set (other tyrosine kinase
1.833855 0 B2 =55 P sequences). The secondary structural
|-883822  “gag %2 [ location of these constraints relative to
[.54545 ) a2 BR the overall domain organization of the
| ESETes | SoROs antll ErbB family is shown above the
| 28:8 e ae | alignment. The numbering using in the
J | c32 Beigipe I alignment and in the text is according to
7 |§ s685 i SgE "8 " F the pre-mature EGFR numbering
£ GEEsta | ERba.8Nu. scheme which includes the 24 amino
o *O 200Q o o - - -
) |-8-58 e o8 acid signaling sequence. The NCBI
A Mt D sequence identifiers used in the query
o Soa B, 8. display alignment are: EGFR-human:
- %gﬁggégé] 134104655; ERBB2_human: 119533;
1 ERBB3_human: 119534;
2 ] i \ ERBB4_human : 3913590; EGFR-
Y ; fruitfly : 4588511; EGFR-snail
] 146217140; EGFR-bloodfluke :
N 76156675; EGFR-sponge : 18146642;
1 B _ SgygtiEstl EGFR-par.worm : 170592919
! {i3REEaRa- P g L The ErbB prototypic features are
| B TiEThEoEssfuogy i
e g iy o generally well conserved across diverse
Lo 1 SO nbnnopne e 20v_ g &
Ll WESEAEELET R RS
28 3 - R I ik eukaryotic phyla. However, some lower
zZ e 53335555258 SE%0e R . .
5 "8 eukaryotes and parasitic organisms
3 5 {.ss3iSscsgEs<Nyt B8 Se diverge from the canonical ErbB
£ 2 |.GeEeETesssE o2l |80. @ features in interesting ways. EGFR
g gy ooy oo B
% &}ﬁjggng; §§ g Orthologues in sponges and parasitic
‘ S . 3o |2 roundworms, for example, lack the
L Ly Ly LU LU L ) L ) o Lnw @
Newwwwwww dom ;m :'7;»9> k4 . . .
| BBEESE SRS, 38.[FE canonical C-terminal tail
B 13- 3
g 8
§ BE %
3 8
5 g §
x 8 g
; HN




[DE][AP][DE][ED]Y motif, which is generally tethered to the N-lobe of the kinase through
hydrogen bonding interactions with an ErbB conserved glutamine (Q791) in the inter-lobe linker
region (Fig 1,2).The concomitant mutation of Q791 to a glutamate and proline in organisms that
lack the [DE][AP][DE][ED]Y motif, suggests a co-evolution of the C-terminal tail with the
kinase core (Fig 1). Interestingly, Schistosoma japonicum, a blood fluke which infects humans
and a host of other mammals, conserve Q791 in the inter-lobe linker region, but lack the
[DE][AP][DE][ED]Y motif in the C-terminal tail. The structural and functional implication of
this variation is discussed in the later sections.

Structural analysis of ErbB-specific sequence patterns

As mentioned above, nearly all the ErbB-specific residues are involved in tethering the
JM and C-terminal tail segments to key functional regions of the kinase core (Fig 2). These
residues can be broadly classified into four categories based on their structural location (i) Inter-
Lobe Tether (ILT): residues that tether the C-terminal tail to the inter-lobe linker and N-lobe (i)
Active Site Tether (AST): residues that tether the C-terminal tail to the ATP binding pocket (iii)
C-Helix Tether (CHT): residues that tether the JM segment to the regulatory C-helix, and (iv) C-
Lobe Tether (CLT): residues that tether the JM and C-terminal tail to the C-lobe (Fig 2).

