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Abstract

In order to associate with the cytoplasmic leaflet of the plasma membrane, many
cytosolic signalling proteins possess a distinct lipid binding domain as part of their over-
all fold. Here, a multiscale simulation approach has been used to investigate three
membrane-binding proteins involved in cellular processes such as growth and prolifera-
tion. The pleckstrin homology (PH) domain from the general receptor for phosphoinosi-
tides 1 (GRP1-PH) binds phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P;) with
high affinity and specificity. To investigate how this peripheral protein is able to locate
its target lipid in the complex membrane environment, Brownian dynamics (BD) simula-
tions were employed to explore association pathways for GRP1-PH binding to PI(3,4,5)P,
embedded in membranes with different surface charge densities and distributions. The
results indicated that non-PI(3,4,5)P, lipids can act as decoys to disrupt PI(3,4,5)P; bind-
ing, but that at approximately physiological anionic lipid concentrations steering towards
PI(3,4,5)P; is actually enhanced. Atomistic molecular dynamics (MD) simulations re-
vealed substantial membrane penetration of membrane-bound GRP1-PH, evident when
non-equilibrium, steered MD simulations were used to forcibly dissociate the protein
from the membrane surface. Atomistic and coarse grained (CG) MD simulations of the
phosphatase and tensin homologue deleted on chromosome ten (PTEN) tumour suppres-
sor, which also binds PI(3,4,5)P;, detected numerous non-specific protein-lipid contacts
and anionic lipid clustering around PTEN that can be modulated by selective in silico
mutagenesis. These results suggested a dual recognition model of membrane binding,
with non-specific membrane interactions complementing the protein-ligand interaction.
Molecular docking and MD simulations were used to characterise the lipid binding prop-
erties of kindlin-1 PH. Simulations demonstrated that a dynamic salt bridge was responsi-
ble for controlling the accessibility of the binding site. Electrostatics calculations applied
to a variety of PH domains suggested that their molecular dipole moments are typically
aligned with their ligand binding sites, which has implications for steering and ligand
electrostatic funnelling.



Acknowledgements

First and foremost, I am enormously grateful to Mark Sansom for being such an excellent
supervisor and for all of his help, support and encouragement over the past four years.
I would also like to thank Mark for his seemingly inexhaustible supply of patience, for
having a sense of humour, and for showing admirable restraint when I told him I was
going to go and work in the City. Aside from Mark, special thanks must also go to Phill
Stansfeld for showing me the simulation ropes when I first arrived. Phill has since become
my go-to guy in the lab for advice on practically everything, and has patiently endured
all of my questions, anxieties and existential crises for nearly four years. Thanks Mark
and Phill!

I am indebted to Oliver Beckstein, Benjamin Hall and Philip Fowler for always taking
an interest in my work and for all of their helpful comments and suggestions over the
years. Special thanks go to Phil Biggin for always being available and happy to chat, and
also to Elspeth Garman for giving me the opportunity to teach undergraduate students. I
would also like to acknowledge our collaborators: Rob Gilbert and Luke Yates (Oxford);
David Calderwood (Yale); Rob Stahelin (Notre Dame and Indiana); and Tanya Kutate-
ladze (Colorado) for their interest in and enthusiasm for our work. I am particularly
grateful to Tanya for hosting me in Denver for a lab visit, and also for pointing me in the
direction of some good skiing in the Rockies.

I have been incredibly fortunate to have been surrounded by a fantastic group of peo-
ple who have made Oxford such a great place to live and work during my DPhil. From
the lab, there are many people I would like to thank, but first among equals are Alan
Chetwynd, Joe Goose and Sarah Rouse. For the good times inside and outside SBCB
thanks also to: Sonya Hanson; Jean Hélie; Heidi Koldsg; Jerome Ma; Maria Musgaard;
Greg Ross; Matthias Schmidt; David Shorthouse; Lukas Stelzl; Jemma Trick and of course
Shabana Vohra. For making me feel exceptionally welcome when I first arrived back in
September 2008 thanks go to some previous members: Jussi Aittoniemi; Tim Carpenter;
Rob D’Rozario; Jochen Klingelhoefer; Michelle Sahai; Jayne Wallace; and Chze Ling Wee.
Beyond the lab, huge thanks for assorted advice, support and good times go to a variety
of ex-Cambridge and Merton folk: Sonia Bracegirdle; Steve Buckley; Genevieve Clut-
ton; Derek Hollman; Mike Lee; Gus Logan; Alex Matthews; Robin Neatherway; Graeme
Spence and, last but by no means least, Will Upcher.

The Medical Research Council and Merton College, Oxford are gratefully acknowl-
edged for generous funding through the provision of a studentship and travel grants
respectively. Finally I would like to thank my parents for all of their support, both fi-
nancial and emotional, over what has turned out to be quite an eventful four years. In
particular, I owe a huge debt of gratitude to my mother, Julie, for everything she has
done and all she continues to do. Without her, none of this would have been possible.

C.N.L.
Oxford
November 2012



List of publications originating from this thesis

Lumb C.N., He J., Xue Y., Stansfeld PJ., Stahelin R.V,, Kutateladze T.G., and Sansom M.S.P
Biophysical and computational studies of membrane penetration by the GRP1 pleckstrin
homology domain.

Structure 19, 1338-1346, 2011.

Lumb C.N. and Sansom M.S.P
Finding a needle in a haystack: The role of electrostatics in target lipid recognition by PH
domains.

PLoS Computational Biology 8, €1002617, 2012.

Yates L.A., Lumb C.N., Brahme N.N., Zalyte R., Bird L.E., De Colibus L., Owens R.J.,
Calderwood D.A., Sansom M.S.P, and Gilbert R.J.C.
Structural and functional characterisation of the kindlin-1 pleckstrin homology domain.

Journal of Biological Chemistry (in press)

Lumb C.N. and Sansom M.S.P
Defining the membrane associated state of the PTEN tumour suppressor protein.

Biophysical Journal (under revision)

Other publications as a result of work completed during the DPhil

Brown M.T.,, Steel B.C., Silvestrin C., Wilkinson D.A., Delalez N.J., Lumb C.N., Obara B.,
Armitage J.P, and Berry R.M.

Flagellar hook flexibility is essential for bundle formation in swimming Escherichia coli
cells

Journal of Bacteriology 194, 3495-3501, 2012.



Contents

Contents

1.3 Phosphoinositides in cell signallin

11

15

16



Contents 7

1.4 Experimental biophvsics and protein-lipid interactiond . ... ... ...... 29

1.4.1 Nuclear magnetic resonance SpecfroSCOPY . . . . . -« .. ... ... . 30

1.6.3 Molecular dynamics simulations . . ... ................. 39
1.7 Thesisoutling . .. ... ... ... 42
2
2 NErgyY MINIMESALION . & & v v v v v e e e e e e e e e e e e e e e 53
Periodic boundary conditions . . . . ... ... oL 54
6 eatment of non-bonded interactiond . . . . . ... ... ... ... .. 55
emperature and pre ecoupling . ................... 57
8 eered molecular dynamics simulations . . . .. ............ 59
9 oarse grained molecular dynamics simulations. . . . ... ...... 60
0_Analysis tools for molecular dynamics simulations . .......... 64




Contents 8
2.2.1 Langevindynamics . . . .. ... ... ... 66
12.2.2 Browniandynamics (BD) . . . . . .. ... ... .. 67
12,23 Calculating rate constants from Brownian dynamics simulations. . . 71
2.3 Poisson-Boltzmann electrostatics . . . . . . .. ... .. 73
2.3.1 Further details of BD simulations using SDA . . ... .......... 78
2.4 Moleculardocking . .. ..... ... ... .. 79

3
M%M& .- 100
. . e . iond 101
.64 Avionicipid husterind .. 103
4 hanism of target lipid recognition by GRP1-P 105
4.1 Introduction . . . . . . . .. 106
4.2 ;;;;AJ .......................................... 108



Contents

4.8

DoCKINg O

A note on estimated binding affinities from docking . ... ... ... 148

6 omparison of kindlin-1 to kindlin-2 and kindlin-3 jsoformd. . . ... .. .. 148

PH domains and non-canon phosphoinositide binding . .......... 152
........................................ 155

6 __Simulations of the PTEN tumour suppresso 158




Contents 10
6.1 IntroducCtion . . . . . . . e e e e 158
158

159

160

161

164

165

6 Membrane-binding ace of PTEN . . . . . .. . ... . .. 169
6.4 istering of anioniclipids . . . . . ... .. L L Lo L 172

6 Mutation reduces protein-lipid contacty . . ... ... .. ... ... ...... 174
6.6 Locations of disease-causing mutations in PTEN . . ............... 177
6.7 Di 100 [P 180
6.7.1 Membrane interaction of full-length PTEN . ............... 180

6.7.2 Other PTEN-like domaing. . . . . . . ... ... . ..., 181

16.7.3 Ligand migration from the enzymaticclefy . .. ............. 182

6.7.4  SUMMALY « « ¢ v v v v e e e e et e e e e e e e e e e e e e e e 186

7 CQD.C.I.I.IMJ 189
eCtro in protein-membrane binding . ................... 189
Membrane penetration and non-polar interactiond . . . . . ... .. ...... 191
Membrane encounter, recognition and dissociation . .............. 192
....................................... 192

7.5 Towards simulations of cell signallingeventd . .................. 194
PTEN gene mutations 196
eterences 202
Glossary 258




List of Figures

4 A selection of membrane-binding domainsg. . . . . ... ... ..
p1d binding domains and the argetPIPY . . ... ... .. ..
6 nema of PI3-Ksignalling . . ...................

2.3 Schematic representation of periodic boundary conditions . . .
4 hematic of steered MD simulationsetup . . . ... .......
onversion from an atomistic to a epresentation . . . . . .
6__Coarse grained representation of amino acid residued . . . . . .
2.7 Schematic picture of BD simulation and diffusional associatio




List of Figures 12
2.8 Stepwise evaluation of ligand binding using AutoDock . . ... ........ 80
3.1 Structural features of GRPI-PH . . .. . . . . ... . . ...t 84

‘ onformational drift of GRP1-PH during equilibrium MD simulation 89
Membrane penetration of GRP1-PH during the MD simulationd . . . . .. .. 90
6__Non-polar contacts projected onto the molecula ace of GRP1-PH . 91
P1(3,4,5)P, hvdrogen bonding and NMR micelle contacts . .......... 92
3.8 Schematic of steered MD simulation setup for dissociation of GRP1-PH . . . 93
3.9 Simulation snapshots of GRP1-PH being pulled from the bilayer surface 94
0 Protein-membrane complex potential enerev during fa MD simulations . 95
Protein-membrane complex potential energy during slow SMD simulationd 96
3.12 Change in GRP1-PH-PI(3,4,5)P, interaction on protonation of H355 . . . . . 97
13.13 Two dimensional MSDof GRPI-PH . . . . ..................... 100
3.14 Protein Cx RMSD over the SMD trajectoried. . . . .. ... ... ........ 101

) Orientational ing of GRP1-P
10 Radial fi itions of GRP1-P

4.11 Effect of mutation on GRP1-PH translational steerin

4.8 Radial translational steering using alternative lipid configuration



List of Figures 13

4.12 MD simulations of bound complex formation . . .. ... ... ... ...... 124

4.15 Molecular dipole moments for a selection of PH domains . .......... 127

5.2 Structure of kindlin-1 PH . . . . . . . . . i 137

es and corresponding electrostatic potentials of kindlin-1 . . .. .. 138
4 onformational dynamics of kindlin-1PH . . ... ................ 139
alt bridge switching dynamics in kindlin-1 . . . . ... ............. 140

0 Lowest energy docking poses for licand docking to kindlin-11 . ........ 145
imated free energies of binding for PIP docking . . . . .. ... ... .. .. 146
Number of conformational clusters for PIP docking . .............. 147
Binding pocket constriction in kindlin-1 PH compared with kindlin-2 PH . . 149

4 Conformational dynamics of kindlin isoformd . . . . ... ... ... ...... 150
Binding pocket volume of kindlin isoformd . ................... 151
6 Multiple sequence alignment of PHdomaind . .................. 153
Phvlogenetic tree showing interrelationships between PH domaind. . . . . . 154
8 PH domains with non-canonical lipid binding sited. . . . ... ... ...... 155

5.19 Spatial distribution of conformational clusters around the target protein . . 156

6.3 PTEN simulation setup and workflow . . . . ... ..... ... ... ..... 166




List of Figures 14

6.4 Protein-lipid contacts in wild tvpe PTEN . . . . . . . . . . o v v v v v i .. 169

6 Mapping disease-causing mutations onto the PTEN-membrane complex . .178
6 Model] of closed «— open PTEN conformational switching . ........ .. 180

6.14 Ligand migration and binding pocket collapse in PTEN

6 1ctural details of ligand migration and molecular docking . ...... .. 185



List of Tables

1.1 Relative abundance of anionic lipids in mammaliancells . . . ... ... ... 18

6.1 Summarv of PTEN simulation

6.2 Reduction in protein-lipid contacts in the PTEN mutants . . . .. ... .. .. 174

1 PTEN missense/nonsense point mutation




Chapter 1

Background

UKARYOTIC cells are surrounded by a cell membrane, a selectively permeable layer
Ethat separates the contents of the cell from its exterior. The cell membrane is approx-
imately 40 A thick, and its composition and morphology is described by the fluid mosaic
model of biological membranes first outlined by Singer and Nicolson [1I]. Although the
details of the model have been refined over the years [2], the underlying concept has
endured. In the fluid mosaic model the lipids arrange themselves into a bilayer, with the
hydrophobic lipid tails forming the core of the bilayer and the polar headgroups exposed
to the solvent. The lipid bilayer is predominantly fluid, composed of phospholipids, sph-
ingolipids and sterols. Embedded within this lipid matrix are proteins, which can be
wholly intrinsic or may have regions that protrude from the surface of the membrane.
Other, extrinsic, proteins may bind to the surface of the membrane from the cytosol or
the extracellular medium (Figure [1.1)).

The precise lipid composition of the cell membrane depends upon the cell type, but

all mammalian cells possess phosphatidylcholine (PC), phosphatidylethanolamine (PE),

16
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extrinsic/peripheral

cytoplasmic

intrinsic/integral

extracellular

Figure 1.1: Intrinsic/integral and extrinsic/peripheral membrane proteins. On the left is shown the X-ray crystal
structure of the human 3,-adrenergic receptor (PDB 2RH1) [3], which has a typical G protein coupled receptor
(GPCR) fold of seven transmembrane helices that form a helical bundle. The protein is shown in its approximate
position in a lipid bilayer, depicted as a white translucent surface, and it is thus an intrinsic or integral membrane
protein. On the right is shown the X-ray crystal structure of a lipid binding domain, GRP1-PH (PDB 1FGY) [4],
bound to its cognate lipid PI(3,4,5)P3. GRP1-PH is ordinarily cytosolic but binds to the surface of the membrane
on production of PI(3,4,5)P3, shown as a collection of van der Waals spheres. GRP1-PH is therefore an example
of an extrinsic or peripheral membrane protein. Protein sequences are coloured across the colour spectrum from
blue (N-terminus) to red (C-terminus).

sphingolipids and cholesterol in varying amounts. However, the composition of cell mem-
branes can differ substantially between cell types, and many membranes also contain
more exotic lipid species in low concentrations. The full lipid profile of a cell has been
termed the ‘lipidome’ and the science of ‘lipidomics’, describing the relationship between
lipids and cellular signalling and metabolism, has recently gained prominence [5]]. Aside
from the composition, the dynamic organisation of these lipids within the membrane
is also thought to be important, perhaps best illustrated by the concept of lipid ‘rafts’.
These are microdomains in the plasma membrane that are enriched in cholesterol and

sphingolipids. Lipid rafts are thought to be important in cell signalling [|6], among other

things, though their existence is still rather controversial [[7].
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Lipid Relative level / % Fold increase on stimulation
phosphatidylserine (PS) 8.5 1
phosphatidic acid (PA) 1.5 1
phosphatidylinositol (PI) 1.0 1
PI(3)P 2 x 1078 1
PI(4)P 0.05 0.7
PI(5)P 2 x10° 3-20
PI(4,5)P, 0.05 0.7
PI(3,4)P, 1x 10 10
PI(3,5)P, 1x 10 2-30

Table 1.1: Relative abundance of anionic lipids in mammalian cells. Values are approximate and represent total
lipid by weight in erythrocytes, but the asymmetric distribution of anionic lipids across the two bilayer leaflets means
that the relative abundance in the cytoplasmic leaflet is likely to be higher, between 10-20%. Values are taken from
the review by Lemmon [12].

PC, PE and sphingolipids are zwitterionic with no net charge, and cholesterol is un-
charged. However, cell membranes also contain lipids with negatively charged head-
groups. These lipids are predominantly found in the inner leaflet of the plasma mem-
brane and are also found in the cytoplasmic leaflets of membrane-bound cell organelles.
While estimates vary, anionic lipids are thought to constitute between 10-20% of the to-
tal lipids in the cytoplasmic leaflet of the plasma membrane, depending on the cell type
(8, 9] 10l 11]]. A breakdown of the relative abundances of anionic lipids by species is
shown in Table

The principal anionic lipid present in mammalian cells is phosphatidylserine (PS). PS
is monovalent and participates in cell signalling by helping to recruit signalling proteins
to the plasma membrane through electrostatic interactions [[13]], as the prevalence of
anionic lipids in the cytoplasmic leaflet of the eukaryotic cell membrane produces a net
negative surface charge [14} [15]. Aside from PS, other anionic lipids also exist, albeit in
much lower concentrations. Some of the most important are the various phosphorylated
derivatives of phosphatidylinositol (PI), known as the phosphatidylinositol phosphates

(PIPs) or phosphoinositides.
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1.1 Phosphoinositides

PI has an inositol (or cyclohexanehexol) headgroup, which is a six-membered ring that
can be phosphorylated at the sites of the hydroxyl groups to produce various PI deriva-
tives. The most common isomeric form of inositol encountered in biology is D-myo-
inositol [16]].

PI is the dominant inositol lipid in unstimulated mammalian cells, and various en-
zymes act to generate its phosphorylated derivatives. These PIPs are present in relatively
low concentrations (Table [I.I)) but nonetheless they have emerged as key regulators of
cell signalling. PI can be phosphorylated at the 3’, 4" and/or 5’ positions of the inosi-
tol ring, and the extent of phosphorylation at these three locations determines the net
negative charge on the lipid [[17]. The variable number of phosphate group substituents,
coupled with structural isomerism arising from several possible phosphorylation sites,
generates a total of seven distinct physiological PIPs (Figure [1.2]).

Of the phosphorylated PI derivatives, the singly and doubly phosphorylated PI(4)P
and PI(4,5)P, are the most abundant, though their concentrations are still typically an
order of magnitude smaller than that of PI itself [18]]. The other phosphoinositides are
synthesised from these precursors in response to stimuli, and therefore their presence is
much more transient.

Polyphosphatidylinositol lipids were discovered in 1949 [[19], but the link between
phosphoinositides and cell signalling was first proposed by Michell in 1975 [20]. At
this point, work on phosphoinositide signalling revolved around the two most abundant
inositol phospholipids, PI(4)P and PI(4,5)P,, and their connection to Ca*" signalling.
PI(4,5)P, is hydrolysed by phospholipase C (PLC) to produce soluble 1(1,4,5)P; and
membrane bound diacylglycerol (DAG) [21]]. The soluble I(1,4,5)P; is a second mes-
senger that binds to I(1,4,5)P; receptors in the endoplasmic reticulum, triggering release

of stored Ca®" that goes on to regulate Ca*"-dependent enzymes. DAG binds to protein
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Figure 1.2: Chemical structures of phosphorylated derivatives of D-myo-inositol. Seven phosphatidylinositol phos-
phates occur naturally, and these are generated by either changing the number of phosphate groups on the ring
or permuting the positions of these phosphate groups. Headgroups are shown for (A) I(1,3)P,, (B) 1(1,4)P,, (C)
I(1,5)P,, (D) I(1,3,4)P3, (E) I(1,3,5)P3, (F) 1(1,4,5)P3 and (G) I(1,3,4,5),.

kinase C (PKC) and activates the kinase, which then goes on to promote downstream
signalling.

This picture of phosphoinositide signalling was substantially modified by the discov-
ery of phosphatidylinositol 3-kinase (PI3-K) in 1988 by Cantley and co-workers [22].
The PIPs phosphorylated at the 3’ position of the inositol ring (PI(3)B PI(3,4)P, and
PI(3,4,5)P;) are not substrates for hydrolysis by phospholipases, and therefore they can-
not lead to the production of the soluble inositol phosphate second messengers involved
in Ca®* signalling [23]. Instead, these PI3-K lipid products function as second messen-
gers by directly recruiting proteins to the surface of cell membranes.

Specific phosphoinositide recognition by a lipid binding domain was first demon-
strated for the interaction between PI(4,5)P, and a protein domain from pleckstrin [24],

which was christened the pleckstrin homology (PH) domain when it was discovered in

several other lipid binding proteins. It quickly became clear that many proteins con-
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PI(3,4,5)P,

Q Vesicles Q\—/ 'EE

PI(3,4)P,

PI3P
MVB

<

Lysosome@

Figure 1.3: Subcellular localisation of PIPs. The distribution of PIPs across the intracellular membranes allows
for spatial and temporal control over recruitment of PIP binding domains to subcellular compartments. EE: early
endosome. MVB: multivesicular bodies. Reprinted by permission from Macmillan Publishers Ltd: Nature Chemical
Biology, Kutateladze T.G. 6, 507-513 (2010), (¢) 2010.

Plasma membrane

Kim Caesar

tained a well defined lipid binding module as part of their fold, and that this conferred
lipid binding specificity upon the host protein. At least 11 of these lipid binding modules
have now been identified [12, [25]], and many of them are adapted to recognise one or
more of the seven species of PIPs [26) [27]].

As the different PIP species are non-uniformly distributed across the cell organelles
[28]] they can be used as a marker to distinguish between different cellular compart-
ments (Figure [1.3). For example, a large pool of PI(4,5)P, is constitutively present in
the plasma membrane, whereas PI(4)P is mainly restricted to the Golgi. PI(3,4,5)P, is
only produced at the plasma membrane in response to PI3-K activation, and so this het-

erogeneous and dynamic distribution of PIPs across the subcellular membranes allows
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Figure 1.4: A selection of membrane-binding domains. (A) N-BAR domain dimer from amphiphysin (PDB 1URU)
[29]. (B) C2 domain from PLCS&1 (PDB 1DJI) [30] with Ca®* ions shown as grey van der Waals spheres. (C) GLA
domain from blood coagulation factor Vila (PDB 1DAN) [31], again with Ca?* ions shown as grey van der Waals
spheres. (D) PH domain from GRP1 (PDB 1FGY) [4] with the bound I(1,3,4,5)P, headgroup shown as a stick
representation. (E) PX domain from p40phox (PDB 1H6H) with the bound I(1,3)P, headgroup shown as a
stick representation. (F) FYVE domain monomer from EEA1 (PDB 1JOC) [33], with Zn?* ions shown as grey van
der Waals spheres and the bound PI(3)P ligand shown as a stick representation. Protein sequences are coloured
across the colour spectrum from blue (N-terminus) to red (C-terminus). Proteins are shown in their approximate
membrane-binding orientation, with the position of the membrane lying at the base of the figure in each case.

for spatial and temporal regulation of signalling. The relative specificity or promiscuity
of a given lipid binding domain therefore provides the host protein with the means to

preferentially target the correct cellular compartment(s).

