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Figure 3.5: Orientation of residues 35 and 32 in state Il (orange) pdb 1QRA and state | pdb
3KKN.

3.4 Cluster selection of MD conformers

Based on the scree plot obtained for PCA carried out on each individual trajectory we have
utilized the first four principal components to derive our clusters for subsequent analysis. A
distance matrix was created by utilizing the first four principal components which based on
the scree plot (Figure 3.4) and also on the pairwise RMSD distances. By utilizing the RMSD
clusters, which in most cases encompasses more than 1 PC cluster we are able to identify
dynamic elements that would probably assist in the transitioning between different

conformations while in the GTP state Il state.
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CHAPTER 4
Results and Discussion: Ras Dynamics

Introduction:

Ras proteins influence many different signaling cascades through their interaction with
various effectors and modulators. However, individual Ras effectors are very different
proteins although they share a common motif: the Ras Binding (RB) or Ras Association (RA)
domain. RB encodes the specificity for Ras interaction within a few key residues in these
domains [99]. The ability of Ras to associate with different effectors and modulators suggests
that it adopts various conformational states, which have been well studied using X-ray and
NMR. However, due to a preconceived notion that H-ras and K-ras were identical in their
biological properties, much of the previous biological and biochemical assays were done on
H-ras [45]. Recent studies described in Chapter 1 reveal that there are levels of specificity
amongst Ras isoforms for different effectors and modulators. Moreover the specificity of the
H-ras mutants Y40C and T35S to the effectors PI3K and Raf respectively suggests that this
may be due to changes in the allosteric behavior of the proteins since neither of these
residues are directly involved in association with either effector. Also studies have shown
that K-ras and H-ras display a degree of specificity in activating the effectors Raf and PI3K,
this was found to be not limited to their difference at the HVR and/or membrane localization
[37]. Furthermore the occurrence of Ras genes in human cancers reveals that isoform
specificity plays both a role in frequency of a particular isoform and the specific point
mutation in various cancers [50]. Taken together the effector specificity of H-ras and K-ras

towards the major effectors PI3K and Raf, coupled with the isoform specific frequency and
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localization in specific cancers further highlights the need for a detailed analysis of the
differential dynamics between these isoforms.

In order to study the specific dynamics of Ras isoforms or to understand the ability of Ras
interaction with various effectors and modulators we must first consider the role of
conformational selection in Ras function. The central postulate of conformational selection
is that all protein conformations pre-exist and that the most favored conformation is selected
by the ligand, resulting in a shift and a redistribution of conformational states following
ligand binding. Subsequent to the population shift an induced fit mechanism may optimize
side chain and backbone interactions [100]. In this Chapter I investigate the dynamics of Ras
in distinct conformational states. Firstly I will compare the overall dynamics of H-ras and K-
ras though PCA. Then the dynamics of specific conformational clusters of H-ras and K-ras
(described in Chapter 3) is compared to those of T35 H-ras mutants. These MD conformers
are then related to the conformations of the crystal structures of nucleotide bound Ras
through PC projection. Lastly I analyze the conformational dynamics of the Q61H mutants.
The selection and analysis of conformational clusters described here are a fundamental step
in accessing the dynamics of Ras*‘GTP. All of the analysis in this Chapter is based on the
backbone, which is represented by the C-o atoms details of the atomic interactions within
each substate of each protein will be addressed in Chapter 5.

4.1 Increased inter-lobe correlated motions in H-ras relative to K-ras.

To investigate the overall dynamics of our systems we applied PCA to the entire trajectory of
each system. The contribution of specific residues to the PC’s differs significantly for H-ras
and K-ras, especially at switch I and some loops on lobe Il (Figure 4.1). The variance

represented here is indicative of the dynamics where a high contribution to the PC represents
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K-ras and T35S H-ras the orientation of H27 resembles H-ras GDP, the conformational

sensitivity and ability to affect membrane orientation may be reduced or absent.
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Figure 5.4 (a) Distance of H27 CE1-G12 CA in Hras (orange), K-ras(blue) and T35S(black).
(b) Residue specific contacts of Rap-Raf complex with Rap in red and Raf in blue. (c) Side
chain reorientation of H27, K147 and N26. (d) Salt bridge between K147 and D119 on K-ras
and T35S crystal structures of H-ras‘GTP (red) and H-ras-GDP (green) showing orientation
of H27 with respect to K147 and the nucleotide.