The ILT, AST, CHT and CLT residues are highly conserved in ErbB kinases, but
strikingly different in non-ErbB kinases. This selective conservation is likely to be important for
ErbB-specific functions, rather than for maintaining ErbB kinase structure or fold, because non-
ErbB kinases that lack these residues essentially adopt the samefold. Indeed, recent studies on
the activation mechanism of EGFR kinases confirm the functional importance of some of the
residues identified in our analysis. In particular, the NW motif in the E-helix was shown to play
an important role in ErbB functions by providing a malleable docking surface for the JM and C-
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terminal tail in the active (11, 12)and inactive states (11), respectively(Fig 3A-B)(11). Likewise,

the C-terminal tail PxRYxVI motif, which is part of the CLT, was shown to be important for

Erb3-Erb2 hetero-dimerization(10, 34), and asymmetric dimer formation in EGFR(11)(Fig 3C).

Whereas the role of CLT residues is well understood, little is known about the role of the

Figure 2

Figure 2: A schematic of the ErbB kinase domain
showing the distinctive feature of ErbB kinases.
Four major tethering interactions involving the
kinase core, the JM segment and C-terminal tails
are shown. These four regions correspond to (i)
Inter-lobe tether (ILT) (ii) Active site tether
(AST) (iii) C-helix tether (CHT) and (iv) C-lobe
tether (CLT). The residues that are characteristic
of the ErbB family are shown in sticks
representation and are colored in cyan. Kinase
conserved residues are colored in magenta. The
sites of homo/heterodimerization are shown by

dark arrows.

ILT and AST residues in ErbB functions. The role of some of the CHT residues have recently

been noted (11, 12), but others such as the [YL]xX[AG] motif in the C-helix has not been pointed

out before.To better understand the role of these residues in ErbB functions, we analyzed the

structural interactions associated with the ILT, AST and CHT residues, as described in the

sections below.



Figure 3
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Figure 3. Role of CLT residues in tethering the JM and C-terminal tails. A) Tethering of the JM
segment to the C-lobe in the active state. B) Tethering of the C-terminal tail to the C-lobe in the
inactive state C) Role of the PxRYLVI motif in tethering the C-terminal tail to the C-lobe. The
secondary structural regions are colored as mentioned above. The disordered C-terminal tail in
the active state (Fig 3A) is shown in dotted representation. Note that R973 is colored in green in
Figures A and B because this residue is shared by some tyrosine kinases outside of the ErbB
family.

Structural interactions associated with the ILT: A hypothetical mechanism for coupling C-
terminal tail and inter-lobe movements

The opening and closing of the N-terminal ATP binding lobe relative to the C-terminal
substrate-binding lobe is an essential part of catalysis [Taylor;chem. review]. This inter-lobe
movement in eukaryotic protein kinases is facilitated by the inter-lobe linker, and other lobe
spanning salt bridge interactions that serve as hinge points for domain movments. In particular, a
malleable salt bride formed between a kinase conserved glutamate (Q791 in Fig 2) in the N-
lobe, and a kinase conserved lysine (K852 in Fig 2) in the C-lobe is known to serve as a pivot for
inter-lobe movement.

In ErbB kinases, this pivot is directly tethered to the C-terminal tail through ILT
interactions. Specifically, the glutamate, which forms a salt bridge with K852, is conserved in
ErbBs as a glutamine (Q791), which by the virtue of having a donor group in its side-chain is
able to form a hydrogen bond with the conserved aspartates (D1012 and D1014) in the C-
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terminal tail (Fig 4). One of the aspartates (D1014) also hydrogen bonds to K852 in the C-lobe.
Together this ErbB specific structural arrangement appears to directly tether the C-terminal tail
to the hinge point critical for inter-lobe movement. Why would such an arrangement be
important for ErbB functions? One possibility is that this arrangement may facilitate an
additional layer of regulation by allowing the C-terminal tail to internally control inter-lobe
movement and consequently kinase activity. Consistent with this view, in the inactive structure
of EGFR, where the two lobes are in a closed conformation, the canonical salt bridge between
the glutamine and the lysine is lost, due, in part, to the movement of C-terminal tail away from
the lysine (K852) (Fig 4C). This concomitant change in the C-terminal tail conformation upon
closing of the two lobes suggests an active role of the C-terminal tail in inter-lobe movement.