1.2 Phosphoinositide binding domains

Membrane binding domains occur frequently in the human genome, and four of the
most common are the PH domain (667 unique sequences in the Pfam database! [34]),

the C2 domain (440 unique sequences), the Phox homology (PX) domain (177 unique

'http://pfam.sanger.ac.uk


http://pfam.sanger.ac.uk

Background 23

sequences) and the Fabl, YOTB, Vacl, EEA1 (FYVE) domain (75 unique sequences).
Lipid binding domains are usually soluble and associate only transiently with the mem-
brane, and structure determination is therefore less difficult than would be the case for
integral membrane proteins. As a result many structures of lipid binding domains solved
using NMR and X-ray crystallography techniques are available in the Protein Data Bank.
According to the Pfam database, structures of some of the major phospholipid binding
domains are relatively abundant, and there are currently 109 PH domain structures, 41
C2 domain structures, 26 PX domain structures and 7 FYVE domain structures. A brief
summary of the structural characteristics and lipid binding properties of each of these

domains follows.

1.2.1 PH domains

The PH domain was first identified in the N-terminal domain of pleckstrin, a platelet pro-
tein, and was subsequently found to be present in a variety of proteins involved in signal
transduction or cytoskeletal function [135, [36]]. PH domains are unusual in that they
share relatively low levels of sequence similarity but are nonetheless highly structurally
conserved [|37]. PH domains are known to bind to PI(3,4)P,, PI(3,5)P, and PI(3,4,5)P;,
though the ligand specificity and promiscuity of different PH domains varies greatly [38].

A detailed discussion of the structural and functional characteristics of PH domains
can be found in Chapter [3] for the case of GRP1-PH and in Chapter [5 in the context of
kindlin-1 PH. Briefly, the PH domain consists of around 100 amino acid residues and
its structure comprises a seven stranded 3 barrel, closed at one end by an amphipathic
« helix and open at the other (Figure [1.4). The open end is the location of the PIP
binding site, which is surrounded by three flexible, variable loops. These loops typically
incorporate arginine and lysine residues to coordinate the phosphate groups of the PIP
headgroup, and the length and precise amino acid composition of these loops determines

the PIP binding specificity and affinity. Interestingly, although PH domains are known
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primarily for their lipid binding properties, in fact only around 10% of them bind strongly

to phosphoinositides [39] and the functions of the remainder are still unclear.

1.2.2 (C2 domains

The C2 domain is typically around 130 amino acid residues in length, and was first dis-
covered during investigations of the Ca®>*-dependent binding exhibited by protein kinase
C [40Q]. The C2 domain fold is an eight stranded antiparallel 3 barrel (Figure [I.4), with
the end of the barrel featuring variable loops much like the PH domain. C2 domains do
not typically have a well defined lipid binding pocket and thus they tend to bind non-
specifically to a variety of anionic [[30, 41]] and zwitterionic [[42] lipid species through
electrostatic interactions. This is often, but not always, Ca®*-dependent. Membrane bind-
ing is therefore thought to be controlled by an electrostatic switch mechanism or possibly
a Ca?"-mediated bridging interaction. Structural differences between C2 domains that
exhibit Ca**-dependent and Ca®*-independent binding are described in Chapter [6. A
more detailed discussion of electrostatic switches and bridging in C2 domains is provided

later in this chapter (Section[L.6).

1.2.3 PX domains

The existence of the PX domain was first established by sequence analysis of the subunits
of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, which
identified high sequence similarity between the p47°"* and the p40”"* subunits. These
results suggested that the two subunits both contained a homologous domain [43]] and
that this domain was also present in other proteins, for example, PI3-K. The first structure
of a PX domain was solved by Bravo et al. [32], and this structure of p40P"* bound to
PI(3)P detailed the PIP recognition mechanism of PX domains. Interestingly, as is also the
case for PH domains, PX domains show a broad spectrum of behaviour. While p40Pt~

specifically binds PI(3)B the p477"* domain binds PI(3,4)P, [44] and the PX domain
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Figure 1.5: Lipid binding domains and their target PIPs. Colouring is the same as in Figure[L.3] reflecting the pre-
dominant distribution of PIPs across the cellular membranes. Reprinted by permission from Macmillan Publishers
Ltd: Nature Chemical Biology, Kutateladze T.G. 6, 507-513 (2010), (©) 2010.

from PI3-K C2« preferentially interacts with P1(4,5)P, [45]].

1.2.4 FYVE domains

FYVE domains were first identified around 15 years ago [46], and are small, cysteine-
rich domains comprising ~70-80 amino acid residues. FYVE domains are zinc fingers
and bind two Zn?" ions that are coordinated by the network of cysteine residues within
the domain. FYVE domains are extremely specific for PI(3)P [47, 148, 149], and do not
bind to other phosphoinositides. The first structure of a FYVE domain was reported by
Hurley and Misra [50], and later a holo structure reported by Dumas et al. was able to

shed light on the PI(3)P binding mode [33]] (Figure [T.4).

1.2.5 Other phosphoinositide binding domains

Of the protein domains described above, FYVE and PX domains typically bind to PI(3)P
and PH domains normally bind specifically to one or more of the following phospho-
inositides: PI(3,4)P;; PI(4,5)P, and PI(3,4,5)P; (Figure [I.5). However, comparatively
little is known about possible effectors of the other physiological PIPs: PI(4)P; PI(5)P
and PI(3,5)P, [[12]]. Recently, evidence has emerged that these PIPs may interact with

a variety of other domains. For example, the PH domain from phosphatidylinositol four
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phosphate adaptor protein 1 (FAPP1) has been shown to bind PI(4)P [51]], and a recent
crystal structure of the apo state of the FAPP1 PH domain suggested that binding was
likely to occur in a similar fashion to the PIP recognition mode observed in other PH
domains such as GRP1-PH [52].

The most recently discovered phosphoinositides are PI(3,5)P; [53, [54] and PI(5)P
[55]. Dove et al. [[56] identified a protein with a 3 propeller fold called ATG18, which in-
teracts with PI(3,5)P,. ATG18 is thought to be the prototype for a new family of PI(3,5)P,
effectors, known as the 3 propeller binding phosphoinositides (PROPPINs), though no
structure of a PROPPIN bound to PI(3,5)P, has yet been reported. The role and the
subcellular distribution of PI(5)P have yet to be established (Figure [1.3]and Figure [1.5)),
though the plant homeodomain (PHD) finger of ING2 is believed to interact with PI(5)P
[57]. Gozani et al. proposed that the recognition mechanism for PI(5)P was similar to

that of the EEA1 FYVE domain for PI(3)P on the basis of homology modelling [57].

1.2.6 Probing PIP spatiotemporal distribution using lipid binding domains

The existence of such a broad variety of protein domains that selectively bind to different
PIP species raised the prospect that these proteins could be used as biophysical probes to
measure the in vivo spatiotemporal localisation and concentration of these lipids in vivo.
Stauffer et al. [[58] pioneered the use of confocal microscopy in combination with fluo-
rescent tagging of PH domains to examine in vivo the subcellular distribution of P1(4,5)P,,
in real time. They produced fusion constructs of green fluorescent protein (GFP) and the
PH domain of phospholipase C-51 (PLC41) and expressed the resulting GFP-PH by trans-
fection into rat basophilic leukaemia cells. As PLC1 binds to PI(4,5)P, with high affinity,
the GFP-PH probe first localised to the plasma membrane causing it to fluoresce. When
Stauffer et al. added an agonist to induce PI1(4,5)P, hydrolysis, they showed that GFP-PH
dissociated from the plasma membrane and became uniformly distributed in the cytosol.

In a related study, Venkateswarlu et al. [[59] were able to use this technique in reverse to
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observe localisation of the Arf nucleotide binding site opener (ARNO) PH domain to the
plasma membrane in response to the addition of insulin. Insulin is able to stimulate PI3-K
signalling, leading to elevated levels of PI(3,4,5)P; in the plasma membrane. ARNO, like
the general receptor for phosphoinositides 1 (GRP1) (see Chapter[3)), is a member of the
cytohesin family of proteins that bind to PI(3,4,5)P; with high affinity.

This approach has the advantage of imaging PIPs in real time, but its utility can be
limited by the comparatively low resolution of the confocal microscope and the fact that
the large pool of PIPs in the plasma membrane can make it difficult to detect smaller
intracellular pools of PIPs in, for example, the Golgi. An alternative method reported
by Watt et al. [60] used immunoelectron microscopy on fixed tissue samples, again
employing PLC81 to detect PI(4,5)P, but using gold labelled antibodies as a reporter.
This technique provides improved quantification of PI(4,5)P, concentration in all parts
of the cell, but does not provide any information on the real time dynamics. The strengths
and weaknesses of these two approaches were briefly reviewed by Irvine [|61]].

A recent study by Cho and co-workers [62]] described an innovative new method
using an epsin N-terminal homology (ENTH) domain tagged with a polarity sensitive
fluorophore as a biophysical probe for PI(4,5)P,. This technique exploits the different
polarities of the plasma membrane and the aqueous environment of the cytosol, as the
spectral properties of the tagged ENTH sensor change depending upon the local dielectric
constant. ENTH domains bind to PI(4,5)P,, and the incorporation of a polarity sensitive
tag allowed Cho and co-workers to quantify changes in PI1(4,5)P, concentration using the
observed blue shift in the emission spectrum on membrane binding of ENTH.

An approach that could perhaps be adapted to study PIP localisation is one used re-
cently to detect syntaxin-1A clustering [|63[]. Super resolution stimulated emission deple-
tion (STED) microscopy was used to show that PI(4,5)P, accumulates in large PI(4,5)P,-
rich microdomains approximately 750 A in diameter, and that clusters of syntaxin-1A

co-localise at the surface of these microdomains in the inner leaflet of PC12 cell plasma
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Figure 1.6: Schematic of PI3-K signalling. Class IA PI3-K is recruited to the membrane and activated through
receptor tyrosine kinases. Ras [64] can also contribute to activation of class IA PI3-Ks |65]. Biosynthesis of
PI1(3,4,5)P3 from PI(4,5)P, by PI3-K leads to recruitment of PH domain containing proteins such as PKB/Akt and
GRP1 to the surface of the membrane, where they are activated and initiate cellular processes involved in growth
and survival. Figure adapted from Refs [66], [67] and [68]. In general, node connections with arrows (—) represent
activation while capped node connections () represent inhibition.

membranes.

1.3 Phosphoinositides in cell signalling

Membrane binding proteins typically need to bind to the cytoplasmic leaflet of the mem-
brane before being able to carry out their function, and PIP lipids are often responsible
for successfully recruiting these proteins to the membrane surface. Since the discovery

of PI3-K by Cantley and co-workers [22]], PIP lipids have been shown to play a greatly
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expanded role in cell signalling, beyond the 1(1,4,5)P;/Ca®* and the DAG/PKC signalling
discussed in Section[I.1] [27, 69]]. In particular, PI(4,5)P, and PI(3,4,5)P; were found to
sit at the base of a network of interactions known as the PI3-K pathway [|66]].

PI3-K signalling is complex, and here the discussion will be limited to the activity of
class IA PI3-Ks, which transmit downstream signals from receptor tyrosine kinases [68].
Class IA PI3-Ks are responsible for converting PI(4,5)P, to PI(3,4,5)P; by phosphorylation
of the lipid substrate at the 3’ position of the inositol ring. Protein kinase B (PKB/Akt)
then binds to PI(3,4,5)P; through its PH domain, and goes on to promote cell survival,
proliferation and growth. Phosphatase and tensin deleted on chromosome ten (PTEN) is
a tumour suppressor that regulates PI3-K signalling by dephosphorylating PI(3,4,5)P; to
recover PI(4,5)P,, thereby opposing the activity of the kinase [[70]. A schematic of PI3-K
signalling showing the interplay between some of the key participants in the signalling
cascade is sketched out in Figure

As PI3-K signalling orchestrates so many cellular processes related to growth, re-
pair and survival (Figure [1.6), abnormal PI3-K signalling has been identified as a causal
agent in the development of cancer. Oncogenic mutations in PI3-K lead to an increase
in PI(3,4,5)P; levels and unrestrained activation of Akt signalling [[71]], and although
large scale exomic sequencing has now identified the most frequent mutations that lead
to tumourigenesis [[72]] the molecular mechanism remains unclear. As PI3-K drives cell
proliferation and the tumour suppressor PTEN acts to prevent it, mutations that impair
the phosphatase activity of PTEN can also lead to tumourigenesis. An investigation into
the molecular mechanism of disease for a selection of oncogenic PTEN loss of function

mutations forms part of Chapter [6l

1.4 Experimental biophysics and protein-lipid interactions

What follows is a brief overview of the principal experimental techniques used to study

protein-lipid interactions, along with some specific examples of their application to the
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membrane binding domains discussed above. Some of these techniques have been used
to complement work described in this thesis, notably solution NMR and monolayer pen-
etration experiments (Chapter [3), while evidence from other experimental methods is
referred to when discussing simulation results in later chapters. Several of these have

been reviewed in more detail by Scott et al. [[73]].

1.4.1 Nuclear magnetic resonance spectroscopy

The field of biomolecular nuclear magnetic resonance (NMR) spectroscopy is enormously
broad and the technique has found applications in many areas of experimental bio-
physics, including the study of protein conformational dynamics [[74], protein folding
[75] and protein-protein interactions [76]]. One NMR technique that can be applied to
protein-lipid (or protein-ligand) interactions, if the structure of the protein is known, is
NMR chemical shift mapping [77]. In chemical shift mapping, the NMR spectrum of a
protein in solution is acquired and the resonances are assigned. Then, detergent micelles
are titrated into the solution over a range of concentrations. The changes in chemical
shift are monitored, and those residues that exhibit the largest perturbations are deemed
to interact with the detergent micelles to the greatest extent. These can then be mapped
onto the structure of the protein, which then provides information on the location of the
likely lipid binding site. This technique has been used to assess binding of GRP1-PH bind-
ing to PI(3,4,5)P;-containing micelles [[78]] and a similar method was used to determine

the molecular mechanism of PX domain binding to PI(3)P-containing micelles [79]].

1.4.2 Solid state NMR spectroscopy

While solution NMR has been widely applied to the study of membrane proteins, there
is a practical limit to the size of the proteins that can be studied. Large proteins tumble
too slowly, and so the anisotropic interactions are not averaged on the NMR time scale.

This broadens the spectral linewidths, making the NMR spectra difficult to interpret.
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Membrane proteins, which need to be encapsulated by a detergent micelle or bicelle to
solubilise the protein for solution phase NMR, are even more problematic in this respect
as the bound detergent molecules increase the effective size and mass of the protein.
Solid state NMR (ssNMR) provides an alternative method to study membrane proteins
and protein-lipid interactions. In contrast to conventional solution state NMR, ssNMR is
performed using a solid sample. The acquisition of high resolution spectra is not de-
pendent upon rapid, isotropic tumbling in solution [[80], but instead can be obtained by
mechanically spinning the sample at the so-called magic angle (~54.7°) to orientationally
average the interactions and reduce line broadening. One of the advantages of ssSNMR
is that it typically allows for more versatility in the sample composition than would be
the case for analogous solution NMR studies, allowing for greater flexibility when inves-
tigating the effect of different lipid compositions on membrane proteins [|81]]. Related
to this, there is some evidence that membrane protein conformations can be altered by
the local bilayer environment and membrane curvature [[82]. Solid state NMR with a
phospholipid bilayer may arguably therefore provide a closer approximation to a phys-
iological membrane environment than solution NMR using detergent micelles, though
with the development of new technologies such as lipid nanodiscs membrane mimetic
environments compatible with solution NMR now exist [83]]. The ssNMR technique has
been applied to membrane-binding proteins at lipid bilayer surfaces, for example in the

case of cytochrome c¢ [[84] and the PH domain of PLC51 [185]].

1.4.3 Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a technique related to NMR that
relies on the spins of unpaired electrons rather than nuclear spins. These spins are in-
corporated into proteins by site directed spin labelling (SDSL). Residues of interest are
mutated to cysteines by site directed mutagenesis, and these are then covalently coupled

to thiol specific spin labels. The lineshape of the EPR spectrum is very sensitive to the
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mobility and dynamics of the spin label, so the local environment of the spin label can
be inferred from the EPR spectrum. Docking to lipid vesicles can therefore be detected
by EPR, as the spin label mobility changes with the decrease in global tumbling observed
when an isolated protein domain binds to a larger lipid vesicle. The docking geometry
of the protein domain can also be determined by using continuous wave EPR (CW EPR)
power saturation measurements in combination with the addition of molecular O,, which
has an unpaired electron and is a paramagnetic relaxing agent. Molecular oxygen pref-
erentially partitions into the lipid hydrophobic environment, and adding O, increases
the microwave power needed to saturate the EPR signal for residues inserted into the
membrane. These techniques have been applied to determine the membrane docking

geometries of C2 domains from PLA, [86] and PKC« [|87], and also GRP1-PH [88]].

1.4.4 Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) is used to measure the proximity of two
species, each of which is tagged with a fluorophore. Excitation of one fluorophore (the
donor) can result in non-radiative energy transfer to the other fluorophore (the acceptor)
if the separation between the donor-acceptor pair is small. Hamman et al. [[89] described
a simple FRET based assay to probe the interaction between a GFP tagged PH domain
and PI(3,4,5)P;-containing lipid vesicles. The vesicles were doped with octadecylrho-
damine (OR), which is a lipophilic FRET acceptor for GFP Efficient FRET occurs only
when the PH domain binds to PI(3,4,5)P; at the vesicle surface. Sato et al. [90] used
a more elaborate FRET based technique to measure PI(3,4,5)P; binding of GRP1-PH in
living cells by engineering a chimaeric construct at the surface of the plasma membrane
(Figure[1.7). Cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) act as
the donor and acceptor molecules respectively, as the fluorescent emission peak of CFP
overlaps with the excitation wavelength of YFP Through conformational changes of the

fusion construct upon PI(3,4,5)P;, CFP is brought sufficiently close to YFP for efficient
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PI3-K

|

Figure 1.7: Experimental setup of Sato et al. [90]. CFP, GRP1-PH and YFP are fused to generate a chimaeric
indicator protein, which is then tethered to the membrane through a rigid « helical linker and a membrane localisa-
tion sequence (MLS). After PI3-K activation, GRP1-PH binds to PI(3,4,5)P; and a conformational change occurs
in the chimaeric indicator, facilitated by the inclusion of a flexible diglycine motif in the linker. This brings CFP and
YFP into close proximity, allowing for efficient FRET.

FRET to occur.

1.4.5 Surface plasmon resonance

Surface plasmon resonance (SPR) is growing in popularity as a technique to characterise
protein-membrane binding [[91]] and has been used, for example, to study the membrane
binding properties of PLA, [[92] and of C1 [93]] and C2 domains [94]. Novel SPR tech-
niques are also being developed in order to study integral membrane proteins [95]]. In
SPR, polarised laser light is directed up through a prism, with the upper surface of the
prism covered by a thin layer of gold film. A membrane mimetic surface, typically either
a supported lipid monolayer or immobilised liposomes, is formed on top of the gold film.
At a critical angle the beam of light undergoes total internal reflection and produces an
evanescent wave that excites surface plasmons, collective oscillations of mobile electrons,
in the gold film at the boundary between the gold surface and the lipid monolayer. The
surface plasmons absorb the energy of the incident light, with a corresponding decrease
in intensity of the reflected light. The critical angle is extremely sensitive to the refrac-

tive index of the solution on the upperside of the gold layer, as this changes the nature
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of the interface along which the surface plasmons propagate. The refractive index of the
solution is altered by proteins binding to the lipid monolayer, which in turn results in a
shift in the critical angle, and so the extent of protein adsorption to the monolayer can
be assessed by monitoring the value of this critical angle at which the drop in intensity is

observed.

1.4.6 Total internal reflection fluorescence microscopy

Total internal reflection fluorescence microscopy (TIRFM) is related to SPR in that it
also exploits the phenomenon of total internal reflection and evanescent waves to as-
sess binding of proteins to cell membranes. The technique uses proteins tagged with a
fluorophore and observes the resulting fluorescence after illumination with laser light.
Ordinary fluorescence microscopy will excite all of the fluorophores in the sample, and
will not discriminate between membrane-bound proteins and those in the rest of the
sample. The advantage of TIRFM is that the evanescent wave produced at the critical
angle is used to excite the fluorophores. Away from the interface the evanescent wave
decays rapidly, and so TIRFM can be used to selectively illuminate only those proteins
bound at the surface, eliminating the background fluorescence from the other proteins
in solution. TIRFM has been used to study GRP1-PH binding to PI(3,4,5)P; embedded in
a lipid bilayer [96], and single particle tracking of the GRP1-PH domains bound at the
surface was then used to estimate the lateral diffusion coefficient of the protein. It can
also be used quantitatively to obtain binding kinetics [[97]. One drawback of this tech-
nique is the difficulty in determining whether or not the protein has dissociated from the
lipid bilayer, as the lack of fluorescence emission may be due to protein dissociation or
may simply be caused by photobleaching of the dye label. This effect can be minimised

by careful control of the power of the laser.
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1.4.7 Monolayer penetration studies

Monolayer surface tension experiments are carried out using a Langmuir-Blodgett trough.
The trough is filled with a buffer solution and a lipid monolayer is spread onto the sur-
face of this subphase until a desired surface pressure, 7, is reached. The lateral pressure
of the monolayer is measured, and the change in this surface pressure, Am, is then
monitored as protein is injected into the subphase. Increases in surface pressure are in-
terpreted as evidence of protein-lipid interactions, as the insertion of the protein into the
lipid monolayer forces the lipids apart and increases the surface pressure. The greater
the increase in surface pressure the greater the degree of monolayer penetration of the
protein. This technique has been used to characterise membrane insertion of GRP1-PH

(98, 78].

1.5 Molecular simulations applied to biological systems

All of the experimental techniques described above are able to provide insights into the
nature of protein-lipid interactions, either in vivo or in vitro. However, with the advent of
new computational techniques and improved computing power, molecular simulations
offer the prospect of observing, in silico, events in atomic detail.

The first simulation of a protein, bovine pancreatic trypsin inhibitor, was performed
by McCammon et al. in 1977 [99] and the first simulation of a lipid bilayer followed soon
afterwards [[100]. Later, simulations of hydrated bilayers became possible [[101} [102],
moving onto mixed lipid systems [[103]] as computational power increased. Simulations
of the interaction between a protein and a bilayer were first reported for the transmem-
brane proteins gramicidin [[104, [105]] and bacteriorhodopsin [[106]]. The first reported
simulation of a peripheral protein, PLA,, interacting with lipids appeared in 1996 [107].

Since then, MD simulation has become established as a powerful tool for investigating

protein-lipid interactions [[108], and MD simulations are now routinely used to comple-
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ment the experimental biophysical techniques described previously. Simulation studies
reported to date reflect the diverse array of lipid binding domains discussed above, and
include MD simulations of membrane-binding modules such as Bin/Amphiphysin/RVS
(BAR) domains [[109, [110], C2 domains [111, 112} [87]], v carboxyglutamic acid rich
(GLA) domains [[113]], PH domains [[114] and PX and FYVE domains [[115].

In the next section, recent simulation work on lipid binding domains is briefly re-
viewed. N-BAR domains are much larger than the other proteins listed above (Fig-
ure [1.4), and studying large protein-membrane complexes using molecular simulation
remains challenging. This is due to the size of the system and also the time scales re-
quired to observe effects such as membrane remodelling that are characteristic of N-BAR
domains. A review of computational work on N-BAR domains is therefore deferred until
Chapter 2] where it is used as an illustrative example in the discussion of CG models for

molecular simulation.