5.2 Residue interactions in K-ras Q61H are similar to WT H-ras.
Previously we noted that the Q61H mutation perturbs the conformational equilibrium
differently for H-ras and K-ras. Here we compared the overall dynamics of the WT isoforms

62



to the Q61H mutants. Q61H K-ras has a similar residue contact profile to WT H-ras (Figure
5.5). Firstly the H-bond between residue Y71 and E37 and G60- G12 is maintained in the
Q61H K-ras mutant but not the H-ras mutant. The loss of these contacts appears to be
coupled with the gain of the A59- Y71 H-bond on Q61H H-ras. Furthermore a unique salt
bridge is formed between residues on helix 11l and Il on Q61H-Hras (Figure 5.6). Since
mutations at position 61 in H-ras are more frequently found in cancers compared to K-
ras[50], one may reason that this mutation is more oncogenic in H-ras. In addition the
similar contacts with T35S and WT K-ras suggest that it may potentially activate Raf better
than Q61H K-ras. However, there is no current literature on the potential of these mutant
isoforms to activate Raf. Although Q61H H-ras more readily adopts state I-like
conformations in comparison to Q61H K-ras (Figure 5.6 (b)), oncogenic potential may also

be achieved by rapidly cycling between state | and state I1.
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Figure 5.5: Time averaged residue contacts Q61H-Hras and Q61H K-ras simulations. Q61H
K-ras contacts are subtracted from Q61H H-ras (upper triangle) and K-ras from H-ras (lower
triangle). Contacts unique to H-ras/Q61H H-ras are colored yellow to orange based on
occupancy and cyan to blue for K-ras/Q61H K-ras. A contact is described as any two side
chain residues within 4A of each other.
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Figure 5.6: Secondary structure of Q61H H-ras and K-ras conformers (ble and yellow)
respectively (a). Salt bridge between R102 and D69.

Stabilization of the switch Il helix in K-ras

From our simulations, we mutated residue H61 on the Q61H mutant back to the WT. This
change resulted in very different conformations of K-ras and the Q61H K-ras mutant.
Interestingly it appears that the H61 may affect the switch Il architecture in K-ras, by
affecting the Y64-D69 H- bond. Furthermore we also note that the switch Il helix forms an

alpha helix in the wild type and a pi helix on the Q61H mutant K-ras.

Switch 11

Figure 5.7: Switch Il K-ras (cyan) and Q61H K-ras (blue)
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Discussion:

In the previous chapter we have observed that in our simulations the T35S H-ras mutation
results in a population of conformational sub-states that are similar to K-ras in dynamics;
however the aim of this chapter was to investigate the conformation in terms of their residue
contacts and side chain reorientations, which may affect or be affected by differential
dynamics. We observe that T35S H-ras also has residue contacts that are similar to K-ras. To
reiterate the loss of an H-bond on switch | residues 136 and A59 as well as on E37 and Y71
results in a A59-Y71 H-bond which propagates across the structure and results in
conformations that are more similar to K-ras. These structural and residue rearrangements on
T35S and K-ras that differ from WT H-ras suggest that they are involved in conferring a
degree of conformational specificity for either favorable association with Raf or reduced
affinity for PI3K. Furthermore the specific differences in residue contacts and orientations
between Kras and H-ras at the switch regions, especially switch Il, may influence effector
specificity. Our primary reason for this assertion is because most effectors and modulators
that have specificity for a particular Ras isoform, i.e NOREL1, SOS, Ras-GRF, PI3K and Raf
CRD and calmodulin, interact with the switch Il of Ras [17,48,105,106,107]. Furthermore we
have seen that the Q61H mutation drastically affects the conformational population towards
state 1 on H-ras similar to the T35S substitution whereas the Q61H K-ras mutant more
resembles H-ras WT in terms of dynamics and residue interactions. The differential effect of
the mutation at position 61 may partially explain the prevalence of Hras Q61 mutant in

cancers compared to mutants of Q61 K-ras mutants.
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Summary and Outlook
Summary

There has been overwhelming evidence which shows Ras isoforms have non-redundant roles
in the cell (reviewed in [45]). The aim of this study was to characterize the catalytic domain
of H-ras and K-ras in terms of dynamics. We have shown that H-ras and K-ras differ in
dynamics when bound to GTP and Mg?*. The isoforms differ in flexibility at regions where
there is sequence variation in lobe Il as well as in the conserved, functionally important

switch regions in lobe I.