The inter-lobe salt bridge between Q791 and K852 is also lost in the recently determined
inactive structure of EGFR, where one monomer inactivates the other monomer by forming a
symmetric dimer(11). However, unlike the inactive monomer, where the inter-lobe salt bridge is
still tethered to the [DE][AP][DE][ED]Y motif in the C-terminal tail (Fig 4C), in the inactive
dimer, Q791 and K852 are engaged in strikingly different interactions with the C-terminal tail
(Fig 4D). Specifically, negatively charged residues from the C-terminal tail of the two monomers
(E1005 in monomer A and E1004 in monomer B) appear to prevent the formation of the inter-
lobe salt bridge between Q791 and K852 by engaging them in different interactions(11) (Fig
4C). Presumably this alternative arrangement facilitates the stabilization of the closed ATP

“inaccessible state” of the kinase (11).
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The control of inter-lobe movement by the C-terminal tail is likely to differ between
metazoan and non-metazoan EGFRs since non-metazoan lack some of the canonical residues
involved in the ILT. EGFR orthologue in Schistosoma japonicum, for instance, conserve a
glutamine at position 791, but lack the canonical motifs in the C-terminal tail (Fig 1). The
functional implication of this S. japonicum specific change is unclear, but it is likely that S.
japonicum is either constitutively active or it borrows the C-terminal tail from the host for its

functions.

Figure 4

N-Lobe |

C-Lobe

ATP

EGFRa

Inactive Monomer Inactive

Figure 4: Inter-lobe tether (ILT) interactions showing the modulation of the inter-lobe salt-

bridge (between Q791 and K852) by the C-terminal tail. A) Structural location of these

interactions relative to the N and C-terminal tails B-D) A close-up view of these interactions in

the (B) active dimer (pdb: 2itn(25)) (C) inactive monomer (pdb: 2rfd(45)) (D) inactive dimer
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(pdb: 3gt8(11)). The structure images were generated using Pymol (www.pymol.org). The ErbB
specific residues are colored cyan, kinase catalytic residues are magenta, and ATP is shown as
black sticks. Hydrogen bonds are depicted as black dotted lines, and disordered regions are
shown as dots. Some hydrogen bonds have been omitted for clarity.
AST may serve as a gate for ATP binding

The AST is largely formed by a helical segment (residues 997-1001) in the C-terminal
tail (Fig 5A), also referred to as the AP-2 helix(11). The AST is typically disordered in most
ErbB structures, however, in two structures of EGFR (pdb:1xkk and 2jiu) (26, 35), this segment
adopts two distinct conformations. In one of the conformation, it protrudes into the ATP binding
pocket, thereby tethering the C-terminal tail to the ATP binding pocket (via two hydrophobic
residues; L1001 and F997), while in the other conformation this segment swings away from the
ATP binding pocket and becomes solvent-exposed (Fig 5A-B). This mode of dynamically
tethering the C-terminal tail to the ATP binding pocket is remarkably similar to PKA (Fig 5C),
where a conserved phenylalanine (F327) in the C-terminal tail moves in and out of the ATP
binding pocket to serve as a gate for nucleotide binding (36). An analogous role for F997 in
EGFR would suggest a similar gating mechanism in which the AST can directly control
nucleotide binding. Previous studies had suggested an autoinhibitory role for AST since mutation
or deletion in the AST region increased catalytic activity (8, 37). However, such a role fails to
explain the recently observed impaired kinase activity upon mutations in the AST region (11).
We propose a cis regulatory role for AST in which the AST can serve both as an autoinhibitor or

activator depending on its conformation.
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Figure 5