1.6 Previous computational studies of lipid binding domains

1.6.1 Bioinformatics

Although some PIP binding domains such as the PH domain are structurally very con-
served they often exhibit very little sequence homology, and this diversity of peripheral
proteins occasionally makes it difficult to determine the likelihood of a particular protein
binding to the membrane purely from its amino acid sequence. Bhardwaj et al. [116]
developed a prediction algorithm based on machine learning that was able to distinguish
between proteins that bound to the membrane and those that did not solely on the basis
of sequence and structure. This was achieved by assessing each of the proteins using a set
of criteria, which included the net charge and the distribution of positive charge across
the protein surface. Bhardwaj et al. used their algorithm to predict the binding propen-

sities of four C2 domains, and found that it was able to accurately predict which of the
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domains would bind to the membrane. They confirmed their results using SPR experi-
ments. The prediction server has been integrated with the Membrane Targeting Domains
Resource (MeTaDoR) [[117], which provides detailed information on the structure and
sequence of a wide variety of membrane targeting domains.

Where possible, MeTaDoR links to another resource, the Orientation of Proteins in
Membranes (OPM) database [[118]]. While this was initially set up to catalogue the mem-
brane orientations of transmembrane proteins [[119], it has now expanded to include
peripheral and monotopic membrane proteins [[120]. In the OPM database, the free en-
ergy of each peripheral protein in the membrane is given by the sum of the free energy of
transfer of a rigid protein from water to the hydrocarbon core of the membrane and the
ionisation energy of the charged residues. Although the proteins remain rigid, the au-
thors do rearrange the side-chain rotamers to remove charged amino acid residues from
the hydrophobic core of the membrane. The orientation and position of each periph-
eral protein in the membrane is optimised by minimising this free energy with respect to
three parameters: the tilt of the protein relative to the membrane normal; the rotation
of the protein about the membrane normal and the depth of insertion. The resulting
orientations are generally in good agreement with experiment, and the authors found
that most peripheral proteins do penetrate the membrane surface to some degree. They
also concluded that hydrophobic interactions are usually the main factor in determining
the orientation of a protein at the surface of a membrane, demonstrating that although
electrostatic interactions may dominate at long range, at short range other factors can

also become important.

1.6.2 Continuum electrostatics calculations

Although Lomize et al. [[120] concluded that protein orientation in membranes was con-

trolled by mainly hydrophobic effects, electrostatic interactions still have a substantial in-
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fluence on protein-membrane interactions. Continuum electrostatics calculations® have
been performed on lipid-binding domains to determine their orientation on the surface
of the membrane. Diraviyam et al. [[121]] used Poisson-Boltzmann electrostatics calcu-
lations to study the membrane-associated states of the FYVE domain and interestingly
found that, in addition to the simple protein-ligand interaction, the negatively charged
PIP may also be able to act as an ‘electrostatic switch’ by masking the positive charge
on nearby residues and allowing them to insert more deeply into the hydrophobic mem-
brane. Their work suggested a dual role for the PIP in promoting membrane binding.
Singh and Murray [[122] built homology models of all of the structures of PLC and char-
acterised their binding properties using continuum electrostatics calculations. Some of
the members of the PLC family have been studied experimentally while others have not,
allowing Singh and Murray to validate their method based on experimental results and
simultaneously make predictions regarding the binding properties of the less well-studied
isoforms.

While the PH and FYVE domains discussed above are specific for one or other of
the PIP species, other domains are much less discerning when choosing lipids to target.
C1 and C2 domains for example normally display a wider range of lipid selectivity and,
particularly in the case of the former, will generally bind in a non-specific fashion to
any negatively charged membrane surface [[123]]. Interestingly, the binding of some C2
domains is mediated by Ca?" ions, which bind to the surface of the domain in well
defined calcium binding loops comprised primarily of aspartate residues that are able
to coordinate the positively charged ions [124]. The Ca®" ions are thought to screen
the negative charges on the calcium-binding loops, allowing the domain to bind to the
membrane, though others have suggested that they act as ‘inorganic bridges’ connecting
the protein and the membrane. The binding affinity of some C2 domains is therefore

[Ca?*]-dependent, and the concentration of Ca®t ions can be used to regulate the ability

2Chapter Pl discusses the Poisson-Boltzmann equation and describes how continuum electrostatics cal-
culations are carried out in practice.
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of C2 domains to bind to the membrane®.

Murray and Honig performed electrostatics calculations on several C2 domains [[125]]
and suggested that many of the experimentally observed binding properties could be ac-
counted for by non-specific electrostatic interactions between the domain and the mem-
brane. Interestingly, they also observed that the presence of bound Ca®* ions can pro-
mote membrane binding in two ways: by providing positive charge that is then attracted
to negatively charged membranes, and also by reducing the electrostatic desolvation
penalty incurred upon binding by neutralising clusters of negatively charged lipid head-

groups.

1.6.3 Molecular dynamics simulations

Although bioinformatics and continuum electrostatics approaches have met with consid-
erable success when applied to the interaction of peripheral proteins with membranes,
these methods are inherently somewhat limited as they are based on purely static struc-
tures. Although structure is inextricably linked to function, protein dynamics can also
be functionally relevant in a wide variety of processes, from catalysis [[126] to signalling
[127]. Molecular dynamics (MD) simulations offer one way to investigate protein dy-
namics and flexibility. Although computationally they are more expensive than the meth-
ods using static structures described above, they are able to capture a broad range of
time varying phenomena in atomic detail.

An early study on the PH domain of Akt used homology modelling and docking to
generate a bound protein-ligand complex. The authors used MD simulations to probe
the dynamics of the hydrogen bonding network and an empirical approach to predict the
binding affinity for the isolated headgroups of various PIP species [[128]]. Later, another
study again used a docking approach to study the PH domain of a member of the Akt

family of proteins. This time, in tandem with experimental studies, docking was used

3Chapter [@] discusses C2 domains in more detail, in particular focussing on the C2 domain of PTEN,
which unusually exhibits Ca®*-independent binding.
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to assess whether or not a benzene polyphosphate compound - an analogue of the iso-
lated I1(1,3,4,5)P, headgroup with different regiochemistry - was able to adopt the same
binding mode as its inositol-based counterpart [[129]. In a similar vein, a docking ap-
proach derived from NMR data was recently presented by Dancea et al. [[130]], which
was used to predict how PX and FYVE domains might position themselves when bound
to PIP species contained within lipid micelles. The docking poses were generated from
NMR data and refined using a combination of simulated annealing and restrained MD.
Rosen et al. recently presented extensive MD simulations of the headgroup of 1(1,4,5)P,
bound to Akt in solution [[131[], though these were conducted in the absence of a lipid
bilayer or other membrane mimetic entity.

Dynamic simulations of the behaviour of PIP binding domains in the presence of
lipid environments over longer timescales have also been reported. Several experimental
studies [[132], 98] have previously detected non-specific interactions between bound PH
domains and the surrounding membrane lipids, so Psachoulia and Sansom [[114] per-
formed simulations of holo PH domains from PLC1 isolated in solution, as well as those
that were embedded in detergent micelles and bound to lipid bilayers, in an effort to
understand the influence of a hydrophobic environment on their binding properties. In
agreement with experimental results, they found that the PH domain bound to the ligand
more tightly in the presence of a lipid bilayer, suggesting that these secondary interac-
tions with the surface of the bilayer reinforced the primary interaction with the PI(4,5)P,
molecule.

Later, Psachoulia and Sansom extended their work to PX and FYVE domains, again
looking at their behaviour in solution and in a lipid bilayer [115]. Their simulations
agreed well with prior biophysical studies on these domains but also highlighted ad-
ditional interactions with the bilayer not observed in experiments, which were mainly
conducted using detergent micelles. The different behaviours exhibited by the protein in

micellar and lipid bilayer environments emphasised the importance of the substrate in
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protein-membrane interactions.

Dynamical approaches have also been applied to C2 domains, notably by Manna et al.
[112]] and Jaud et al. [111]]. Manna et al. used atomistic MD to investigate the binding
properties of a C2 domain, beginning with the domain bound to the membrane in the
experimentally determined binding orientation. Interestingly, they found that while the
addition of the PIP ligand stabilised the protein-membrane interaction to some degree,
binding was primarily dependent on the presence of Ca*" ions and negatively charged
lipids in the bilayer.

Jaud et al. [[111]] performed MD simulations on the C2 domain of PLA, complexed
with Ca®* ions and bound to the surface of a membrane. The initial position of the
ions was assigned using data gleaned from EPR spectroscopy. Perhaps their most inter-
esting finding was that, in agreement with the results of the electrostatics calculations
performed by Murray and Honig [[125]], the calcium ions formed interactions exclusively
with the C2 domain and the surrounding water molecules and did not interact with the
lipid headgroups. Therefore, rather than acting as inorganic bridges mediating the in-
teraction between the two organic species, the Ca*" ions instead bind solely to the C2
domain in another example of an electrostatic switch mechanism. The C2 domain with
no Ca*" bound is negatively charged and in the ‘off’ state, since electrostatic repulsion
prevents it from binding to the membrane. Upon binding of Ca®* the charge on the
calcium-binding loops is screened and the protein switches to the ‘on’ state and is now
able to bind to the membrane.

In a related study, Ohkubo and Tajkhorshid [[113]] performed MD simulations of an-
other domain dependent upon the concentration of Ca*" ion for successful binding to
the membrane. The GLA domain (Figure is found in some blood clotting proteins,
and in this study the authors used the GLA domain from blood coagulation factor VIla
and studied its Ca®*-dependent binding properties. The GLA domain of factor VIIa binds

seven Ca®* ions, and the authors found that these ions played two distinct roles. Some
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of the ions, as above, did not interact with the surface of the membrane, but in this case
the authors discuss a possible mechanism whereby these ions ‘brace’ the structure of the
protein, maintaining the rigidity of the hydrophobic w-loop crucial for membrane inser-
tion. Those ions that do interact with the lipid headgroups were thought to be involved
in a bridging mechanism, similar to that postulated above for the C2 domain.

While experimental studies had previously determined that the binding of both C2
and GLA domains was Ca’"-dependent, the underlying cause of this dependency was
not immediately clear. The simulation studies detailed above have offered new insights
by allowing the authors to directly observe the behaviour of the ions by probing these
binding events at the atomic level. The electrostatics calculations coupled with the MD
simulations therefore reveal several possible roles for the Ca®" ions in regulating the
binding affinity of these domains.

A recent innovation from Tajkhorshid and co-workers [[133]] is their so-called highly
mobile membrane-mimetic (HMMM) model. This is a biphasic approximation to a lipid
bilayer that represents the hydrophobic core of the membrane with an organic solvent
layer and the headgroups by short tailed phospholipids. The HMMM model eschews all
atomic detail in the hydrophobic core in favour of an extremely coarse grained descrip-
tion that allows for rapid insertion of proteins into the membrane. While this has been
shown to enhance sampling by increasing membrane penetration and diffusion rates,
questions remain regarding its wider applicability. For example, the HMMM model does

not reproduce important membrane mechanical properties such as compressibility.

1.7 Thesis outline

This thesis describes computational studies on a variety of membrane binding domains
involved in cell signalling, building on previous work carried out in the Sansom group
(114, [115]. In particular, this thesis attempts to address four related questions.

First, can simulations be used to model lipid binding of a peripheral protein and do
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the results compare favourably with experimental data (Chapter 3]and Chapter[5)? Sec-
ond, is it possible to use simulations to probe the targeting behaviour of a lipid binding
domain as it attempts to locate its cognate ligand in the complex environment of the
cell membrane (Chapter [4)? Third, are simulations able to describe the influence of
non-specific anionic lipid interactions, in addition to the PIP ligand, on membrane tar-
geting and binding (Chapter [4 and Chapter [6))? Fourth, can these methods be extended
beyond isolated lipid binding domains to larger, more complex proteins with multido-
main architectures (Chapter[6)? Looking ahead, the ultimate goal of these studies would
be to develop a multiscale protocol to model the entire signalling event, incorporating
membrane association, binding, penetration and eventual dissociation.

These four related questions are addressed in four results chapters, with the thesis
organised as follows. Chapter[3]describes equilibrium and non-equilibrium molecular dy-
namics (MD) simulations of the PH domain from the general receptor for phosphoinosi-
tides 1 (GRP1-PH) bound to PI(3,4,5)P; in a lipid bilayer. This work was in collaboration
with colleagues in the USA, who performed NMR spectroscopy and SPR experiments on
GRP1-PH. The high affinity and specificity of GRP1-PH for PI(3,4,5)P; make it an attrac-
tive target for study, and this, coupled with the additional experimental data provided by
colleagues in the USA, allows GRP1-PH to serve as a useful initial test case to validate
results from simulations.

Another study combining experiment and simulation is discussed in Chapter[5l Here,
some of the computational techniques developed to investigate GRP1-PH in Chapter[3]are
applied to a novel structure of the PH domain from kindlin-1. This is the first reported
structure of kindlin-1 PH, which was recently determined using X-ray crystallography by
colleagues in Oxford. However, little is known about its lipid binding properties, and this
chapter describes the results of a combined experimental and computational structure-
function study of kindlin-1 PH.

Chapter[4 and Chapter |6l focus purely on computational work, and exploit ‘multiscale’
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simulation approaches to explore different stages of membrane binding. Chapter 4] revis-
its the case of GRP1-PH, this time detailing Brownian dynamics (BD) simulations of the
protein, which have been adapted to explore the initial encounter event between GRP1-
PH and a model of the cell membrane. Chapter [6] considers the more complex case of
the PTEN tumour suppressor, which comprises two domains. The behaviour of wild type
and mutant PTEN at membrane surfaces is investigated using both CG and atomistic MD
simulations. However, before these results are presented, the next chapter briefly reviews
the theoretical basis and practical implementation of some of the techniques used in this

thesis.



Chapter 2

Theory and Methods

OMPUTER simulations are beginning to play an increasingly important role in stud-
Cies of biological molecules [[134]. Simulations have now become established as a
standard biophysical tool alongside existing experimental techniques, and are routinely
used to investigate the behaviour of an enormous variety of systems in molecular detail.
However like all techniques, simulations do have their limitations.

This chapter briefly describes some of the theoretical background underpinning a
range of modern molecular simulation techniques. After setting out the theory, the dis-
cussion then turns to more practical matters and outlines strategies for implementing

such simulations.

2.1 Molecular dynamics simulations

The aim of molecular dynamics (MD) simulations is to model the dynamical behaviour of

a collection of atoms. By monitoring the time evolution of a set of observable quantities,

45



Theory and Methods 46

MD simulations can be used as ‘computer experiments’ and provide insights into the
structural and dynamic characteristics of a system at the atomic level. Supposing there
are N atoms in a system, then given the coordinates and momenta of all of the particles
at a time, t, the coordinates and momenta at a later time, t + At, can be obtained by
solving Newton’s equations of motion. For N atoms in a classical! MD simulation, these

are a set of 3N coupled, second order differential equations given by:

(2.1)
= _viVN(rN)

Where m; is the mass of the i™ atom, F; is the force on this atom and # is its accel-
eration, the second derivative of the atomic position with respect to time. The quantity
Vy(rV) is the potential describing the interaction of the atoms, and F; is given by the
derivative of this potential. If this potential is continuous then the atom trajectories can-
not be solved exactly, and so the set of differential equations shown above must be solved

numerically using finite difference methods.

2.1.1 Integrating the equations of motion

One method for solving the equations of motion is due to Verlet [[135], and is described
in some detail by Hansen and McDonald [[136]]. If the coordinates of atom i at a time ¢
are r; then performing a Taylor expansion forwards and backwards in time about r; gives

the following expression for the forward expansion:

2
ri(t+At)=r(t)+ At fi(t)+A2—t'fi(t)+ﬁ(At3) (2.2)

!The term ‘classical’ here refers to the assumption that the Born-Oppenheimer approximation holds
and that electronic degrees of freedom are therefore neglected. The Born-Oppenheimer approximation
assumes that the motion of the heavy atomic nuclei and that of the comparatively low mass electrons is
effectively separated, such that the electronic configuration can instantaneously readjust to any nuclear
motions. This has the effect that the overall energy in the electronic ground state is only dependent upon
the nuclear positions, and hence in a classical MD simulation the position of each atom is defined solely by
the position of its nucleus and is represented by a single set of Cartesian coordinates.
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The corresponding expression for the backward expansion is:

. At?
ri(t—At)=r(t)— At ri(t)+7ri(t)— o(At?) (2.3)

Adding these two expressions gives an estimate for the particle coordinates at time
t+ At:
At?
ri(t+At)~ —ri(t—At)+2ri(t)+?Fi(t) (2.4)

1
Subtracting Equation 2.3 from Equation yields an estimate for the atom velocity
r; at time t:

1
(t) ~ E[ri(t—i-At)—ri(t—At)] (2.5)

Thus, the Verlet algorithm provides a finite difference method to solve Newton’s equa-
tions of motion and calculate the atomic trajectories over time. An alternative to the
Verlet algorithm is the so-called ‘leap frog’ algorithm [[137]], which evaluates velocities at
half integer time steps and uses these velocities to compute the new positions. Following
the treatment in Frenkel and Smit [[138]], the velocities at half integer time steps are first

defined as follows:

and

( At) ri(t)—r(t — At)
Flt—— | =

) At  ri(t+At)—ri(t)
)= (%)

t+—
2 At
(2.6)
Rearranging the expression on the right hand side of Equation gives the new
positions:

At
rit+At)=r(t)+7; (t+7) At 2.7)

From the Verlet algorithm (Equation [2.4)) it is then possible to extract an expression

for the velocities. First, equating Equation [2.4] with Equation [2.7] yields:

At? , At
—ri(t—At)+2r,(t)+ ?Fi(t) =r(t)+7 (t + 7) At (2.8)

1
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Output required variables
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Figure 2.1: Flowchart summarising the molecular dynamics algorithm.

Collecting terms and rearranging, this then simplifies to:

. At At?

1

Substituting the expression on the left hand side of Equation [2.6] then provides an

expression for the velocities:

At At At
2 2 m;

1

The leap frog algorithm is the integrator used for all MD simulations described in this

thesis.

Integration of the equations of motion forms the core of a MD simulation program,
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and a typical MD workflow is depicted in Figure 2.1l However, as Figure [2.1] shows,
before the equations of motion are numerically computed it is necessary to calculate the

forces acting between all of the atoms.

2.1.2 Computing the forces

Computing the forces is often the most time-consuming part of the workflow shown
in Figure 2.1 although efficient techniques do exist to speed up the calculations (see
Section [2.1.6). Forces are computed by calculating the force between all non-bonded
atom pairs, plus the forces due to bonded interactions. Atoms interact via a series of
potentials that can be classed as bonded or non-bonded interactions. For the non-bonded

interactions, pairs of atoms (i,j) interact through a short ranged Lennard-Jones (LJ)

v ~ o, 12 o, 6
LJ T'U) _4€l] r_ - r_ (2.11)
ij ij

The magnitude of ¢;; determines the depth of the potential well, o is the separa-

potential:

tion at which the potential is zero and r;; is the distance between the atoms. The long
ranged electrostatic interaction between a pair of charged atoms is given by the Coulomb

potential:
4iq;
4TE Ty

VC(rl'j) = (2.12)

The charges on the two atoms are represented by g; and g;, €, is the permittivity of
free space and r;; is the separation between the two atoms. Conversely, for the bonded

interactions, bond stretching is represented by a harmonic potential:
Lo 2
V(i) = Ekij(rij — by;) (2.13)

Here, b;; is the reference bond length and k;; is the spring constant of the bond. A
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Figure 2.2: Bond angles, proper dihedrals (torsions) and improper dihedrals. (A) Bond angles (0) between triplets
of atoms are governed by a harmonic angle potential. (B) Proper dihedral angles (bond torsions) between quadru-
plets of atoms, where the torsion angle ¢ is the angle between the normal to the plane ijk and the normal to
the plane jkl. (C) Improper dihedral angles between quadruplets of atoms are designed to keep groups such as
aromatic rings planar and prevent inversion of tetrahedral geometries. The improper dihedral angle &, is defined as
the angle between the normal to the plane ijk and the normal to the plane jkI.

fourth power potential is an alternative, and equally valid, approximation:
Va(r) = SR8 (2 — 22 (2.14)
bATEGS T g N ) ij :

Changes in the bond angle between a triplet of atoms (i, j, k) are also represented by
a harmonic potential:

V(0. :lke 0., —0° )? (2.15
a( l]k) 2 ijk( ijk ijk . )

Where 0, is the bond angle and G?jk is the reference bond angle (Figure 2.2). In
the GROMOS96 force field the angular vibrations are represented by a trigonometric

function:

V. (0:) = 1ke [cos(ﬂ- ) — cos(0? ]2 (2.16)
a\Yijk o ijk ijk ijk )

Proper dihedral angles or bond torsions are described by dihedral potentials between
quadruplets (i, j,k,1) of four atoms (Figure 2.2). These are commonly implemented

through a potential of the form:

V(i) = k(1 + cos (nd — ;) (2.17)

Alternatively, a Ryckaert-Bellemans (RB) function can be used for proper dihedral
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angles:

5
Vas(biiia) = ), Calcos (b — )" (2.18)
n=0

A different form of the RB function is used in the OPLS-AA/L force field:

13
Ves—oprs(Piji) = Vo + 5 Z V(1 4+ cos(ndjrr)) (2.19)
n=1

The improper dihedral angles potential, which limits out of plane bending for planar
groups and prevents inversion of tetrahedral geometries (Figure [2.2)), is given by the

following:

1
Via = &iju = Eka(‘t—vijkl — &)’ (2.20)

In practice, these bond oscillations limit the time step that can be used in molecular
simulations, as although the fluctuations are of low amplitude the frequency of oscillation
is rapid. The time step therefore needs to be correspondingly short in order to be able
to monitor these high frequency fluctuations. To overcome this limitation it is possible
to implement a constraint algorithm to reset the bond lengths and angles after updating
the configuration. This has the advantage of allowing a longer time step to be used,
increasing computational efficiency. It has also been suggested that constraints such as
these are in any case more representative of the physical behaviour of bond vibrations,
at least at room temperature, as the level of bond excitation is anticipated to be low and
as a result the bonds will almost exclusively occupy their vibrational ground states. A
popular constraint method is the linear constraint solver developed by Hess et al. known

as the LINCS algorithm [[139]].

2.1.3 Force fields

In a biomolecular simulation, parameters need to be selected for all of the species present
in the system, which may include proteins, ligands, lipids, water and ions. The result is

a set of self interactions and cross interactions between species based on the bonded and



Theory and Methods 52

non-bonded terms outlined above, and this complete parameter set is known as a force
field.

There are now several biomolecular force fields available, but the following are per-
haps the most widely used within the simulation community: the Chemistry at Har-
vard Molecular Mechanics (CHARMM) force field [[140]]; the Assisted Model Building
with Energy Refinement (AMBER) force field [141]; the Groningen Molecular Simula-
tion (GROMOS) force field [[142]]; and the Optimised Potentials for Liquid Simulations
(OPLS) force field [[143]]. These are all classical force fields, i.e. they do not incorporate
electronic effects such as polarisability.

Two force fields are used in this thesis. The first, the GROMOS96 43al [[142] force
field, treats bonds according to Equation bond angles according to Equation
and proper dihedral angles according to Equation 2.17] The GROMOS96 43al force field
is a united atom force field, in that all non-polar hydrogen atoms are combined with
the parent carbon atom and are not treated explicitly,. The GROMOS96 43al force field
was originally parametrised for lipids by fitting MD simulations of liquid pentadecane to
physical quantities determined by experiment such as the volume and the enthalpy of
evaporation [[144]]. Protein parameters were derived using a similar strategy but simu-
lations were fitted to the enthalpies of solvation in cyclohexane and water [[145]. The
simple point charge (SPC) water model [[146] is recommended for use with the GRO-
MOS96 43al force field. In the SPC model, a water molecule is composed of an oxygen
atom, which has a combined partial negative charge and a Lennard-Jones site, and two
hydrogen atoms with only partial positive charges and no Lennard-Jones component. As
the force field neglects polarisation effects the dipole of a SPC water molecule is set at a
larger value than the corresponding experimental value to compensate.