This analysis has provided insights into a possible role of the H-ras and K-ras catalytic
domain in their ability to recognize effectors in a specific manner. Our molecular dynamics
simulations have resulted in two very distinct populations of H-ras and K-ras conformers that
differ both in dynamics and conformation. In addition the simulations shows that K-ras is
more dynamic than H-ras and has a higher tendency to a adopt state | populations within the
time frame of the simulations. Moreover, conformer analysis revealed that the Raf-selective
T35S H-ras mutant shares similarity with K-ras in terms of both dynamics and the side chain
orientation of key effector/modulator binding residues at the switch regions. For instance, the
switch | region of T35S H-ras resembles K-ras rather than H-ras. The conformational
similarity between this mutant and K-ras provided us with a new view of dynamics that may
enhance Raf activation, whereas the comparison between K-ras and H-ras provided new
insights into some of the crucial elements for selective PI3K associations. Our data suggest
that although H-ras has a higher affinity for Raf [46], which contacts Raf at the effector

binding switch I [20], the switch 11 region of K-ras is so different in dynamics and side chain
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orientations it partially explains the ability of K-ras to better activate Raf, since effective Raf
activation involves the interaction of the switch Il of Ras with the CRD of Raf [105]. We
therefore conclude that H-ras and K-ras adopt different conformational populations and that
K-ras fluctuates around a conformation that is more favorable for Raf association and not

PI3K.

The implications of the variations in dynamics may be extended to differential orientation of
the catalytic domain on the membrane surface since there is considerable flexibility in L8 of
H-ras which adjoins the amphipathic o helix 4, which associates with membrane [115]. This
is critical since studies have also shown that the nature of the bound nucleotide affects the
membrane orientation of H-ras [115,116]. The relative rigidity of K-ras at L8 can potentially
hinder its ability to reorient in the membrane. Furthermore, increased correlated motions
between lobes Il and | in H-ras may suggest that there is increased communication across the

lobes so that lobe Il of H-ras may be more sensitive to the nature of the bound nucleotide.

Furthermore specific Ras mutations alter the conformational distribution of H-ras and K-ras,
with the Q61H mutation in H-ras but not K-ras resulting in state I-like sub states. This is an
interesting finding since genomic studies have shown that the specific point mutation of Q61
appears to be both cell and isoform specific, with the H-ras mutations appearing to have a
higher occurrence in tumors than those of K-ras [50]. This could be due to rapid cycling
between state | and state Il since state |1 Ras has low affinity for GAPs and high affinity for
GEFs, resulting in faster nucleotide exchange [102]. Therefore the rapid cycling could result

in a partially constitutively active protein with an oncogenic potential.
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Implications of the work for translational studies

This work provides crucial structural information for isoform selective drug design to disrupt
aberrant Ras signaling. Biochemical studies have shown that Ras mutants may alter the
preference of Ras isoforms for different effectors and perturb the conformational equilibra
between states | and Il [25,26,28]. Additionally the occurrence of point mutations on Ras
isoforms is variable and varies in frequency amongst different cancers and developmental
diseases [24,50,102]. These results highlight the need to reassess the specificities of aberrant
Ras signaling due to specific point mutations across isoforms. As we can clearly see we have
identified distinct conformations of H-ras and K-ras and their Q61H mutants. The
conformational analysis presented here highlights the usefulness of molecular dynamics to
assess multiple conformations of the catalytic for drug discovery. Due to the high structural
similarity among Ras GTPases, it has often been thought that targeting the catalytic domain
may lead to many off target effects. Our results indicate that there are specific features
between Ras isoforms, highlighting the need to study the dynamics of other members of the
Ras family for targeted drug design. We propose that using molecular dynamics to access
conformational sub states in members of a protein family can yield conformational
ensembles and transient structures not revealed by other methods. Combining molecular
dynamics with PCA can provide a manageable set of conformers and defined conformational

clusters for docking.

Further studies: Enhanced conformational Sampling

A limitation of classical molecular dynamics simulation is the inability to sample all

accessible conformations. To further determine the conformational sub-states not revealed by
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our simulations, an enhanced sampling method such as accelerated molecular dynamics
(aMD) may be used. Furthermore, utilization of the molecular mechanics/generalized Born
surface area (MM-GBSA) methods [117,118] or thermodynamic integration [119] may be
useful to characterize energetic barriers between conformations. Another area of interest is
the dynamics of Ras-Raf complexes made by different Ras isoforms. Much analysis has been
carried out on the structural dynamics of the Ras- Raf complex but these were limited to H-
ras. The difference in dynamics we observed between H-ras and K-ras suggests that these
data are not sufficient to explain K-ras/effector interactions. Hence, a further application of
this work lies in addressing the conformational specificities and dynamics of isoform specific
effector interactions. Finally, we mentioned above the possible effect of differential
dynamics in the membrane orientation of nucleotide bound Ras. A comparative all-atom
molecular dynamics simulations of membrane bound full length H-ras[115] and K-ras in both

the GTP and GDP forms would be interesting.

In closing we have accessed the contributions of specific residue differences on lobe 11 of K-
ras and H-ras and have discovered key differences in dynamics that alter the conformations at
the functionally important switch regions. These differential dynamics may also alter the
conformational properties of membrane bound Ras. This work shows that a general
reassessment of Ras isoforms needs to be made since sequence differences may have a

significant impact on conformational dynamics.
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