Inactive Symmetric Dimer

Figure 5: Active site tether (AST) and its role in ATP binding. A) Superimposition of the C-
terminal tail in the active (pdb: 2jiu), inactive monomer (pdb: 1xkk) and inactive dime (pdb:
39gt8) showing the conformational flexibility in the AST. B) A close up view of F997 and its
proposed role in ATP binding. The bound ATP was modeled to show the proximity of F997 to
ATP. C) Conformational changes associated with F997 in the inactive symmetric dimer D) An
analogous role of F327 in the C-tail of PKA (pdb: latp(46)).
CHT couples the JM segment to the regulatory C-helix

One of the key functional elements of the kinase core is the flexible C-helix, which
switches between an inactive “out” conformation to an active “in” conformation upon EGFR
activation. Previous structural studies have shown that the conformation of the C-helix is

stabilized upon forming the asymmetric dimer in which C-lobe of one monomer (activator)

interacts with the C-helix of the other monomer (receiver) to position it in an active
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conformation (8). Our analysis suggests that in addition to this trans interaction, cis interaction
between the C-helix and JM region, through CHT interactions described below, may also
contribute to JM mediated activation of the kinase domain.

CHT is largely mediated through an ErbB-specific [YL]xx[AG] motif in the C-helix and
conserved residues in the JM region. In EGFR, the tyrosine (Y764) within the [YL]xx[AG] motif
forms a hydrogen bond with a conserved asparagine (N700) in the JM region (Fig 6A), while the
alanine packs up against a hydrophobic residue (not shown) in the JM segment. These tethering
interactions are also coupled to the kinase conserved glutamate in the C-helix through a
backbone hydrogen bond between the alanine(A767) in the [YL]xx[AG] motif, and an alanine
(A763) sequence adjacent to the C-helix glutamate (E762) (Fig 6A). This coupling of the JM
segment to the C-helix glutamate may be significant considering that the precise positioning of
the C-helix glutamate is critical for the activation of most kinases(38). Consistent with this
notion, in the inactive state of EGFR, where the C-helix is in the “out” conformation, some of the
canonical CHT interactions are altered. Specifically, the hydrogen bond between N700 and Y764
in the C-helix is lost because of the disordering of this portion of the JM segment, and Y764 and
the C-helix glutamate adopt a strikingly different conformation in the inactive state (Fig 6B). The
disruption of the CHT interactions in the inactive state, and the reformation of the interactions in
the active state, suggests an active role for the CHT residues in coupling JM and C-helix
functions. Such a role readily explains the trans regulatory interactions involving the JM
segment in the active (Fig 6A) and inactive dimer (Fig 6C), and the significant reduction in

EGFR activity upon Y764F and N700A mutation(12).
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Figure 6

Active Dimer

Cc

Inactive Dimer

Figure 6: Role of C-helix tether (CHT) in C-helix movement A) CHT interactions in the active
state of EGFR (pdb: 2j5f(47)). The van der Walls interaction mediated by 1941 is shown in
transparent spheres representation. B) Conformational changes associated with the CHT
residues in the active (pdb: 2j5f) and inactive state of EGFR (pdb: 2rfe(47)) C) CHT interactions
in the inactive dimer (pdb: 3gt8), where the C-terminal tail of one monomer docks on to the JM
segment of the other monomer. The C-terminal tail is shown in transparent surface
representation. D) L861Q mutation shown in the active state of EGFR. E) Snapshots of the
L861Q mutation in the first two nano seconds of the molecular dynamics trajectory.

A frequently occurring lung cancer mutation (L861Q) may activate EGFR by altering the
canonical CHT interactions

In addition to tethering the JM region to the C-helix, the tyrosine in the [YL]xx[AG]

motif is also involved in packing up against a leucine (L861) in the activation loop (Fig 6D).
15