GROMOS96 43al force field parameters for the 1(1,3,4,5)P, headgroup were ob-
tained using PRODRG [[147]]. One report has suggested that charge assignment proce-

dures in PRODRG are inconsistent [[148]], and so atomic partial charges for the PRODRG
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topology were refined by performing geometry optimisation and a subsequent single-
point energy calculation on the headgroup using the GAUSSIAN package [[149], with the
6-31G™ split valence basis set and the Becke three-parameter Lee-Yang-Parr (B3LYP) hy-
brid functional [[150, (151} [151]] in a similar vein to Blood et al. [[152]] and Lupyan et al.
[153]].

The second force field, OPLS-AA/L? [[154], treats bonds according to Equation 2.13]
bond angles according to Equation [2.15and proper dihedrals according to Equation
In the case of OPLS-AA/L, the four point transferable intermolecular potential (TIP4P)
water model [[155]] is recommended over the SPC water model. The TIP4P model differs
from the SPC model in that the oxygen atom is split into two sites, one of which carries
the mass and the Lennard-Jones component and another virtual site where the partial
negative charge is located (this is the origin of the ‘4’ in TIP4B which refers to the number

of sites in the model).

2.1.4 Energy minimisation

The combination of all the interaction potentials listed in Section gives rise to a
complex potential energy surface, which is a function of the position of all the atoms
in the system. For a system of N atoms with 3N Cartesian coordinates the resulting
potential energy function is a 3N dimensional hypersurface. As the configuration of the
system evolves over time it collectively explores this hypersurface or potential energy
landscape, which is characterised by maxima and minima of the potential energy.
Before a simulation begins it is often necessary to include an energy minimisation

step, which is designed to optimise the starting configuration of the system by bringing

20PLS-AA/L is an extension to the original OPLS force field, which was parametrised on the basis of
quantum mechanical (QM) calculations. While a detailed exposition of these techniques is beyond the
scope of this thesis, briefly, the extended OPLS force field is designated OPLS-AA/L as it is an all atom
(AA) force field that is parametrised using a more accurate QM approach. The ‘I’ in OPLS-AA/L refers
to pseudospectral local second order Mgller-Plesset perturbation theory (LMP2), which goes beyond the
Hartree-Fock level of theory used to parametrise the original OPLS force field by including the effects of
electron correlation. The result is an improved set of torsional parameters for peptides and proteins in
OPLS-AA/L.
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Figure 2.3: Schematic representation of periodic boundary conditions.

it to rest in a nearby local minimum in the potential energy landscape. This has the
advantage that, at the local minimum, the derivative of the potential (i.e. the force) is
zero, and so the simulation can begin at equilibrium.

Two popular energy minimisation techniques are the steepest descent and conjugate
gradient methods. These are known as first order techniques because they exploit the first
derivative of the potential to identify the downhill path to the nearest local minimum.
The steepest descent algorithm has been used throughout this thesis, and corresponds to
moving straight downhill for a certain distance (determined by a line search [[156]]) and
then recalculating the first derivative to again find the steepest descent at this new point,
then following this direction downhill for a certain distance once more. Eventually, after
a suitable number of iterations the algorithm converges on the location of the minimum.
An extensive discussion of the conjugate gradient algorithm and higher order energy

minimisation methods is presented by Leach [[156].

2.1.5 Periodic boundary conditions

In molecular simulations it is often desirable to choose boundary conditions that mimic
the presence of an infinite bulk surrounding the model system. This can be achieved by

using periodic boundary conditions (Figure[2.3), which treat the system as a lattice made
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up of a periodic array of cells. Each molecule then interacts with all other molecules in
its periodic cell, its own periodic image in all other cells and the periodic images of
all other molecules. While the use of periodic boundary conditions has the advantage of
being able to better approximate physical behaviour by simulating systems as if they were
in a homogeneous bulk phase, it also has the disadvantage that computing the overall
potential energy for all interactions now requires an infinite sum. This can be avoided by
applying suitable cut offs and employing an alternative summation method, which will

be discussed in the next section.

2.1.6 Treatment of non-bonded interactions

As alluded to above, there are a variety of ways in which the computational burden of
calculating the non-bonded interactions at each time step can be alleviated. The simplest
method is just to cut off the potential at a given value of r, such that beyond this separa-
tion the potential is zero and there is no interaction. This is generally the method applied
to the Lennard-Jones interactions as they decay quickly with r (as r~°, Equation [Z.11)).
Often the Lennard-Jones potential is truncated and shifted such that it goes smoothly
to zero, as the derivative of the potential still needs to be computed and simply cutting
off the potential would complicate this by introducing a discontinuity into the potential
function.

While the errors associated with truncating and shifting the Lennard-Jones compo-
nent of the non-bonded interaction are usually small, the same cannot be said for trun-
cation of the Coulomb or electrostatic component. In general potentials should not be
truncated unless the function decays faster than r =3 [[138]], and as the Coulomb potential
decays as r~! (Equation[2.12) the interaction is non-negligible even at large separations.
Truncation of the Coulomb potential can therefore lead to severe inaccuracies in the force
calculation and hence the overall energy [157].

Without truncating the interactions, the full electrostatic energy for a system with
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periodic boundary conditions applied is given by:

1 N /

Ezaz Zﬂ (2.21)

= |rjj+nlL]

Where N is the number of particles with charges q; at positions r; in a neutral, cubic
simulation box of length L and volume V = L3. The sum over n takes into account
the periodic images of the charges and the prime indicates that for i = j the term n
= 0 should be omitted. It is not possible to accurately evaluate this sum as it is only
conditionally convergent, and so another approach is required.

A popular technique for treating the electrostatic interactions is the particle mesh
Ewald (PME) method. Essentially the PME method allows the Coulomb energy term
to be split into two parts, making the conditionally convergent sum easier to work with.
Then, the Poisson equation can be solved more efficiently by distributing the charges over
a mesh and discretising the problem (for more on the Poisson equation see Section [2.3)).
Following the treatment of Deserno and Holm [[158], the partitoning of the Coulomb

energy can be achieved using the following identity:

1 f(f‘)Jr 1-f(r)

r r r

(2.22)

This expression makes it possible to split the conditionally convergent sum in Equa-
tion 2.2 into two sums that converge quickly by judicious choice of f(r). The first term
collects the rapid variations at small r, and this is summed in real space. The second term
accounts for the remaining slow decay at large r, and this is summed in reciprocal space.

A traditional choice of function for f(r) is the complementary error function erfc(r):

2 o0
erfe(r) = — J dtexp(—t?) (2.23)

T2
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The Ewald energy is now decomposed into four terms:

E, is the contribution from real space, E, is the contribution from reciprocal space,

E, is the self energy and E; is the dipole correction. These quantities are given by the

following:
1 ! erfc(olr;; +mL|)
= — q: 2.2
E, ZZ qulqj P——— (2.25)
,] meZ U
R i ( s ) 5I0P (2.26)
=53, 50— | 1P :
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E,= ESTITE (Z qiri) (2.28)

The Fourier transformed charge density f(k) in the expression for E, (Equation [2.26)

is defined as:

N
p(k) = J d*r p(r)exp(—ik-1) = quexp(—ik-rj) (2.29)
Vi -1

J

E, and, by extension, the Coulomb energy E can be evaluated using a discrete fast
Fourier transform (FFT). It is then necessary to assign charges to grid points, solve the

Poisson equation on the mesh and calculate and assign forces back to the particles.

2.1.7 Temperature and pressure coupling

A conventional molecular dynamics simulation is conducted with a constant number of
N particles moving within a constant volume V. The overall energy of the macrostate

of the system, E, is also constant, and this statistical ensemble of states is termed the
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microcanonical or NVE ensemble.

However, it is usually desirable to perform simulations at constant temperature, T,
to better mimic experimental conditions. This can be achieved by coupling the system
to a thermostat to control T, generating the alternative statistical ensemble termed the
canonical or NV T ensemble. It can also be helpful to run simulations at constant pres-
sure, P, rather than at constant volume, again to faciliate comparison with experimental
results. This is made possible through the use of a barostat to control P, which in addition
to the thermostat produces the isothermal-isobaric or NPT ensemble.

A commonly used thermostat is the one developed by Berendsen et al. [[159]. The
Berendsen thermostat works by exploiting the fact that, at thermal equilibrium, there is a
relationship between the temperature and the particle velocity given by the equipartition
principle:

(v2) = ks T (2.30)
m
This can be used as a working definition of the instantaneous temperature, T(t), at a

time, t, in order to monitor the temperature fluctuations over time:
1 N
— 2
ksT(t) = Nvam(t) (2.31)
i=1

The Berendsen thermostat works by scaling the velocities at each time step according

A= |1 at (T 1 : 2.32
_[ +?(T(t)_ )] (2:32)

The velocity scaling parameter A is determined by the reference (i.e. desired) temper-

to the following relation:

ature T, the instantaneous temperature T(t) and T;, which is the coupling parameter.
The Berendsen thermostat therefore effectively acts by coupling the system to a heat bath

of temperature T,, where T, regulates the strength of the coupling®.

3It has been shown that in fact the Berendsen thermostat does not reproduce the canonical ensemble
[160], and instead produces what is known as a weak coupling ensemble. This is a hybrid that lies
somewhere between the microcanonical and canonical ensembles depending on the size of the coupling
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Pressure control can be achieved by a similar method, and although there are various
algorithms almost all are based on the treatment first devised by Andersen [161]]. While
the derivation is complex, it essentially amounts to allowing the volume to fluctuate with
its average value being determined by the balance between some externally imposed
pressure, P, and the internal stresses in the system. For more details on the Andersen
extended ensemble approach readers are referred to Andersen’s original paper [[161]] and
further work by Parrinello and Rahman who extended Andersen’s method to account for
changes in shape as well as volume [[162]]. Both methods are discussed in more detail by

Nosé and Klein [[163].

2.1.8 Steered molecular dynamics simulations

Many events, such as protein-ligand dissociation, occur over physiological time scales
that are inaccessible to biomolecular simulation. A relevant example is the case of a PH
domain dissociating from its cognate ligand at the membrane surface. Hammond et al.
measured the lifetime, T, of protein-membrane complexes for a variety of PH domains
and found that T was typically between 2 to 7 seconds [[164]]. Equilibrium simulations
are not able to probe these extended time scales, but one way of circumventing this
limitation is to employ some form of non-equilibrium enhanced or rare event sampling.
In these methods an element of bias is introduced into the simulations to increase the
likelihood of observing the event of interest. Various sophisticated approaches to this
problem have been developed, and traditionally have been applied to conformational
transitions in proteins. Examples include conformational flooding [[165]], transition path
sampling [[166], metadynamics [[167], and dynamic importance sampling [[168].
Leaving these more elaborate techniques aside, a straightforward way of perturbing
the system and accelerating the simulation is simply to apply an external force along a

predefined reaction coordinate. This technique, known as steered or force probe molec-

parameter Ty.
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ligand

Figure 2.4: Schematic of steered MD simulation setup. A virtual spring is attached to the ligand and a force is
applied along the reaction coordinate. The force causes the spring to retract and the ligand is forcibly extracted
from the protein binding site.

ular dynamics simulation, has been successfully applied to protein unfolding [[169, [170]]
and ligand unbinding [[171},[172]. A virtual spring is attached to the molecule of interest
and the spring is retracted along some reaction coordinate (Figure [2.4). The force profile
over the course of the simulation can then be extracted using Hooke’s law, F = —kx, and
this can be used to obtain information regarding the unfolding or dissociation pathway.
Although the exact shape of the force profile is sensitive to the stiffness of the spring
and the speed at which the spring is retracted, the steered molecular dynamics (SMD)
techique is nonetheless a simple and rapid method for interrogating the dynamics of a
system. Indeed, it was shown by Jarzynski [[173]] that by combining several SMD trajecto-
ries and computing the work done over the course of these non-equilibrium simulations
it was possible to recover equilibrium free energy differences between the start and end
points of the simulations. Calculating this free energy profile, usually referred to as the
potential of mean force (PMF), from SMD simulations using Jarzynski’s equality is virtu-
ally as efficient as extracting the PMF from more traditional umbrella sampling methods

[174].

2.1.9 Coarse grained molecular dynamics simulations

In contrast to the enhanced sampling techniques described above, an alternative strategy

to overcome the limitations on accessible time scales is to resort to some level of ‘coarse
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Figure 2.5: Conversion from an atomistic to a CG representation for PI(3,4,5)P3. The atomistic representation of
PI1(3,4,5)P5 (left) is converted to a CG representation by an approximately 4:1 mapping of CG particles onto the
atomic sites. Black lines indicate the soft harmonic bonds between the resulting CG beads. Phosphate groups are
represented by (negatively) charged Q-type particles (red). The inositol ring is represented by three, ring variant
polar P-type particles (yellow). The two glycerol esters are represented by non-polar N-type particles (blue).
Finally, the hydrocarbon tails are represented by apolar C-type particles (purrple). In this case, the coarse graining
procedure reduces the number of interaction sites from 71 to 18, a reduction of almost a factor of four.
graining’. In coarse grained (CG) simulations, atomic detail is sacrificed in exchange for
the ability to simulate larger systems for longer periods of time. The underlying prin-
ciple of coarse graining is to merge groups of atoms into a smaller number of CG sites,
which then interact through a series of effective interactions. Having fewer interaction
sites greatly speeds up the simulation while still retaining some molecular and structural
detail. The level of abstraction in CG models varies widely. Some models are compara-
tively high resolution, for example the MARTINI model [[175],176] for lipids and proteins
developed by Marrink and co-workers maps on average four heavy atoms to a single CG
interaction site (Figure and Figure [2.6). Other models are lower resolution and are
designed to reproduce the essential physics of a system but not necessarily all of the
detailed interactions.

The range and applicability of CG models is nicely illustrated by a series of studies
on the BAR domain by the groups of Voth and Schulten. Both groups aimed to simulate
deformation and tubulation of membranes by N-BAR domains, which is a process that
occurs over long time scales but also over large lengthscales, requiring some level of

coarse grained treatment.

Rather than simulating the protein and membrane in atomic detail, Voth and co-



Theory and Methods 62

workers used a mesoscopic approach in two papers by Ayton et al. [177) [178]. The
membrane was modelled as a continuum elastic sheet with material properties such as
a bending modulus, and the model was parametrised using prior atomistic simulations
of the system. In the field-theoretic approach of Ayton et al. the elastic energy of the
membrane is given by a Helfrich-like Hamiltonian [[179]] and the protein is not modelled
explicitly; rather, its influence on the shape of the membrane is represented by a spon-
taneous curvature field, the magnitude of which is equivalent to the concentration of
N-BAR domains on the surface of the membrane.

Meanwhile, Schulten and co-workers adopted a different approach and used a four-
scale description of the system in a paper by Arkhipov et al. [180]. Arkhipov et al. used
atomistic simulations and their own version of an elastic continuum model to study N-
BAR domains, but also used two CG approaches: a residue based model and a shape
based model. Both of these models are reduced representations of the full atomic struc-
ture. In the residue based model each amino acid is represented by one or two beads
interacting via effective potentials that reproduce experimentally observed quantities,
which is an approach similar to that adopted by several other CG models such as MAR-
TINI (see also [[181} 182} [183]]). In the shape based model the representation is reduced
still further, and hundreds of atoms are now condensed into a single bead with the array
of beads approximately reproducing the overall shape and the moments of inertia of the
protein, as described in an earlier paper [[184]. Each of the representations in this hierar-
chy is parametrised on the basis of the results obtained using the higher resolution model
beneath it. Thus, the CG models are built upon the results of the atomistic simulations,
and the mechanical properties of the elastic membrane were optimised to reproduce the
curvatures observed in the CG simulations.

The MARTINI force field is used for the CG simulations described in this thesis. This
force field was originally parametrised for lipids by comparing simulation results with

free energies of hydration, evaporation and partitioning between water and a selection
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Figure 2.6: Coarse grained representation of amino acid residues in the MARTINI model. Coarse grained beads
are coloured according to particle type, ranging from apolar to charged. The charges and polarity vary between
the representations of the amino acids in an attempt to account for their different polarities and hydrogen bonding
propensities.

of organic solvents [[175]]. A four to one mapping of heavy atoms to CG interaction
sites is used, and each CG particle is assigned a particle type depending on whether it is
polar (P), non-polar (N), apolar (C) or charged (Q). Beyond the four principal particle
types additional labels determine particle subtypes, distinguished by hydrogen bonding

capabilities (d, donor; a, acceptor; da, both donor and acceptor; 0, neither donor nor

acceptor) or polarity, which ranges from 1 (low polarity) to 5 (high polarity). An example
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mapping is shown in Figure [2.5] where the atomistic form of PI(3,4,5)P; is converted to
a CG representation.

The model was extended to proteins in a later paper [[176], introducing ring-like
particles for amino acid sidechains such as tryptophan that incorporate homocyclic and
heterocyclic groups. Figure shows the complete mapping for all 20 amino acids. The
four to one mapping described previously is usually insufficient to capture the geometry
of cyclic groups and so higher resolution mapping is typically required, up to two to one
in some cases. Amino acid sidechains were parametrised by calculating free energies of
partitioning between the oil/aqueous phases in a two phase butane/water system and
comparing the results to experiment.

In the implementation of MARTINI in GROMACS, short ranged Lennard-Jones and
long ranged Coulomb interactions are shifted and truncated at r.,. Cutting off the elec-
trostatic interactions in this manner increases computational efficiency, as the long range
electrostatic interactions no longer need to be computed. However, as discussed in Sec-
tion [2.1.6] this can introduce simulation artefacts.

All MD simulations were carried out using GROMACS [[185] [186]]. Specific simula-
tion parameters can be found in each chapter of the thesis under the section entitled

‘Methods’.

2.1.10 Analysis tools for molecular dynamics simulations

The root mean square deviation (RMSD) of the overall globular fold of a protein is calcu-
lated by a least squares fit of the structure at t = t, to a reference structure at t = t;. The
RMSD is a measure of the average distance between a collection of N atoms at a time t
and the same collection of atoms in a reference configuration.

1
2

1 N
RMSD (t,, t;) = M;mi Ir,(ty) — r,(t)) (2.33)
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The total mass is M = Z]lvz1 m; and r;(t) is the position of atom i at time t. In contrast,
the root mean square fluctuation (RMSF) is a measure of the deviation of the position
of a single atom i about the time-averaged position of the same atom over a given time
interval. Whereas the RMSD is designed to assess the overall departure of the fold from
some reference structure, the RMSF can be used to monitor the fluctuation of individual

amino acid residues over the course of the MD trajectory:

t=t, 2

D) -2 (2.34)

1
RMSF = | ———
(tz_tl) —

Here ¥, is the time averaged position of the atom over the time interval (t, — t;).

Radial distribution functions (RDFs) are used to assess the local structure surrounding
a given atom. For example, in the case of a transmembrane protein spanning a hetero-
geneous lipid bilayer, the RDF could be used to quantify the degree of lipid clustering

around the target protein relative to the bulk. The RDF is computed using the following:

{ps(r))
gap(r) =
(pB)local
1 1@ i 5(ry—r) (2.35)
(pB)local NA icA jeB 4mr?
(pp) is the density of atom type B at a distance r around atom A, while (0z)oc, iS the

time-averaged density of all atoms of type B around atom A up to a defined radius, r,,,.
The latter, (pg)10ca> Can effectively be thought of as the ‘background’ density, with r,,

usually taken to be half the length of the simulation box.

2.2 Stochastic dynamics

Classical MD techniques describe the dynamics of each atom according to Newton’s equa-
tions of motion, with the behaviour of the i atom governed by m,#; = F;. When per-

forming simulations of larger systems using classical MD it is therefore necessary to treat
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the dynamics of all molecules, including solvent molecules, explicitly. This can often
be computationally demanding, and at least in the case of protein-protein interactions
(PPIs) the behaviour of the solvent is often of comparatively little interest*. In simula-
tions of PPIs the principal areas of interest are typically the protein dynamics, the nature
of the association pathway and the interactions between the amino acid residues in the
bound complex. It is possible to model the dynamic and electrostatic effects arising from
the solvent molecules without including them explicitly, and this will be the focus of the

following sections.

2.2.1 Langevin dynamics

For the case of one or more large molecules immersed in a solvent, an alternative ap-
proach is to ‘integrate out’ the solvent motions by replacing them with additional terms
in the equation of motion of the large molecule(s). Additional terms are incorporated
into Newton’s equation of motion for the large molecule to compensate for the removal
of the explicit solvent molecules. One term represents the solvent friction, and another
stochastic term accounts for the random displacements arising from the Brownian mo-
tion of the solvent. In a sense, this could loosely be thought of as an alternative coarse
graining strategy, similar to those described in Section Here, rather than merging
several atoms together to form a CG particle, instead all of the explicit solvent molecules
are combined and replaced with a set of representative effective interactions.

For a large, single molecule in a viscous medium, the equation of motion becomes:

mi = —(ir+ F(r)+ oS(t) (2.36)

“This is, however, not always the case for studies of PPIs, and in particular proper treatment of solvation
is often essential when considering protein-ligand interactions. Water molecules form a hydration shell
around the ligand in solution, which can influence the free energy of binding to the protein due to the
associated desolvation penalty when the ligand is stripped of its surrounding water molecules upon binding
in the active site. Protein-ligand complexes also frequently incorporate ‘structural’ water molecules. A
comprehensive analysis of water molecules at protein-ligand interfaces in ~400 high-resolution crystal
structures conducted by Lu et al. [I87] revealed that 76% of these water molecules bridge the interaction
between the protein and the ligand in some fashion.
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This is the Langevin equation [[188]. Here, ( is the solvent friction and S(t) is the
stochastic force due to the random ‘kicks’ from the solvent described above with coupling
coefficient 0. F(r) is some external force, for example gravity in the case of simulations

of a colloidal dispersion.

2.2.2 Brownian dynamics (BD)

Most proteins diffusing in solution will interact with the surrounding solvent molecules
to such an extent that the protein motion will be ‘overdamped’ by the solvent viscosity.
The momentum of the protein decays so swiftly upon collisions with solvent molecules
that its behaviour is almost non-inertial, and the protein motion then has the charac-
teristics of Brownian motion (a random walk), with the forces on the right hand side of
Equation [2.36/becoming dominant. In this case, the Langevin equation above can be sim-
plified by averaging the equation over a time At that is much longer than the momentum
relaxation time, i.e.:

m
At > Z (2.37)

Over this average the acceleration term, (m#), is zero and the other terms in the

equation adopt time averaged forms:

Ax 1

r)y=(— F(r))=F S(t)) =—=S 2.38

() = (F(r) Sh=—=s @)
Equation can thus be recast as:

X _pr g (2.39)

At VAT '
Rearranging gives:
At oV At

The Stokes-Einstein relation between the friction coefficient and the diffusion coeffi-
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cient [[189] is:

kyT
D= T (2.41)

With ( = 6mna, where 1 is the solvent viscosity and a is the radius of the suspended

molecules. Invoking this, and noting that o/ = v/ 2D, yields:

DAt
Ax = F+ Vv2DAtS (2.42)
kg T
Or alternatively:
A —DAtF+R (2.43)
x= T .

Here the stochastic term R = +v2DAt S has the properties that (R) = 0 and (R?) =
2DAt. Equation is a simplified form of the Ermak-McCammon algorithm for the
case of a single Brownian molecule moving in one dimension. It is, however, relatively
straightforward to extend this and apply it to the case of two proteins co-diffusing in
three dimensions in solution. The one dimensional displacement Ax is replaced by a
relative three dimensional displacement vector Ar between the two molecules. Similarly,
a relative translational diffusion coefficient between the two proteins is used, and the
stochastic term R is replaced by a random vector R that satisfies (R) = 0 and (R?) =

6DAt. Equation [2.43| then becomes:

DAt

Ar =
kT

F+R (2.44)

This is the form of the algorithm implemented in the Simulation of Diffusional As-
sociation (SDA) software, designed to perform BD simulations of protein-protein associ-
ation. SDA was originally developed by Gabdoulline and Wade [190], and is a widely
used successor to earlier programs designed to simulate enzyme-substrate encounters
(the University of Houston Brownian Dynamics (UHBD) program [191} [192]]) and the

association of electron transfer proteins (Macrodox [[193]]). In SDA, rotational motions
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are dealt with in an analogous fashion to the translational motions (Equation [2.44)):

DAt
AW: = R

T;; + W; 2.45
i kBT ij i ( )

The torque on the protein is given by T;; and W is a random rotation angle that
satisfies (W;) = 0 and (W,2) = 6Dz At.

In their original paper [[194], Ermak and McCammon reported a much more detailed
derivation of a general form of their equation that allows for an arbitrary number (N)
of molecules and that also incorporates hydrodynamic interactions through either the
Oseen or Rotne-Prager-Yamakawa tensors [[195] [196]]. The final displacement equation

obtained by Ermak and McCammon (using their notation) is:

0 oD}, D} F}
(At)=r. At At + R (At 2.46
r(At) rﬂrz 5 +Z Cr ATTR(AD (2.46)

The derivation required to obtain this displacement equation is rather lengthy and
for reasons of space will not be outlined here. Readers are referred to the original paper
for a detailed derivation of the algorithm and a comparison to the corresponding Fokker-
Planck description®. However, a brief comparison of the simplified (Equation and
general (Equation forms of the Ermak-McCammon algorithm is instructive.

Previously, the Langevin formulation (Equation[2.36) and the simplified Ermak-McCammon
algorithm (Equation [2.43)) used a low level treatment of friction, diffusion and viscous
effects. These quantities were taken to be isotropic and so ¢ and D are scalars. The
more general form of the Ermak-McCammon algorithm in Equation treats diffusion
as a tensor property. A typical protein will exhibit some shape anisotropy so the diffu-
sion constants along its three principal axes are likely to be different. To account for
this, the diffusion constant is replaced by a diffusion tensor. Equation also includes

the effect of hydrodynamic coupling between all N molecules, a factor that has been

SFurther information on stochastic processes in general and diffusion processes in particular can be
found in Robert Mazo’s monograph on Brownian Motion [197]]
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overlooked thus far. When a large solute molecule moves through a solvent it displaces
solvent molecules, which can in turn have a small effect on the motion of other nearby
solutes, and so the motions of the two solute molecules become correlated. Equation[2.46]
includes this effect through the 3N x 3N diffusion tensor D, which describes the hydro-
dynamic interactions between the N molecules with their three translational degrees of
freedom. The tensor is made up of a set of 3 x 3 submatrices, each describing the diffu-
sion behaviour of one of the N proteins, which gives a total of 3N x 3N elements in the

complete tensor:

D11 D12 DlN
D21 Dzz Tt DZN

D= (2.47)
DNl DNZ T DNN

Here, each individual 3 x 3 D;; tensor is defined by:

D kT I d D kT J+ ! (2.48)
" 6mna Yo 8mmry rl.zj v

In the submatrix, I is the three dimensional unit tensor and r;; = r; — r; is the posi-
tion of molecule i relative to molecule j. With no hydrodynamic coupling the only
non-zero terms are for D;_;. Thus, computing the correlated random displacements,
(RiR;) = 6D;;At, at each time step is straightforward. However, explicit inclusion of
hydrodynamic coupling leads to correlated motion that manifests itself as non-zero off-
diagonal terms in the diffusion tensor. In this case, in order to compute the correlated
random displacements the matrix must first be diagonalised, making the calculations
much more taxing.

As the inclusion of hydrodynamic interactions is so computationally expensive they
are often neglected in BD simulations, though there is increasing evidence of their im-

portance [[198, 199, 200]. However, great strides have recently been made in developing
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Figure 2.7: Schematic picture of BD simulation and diffusional association. The partitioning between the
anisotropic (b) region and the isotropic (q) regionis atr = b.
more efficient algorithms to reduce the computational cost of calculating the hydrody-

namic interactions (see e.g. [201]]).

2.2.3 Calculating rate constants from Brownian dynamics simulations

It is also possible to compute association rates between two proteins using BD simula-
tions. While the work described in this thesis will not make direct use of this technique
(for reasons discussed in Chapter[4) it is included here for completeness.

In order to calculate rate constants it is necessary to make use of a framework first
developed by Northrup, Allison and McCammon [202] in 1984, hereafter referred to as
the NAM method. The NAM method partitions the configuration space into two regions,
denoted as b and q (Figure [2.7). The inner region, b, is finite and is the region closest
to the reference protein. Here the diffusion is governed by a complicated set of non-
centrosymmetric interactions and must computed numerically. In contrast, the outer g
region is infinite but is sufficiently spatially separated from the reference protein that

the diffusion behaviour can be dealt with analytically, as any intermolecular forces are
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considered approximately centrosymmetric at this distance. The ensemble reactive flux
should also be isotropic at this distance, i.e. the steady state rate at which mobile re-
actants outside the b surface strike the surface should have no angle dependence and
should be the same everywhere.

The result is that BD trajectories only need to be calculated explicitly for the inner re-
gion, where computation of a swarm of trajectories is required to extensively sample the
association pathways. When these trajectories reach the outer region they are truncated
and any contribution they make to the overall rate is just given by an analytic correction
factor.

The overall rate constant, k, can therefore be decomposed into two parts:

k=ky(b)p (2.49)

The k,(b) component is the rate constant governing the rate at which molecules at
separations r > b strike the b surface. If there are no forces or hydrodynamic interactions

for r > b this is just given by the Smoluchowski result® [203]:

k,(b) = 4nDb (2.50)

Now the complicated asymmetric element of the problem has been wholly isolated in
the quantity p, and this can be evaluated explicitly by consideration of reactant motion

in the inner and outer regions. Again, the derivation is slightly involved and readers are

®Alternatively if forces and hydrodynamic interactions do exist, but are still centrosymmetric, then the
following more general expression can be used:

(%, TexplUM/kTT)
kD(b)_(L dr{ 47tr2D(r) })



Theory and Methods 73

referred to the original paper for additional details [202]], but it can be shown that:

_ B

Where Q = k,(b)/kp(q) and 3 is the fraction of reactive trajectories. It is therefore
possible to obtain an expression for the overall rate constant by an appropriate division

of the diffusion space.

2.3 Poisson-Boltzmann electrostatics

In addition to the hydrodynamic interactions with the solvent molecules described above,
at high salt concentrations biological macromolecules also interact with the excess salt
in the solution. Immersion in an electrolyte solution leads to the buildup of oppositely
charged counterions around proteins and also at the surface of the cell membrane, lead-
ing to the formation of an electrical double layer. The electrical double layers screen the
Coulomb interaction between proteins and the membrane surface with the result that the
interaction is in fact an ‘effective’ one [|204].

The phenomenon of charge screening was first investigated by Gouy [[205]] and also
independently by Chapman [206] in the early part of the 20" Century. They each showed
how the electrical double layer could be described by the Poisson-Boltzmann equation, a
combination of the Poisson equation and a Boltzmann distribution. The former describes
the electrostatic interactions between a biomolecule and the additional salt ions, while
the latter describes the equilibrium between the two. Several alternative derivations of
the Poisson-Boltzmann equation have been documented, and for completeness two of
them will be outlined here. The first is a more traditional approach, similar to that used
by Gouy and Chapman, that considers the electrical double layer at a uniformly charged
plane. The second method considers an arbitrary array of point charges fixed in space

and surrounded by an electrical double layer. This geometry is perhaps more relevant for
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applications in molecular simulation.
For the first derivation, the treatment of Dill and Bromberg is followed [[207]]. Begin-

ning with the Poisson equation:

VAp(x) = —% (2.52)

Here, V2\(x) is the Laplacian of the electrostatic potential, e(x) is the dielectric
constant in a polarisable medium and p(x) is the charge density of the salt ions. At a
plane surface, the mean field concentration of mobile positively charged salt ions at a

distance x from the plane is given by:
n.(x)= nooe_ze‘l’(")/kBT (2.53)

The concentration of positive ions in the bulk, far away from the surface where

P(o0) =0, is given by n.,. The corresponding expression for the negative ions is:
n_(x) = nyetevt)/ksT (2.54)

The mobile ions also contribute to the overall electrostatic potential. Their contribu-

tion is given by:

pla) =D Jmen;(x)

i (2.55)
=ze[n (x) —n_(x)]
Now, substituting Equation [2.53]and Equation into Equation [2.55] yields:
vzll)(x) — ZenOO (eze1p(x)/kBT _ e—Ze‘lJ,)(X)/kBT) (2.56)

e(x)
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This can be expressed in terms of the hyperbolic sine function:

) _ 2zeny, | zeP(x)
VAP(x) = ) smh( kT ) (2.57)

This is the non-linear version of the Poisson-Boltzmann equation. In the case where
the potential is small, ze\(x)/kT < 1, the approximation sinh(x) A~ x can be used. The

Poisson-Boltzmann equation then becomes:

V20(x) = 2zen, (zetb(x)

e (2 )=K2(x)¢(x> 2.58)

Where « is defined as:

(2.59)

This is the linearised form of the Poisson-Boltzmann equation, which is also known
as the Debye-Hiickel equation [208]]. The quantity 1/k(x) is the Debye length, which
is the characteristic thickness of the electrical double layer and can be thought of as the
distance required for effective screening by mobile charge carriers. The behaviour of
the mobile ions at distances greater than 1/«(x) away from the surface is influenced to
only a limited extent by the surface charge. As a practical example of this, when using
SDA with the NAM b/g-surface formalism described above, it is recommended to set the
radius of the b surface to at least ten times the Debye length. This is done to maintain
the validity of the NAM method by ensuring all electrostatic interactions are completely
screened out.

An alternative derivation can be found in an article by Baker [209]. Rather than a
uniform surface charge, the derivation outlined by Baker yields a form of the Poisson-
Boltzmann equation that can then be used to compute the charge distribution around
an array of point charges. This is particularly useful when considering the electrostatic

properties of irregularly shaped biomolecules with non-uniform charge distributions.



Theory and Methods 76

Written in a slightly different form, the Poisson equation is:

=V e(m)Vp(r) =p(r) (2.60)

The variables are the same as in Equation In a biomolecular system two types
of charge distribution are considered. First, there are the atomic partial charges of the

protein that are represented by a fixed charge distribution:

o N

4me? Y
D Qid(r—r) (2.61)
B =1

pf(r) = T

The N atomic partial charges of the protein with magnitudes Q; are represented by
delta functions located at atom centres r;. Second, the contributions of counterions are
modelled as a mean field Boltzmann distribution, such that the mobile charge distribution
is given by:

4me? &

on(r) = D 1¢;a;exp(—gb(r) = V(1)) (2:62)
B j

This accounts for n counterion species with charges q;, bulk concentrations c; and
steric potentials V;. Steric potentials prevent the overlap between the biomolecule and

the counterions. For a one-to-one electrolyte this simply reduces to:

Pm(r) = k*(r)sinh[(r)] (2.63)

Combining Equation 2,60 Equation and Equation yields:

o

—V - e(r)VYP(r) + k3(r)sinh[P(r)] =

4me
B

N
o D Qid(r—r) (2.64)
i=1

This is an alternative form of the Poisson-Boltzmann equation. Again, for small po-

tentials the approximation sinh(r) ~ r can be used. The linearised form of this Poisson-
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Boltzmann equation then becomes:

4me? X
—V - e(M)VU(r) + K2(HW(r) = - D Qs —r) (2.65)

The Poisson-Boltzmann equation can therefore be used to compute the electrostatic
potential around a biomolecule if the charge distribution and salt concentration are
known. In practice the complexity of these systems means that an analytical solution is
not possible and the non-linear PB equation must be solved numerically. Several software
packages are now available to do this: examples include the Adaptive Poisson-Boltzmann
Solver (APBS) [210]], DelPhi [211}, [212]] and UHBD [191}, [192]]. The various numerical
methods used to solve the non-linear PB equation are documented in detail elsewhere
[213]], but briefly, they typically involve partitioning space into a mesh of grid points and
solving the non-linear PB equation at each grid point. This generates an approximate
solution for the electrostatic potential, and the more closely spaced the grid points the
better the approximation to the true value. Discretising the problem in this way makes
the calculations tractable, but for larger systems with a dense array of grid points the
calculations can still be computationally expensive.

Continuum electrostatics calculations typically do not incorporate the internal dy-
namics of the proteins: rather, the structures remain rigid while the calculations are
performed. Poisson-Boltzmann theory also has its limitations as, for example, it ignores
ion-ion correlations and instead uses a mean-field approximation [[136]], which can have
serious consequences when divalent ions are present in the system [214].

APBS has been used throughout this thesis to calculate electrostatic potentials. In
APBS calculations the salt concentration is set explicitly at the outset and is a key input
parameter, and hence the ionic strength has a direct impact on the computed electrostatic
potential. It is therefore straightforward to incorporate the effect of salt concentration
into BD simulations using SDA by simply calculating electrostatic potentials at different

ionic strengths using APBS. The output of APBS is an electrostatic potential grid that
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can be inputted directly into SDA’. The influence of ionic strength on the electrostatic
potential and, by extension, the interaction forces computed in Equation is there-
fore already bound up in these pre-calculated electrostatic potential grids before the BD

simulation even begins.

2.3.1 Further details of BD simulations using SDA

SDA performs BD simulations of associating proteins using experimentally determined
structures, which are then converted from their PDB format to the PQR format using
PDB2PQR [215]]. PDB2PQR assigns charges and atomic radii to each of the atoms in
the protein structure, and the resulting PQR file then forms an input for calculating the
electrostatic map using APBS. The electrostatic maps are calculated at the outset and re-
main unchanged throughout the simulation as it would otherwise be too computationally
costly to recalculate each map for every time step. The initial electrostatic potential is
instead superimposed onto the position and orientation of the protein at each time step,
so that the protein and its electrostatic potential effectively undergo synchronous bulk
rotations and translations. If the structure of the bound complex is known then SDA is
able to calculate the association rate.

The forces between the diffusing proteins are computed as finite-difference deriva-

tives of the free energy of interaction between the two proteins:

1 1
AG = 2 Z .4 qip + 5 Z .5 gt Z D, 454 quz + Z D458 quZ (2.66)
iB JA iB JA

Electrostatic desolvation grids are calculated according to the protocol developed by

Elcock et al. [216]]. The unfavourable electrostatic desolvation term is approximated by

’For historical reasons, it is necessary to first convert the output file format of APBS to the legacy
format used by UHBD using the tools provided with SDA.
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the following expression:

AG (2.67)

Y
eds ™~

2
m2(1+|<ru) exp(— 2|<ru) s

€, and €, are the dielectric constants of the protein and solvent, set to 2 and 80
respectively. As in previous studies, the scaling factor « is set to 1.67. The Stokes-
Einstein relations are often used to estimate the translational and rotational diffusion

constants for biological macromolecules:

translational rotational

1 1
kT kT
= and Dyp=—— (2.68)
67na 8mnad

However, these assume a spherical geometry. Here, the HYDROPRO program [217]]
has been used, which constructs a hydrodynamic bead model of the proteins based on the
non-hydrogen atoms to calculate these quantities more accurately. The effective charge

method [218]] was used to assign partial charges to the proteins.

2.4 Molecular docking

Molecular docking is a commonly used technique for predicting the interaction of ligands
with biomolecular targets, and is particularly useful in the field of computer aided drug
design (CADD) when the objective is to attempt to identify ligands that are able to bind
to a target biomolecule [219]. If the structure of the target is known (from X-ray crys-
tallography, NMR spectroscopy or homology modelling) then computational docking can
expedite this lead identification process by rapidly screening a large number of candidate
drug molecules against a target in a process known as virtual screening. The resulting
protein-ligand complexes are evaluated and ranked by a scoring function to eliminate
the weaker drug candidates and produce a series of ‘hits’ that are then earmarked for

further investigation. These lead compounds can then be tested by experimental assays,
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Figure 2.8: Stepwise evaluation of ligand binding using AutoDock.

and synthesis of more potent analogues by chemical modification of the scaffold can then
be attempted, a procedure known as lead optimisation.

Docking studies are typically performed by either docking whole molecules into pro-
tein binding sites or by ‘growing’ a new molecule in the active site by utilising a fragment
based approach. Docking and virtual screening are now firmly established stages of the
drug development pipeline and are widely used in industry and academia. Popular dock-
ing programs include the freely available AutoDock [[220},221]] and commercial software
such as GOLD (CCDC [222]]), Glide (Schrodinger, LLC [223]]) and LigandFit (Accelrys
[224]).

All molecular docking described in this thesis was performed using AutoDock. AutoDock
evaluates binding in a stepwise fashion (Figure [2.8). First, AutoDock estimates the in-
tramolecular energetics for the transition from the protein unbound state to its confor-
mation in the bound state, and separately for the ligand transition from its unbound
conformation to its bound state. Next, the intermolecular energetics of combining the
protein and the ligand in the bound conformation are computed. The AutoDock force

field contains six pairwise evaluations, V, and an estimate of the conformational entropy
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Here, L is the ligand and P is the protein target in a docking run. Each of these pair-
wise evaluations includes terms to account for the van der Waals interactions, hydrogen

bonding, electrostatics and desolvation, given by:
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The weighting constants, W, are included to calibrate the energy function, which has
been benchmarked against experimentally determined binding affinities. AutoDock al-
lows for the inclusion of rotatable bonds within the ligand to increase the flexibility of the
small molecule and improve the chances of obtaining a favourable docking pose. It also
provides functionality to assign flexibility to amino acid sidechains near the binding site,
providing additional degrees of freedom when attempting to generate a suitable protein-
ligand complex. The details of the bond torsions assigned to the various molecules used

in docking are discussed in Chapter[5l



Chapter 3

Computational studies of membrane-bound

GRP1-PH

N this first results chapter, simulations of the PH domain from GRP1 bound to PI(3,4,5)P,
Iare described. GRP1-PH is an attractive candidate for study as it binds to PI(3,4,5)P,
with unusually high specificity and high affinity, and owing to these properties a great
deal of experimental data on GRP1-PH are available. This makes GRP1-PH a useful test
case for validation of some of the computational techniques used in this thesis, before
moving on to apply them to more complex examples of membrane-binding proteins in
later chapters. This study, along with experimental data from collaborators in the USA,

was published in Structure [|78]].
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3.1 Introduction

The PH domain is a highly structurally conserved domain of approximately 100 amino
acid residues [[35}36]]. This structural similarity is, however, somewhat remarkable given
the low level of sequence identity among different PH domains [37]]. Many PH domains
bind to PIPs, a comparatively rare class of target lipid possessing a large negative charge,
which arises from the presence of a variable number of phosphate group substituents on
the inositol ring. Different patterns of phosphorylation at the 3’, 4’, and 5’ positions of
the ring afford a total of seven distinct PIP species. The low level of sequence homology
between PH domains gives rise to a correspondingly broad spectrum of behaviour, so
while some PH domains are extremely specific and recognise only one of the seven species
of PIB others are virtually unable to discriminate between them [38}, [132].

The PH domain of GRP1 (GRP1-PH) is one of the most selective PH domains, re-
versibly binding to PI(3,4,5)P; with pronounced specificity and high affinity [225]]. In-
deed, the fidelity of GRP1-PH for its ligand has led to its use as a biosensor to monitor the
concentration of PI(3,4,5)P; in PI3-K signalling [226]] or in vivo intracellular 1(1,3,4,5)P,
dynamics [227]. The concentration of PI(3,4,5)P; in the cytoplasmic leaflet of the cell
membrane is ordinarily very low, and so recruitment of GRP1 to the membrane surface
is dependent upon the activity of class IA PI3-Ks, which are responsible for generating
elevated levels of PI(3,4,5)P; by phosphorylating the inositol headgroup of the more
abundant PIP species PI(4,5)P, [|66].

GRP1 is a member of the cytohesin family of proteins, which are small, phosphoinositide-
dependent guanine nucleotide exchange factors (GEFs) that promote activation of ADP
ribosylation factor (Arf) GTPases. Like other members of the Ras superfamily, Arf GTPases
regulate several cellular processes including endocytosis and cytokinesis by switching be-
tween their active (GTP-bound) and inactive (GDP-bound) forms [228]], and they are

thought to be particularly important in mediating the invasivity of tumour cells in breast
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Figure 3.1: Structural features of GRP1-PH. (A) The three binding loops, 31/32 (orange), 33/34 (blue), and
[36/37 (pink), and their positions relative to the 1(1,3,4,5)P, headgroup. (B) The geometry of the 1(1,3,4,5)P,
binding site, with the key amino acid residues referred to in the text shown as stick representations in white. (C)
The initial setup for the MD simulations, with the centres of the phosphate groups shown as grey spheres and the
lipid bilayer depicted as a translucent white surface. Water molecules and ions are omitted for clarity. In all cases,
the protein is shown as a green ribbon diagram, and the 1(1,3,4,5)P, headgroup is shown as a stick model.

and skin cancer [229]]. While the catalytic activity of GRP1 has been attributed to its Sec7
domain, recent experimental studies [230] have suggested that this activity is autoinhib-
ited in the cytosol and that the protein only becomes catalytically competent when bound
to the lipid bilayer. This underscores the importance of the GRP1 PH domain, since it is
the high specificity and affinity of GRP1-PH for PI(3,4,5)P; that is primarily responsible
for driving the recruitment of its host protein to the surface of the plasma membrane.
However, it is possible that when bound to the membrane, nonspecific interactions with
the lipid molecules in close proximity may play a role in anchoring GRP1-PH to the lipid
bilayer. It is the nature and strength of these additional protein-lipid interactions that are
the subject of this chapter.

The canonical PH domain comprises a seven stranded 3 barrel capped at one end by
an amphipathic « helix, while the other end is flanked by three loops (31/32, 33/p4,
and $6/p7) that together form the PIP binding site (Figure 3.I). The precise sequence
of amino acid residues in these loops is a major factor in determining the specificity
of the domain, and it has been observed that even small changes in this binding motif
such as the addition or deletion of a single glycine residue can have a profound effect

on the binding properties of the domain [231], 232]]. An unusual structural feature of

GRP1-PH is the 36’/B6" hairpin insertion, which lies within the extended 36/37 loop.
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Comparative studies between different PH domains have suggested that the presence of
this insertion in GRP1-PH is the factor that determines its pronounced PI(3,4,5)P; speci-
ficity, as it ‘deepens’ the ligand binding pocket and provides additional coordination for
the 5’-phosphate [233]]. The position of the hairpin insertion relative to the 1(1,3,4,5)P,
headgroup in the crystal structure of GRP1-PH suggests that in the membrane-bound
state this loop may also interact with the lipid bilayer. However, this remains only a
conjecture as, although the binding of GRP1-PH to soluble inositol phosphates is now
relatively well characterised, much less is known about the nature of the membrane-
associated complex. In particular, the extent of the interaction between GRP1-PH and
the lipid bilayer remains unclear. While SPR experiments by Manna et al. [[132]] and
later by He et al. [|98] detected some membrane penetration, when Knight and Falke
monitored the diffusion of individual GRP1-PH domains using single particle tracking in
TIRFM experiments, they found that, within error, the diffusion constant of the bound
GRP1-PH-PI(3,4,5)P; complex was the same as that of a free lipid [[96]]. This was inter-
preted as indicating that there was comparatively little interaction between the bound
PH domain and the adjacent membrane, since such an interaction would presumably
exert a viscous drag force on the bound complex and slow its diffusion rate. Here, the
interaction between GRP1-PH and the membrane is examined, focusing on the relative
importance of the specific, PI-mediated interactions and the nonspecific interactions with

the lipid molecules of the adjacent bilayer!.