L861 is frequently mutated to a glutamine (L861Q) in many lung cancer patients (39). In fact,
the L861Q mutation is the third most frequent mutation in EGFR in the COSMIC database (40).
Modeling of a glutamine at the L861 position suggests that the glutamine can form two potential
hydrogen bonds in the active dimer. It can hydrogen bond to Y764 in the [YL]xx[AG] motif as
well to a conserved arginine (R977) in the activating monomer. To better understand the role of
these hydrogen bonds in the abnormal activation of EGFR, we performed molecular dynamics
simulation studies on the modeled L861Q mutant structure (see Methods). This revealed that,
unlike the Q861-R977 hydrogen bond, the hydrogen bond between Q861 and Y764 is stable
during the course of simulation and prevents Y764 from switching to the inactive conformation
This suggests that L861Q mutation can potentially active EGFR by stabilizing Y764 in an
active conformation.. This stabilization of Y764 may also facilitate the formation of the
asymmetric dimer and destabilization of the inactive state, as proposed in previous studies (41,
8).

Notably, Erb3 and Erb4 in humans, and EGFR orthologues in lower eukaryotes do not
conserve the tyrosine in the [YL]xx[AG] motif (Fig 1), instead they conserve a leucine at the
[YL]xx[AG] tyrosine position. This suggests that L861Q mutations in Erb3 and Erb4 may not

have the same functional impactas in EGFR or ErbB2.
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CHAPTER 3
CONCLUDING REMARKS

Activation of ErbB kinases requires allosteric coupling of the conformational changes
associated with catalytic functions of the kinase core, and the regulatory functions of the flanking
JM and C-terminal tail segments. Analysis of the selective constraints imposed on ErbB kinases
suggests a model in which conformational coupling can be achieved through cis interactions
between the kinase core and the flanking JM and C-terminal tail segments. A compelling aspect
of this model is that it readily explains the inhibitory and activating functions of the C-terminal
tail segment in in vitro and in invo studies(10-12, 37), and provides new hypotheses for
experimental studies. In particular, the proposed role of the ILT in coupling inter-lobe movement
with C-terminal tail movement can be tested by mutating the ErbB kinase specific glutamine
(Q791) to a glutamate. The conformational regulation of ErbB kinase by JM and C-terminal tail
segments is also predicted to be specific to metazoan ErbB’s since non-metazoans lack the
canonical motifs for tethering the JM and C-terminal tail segments to the kinase core. Finally, the
proposed role of the AST in ATP binding, provides clues for designing ErbB kinase specific

small molecule inhibitors.
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CHAPTER 4
MATERIALS AND METHODS

Identification of ErbB-specific selective constraints

The selective constraints imposed on ErbB sequences were measured using the CHAIN program
(41), which requires construction of a “Contrast Hierarchical Alignment (CHA)” based on three
categories of related sequences: (i) a query set, (ii) a foreground set and (iii) a background set. In
the Figure 1 alignment, representative ErbB sequences from diverse organisms constitute the
query set, all ErbB kinase sequences (~286 sequences) correspond to the foreground set and all
tyrosine protein sequence (~3512 sequences) correspond to the background set. The sequence
pattern that most optimally distinguishes all ErbB sequences (the foreground set) from other
tyrosine kinase sequences (background set) was identified using the Bayesian pattern partitioning
procedure as implemented in the CHAIN program (41). For the C-terminal tail, a standard
background set was used because the C-terminal tail segment does not share any significant
sequence similarity with other receptor or non-receptor tyrosine kinase sequences.

Molecular dynamics simulations

Simulations were performed with NAMD software (42), version 2.7b1, and using all-atom ff03
force fields (43). Trajectory files were written every 2 ps using a time step of 2 fs and the NPT
ensemble. A smoothing function was applied to both the electrostatic and the van der Waals
forces at a distance of 10 A with a switching cutoff distance of 12 A. The non-bonded
interactions parameters (switching, spherical cutoff, and pair list distances) were carefully

chosen to achieve realistic macromolecular simulations (44). The Particle Mesh Ewald (PME)

18



algorithm, implemented to add a reciprocal space long-range electrostatic energy to the limited
non-bonded component, was used with an interpolation function of order 5, and PME box grid

size of 256, 256, 256 in X, y, and z dimensions, respectively.
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