3.2 Methods

To generate a suitable initial configuration of the GRP1-PH-PI(3,4,5)P; complex at the
membrane surface, it was necessary to place the crystal structure of the protein incor-

porating the 1(1,3,4,5)P, headgroup at an appropriate position and orientation relative

!This project was part of a collaboration with Professor Tatiana Kutateladze and colleagues at the
University of Colorado Denver School of Medicine, and Professor Robert Stahelin and colleagues at Indiana
University School of Medicine and the University of Notre Dame.
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to the lipid bilayer (Figure [3.1). The orientation of PIP headgroups at the surface of
lipid bilayers has recently been studied extensively by Pastor and co-workers [234] using
MD simulations and finite-difference Poisson-Boltzmann calculations. They found that
the 1(1,3,4,5)P, headgroup sampled a range of tilt-twist (0-¢) angles at the membrane
surface, but that some orientations were preferred. These were used as a guide when po-
sitioning the holo GRP1 PH domain relative to the surface of the membrane, matching the
orientation of its bound 1(1,3,4,5)P, headgroup to the preferred 0-¢ angles determined
by Pastor and co-workers (Figure [3.2).

MD simulations were performed using GROMACS version 3.3.3 [[185] with the GRO-
MOS96 43al forcefield [142]. Bond lengths and angles were constrained using the
LINCS algorithm [[139] and a timestep of At = 2 fs was used, writing atomic posi-
tions every 10 ps. The neighbour list was updated every ten steps. The 1.5 A resolu-
tion structure of GRP1-PH complexed with 1(1,3,4,5)P, (PDB 1FGY) [[4] was used in the
simulations. Force field parameters for the 1(1,3,4,5)P, headgroup were generated as
described in Chapter[2l The charge on the 1(1,3,4,5)P, headgroup was assumed to be -7,
although in vivo the net charge of PI(3,4,5)P; may vary substantially [[17]]. McLaughlin
and co-workers point out that the net charge of PI(4,5)P,, and by extension PI(3,4,5)P,,
is also likely to be influenced by the interaction with PIP binding proteins because pro-
tons bound to the headgroup may be displaced upon protein binding [|8]. Despite this,
when Lai et al. [87] performed simulations of a membrane-bound C2 domain from pro-
tein kinase Cx (PKCx) in complex with PI(4,5)P, they did not observe any change in the
stability of the protein-membrane complex upon altering the net charge on PI(4,5)P,.

Simulations were performed under periodic boundary conditions and temperature
was kept constant at 296 K by coupling the system to a heat bath using a Berendsen
thermostat [[159] with T; = 0.1 ps. Pressure was maintained at 1 atm using a Parrinello-
Rahman barostat [[162] and [[163] and semi-isotropic pressure coupling with 7, = 1 ps

and a compressibility of 4.6 x 10° bar!. Long-range electrostatics were treated using
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Figure 3.2: Initial positioning of PI(3,4,5)P3 in the lipid bilayer. The 1(1,3,4,5)P4 headgroup was positioned such
that the C1-C4 vector lay at an angle of approximately 40° to the membrane surface, while the C3-C5 vector lay at -
17.5° to the membrane surface, in line with the results from simulation studies performed by Pastor and co-workers
to determine PIP headgroup orientations at the surface of lipid bilayers [234].

the particle mesh Ewald (PME) method [235]] with a short range real space cut off of 10
A. To obtain the initial membrane-bound conformation of the protein, the 1(1,3,4,5)P,
headgroup in complex with GRP1-PH from the crystal structure was overlaid onto a phos-
phatidylcholine headgroup of a lipid molecule close to the centre of a preformed POPC
bilayer comprising 174 lipid molecules. The 1(1,3,4,5)P, headgroup was positioned such
that the C1-C4 vector lay at an angle of approximately 40° to the membrane surface,
while the C3-C5 vector lay at -17.5° to the membrane surface, within the ranges deter-
mined in a recent computational study of PIP headgroup orientations in lipid bilayers
[234]. The protein-ligand complex was then exchanged for the PC headgroup and sol-
vent molecules were added using the GROMACS tools, employing the SPC model for wa-
ter [[236]]. After addition of the requisite number of ions to neutralise its net charge, the
system was energy minimised for up to 1000 steps using the steepest descent algorithm
and then sequentially equilibrated for a total of 3 ns. During the first 1 ns of equilibra-
tion, isotropic position restraints were applied to the protein and the ligand allowing the
water and lipids to relax around the static complex. Restraints on the protein side chains
were then removed, and equilibration continued for a further 1 ns, before continuing for
a final 1 ns with all restraints removed bar those on the protein Cox atoms and the ligand

atoms. Production runs were then performed for 100 ns to allow the protein to adopt
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B

Figure 3.3: Simulation snapshots of membrane-bound GRP1-PH. (A) Snapshot at the beginning of a simulation
(0 ns) with GRP1-PH bound to PI(3,4,5)P3 positioned at the surface of the lipid bilayer. (B) Snapshot after 100
ns, showing the insertion of the 36/37 loop coloured in orange. The aliphatic lipid tails are shown as a white
translucent surface and the lipid phosphate headgroups are shown as grey spheres. Water molecules and ions
are omitted for clarity.

its preferred orientation at the bilayer surface, and subsequent SMD simulations were
initiated from the conformation achieved after 50 ns of equilibrium MD simulation.

SMD simulations were carried out using the GROMACS pull code. A stiff, harmonic
spring of force constant 500 pN A" was attached to the centre of mass of the protein,
though the protein remained free to rotate about its centre of mass. Another, identical
spring was attached to the centre of mass of the lipid molecules in the bilayer to maintain
the integrity and planarity of the bilayer as the protein was pulled away. The spring
attached to the protein was then retracted parallel to the z axis at a rate of 1.0 A ns™
over a period of 40 ns, or at a rate of 0.5 A ns™ over a period of 80 ns.

Lateral diffusion constants were estimated by first removing the centre of mass mo-
tion of the combined protein and lipid bilayer and then calculating the mean square
displacement (MSD) of the protein in the xy plane, such that the motion of the protein
was measured relative to the centre of mass of the membrane. The value of D was ex-

tracted by fitting to the MSD over the first 50 ns of the simulation trajectory where it

is approximately linear using the GROMACS tools, and subsequently using the Einstein
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Figure 3.4: Conformational drift of bound GRP1-PH during the equilibrium MD simulations. (A) RMSD and (B)
RMSF of the protein Cx atoms over the 100 ns trajectories. The wild type simulations are shown in black and red,
while the simulations of the A346E mutant are shown in blue and green.

relation in two dimensions [[136].
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3.3 MD simulations of membrane-bound GRP1-PH-PI(3,4,5)P,

To explore the extent of the interaction between GRP1-PH and the lipid bilayer, two 100
ns equilibrium MD simulations of the membrane-bound GRP1-PH-PI(3,4,5)P; complex
were performed (Figure [3.3) using two different sets of initial velocities. Analysis of the
Ca RMSD of the protein demonstrated that GRP1-PH experienced relatively low levels
of conformational drift over the trajectories (Figure [3.4). The simulations revealed an
array of contacts between the protein and the lipids of the adjacent bilayer, showing that
the 31/B2, 3/B4, and 36/37 loops flanking the binding site are well positioned to
interact with the membrane. To assess the degree of membrane penetration by each of
the three loops, the non-polar protein-lipid interactions were analysed (Figure [3.5] and
Figure [3.6]), which show that the residues within the 31/32 and 33/34 loops form tran-
sient non-polar contacts with the POPC carbon tails over the course of the trajectory. The

36/7 loop on the other hand experiences a much more sustained interaction with the
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Figure 3.5: Membrane penetration of GRP1-PH observed during the MD simulations. (A) Mean number of non-
polar protein-lipid contacts per residue per ps over the 100 ns for the two wild type protein simulation (one simulation
in black and the second simulation in blue). (B) The same measure for the two A346E mutant simulations. Non-
polar contacts are defined as the number of POPC tail carbon atoms within 4 A of a protein heavy atom.

lipid acyl chains throughout the simulation, indicative of a greater degree of penetration
into the hydrophobic core of the membrane. Thus, the extension to the core 3 barrel pro-
vided by the hairpin insertion in the GRP1 PH domain not only deepens the PI(3,4,5)P;
binding pocket but also appears to provide a framework for more extensive interactions
with the surrounding membrane lipids. Several residues in GRP1-PH interact directly
with the 1(1,3,4,5)P, headgroup in the crystal structure [[4], and this extensive network
of interactions is preserved throughout both simulations of membrane-bound GRP1-PH.
Analysis of the hydrogen bonding interactions between the amino acid residues lining the
binding pocket of GRP1-PH and the phosphate groups of PI(3,4,5)P; detected hydrogen
bonds between PI(3,4,5)P; and the following amino acid residues: K273; G276; R277,;

V278; T280; K282; R284; Y295; R305; K343; and H355 (Figure[3.7). This is in excellent
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Figure 3.6: Non-polar contacts from Figure [3.5] projected onto the molecular surface of GRP1-PH for (A) the wild
type protein and (B) the A346E mutant respectively, illustrating the decrease in penetration depth of the 36/37 loop
upon mutation. The colour scale corresponds to the plots in Figure [3.5 and shows the mean number of non-polar
protein-lipid contacts per residue per ps, varying from 0 (blue) to 2 (red). Non-polar contacts are defined as the
number of POPC tail carbon atoms within 4 A of a protein heavy atom.

agreement with the hydrogen bonding pattern found in the crystal structure, with only
the hydrogen bond donated by N354 to the 5'-phosphate not detected. This indicates
that the binding mode adopted by the soluble 1(1,3,4,5)P, headgroup is preserved in the

membrane-associated state when GRP1-PH is bound to PI(3,4,5)P;.

3.3.1 Experimental verification using NMR spectroscopy

To test the prediction that it is these regions of GRP1-PH that interact with the lipid
bilayer, He and Kutateladze investigated the association of the PI(3,4,5)P;-bound pro-
tein with membrane mimetic DPC micelles using NMR spectroscopy. The *H, >N HSQC
spectra of the *N-labelled PH domain in complex with PI(3,4,5)P, at a 1:2 protein to
lipid ratio were collected as DPC micelles were titrated in. Substantial changes in amide
resonances of R267, L272, C292, 1293, F296, E303, C342, K343, T344, E345, V351,
E352, G353, and K373 were observed (Figure [3.7)), indicating that these residues are
directly or indirectly involved in the interaction with the micelles. The majority of the
most perturbed residues were located in the 31 and 33 strands and in the 33/34 and

36/B7 loops of the PH domain. The magnitude of the perturbation in chemical shift was
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Figure 3.7: PI(3,4,5)P3 hydrogen bonding and NMR micelle contacts. (A) Hydrogen bonds between the amino
acid residues lining the binding pocket of GRP1-PH and PI(3,4,5)P5 occuring in simulations of bound GRP1-PH. (B)
Residues experiencing medium to large perturbations in their amide resonances in chemical shift mapping NMR
spectroscopy when DPC micelles were titrated in. The magnitude of the chemical shift change was particularly
large in the region around the (36/(37 loop. The grey solvent-accessible surface of GRP1-PH is shown in the same
orientation as Figure [3.6]

particularly large in the region corresponding to the 36/37 loop, suggesting that of the
three loops the 36/37 loop interacts with the lipid environment to the greatest extent, in
good agreement with the MD simulations. The NMR studies also indicate that monolayer
penetration of GRP1-PH is pH dependent, as the magnitude of the NMR perturbations in
the PI(3,4,5)P;-bound GRP1 PH domain induced by DPC micelles is increased by lower-
ing the pH. This builds on previous work [|98]], which established that protonation of the

H355 residue increases the binding affinity of the protein.

3.4 SMD simulations of dissociation of GRP1-PH from a membrane

On the basis of the results from NMR spectroscopy, the relative strength and pH depen-
dence of the interactions between each of the three binding loops and the PI(3,4,5)P;-
containing lipid bilayer were investigated using SMD simulations to probe the likely
mechanism of dissociation of the complex. Thus, the bound PH domain was ‘pulled’
away from the ligand and the surrounding lipid bilayer by a force applied parallel to the

z axis, perpendicular to the plane of the membrane (Figure [3.8). The sequence in which
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Figure 3.8: Schematic of steered MD simulation setup for dissociation of GRP1-PH. A virtual spring is attached to
the pulled group and a force is applied along the reaction coordinate. The force causes the spring to retract and
the pulled group is forcibly dissociated from the surface of the membrane.

the protein-ligand and protein-lipid contacts are broken as the protein is pulled away al-
lows for exploration of the relative contribution of each of the loop regions in sustaining
the complex.

By performing two SMD simulations, one with the side chain of H355 in a neutral
state and another with the side chain in a protonated state, it is possible to partially mimic
the effect of a change in pH and assess how this may affect the interaction between the
protein and the ligand or the membrane. Each pulling simulation was performed twice,
once at a pulling speed of 1.0 A ns™ over a period of 40 ns and once at a pulling speed
of 0.5 A ns™ over a period of 80 ns, in order to assess the reproducibility of the results.
This gave a total of four SMD simulations performed under different conditions. The
36/37 loop that penetrated the lipid bilayer to the greatest extent in the equilibrium MD
simulations is sufficiently tightly bound to the lipid bilayer that it is able to extract POPC
lipids upon dissociation of the complex in the SMD simulations (Figure [3.9). This effect
is even more pronounced when H355 is protonated.

The electrostatic and van der Waals contributions to the potential energy of the com-
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Figure 3.9: Simulation snapshots of GRP1-PH being pulled from the bilayer surface. (A) Snapshot att = 0 ns for
the neutral H355 case. (B) Snapshot at t = 36 ns, again for the neutral H355 case. The interaction between the
[36/37 loop and the membrane lipids is sufficiently strong to completely remove a lipid from the bilayer (shown in
red) at this pulling velocity, while another lipid (shown in yellow) is partially extracted.

plex over the course of the SMD simulations were extracted and are shown in Figure
for the faster pulling simulations, with a pulling rate of 1.0 A ns! for 40 ns, and in Fig-
ure 3111 for the slower pulling simulations with a pull rate of 0.5 A ns™ for 80 ns. The
lipid bilayer provides the dominant contribution to the van der Waals component of the
potential energy in both cases. The van der Waals component remains non-zero at the
end of both the simulations despite the protein having been pulled away from the mem-
brane due to the extraction of lipids from the bilayer as discussed above, which remain
bound to the protein as it is pulled away. Interestingly, in the case where H355 was
in a neutral state, the protein-PI(3,4,5)P; interaction and the protein-POPC interaction
both contribute in approximately equal measure to the overall electrostatic interaction
between the protein and the membrane. This is likely due to multiple interactions be-
tween the protein and the phosphatidylcholine headgroups in the lipid bilayer. However,
when H355 is protonated, the protein-PI(3,4,5)P; interaction dominates. As before, the
component of the electrostatic potential energy does not fall to zero over the course of
the simulation, again as a result of the extraction of lipid molecules from the bilayer.

Pulling the protein over the same distance at a faster rate gives similar results.

The considerable contribution to the van der Waals and electrostatic potential energy
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Figure 3.10: Short ranged components of the electrostatic and van der Waals contributions to the potential energy
of the protein-membrane complex calculated from the shorter SMD simulations, duration 40 ns and a pulling rate
of 1.0 A nsL. The electrostatic potential energy is shown for (A) the system with neutral H355 and (B) the system
with H355 in a protonated state. The van der Waals potential energies are shown in (C) for neutral H355 and in
(D) for H355 in a protonated state. The traces are qualitatively similar in shape to those calculated for the slower
SMD simulations, 80 ns duration and a pulling rate of 0.5 A ns?t (Figure B1I).

of the protein-membrane complex provided by the POPC lipids suggests that the lipid
bilayer plays an important supporting role in the membrane interaction of GRP1-PH.
Since the H355 residue lies within the 36/37 loop, which experienced the most sustained
interaction with the lipid bilayer during the MD and SMD simulations, it is possible that
protonation of this residue plays a dual role in increasing the binding affinity of the
complex by not only reinforcing the specific interaction between H355 and PI(3,4,5)P,,
but also by extending the residence time of the 36/37 loop in the lipid bilayer through
more extensive electrostatic interactions with the headgroups of the surrounding lipids.

In this respect, the protonated H355 residue could be said to act as a ‘latch’ mechanism,

which prolongs the interaction between the loop and the membrane as the protein is
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Figure 3.11: Short ranged components of the electrostatic and van der Waals contributions to the potential energy
of the protein-membrane complex calculated from the longer SMD simulations, duration 80 ns and a pulling rate
of 0.5 A nsL. The electrostatic potential energy is shown for (A) the system with neutral H355 and (B) the system
with H355 in a protonated state. The van der Waals potential energies are shown in (C) for neutral H355 and in (D)
for H355 in a protonated state. The traces are qualitatively similar in shape to those calculated for the faster SMD
simulations, 40 ns duration and a pulling rate of 1.0 A nst (Figure B.10).

pulled away.

Similar SMD simulations were also performed for the isolated protein with the I(1,3,4,5)P,
headgroup in solution, with no bilayer present. Again, simulations were carried out for
the two cases of neutral and protonated H355. Comparison with the previous simula-
tions in which the membrane was present shows that the inclusion of the lipid bilayer
appears to prolong the contacts between the PI(3,4,5)P; headgroup and the protein (Fig-

ure [3.12), again pointing toward a potential ‘dual recognition’ mechanism where the

lipid bilayer complements the specific interaction between GRP1-PH and PI(3,4,5)P;.
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Figure 3.12: Interactions of the protein with both PI(3,4,5)P3 and the lipids in the membrane are enhanced by
protonation of H355. (A) Distance between the centre of mass of the 1(1,3,4,5)P, headgroup and the centre of
mass of H355 in the faster membrane-bound SMD simulations for both the neutral H355 case (black) and the
protonated H355 case (red). The protonated H355 residue appears to act as a ‘latch’, prolonging the interaction
between the protein and the 1(1,3,4,5)P4 headgroup as the protein is pulled away. (B) Distance between the
centre of mass of the 1(1,3,4,5)P, headgroup and the centre of mass of H355 in the slower membrane-bound SMD
simulations. (C) The same measure is shown, this time for the SMD simulations carried out with the protein and
isolated 1(1,3,4,5)P, headgroup in solution, with no bilayer present. The ‘latching’ behaviour seen in the membrane-
bound simulations is still observed, but is a much weaker effect in the absence of the lipid bilayer, suggesting that
protonation also favours a more substantial interaction with the membrane.

3.5 Membrane penetration of mutant GRP1-PH

3.5.1 Monolayer penetration studies

To further define the role of the three loop regions in membrane binding, Xue and Stahe-
lin replaced the hydrophobic residues of each loop (V278 of 31/32; Y298 of 33/p4;
A346 and V351 of 36/37) with a glutamate residue and the corresponding mutant

proteins were evaluated by monolayer penetration experiments in a Langmuir-Blodgett
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trough. The wild type PH domain penetrated up to 28 mN m™ at pH 7.4 as previously
reported [98], and the V351E mutation displayed a similar degree of penetration. How-
ever, the V278E, Y298E, and A346E mutants all exhibited reduced penetration, with 7.

values between 23 and 24 mN m! for all three mutations.

3.5.2 MD simulations

The 36/7 loop penetrated most deeply into the bilayer in the MD simulations of the wild
type protein. As A346 lies at the base of this loop (Figure 3.1, the A346E mutant tested
in the monolayer penetration studies was thought to be most likely to result in observable
reduction in membrane penetration. Simulations of the A346E mutant were therefore
conducted to examine how this might alter the degree of membrane insertion. Again, a
100 ns simulation of the mutant complex was performed and this simulation was also
repeated using different initial velocities. The array of contacts between GRP1-PH and
PI(3,4,5)P; observed for the wild type simulation is conserved in the mutant. However,
the non-polar contacts between the 36/37 loop and the lipid tails in the mutant become
less frequent in comparison to the wild type simulations (Figure 3.5 and Figure [3.6).
Subsequent experiments by the Falke group used continuous wave electron paramag-
netic resonance (CW EPR) spectroscopy to determine the membrane penetration depth
and docking geometry of membrane-bound GRP1-PH [|88]]. Falke and colleagues used
site-directed mutagenesis to couple spin-labels to a variety of sites selected for Cys muta-
genesis, and assessed the spectral changes upon binding to membranes. Their model of
membrane-bound GRP1-PH is in very good agreement with the results presented here,
and in particular they too observed membrane penetration by the 36/37 loop. Their
EPR docking model revealed that V278, R284 and R305 contacted the bilayer, while
V351 did not, in agreement with the results from the monolayer penetration experiments

performed by Xue and Stahelin.



Computational studies of membrane-bound GRP1-PH 99

3.6 Discussion

Results from the MD simulations indicate that the GRP1 PH domain is able to penetrate
the membrane, with the three loops flanking the binding site together forming a dynamic
yet sustained array of contacts with the membrane lipids. However, the MD simulations
do suffer from some limitations, which are discussed in more detail below.

The docked structure is based on the GRP1-PH crystal structure superimposed onto a
POPC lipid bilayer, with the headgroup orientation matched to that observed in previous
MD simulations of PIP lipids. This superimposition of the ligand-bound crystal structure
onto a lipid bilayer also determined the initial orientation of the protein relative to the
bilayer surface. However, the crystal structure of the protein bound to a soluble inositol
phosphate may not be representative of the membrane-bound conformation. The pro-
tein has to first approach the membrane and then bind to the surface in vivo, a process
thought to be dominated by electrostatic interactions (see Chapter [4)), and this may in-
volve conformational changes not captured by our static superimposition of the crystal
structure onto the PI(3,4,5)P;-containing membrane. This may be particularly true of the
three unstructured flanking loops. Nonetheless the good agreement with experimental
data is encouraging, as this suggests that the correct overall orientation of the protein

relative to the bilayer has been determined.

3.6.1 Lateral diffusion constants of GRP1-PH

To test whether or not the positioning of the protein relative to the surface of the lipid
bilayer was appropriate, single molecule? lateral diffusion constants for GRP1-PH were
estimated from the two dimensional MSD of the PH domain from the two equilibrium

simulations of the membrane-bound wild type protein (Figure [3.13]), which yielded val-

2Recently, Knight et al. extended their studies of GRP1-PH to look at multimeric GRP1-PH domains
[237]. The authors again used TIRFM, this time to explore the collective diffusion at the membrane surface
of multiple GRP1-PH domains tethered together.
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Figure 3.13: Two dimensional MSD of GRP1-PH. The mean square displacement, ( r2), was calculated for lateral
displacements of the protein in the xy plane, and is approximately linear over the first half of the trajectory.

ues of D =1.4 x 108 £ 0.3 x 10% cm? s? and 6.3 x 108 £ 2.2 x 10® cm? s'. These
values compare reasonably well with the experimental value of D = 3.0 x 10® 4+ 0.3 x
10® cm? s obtained by Knight and Falke, again suggesting that the simulations are able

to reproduce experimentally observed behaviour.

3.6.2 Simulation length and the stability of the bound complex

Kinetic binding parameters determined from previous experimental studies [96] and
[238] indicate that the value of k. for wild type GRP1-PH in mixed PC/PI(3,4,5)P,
lipid bilayers ranges from 0.38 to 1.60 s!, depending upon experimental conditions and
membrane composition. These data suggest that the mean lifetime of the complex, 1/k g,
is of the order of seconds, and the MD simulations of the bound complex are therefore
comparatively short. While no distinctive changes in the global conformation of the pro-
tein were detected over this period (Figure [3.4), this does not preclude the possibility
that the degree of membrane insertion may change over longer timescales. In particular,
it should be noted that in the crystal structure the 33/34 loop is twisted away from the
binding cleft and, by extension, the membrane surface (Figure[3.1)). As a result, relatively
little membrane penetration is observed for this loop in the simulations. Although there
is no evidence of this loop flexing and inserting more deeply into the bilayer during any

of the simulations, this remains a possibility.
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Figure 3.14: RMSD of the protein Cx atoms over the course of the SMD trajectories. (A) RMSD of the protein Cot
atoms for the faster SMD trajectory, duration 40 ns and a pulling rate of 1.0 A ns, and the resulting effect on the
RMSD when the force was removed (indicated by a dashed line) and the system was simulated under equilibrium
conditions for a further 20 ns. There is considerable distortion induced in the secondary structure during the
SMD simulations, particularly in the case where H355 is protonated, reflecting the higher affinity binding to the
membrane. Removing the applied force and continuing the simulation leads to partial recovery of the secondary
structure. (B) RMSD of the protein Co atoms for the slower SMD trajectory, duration 80 ns and a pulling rate of
0.5 A ns™’. Distortion is still induced in the protein structure even at this slower pulling rate.

3.6.3 Pull rate and reaction coordinate definition in SMD simulations

The pulling rates achievable in SMD (0.5 and 1.0 A ns™ in this case) are four orders of
magnitude faster than experimental atomic force microscopy (AFM) rates [239]. This
fast pulling rate does induce some distortion in the protein structure (Figure [3.14), and
the protein is capable of removing lipids from the bilayer at this velocity (Figure [3.9).
However, subsequent removal of the force does lead to a partial recovery of the secondary
structure (Figure [3.14). The approach used here is similar to that used to investigate the
force required to remove individual lipid molecules from a bilayer [240] and the pulling
rate is comparable to or slower than that used in more recent studies of partitioning
of anesthetics into lipid bilayers [241]] and the unbinding of protein-ligand complexes
[171,[172]]. To assess the reliability of the SMD results, SMD simulations were run at two
different speeds (0.5 Ans!and 1.0 A ns') for different lengths of time (80 and 40 ns)
such that the distance moved by the protein over the course of the simulation remained
the same. Distortion in the protein secondary structure is still observed for slower pulling

(Figure[3.14), and performing the same energy analysis yields similar results (Figure[3.10l
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and Figure [3.11)).

By pulling the protein along the z axis perpendicular to the surface of the lipid bilayer,
the dissociation pathway of the protein-membrane complex has effectively been defined
a priori. This pathway of detachment of the protein from the surface of the membrane
may not be the preferred dissociation mechanism in vivo, and it is likely that other disso-
ciation pathways may exist. Here then, SMD simulations have simply been used to study
the notional response of the protein-membrane complex to an applied force. Accord-
ingly, the discussion is restricted to qualitative observations about the relative strength
and pattern of interactions between different regions of the protein and the lipid bilayer.
It is freely acknowledged that attempting to extract more quantitative information, such
as free energies, would require much more extensive computations in order to reliably
estimate these values. For a complex system such as this, it is expected that obtaining
sufficiently well-converged potentials of mean force in order to draw meaningful conclu-
sions would be extremely difficult, owing to the inevitable problems attaining adequate
levels of sampling. This is discussed at greater length in Chapter [/l SMD therefore
provides a computationally straightforward way to elicit what is essentially a qualitative
picture of how different regions of the protein may interact with the lipid bilayer.

A computational study of the behaviour of PI(4,5)P, in lipid bilayers published re-
cently [[153]] found that the work required to extract a PI(4,5)P, molecule from a DPPC
bilayer using SMD simulations was approximately three times greater than that required
to remove a DPPC molecule from the same bilayer. The authors ascribed this behaviour
to the formation of a lipid microdomain around the PI1(4,5)P, molecule and rationalised
this result by noting that the primary role of PI(4,5)P, is thought to be the provision of
a stable, membrane-bound anchor for signalling proteins at the plasma membrane. The
observation that the bound GRP1-PH-PI(3,4,5)P; complex is able to extract POPC lipids
when removed from the membrane surface during the SMD simulations, but that the

PI(3,4,5)P; molecule remains within the lipid bilayer, appears to be consistent with this
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result.

3.6.4 Anionic lipid clustering

Several authors have reported that the presence of anionic lipids such as PS or other
PIP species increases the binding affinity of the bound complex [[98, [238]] and also that
these anionic lipids exert a drag force, slowing the lateral diffusion of the complex at
the membrane surface [96]]. Several candidate arginine and lysine residues close to the
PI(3,4,5)P, binding site may be responsible for sequestration of additional anionic lipids,
though this possibility has not been explored here, partly due to the difficulties in ob-
serving large scale lipid motions in comparatively short atomistic simulations. The phe-
nomenon of anionic lipid sequestration is discussed in more detail in Chapter [6), where
CG MD simulations are used to investigate anionic lipid clustering around the C2 domain
of PTEN.

Taken together, the results presented in this chapter provide clear evidence that non-
specific interactions play a role in binding the GRP1 PH domain to the membrane sur-
face and sustaining the bound complex. This is consistent with the membrane insertion
behaviours displayed by other lipid-binding modules such as PX domains [[12[], which
inserts a hydrophobic loop into the membrane to anchor itself to the surface. Membrane
insertion of the PH domain of PLC)1 has also been detected in solid state NMR [|85]] and
monolayer penetration experiments [242]], though the authors of the latter paper sug-
gested that this may be because this domain exhibits different membrane binding modes
depending upon the composition of the lipid bilayer.

The work described in this chapter suggests a dual recognition mechanism of inter-
action whereby the protrusion of the PI(3,4,5)P; headgroup from the bilayer surface
facilitates initial interactions between the PH domain and the target membrane, which
are then reinforced through ‘deeper’, nonspecific contacts with the adjacent bilayer. This

is in keeping with the behaviour of the PH domain from PLC$1 in simulations of the pro-
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tein bound to the I(1,4,5)P; headgroup and bound to PI(4,5)P, in lipid bilayers. Here the
PH domain bound to the ligand more tightly in the presence of a lipid bilayer, suggesting
that the non-specific interactions with bilayer lipids reinforced the specific interaction
between PLC61 and PI1(4,5)P, [114].

The mutation of residues within the PI(3,4,5)P; binding site has been shown to con-
siderably reduce the binding affinity of GRP1-PH [232] 98] for its phosphoinositide lig-
and. However, the non-specific interactions with the bilayer lipids observed in this chap-
ter suggest that the bilayer may play an important role in stabilising the bound GRP1-PH-
PI(3,4,5)P; complex. This, coupled with the observed reduction in membrane penetra-
tion in the mutants described above, raises the possibility that mutations in other regions
could also lead to a reduction in binding affinity and a corresponding loss of function.
The idea that mutations may perturb the interaction of a protein with a lipid bilayer is
explored further in Chapter [6l

In summary, membrane penetration and hydrophobic interactions appear to be im-
portant in sustaining the GRP1-PH-PI(3,4,5)P; complex at the membrane surface. How-
ever, the initial diffusional encounter between GRP1-PH and the membrane is thought to
be governed primarily by electrostatic effects, and the influence of electrostatics on this

initial association event is the subject of the following chapter.



Chapter 4

Electrostatic mechanism of target lipid

recognition by GRP1-PH

N the previous chapter, MD simulations were combined with biophysical methods to
Iinvestigate the protein-lipid interactions in the membrane-bound state of GRP1-PH.
Here, the scope of this work is expanded to consider the initial encounter between GRP1-
PH and the membrane, which occurs prior to complex formation at the lipid bilayer
surface. The role of electrostatics and lipid composition in successful target selection,
membrane association and complex formation is explored using a multiscale approach,
combining BD simulations with subsequent MD simulations. This study has been pub-

lished in PLoS Computational Biology [243]].
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4.1 Introduction

The PH domain of GRP1 binds to PI(3,4,5)P; with high affinity and specificity, and
binding is likely to be achieved through electrostatic interactions between the positively
charged GRP1-PH binding site and the negatively charged PI(3,4,5)P; headgroup (Fig-
ure [4.1I). Aside from the specific interaction between GRP1-PH and PI(3,4,5)P;, there
also exists the potential for a non-specific interaction with monovalent anionic lipids
present in the bilayer [244]]. A putative membrane targeting mechanism proposed by
Falke and co-workers [[238]], among others, suggests that the protein first associates with
the membrane surface via weak nonspecific interactions with background anionic lipids.
This transient binding increases the residence time of GRP1-PH at the membrane sur-
face, and subsequent exploration of the surface by lateral diffusion in two dimensions
allows GRP1-PH to locate its target lipid PI(3,4,5)P;. Diffusion in three dimensions in
the crowded environment of the cell is slow [245]]: for example, when measuring values
of the diffusion coefficient of GFB Konopka et al. found that the in vivo value in the E. coli
cytoplasm is only around 7% of its in vitro value [[246]]. However, facilitated diffusion at
the membrane surface is thought to increase the on-rate, as the protein need now only ex-
ecute a two dimensional search for its target. This reduction in dimensionality is thought
to dramatically speed up the rate of binding [247, 248]]. However, the proposed link be-
tween reduced dimensionality and kinetic enhancement is somewhat controversial, with
several authors instead attributing the increased reaction rates to local concentration ef-
fects arising from spatial confinement of the proteins in a small volume adjacent to the
membrane [249)] [250]].

Work in the previous chapter used atomistic MD simulations to look at the detailed in-
teractions of the membrane-bound GRP1-PH-PI(3,4,5)P; complex. However, as protein-
membrane association is thought to be governed primarily by electrostatic interactions

[252], here BD simulations have been used to investigate the binding of GRP1-PH to a
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1(1,3,4,5)P, %

Figure 4.1: (A) Crystal structure of GRP1-PH (PDB 1FGY) [4] bound to I(1,3,4,5)P4. The 1(1,3,4,5)P, headgroup
is shown as a stick model and the sidechains of two basic residues (K279 and R284) are displayed as blue van
der Waals spheres. (B) Electrostatic potential of GRP1-PH calculated using APBS [210], with areas of positive
and negative potential coloured blue and red respectively at a contour level of £ 5 kT/e and projected onto the
solvent-accessible surface. The molecular dipole moment is shown by a black arrow, and was calculated using
the Protein Dipole Moments Server (http://bioinfo.weizmann.ac.il/dipol/) [251]. By convention,
the arrow indicating the direction of the dipole moment points from negative to positive. GRP1-PH is shown in the
same orientation in both cases.

PI(3,4,5)P;-containing membrane.

For electrostatically facilitated processes such as the binding of barnase and barstar
[253]], BD simulation methods have been able to accurately reproduce experimental as-
sociation rates in aqueous solution 254], and they have been used to model a
variety of processes ranging from enzyme-substrate encounters to protein folding
within the crowded environment presented by the bacterial cytoplasm . BD sim-
ulations have also been successfully applied to more complex situations involving, for
example, electron transfer between associating proteins [257]] and membrane proteins
[258]], in particular the association of cytochrome ¢ with membrane-bound cytochrome c
oxidase [259, . There have also been studies of multiple proteins binding to charged
membranes using simplified representations of cytochrome ¢ or lysozyme .

Association events in solution are typically thought of as being two-step processes,
with the diffusing solute molecules first interacting through electrostatic interactions at

long range, approaching closely and then forming an initial encounter complex. The

second step involves the relaxation and conformational rearrangement of the two solutes
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into the final bound complex [[263]]. Protein-membrane association might therefore be
expected to proceed in a similar fashion.

One of the limitations of BD simulations run using SDA is that the simulations only
include the rigid-body rotations and translations of the diffusing molecules, with no ex-
plict solvent molecules or conformational dynamics. While BD simulations are there-
fore useful to model the initial association event and generate encounter complexes, at
close range conformational flexibility not captured in the BD simulations becomes impor-
tant in forming the bound complex. A multiscale simulation strategy has therefore been
adopted, where BD simulations are employed to model the initial encounter between the
protein and the membrane, before subsequently switching to atomistic MD simulations
to model the formation of the membrane-bound GRP1-PH-PI(3,4,5)P; complex.

The aim of this chapter is to study the membrane targeting mechanism of GRP1-PH.
Of particular interest is how, through electrostatic competition between target (P1(3,4,5)P;)
and decoy (anionic) lipids, the presence of the anionic background may help or hinder
target selection by luring GRP1-PH towards or away from PI(3,4,5)P;. This is a specific
example of the more general problem of encounter and recognition within the crowded

environment of the interior of the cell [|264), 265, 266, [267]].

4.2 Methods

4.2.1 Lipid bilayer models

The model of a PI(3,4,5)P;-containing membrane was taken from previous atomistic MD
simulations [[78] (see also Chapter [3)), replicated in the xy plane to generate a square
bilayer patch of approximately 1560 POPC lipids with a single PI(3,4,5)P; molecule in
its centre. The final dimensions of the bilayer were approximately 220 A x 220 A x 40
A. Atomic partial charges on the lipids were identical to those used previously [[78].

In the first instance, BD simulations were performed with a zwitterionic POPC mem-
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A B C

Figure 4.2: Lipid bilayer models. (A) Electrostatic potential of a pure POPC bilayer projected onto the solvent-
accessible surface. The large negative charge associated with the PI(3,4,5)P3 molecule (red) is visible in the
centre and the periodicity of the system is also evident. (B) Electrostatic potential for the case where each lipid is
assigned a fractional charge of -0.4 e, with the negatively charged PI(3,4,5)P3; molecule now effectively masked
by the background charge distribution. (C) Electrostatic potential where 40% of the lipids are assigned a charge of
-1.0 e, showing the heterogeneous nature of the charge distribution. In all cases electrostatic potential isocontour
surfaces are shown at -1kT /e (red) and +1kT /e (blue).

brane, with only the PI(3,4,5)P; molecule carrying a net negative charge (Figure[4.2)). To
mimic the presence of anionic lipids in BD simulations of charged membranes, negative
charges were assigned to the PC lipid headgroups. Initially, identical, fractional negative
charges were placed on all of the nitrogen atoms to generate an even charge distribution
across the surface (Figure 4.2]). In this case, the diffusing protein effectively interacts
with the average charge distribution of the lipid bilayer.

The topography of the electrostatic potential at the membrane surface is dependent
upon the distribution of the lipids. The lipid bilayer is dynamic and lipids undergo two
dimensional lateral diffusion in the plane of the membrane, and so the charge distribution
is likely to fluctuate over time. The lateral diffusion constant of POPC lipids at 300 K is

1.7 x 10® cm? s [[268]]. However, the calculated diffusion constant of GRP1-PH at 300

K using HYDROPRO [217] is 1.0 x 10° cm? s, almost two orders of magnitude larger!.

!Care must be taken when attempting to directly compare three dimensional diffusion in bulk solvent
with two dimensional lateral diffusion in a viscous lipid bilayer. For a protein diffusing in two dimensions
in a viscous membrane, diffusion is not completely free as the membrane is bounded by no-slip conditions
at the solvent interface. This induces finite size effects and means that there is no exact solution for the
viscous flow (Navier-Stokes) equations in two dimensions and hence no two dimensional equivalent of
the translational Stokes-Einstein expression (Equation [2.68). Saffman and Delbriick developed an
approximation to quantify lateral diffusion within membranes, but recently deviations from the Saffman-
Delbriick theory have been reported in both experimental and simulation studies. Corrections
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This indicates that the lipids may be much less mobile than the protein. Applying the
Einstein relations for the two dimensional case and the three dimensional case give mean
square displacements of (r?) = 4Dt and (r?) = 6Dt respectively, so for a 50 A diffusional
motion this yields time scales of approximately 30 ps and 40 ns for the lipids and the
protein respectively. The large discrepancy between the time scales for motion of the
protein and the lipids suggests that the consequences of assuming the interaction of the
protein with the average charge distribution of the lipid bilayer should be examined more
thoroughly.

To explore this further, an alternative approach was adopted in which single negative
charges were assigned to a subset of the headgroups selected randomly (Figure [4.2]),
thus generating a less even distribution of decoy negative charges. (Pseudo)random
numbers were generated using the implementation of the Mersenne twister algorithm
in Perl [274]. In this case, the protein interacts with a discrete distribution of charges,
which is more in keeping with faster diffusion of the protein relative to the lipids. The
fractional charges explored in the first set of simulations ranged from -0.2 e to -1.0 e,
while the subset of lipids randomly assigned a charge of -1.0 e ranged from 20% to
100% in the second approach.

Estimates of the concentration of anionic lipids in the cell membrane vary widely,
since anionic lipids are distributed asymmetrically across the cytoplasmic and extracellu-
lar leaflets of the lipid bilayer, with the majority of the anionic lipids being found in the
former [[10]. Typical physiological values can range from 10-20% depending on the cell
type, so the range of anionic lipid concentrations used in the BD simulations is perhaps

larger than would be found in vivo. However it is possible to synthesise vesicles and bilay-

to the Saffman-Delbriick model have been proposed [272]], with the discrepancies linked to the propensity
of transmembrane proteins to induce membrane deformation. Howevey, it is not immediately clear how
the mobility of a protein tethered at a bilayer surface should be treated, as the overall diffusional behaviour
of a (peripheral) protein-lipid complex would presumably be influenced by the two dimensional diffusion
of the protein in bulk solvent coupled with the two dimensional diffusion of the lipid in the membrane.
An interesting paper by Honig and colleagues [273]] considered a similar problem on the dimensionality of
binding affinities, and outlined a scheme to transform such affinities from three dimensions to two.
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Figure 4.3: Schematic of BD simulation setup, showing the (r, d, 8) coordinate system and illustrating how the
spherical b- and g-surfaces are truncated to hemispheres to address the system geometry and the lipid asymmetry.
See also Figure 2. 7]
ers comprised wholly of anionic lipids: for example, 100% POPS [275] 276, 41]] and so
the results from the simulations conducted at artificially high anionic lipid concentrations
may nonetheless be relevant for in vitro studies.

Another alternative method for exploring slower lipid diffusion is to generate lipid
configurations using CG MD simulations of a lipid bilayer and then extract representative
snapshots for use in the BD simulations. This has an advantage over the simple random

assignment described above in that it is able to explicitly account for more complex lipid

bilayer phenomena such as lipid demixing.

4.2.2 BD simulations

The SDA source code was modified to truncate the b-sphere, such that all trajectories
begin on the hemispherical open surface given by 2 = x2 + y% + 22, 2 > 60 A, ensuring
that the protein always lies at least 40 A distant from the surface of the bilayer at the
start of the trajectory (Figure [4.3)). Rotational diffusion of the lipid bilayer was switched

off. The Debye length of the system at an ionic strength of 0.1 M is approximately 10 A,
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and accordingly the radius of the b-surface was chosen to be 100 A. The bilayer patch
was approximately 220 A wide, and so the g-surface was set to 105 A. This resulted in
the termination of any trajectory that came close to the edge of the bilayer, thus limiting
edge effects. This choice of the g-surface also avoided the unphysical situation whereby
the protein could in principle diffuse around the periphery of the bilayer to the extra-
cellular side during a trajectory. This was also important as the lipid composition of the
cytoplasmic and extracellular leaflets of the lipid bilayer is substantially different, with a
much lower abundance of anionic lipids found in the latter.

The truncation of the b-sphere coupled with the choice of the g-surface is likely to in-
validate the NAM method for computing reaction rates, since the ensemble reactive flux
is no longer isotropic and spherically symmetric. As discussed in Section [2.2.3] comput-
ing the rate constants using the NAM method relies upon partitioning the diffusion space
into b and g regions such that the g region is far enough removed from the reference
protein that the intermolecular forces are centrosymmetric at this separation. However,
here it is necessary to set q to a sufficiently low value so that any trajectories that reach
the perimeter of the bilayer are terminated. Increasing q to a large enough value to
make intermolecular forces truly centrosymmetric at that separation would require an
extremely large bilayer to compensate. Aside from these practical considerations asso-
ciated with setting the parameter g, there are more fundamental issues with respect to
the calculation of rates. The hemispherical geometry of the system, with the membrane
acting as an additional boundary condition, makes it difficult to envision the precise form
of the analytic correction factor that would be required.

The focus of this study was to investigate the behaviour of the protein as it explored
the bilayer surface, as opposed to explicitly calculating reaction rates. As a result of this,
and the difficulties imposed by the unusual system geometry described above, the NAM
method was not used here. Admittedly, computing reaction rates would have allowed

for more extensive validation of the simulations, as for example it may then have been
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Figure 4.4: Simulation snapshot from a typical BD trajectory, showing the protein diffusing relatively close to the
surface of the membrane. The lipid bilayer is depicted as a white solvent-accessible surface with the PI(3,4,5)P3
molecule shown as orange van der Waals spheres at the centre. GRP1-PH appears in the same representation
as in Figure [£.11
possible to compare the calculated rates with experimentally determined on-rates.

An ensemble of 5000 BD simulations was performed for each system, with a typical
snapshot shown in Figure [4.4l All simulations started with the protein centre randomly

positioned on the hemispherical open surface and the protein randomly oriented relative

to the model membrane (Figure [4.3)).

4.2.3 Coordinate system

The position and orientation of GRP1-PH are specified by three coordinates (Figure [4.3)):
a radial coordinate, r, in the xy plane; an axial coordinate, d, along z; and an angular
coordinate O relative to the initial orientation of the bound complex from the manual
docking of GRP1-PH to a PI(3,4,5)P;-containing bilayer described in the previous chap-
ter. It is helpful to distinguish between translational and orientational aspects of electro-
static steering, and so a distinction is made between radial translational steering along
r, axial translational steering (the value of d along the z axis) and finally orientational

steering arising from changes in 0. In this coordinate system, a combination of favourable
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steering in all three cases is required to yield a ‘productive’ encounter complex. A coun-
terexample could be a scenario in which GRP1-PH closely approaches the PI(3,4,5)P,
ligand (i.e. good translational steering) but with its molecular dipole moment in the
wrong orientation for binding (i.e. poor orientational steering). To use the terminology
of Schreiber and co-workers, a distinction is therefore made between so-called ‘fruitful’
and ‘futile’ encounters [277].

The distributions of the position and orientation of GRP1-PH were evaluated for each
time course from the ensemble of 5000 simulations and subsequently combined and

normalised to yield an overall distribution.

4.2.4 Histogram construction

To visualise how the influence of membrane charge affects the distribution of GRP1-PH
across the surface of the membrane, it is instructive to plot histograms of the radial
position, r, the axial position, d, and orientation, 6, of GRP1-PH over the different BD
trajectories. The difficulty associated with attempting to plot histograms of r is that the
bin width between r and r 4+ dr is not constant, and so the area of the bin is proportional
to r. This has the effect of overrepresenting the larger distances in the histogram. One
way of remedying this is to reweight the data by some appropriate factor to compensate
for this effect [278]]. In plane polar coordinates the Jacobian factor is 27tr, and so the
data in each of the bins of the histogram is rescaled according to:

1 A
£ =3 (52 ) o @1)

27r;

Similarly, the orientation of the protein can be represented by a unit vector rotating
in space. Again, attempting to plot histograms of the distribution of angles that this
vector makes with the z axis is problematic since the areas of the spherical segments
between 0 and 0 + dO are not equal, which again distorts the distribution. In spherical

polar coordinates the Jacobian factor is r?sin(0), and so the histograms of the protein
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orientation are rescaled using the following:

17 p(6)
g(6;) = N (sin(ei)) (4.2)

These problems are not encountered when plotting histograms of d, as the bin widths

between z and z + dz along the z axis remain constant.

4.2.5 Molecular dipole moment calculations

Molecular dipole moments were calculated using the Protein Dipole Moments Server
(http://bioinfo.weizmann.ac.il/dipol/) [251]]. The server calculates dipole
moments by considering only the protein heavy atoms (C, N, O and S) and placing the
geometrical centre at the average coordinates of these heavy atoms. After assignment of

partial charges the dipole moment, D, in Debye is calculated as:
D =4.803 Y 1, (4.3)

The conversion factor 4.803 accounts for the change from Angstrém electron charge
units (Ae) to Debye. By convention, the arrow indicating the direction of the dipole

moment points from negative to positive.

4.3 Radial and axial translational steering of GRP1-PH

Initially, radial and axial translational steering of GRP1-PH towards PI(3,4,5)P; were in-
vestigated to assess how easily GRP1-PH was able to locate its target lipid PI(3,4,5)P;
when the surrounding membrane contained an increasing background density of nega-
tively charged lipids. It might be expected that increasing this negative surface charge
density would disrupt GRP1-PH targeting by masking the position of the negatively

charged PI(3,4,5)P; (Figure [4.2)).
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Figure 4.5: Radial translational steering of GRP1-PH for (A) the uniform distribution of fractional charges and
(B) the non-uniform, random distribution of integer charges. In each case the distribution of radial positions, r, of
GRP1-PH over the course of the 5000 BD simulations is shown for each ensemble. The centre of mass of the
‘target’ PI(3,4,5)P3 headgroup is located at r = 0. (C) and (D) show the HWHM for the uniform fractional charges
and the non-uniform, random integer charges respectively.

With only PI(3,4,5)P; present in a POPC bilayer (0.0 e) GRP1-PH spends the majority
of the trajectory diffusing close to its target lipid, evidenced by the large peak at small
values of r (Figure [4.5). However, when the surface charge is increased (-0.2 to -1.0 e)
the peak height diminishes and the maximum shifts to larger values of r, which suggests
a reduction in radial translational steering with the protein much less likely to closely
approach the PI(3,4,5)P; molecule. To semi-quantitatively evaluate the degree of target-

ing, the peak half-width at half maximum (HWHM) was extracted by fitting the data to

a Gaussian distribution centred at r = 0:

%2
f(x)=aexp (—2—62) (4.4)
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Figure 4.6: Axial translational steering of GRP1-PH for (A) the uniform distribution of fractional charges and (B)
the non-uniform, random distribution of integer charges. Distributions of axial positions, d, along z for GRP1-PH
are shown. The z coordinate of the centre of mass of PI(3,4,5)P3 isatd = 0.

The HWHM is given by v/2In2c¢, and the resulting values are plotted in Figure
Low values correspond to narrow distributions of r and efficient PI1(3,4,5)P, radial trans-
lational steering, while higher values correspond to wide distributions of r and com-
paratively poor PI(3,4,5)P; steering. The surface charge density, which in this case is
uniform, is therefore able to modulate GRP1-PH steering with the HWHM monotonically
increasing with rising charge density.

When the same set of simulations was repeated for the non-uniform charge distri-
bution with randomly placed integer negative charges, the behaviour of GRP1-PH was
somewhat different. The peak is no longer necessarily centred at r = 0, and shoulders
in the peaks are generally more pronounced when compared with the uniform charge
distribution. This is reflected in the HWHM, which now increases non-monotonically
as the charge density increases. Radial translational steering therefore seems to be gov-
erned not only by the macroscopic net charge on the lipid bilayer, but also by microscopic
influences arising from the distribution of charged lipids.

Axial translational steering of the protein also changes with membrane charge. Fig-
ure shows the distribution of d positions of GRP1-PH along the z axis normal to the
bilayer. As anticipated, with increasing surface charge density GRP1-PH spends more

time closer to the surface of the bilayer. In contrast to the radial translational steering,
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Figure 4.7: Lipid bilayer models based on CG MD simulations. Electrostatic potentials calculated from lipid dis-
tributions obtained from CGMD simulations of a bilayer containing 20% negatively charged lipids. Electrostatic
potentials were calculated using snapshots taken from the simulation at (A) 100 ns, (B) 200 ns, (C) 300 ns, (D)
400 ns and (E) 500 ns. Electrostatic potential isocontour surfaces are shown at contour levels of -1 kT/e (red) and
+1 kT/e (blue).

axial translational steering appears to be relatively insensitive to the charge distribu-
tion, and in this case the net charge on the bilayer seems to be the dominant effect. A
-0.2 e surface charge on the cytoplasmic leaflet would correspond to an overall bilayer
composition of 10% anionic lipids, close to that observed experimentally [11]]. It is per-
haps significant that, at this approximately physiological concentration of anionic lipids,
GRP1-PH spends a greater proportion of its time diffusing close to the bilayer surface
with lower values of d along z while largely retaining its ability to target PI(3,4,5)P;
along r.

As the extent of radial translational steering behaviour observed above appeared to be

dependent upon the fixed, instantaneous lipid configuration used in the BD simulations,
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Figure 4.8: Radial translational steering using alternative lipid configurations generated by CG MD simulations.
(A) Distributions in r for five lipid configurations using 20% anionic lipids extracted from CG MD simulations at
intervals of 100 ns. (B) Average r profile (purple) for the five distributions shown in (A), compared with the r profile
from the BD simulations with each lipid assigned a fractional charge of 0.2 e (red).

lipid clustering may also modulate radial translational steering of GRP1-PH domains to
PI(3,4,5)P;. To probe the sensitivity of GRP1-PH targeting to the distribution of anionic
lipids, a 0.5 us CG MD simulation was performed of a mixed lipid bilayer containing 20%
anionic lipids and configurations were extracted at intervals of 100 ns (Figure[4.7). After
conversion to an atomistic representation using a fragment based approach [279]], these
five configurations were then used as an input for a set of BD simulations. Despite the fact
that the anionic lipid concentration is the same in each snapshot, and the net charge is
therefore also identical between snapshots, variations in the degree of radial translational
steering are nonetheless observed for the different lipid configurations (Figure 4.8). This
again suggests that steering is influenced not only by the concentration of anionic lipids
but also by the distribution of these lipids over the surface. Interestingly, by taking the
average of the r distributions over these five sets of BD simulations, a profile is generated
similar to that observed for the single set of BD simulations using the fractional charge
distribution where each lipid is assigned a fractional charge of -0.2 e (Figure 4.8). This
suggests that the fractional charge distribution is a reasonably good model of the time
averaged behaviour of the system, allowing for lipid dynamics on the sub-microsecond

timescale.
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Figure 4.9: Orientational steering of GRP1-PH for (A) the uniform distribution of fractional charges and (B) the

non-uniform, random distribution of integer charges. The dotted line at 6 ~ 56° shows the angle the molecular
dipole moment makes with respect to the z axis in the membrane-bound complex.

4.4 Orientational steering of GRP1-PH

GRP1-PH carries a molecular dipole moment, and the vector is directed towards the
binding cavity of the protein (Figure 4.I). In order to monitor the orientation of the
protein over the BD trajectories the angle, 0, between an arbitrary unit vector on GRP1-
PH and the z axis was computed over the ensemble of BD simulations. The reference
value of 0, © = 0°, corresponds to the protein orientation seen in the docked GRP1-PH-
PI(3,4,5)P; complex observed in structural and MD simulation studies [[78] discussed in
the previous chapter.

The distribution of 0 as a function of negative surface charge shows that a surface
charge of -0.2 e or more has a substantial effect on the orientation of GRP1-PH (Fig-
ure 4.9). The distribution of orientations shifts towards values of 0 corresponding to
alignment of the GRP1-PH molecular dipole moment, which lies at an angle of ~56° to
the reference vector, with the membrane normal (Figure [4.9). The membrane charge
therefore appears to influence not only translational steering of the protein but also its
orientation. Although increasing surface charge seems to promote orientational steering
of GRP1-PH into a favourable orientation for binding, results discussed in the previous

section indicate that this would be accompanied by some loss of radial translational steer-
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Figure 4.10: Radial first encounter positions of GRP1-PH. (A) First encounters of GRP1-PH with the surface of
the bilayer over each ensemble of trajectories. The first encounter was defined as the first frame in which the z
coordinate of GRP1-PH was less than 20 A. (B) shows additional data for BD simulations using bilayer systems
with lipids assigned fractional charges of 0.05 e and 0.10 e.
ing.

To explore the interplay between radial translational and orientational steering fur-
ther, the distribution of first encounter positions between the bilayer and the PH domain
was analysed (Figure [4.10). At -0.2 e there was clear radial translational steering of the
PH domain to the PI(3,4,5)P; molecule. Increasing the surface charge beyond -0.2 e to
- 0.4 e or above resulted in the complete loss of steering, as for values greater than -0.2 e
the first encounter with the bilayer is typically with a non-PI(3,4,5)P; lipid rather than
with the PI(3,4,5)P; molecule itself, suggesting that steering is disrupted at higher charge
densities. This electrostatic competition between PI(3,4,5)P; and non-PI(3,4,5)P; lipids
shows that there is a payoff between translational and orientational steering at higher
charge densities. It therefore appears that optimal enhancement of steering occurs at
uniform surface charge densities of 0.2 e with an overall membrane composition of ap-
proximately 10% anionic lipids, close to the physiological value.

Physiological levels of anionic lipids seem to be optimal to both enhance orientational
steering and to localise GRP1-PH proximal to the surface of the bilayer without sacrificing
its ability to locate PI(3,4,5)P; within the bilayer plane. The protein is steered into the

correct orientation for binding by the higher surface charge density than would be the
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Figure 4.11: Effect of mutation on GRP1-PH translational steering. Distributions of (A) r and (B) d are shown
for wild type GRP1-PH (black) and for two mutants, K279A (red) and R284A (green), using a purely zwitterionic
bilayer with a single PI(3,4,5)P3 molecule atr =0, d = 0.

case for a zwitterionic membrane, but the charge density is not yet high enough to mask

the position of PI(3,4,5)P;.

4.5 Effect of mutation on target lipid recognition

BD simulations were performed for two mutants of GRP1-PH (R284A and K279A) which
have previously been shown to reduce binding of the protein to soluble inositol phos-
phates [232]]. It was therefore of interest to see whether or not these mutations also
influenced steering of the PH domain to PI(3,4,5)P; in a lipid bilayer.

The mutant R284A has been shown experimentally to almost completely abolish bind-
ing, such that the ratio K*/K;™ is virtually zero [232]]. In the same study, the K279A
mutant also affected the binding affinity, though less dramatically, reducing the ratio
K;*/K;™" to approximately 0.5. To test whether or not these experimentally observed
reductions in binding affinity could be detected in the simulations, both of these charged
— nonpolar mutations were performed in silico and BD simulations of both mutants were
subsequently carried out.

Both mutants show a modest reduction in radial translational steering (Figure [4.11)),

with the effect more pronounced in the case of the R284A mutant, in agreement with the
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experimental results. The mutants also appear to spend a shorter period at the membrane
surface relative to the wild type, which again would contribute to the observed reduction
in the ratio K;*/K;"*. Although complete abolition of binding is observed experimentally
for the R284A mutant, from the simulations it is only possible to detect a somewhat weak
effect, with slightly reduced radial and axial translational steering. The BD simulations
are not able to capture the detailed sidechain specific protein lipid interactions present in
the docking complex, or indeed any conformational changes as a result of the mutation.
It is likely that the overall abolition of binding is as a result of a combination of several
effects, not all of which are taken into account in the BD simulations. Despite the quali-
tative nature of the results for the two mutants, the fact that the simulations are able to
distinguish between the mutants is encouraging, indicating that the observed reduction

in steering is not just as a result of reducing the overall net charge on the protein.

4.6 Subsequent MD simulations of bound complex formation

In order to implement a multiscale approach to simulating membrane binding of GRP1-
PH, BD simulations were combined with subsequent MD simulations. Similar combined
approaches have been successful in studying, for example, DNA-enzyme interactions
[280], in which swarms of BD simulations were used to map out the protein-DNA en-
counter pathways and the protein search pattern along the DNA. MD simulations were
then used to model the binding interaction. In contrast to this ‘serial’ approach, other
authors have utilised a ‘parallel’ BD-MD approach, such as that employed by Marcos et
al. [281]]. They used a parallel BD-MD method in which they performed MD simulations
to study the internal motions of the protein, a dehydrogenase enzyme, while simulta-
neously running separate rigid body BD simulations of a crowded protein solution to
investigate the bulk diffusive motion. They then generated hybrid BD-MD trajectories by
mapping the internal motions of the protein onto the bulk rotational diffusion and the

translational diffusion of the centre of mass (such that r™(t) = ryp(t)-RT (t)+RL. (t)).

Tot
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Figure 4.12: MD simulations of bound complex formation. (A) shows an encounter complex extracted from the BD
simulations (r =9 A, d = 18 A and 0 = 27°). (B) shows the bound complex formed after 100 ns of MD simulation,
and for comparison (C) shows the complex generated after 100 ns of MD simulation using the manually docked
complex discussed in Chapter [3] (Figure [3.1) as a starting point. See also Figure [4.14]

Optimal encounter complexes from the BD simulations, in which beneficial transla-
tional and orientational steering were observed, were used as initial configurations for
atomistic MD simulations to explore the conformational changes involved in complex for-
mation. A suitable configuration for binding is likely to be one with small values of r, d
and 0 simultaneously, resulting in GRP1-PH being in close proximity to PI(3,4,5)P; with
its binding cavity and also its molecular dipole moment oriented towards the ligand. A
simple search of the trajectories was performed in order to locate a configuration satis-
fying these requirements. One such optimal configuration (r = 9 A, d = 18 A, 6 = 27°)
was extracted and two 20 ns MD simulations were carried out to test whether or not the
protein was able to bind to its target lipid from this position (Figure 4.12]). In both MD
simulations GRP1-PH rapidly approached the PI(3,4,5)P; molecule in the lipid bilayer
and bound to the lipid, with the separation between the centre of mass of the protein
and that of the 1(1,3,4,5)P, headgroup falling to 15 A in both cases (Figure [4.13). This
is in good agreement with the centre-to-centre separation of 13 A found in the ligand-
bound crystal structure (PDB 1FGY). One of these simulations was extended to 100 ns
to ensure that the complex was stable, and the centre-to-centre separation remained
constant throughout the simulation.

To investigate the geometry of the complex, the minimum distances between each
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Figure 4.13: GRP1-PH-I(1,3,4,5)P, separation after conversion from BD to atomistic MD. GRP1-PH rapidly binds
to PI(3,4,5)P5 with a characteristic GRP1-PH-I(1,3,4,5)P, separation of ~15 A, in good agreement with the value
of 13 A from the X-ray crystal structure (PDB 1FGY). This occurs in two independent MD simulations (blue and
red) and the complex remained stable when one of the simulations (blue) was extended to 100 ns duration.
amino acid residue of the protein and each of the phosphorus atoms of the 1(1,3,4,5)P,
headgroup in the crystal structure were mapped. This revealed a characteristic protein-
ligand interaction ‘fingerprint’ (Figure [4.14]). After the extended 100 ns MD simulation,
when GRP1-PH has located the membrane-bound PI(3,4,5)P; within the first 20 ns of
simulation, it binds via a set of amino acid residues similar to that found in the crystal
structure. Performing the same fingerprinting analysis on the final frame of the 100 ns
simulation showed a protein-ligand interaction fingerprint that agreed well with that ob-
served in the crystal structure (Figure [4.14]). As a further test, the same analysis using
the final frame of the manually docked complex derived from one of the 100 ns simu-
lations of GRP1-PH-PI(3,4,5)P; in Chapter [3] converges on the same interaction pattern
(Figure [4.14).

Using appropriate encounter complexes from the BD simulations as initial configura-
tions for atomistically detailed MD simulations, which include explicit solvent molecules
and intermolecular motions, leads to formation of a GRP1-PI(3,4,5)P; complex at the
membrane surface that accurately reproduces the geometry of the bound complex from
the crystal structure as well as that generated from the manually docked MD simula-
tions from Chapter [3l This combined BD-MD technique may be transferable, providing a

means to model the membrane binding modes of lipid recognition proteins involved in
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Figure 4.14: Protein-ligand interaction fingerprints in the bound complex. (A) Interaction fingerprint in the crystal
structure (PDB 1FGY) [4], showing the minimum distances between the centres of mass of each amino acid
residue and each phosphorus atom around the inositol headgroup. Interaction fingerprints are shown for the
bound complexes generated by (B) BD simulation and a subsequent 100 ns MD simulation and (C) manual docking
followed by a 100 ns MD simulation as described in Chapter [3](see also Figure[£.12).

membrane function [[12] and disease [282].

4.7 Molecular dipole moments of PH domains

As an aside, the molecular dipole moment vector of GRP1-PH points from the centre of
mass of the protein towards the location of the bound PIP headgroup in the X-ray crys-
tal structure. This, coupled with the observation that increasing surface charge leads
to enhanced alignment of the dipole moment with the membrane normal, suggests that
the orientation of the molecular dipole moment may play an important role in success-
ful PH domain targeting. Evaluation of the molecular dipole moments for a variety of
other PH domains suggests that this orientation is a conserved feature of PH domains
(Figure 4.15). Thus, it is likely that the GRP1-PH targeting behaviour observed here may

be conserved across the PH domain family.
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Figure 4.15: Molecular dipole moments for the holo forms of a selection of PH domains. In all cases the molecular
dipole moment was calculated in the absence of the ligand using the Protein Dipole Moments Server and
is shown by a black arrow. PH domains from the following proteins are shown (A) DAPP1 (PDB 1FAQO) ; (B)
BTK (PDB 1B55) [283]; (C) PKB/Akt (PDB 1H10) [284]; (D) PLCS1 (PDB 1MAI) and finally (E) GRP1 (PDB
1FGY) [4).

This concept bears some similarities to the mechanism of electrostatic funnelling in
acetylcholinesterase (AChE) proposed by Sussman and co-workers [286]]. In AChE the
dipole is precisely aligned with the axis of a gorge running through the centre of the
protein, and the active site of the enzyme lies at the bottom of this gorge. The dipole
controls substrate ingress by drawing positively charged substrates to the mouth of the
gorge and channelling them along it towards the active site. The role of the molecular
dipole moment in determining the location of ligand binding by PH domains will be

discussed in more detail in the next chapter, which investigates the PIP binding properties

of the previously uncharacterised PH domain from kindlin-1.
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4.8 Discussion

4.8.1 Membrane complexity in physiological systems

The test system used in this study, with a PI(3,4,5)P; to lipid ratio of approximately
1:1000, is likely to be globally representative of mammalian cell plasma membranes.
Howevery, it is difficult to estimate the typical physiological concentration of PI(3,4,5)P,,
which varies according to the level of cell stimulation. PI(3,4,5)P; is generated from
PI(4,5)P,, and the concentration of the latter is approximately 1% of the total cell mem-
brane lipids [[9]. Assuming that even at the peak of cell stimulation the concentration of
PI(3,4,5)P; will be less than 1%, then the PI(3,4,5)P; concentration present in the simu-
lations is of the correct order of magnitude. This is perhaps something of a simplification
given the importance of localisation and gradients of PI(3,4,5)P; in cell signalling and dy-
namics [287]. The differences in PIP composition between the apical and basal regions
of plasma membranes, which have higher concentrations of PI(4,5)P, and PI(3,4,5)P,
respectively in epithelial cells [288]], need also to be considered.

The work described in this chapter, which uses a comparatively simple membrane
model, indicates that lipid composition can have a substantial influence on the ability of
GRP1-PH to locate its cognate ligand PI(3,4,5)P;. From a biological perspective, perhaps
the main limitation of this work is that the simulations mimic in vitro biophysical studies
using simplified bilayer compositions. Current lipidomics studies [[11]] are beginning to
reveal the spatial and temporal complexities of membrane lipid composition within living
cells. Physiological cell membranes typically incorporate not just PC and PS but can also
include PE, phosphatidylglycerol (PG), cholesterol, ceramide and other PIP species such
as PI(4,5)P,, as well as many classes of integral membrane proteins (see also Chapter[1]).
How peripheral proteins are able to locate their target ligands in vivo within this highly

dynamic and heterogeneous background remains an open question.
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4.8.2 Lack of membrane fluidity

It is important to consider the limitations of the current model. The BD simulations treat
the bilayer as a static entity lacking any internal dynamics. This is likely to be sufficient
to capture longer range steering interactions, but at short range factors such as protein
conformational changes and membrane fluidity can also have an influence on the binding
process. For example, the elastic membrane is able to deform in order to accommodate
the protein, and often proteins insert a hydrophobic anchor or an amphipathic helix into
the membrane to attach themselves to the surface [289]]. Some proteins are able to in-
crease their binding affinity by inducing lipid demixing in order to sequester negatively
charged lipids such as PI(4,5)P, and/or PS when bound [290, 291]], since the fluidity
of the membrane allows lipid molecules to undergo lateral diffusion in the plane of the
membrane [292, [293] 294]]. This phenomenon was recently demonstrated experimen-
tally in studies of the interaction of syntaxin-1A with PI(4,5)P, [63]. STED microscopy
was used to show that electrostatic interactions between PI1(4,5)P, and the basic residues
in the juxtamembrane region of syntaxin-1A can lead to co-localisation of PI(4,5)P, mi-
crodomains and syntaxin-1A clusters at the membrane surface.

The degree of lipid demixing, the extent of domain formation and hence the effect
on the binding affinity of the protein is therefore dependent upon the composition of the
membrane [[295]. Indeed, in simulation studies that utilised a flexible polyelectrolyte as
a model for an unstructured protein adsorbing to a membrane, several different authors
found that adsorption to a fluid membrane with mobile surface charges was enhanced
over the frozen equivalent [[296), 297, [298]]. Perhaps surprisingly, Dias et al. [296] and
Fleck et al. [299] found that for sufficiently mobile and disordered charge distributions,
a negatively charged polyion was capable of adsorbing to net neutral and even net neg-
atively charged membranes. These effects can also result in the emergence of correlated
diffusion between the lipids and the protein [[300]].

Several authors have also noted that the ability of the membrane to deform [301]]
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or the protrusion of lipid molecules from the surface [[302] can be important in protein-
membrane binding as this allows the membrane to ‘embrace’ the protein as it approaches
the surface, altering the binding energetics. The ability of flexible membranes to ‘wrap’
around adsorbing particles has previously been shown in both theoretical treatments of
colloidal particles binding to flexible membranes [[303],[304, 305, 306, [307]] and dissipa-

tive particle dynamics [[308]] and Monte Carlo [|309] simulation studies.

4.8.3 Neglect of hydrodynamic effects

The BD simulations presented here also neglect any effect of hydrodynamic interactions
on the association process. While several groups have illustrated the potential problems
that may arise when neglecting hydrodynamic interactions in simulations of protein-
protein association in solution [[198],[199, [200]], the simulations described in this chapter
are concerned with a protein diffusing close to a surface. Work on colloidal particles
near surfaces and interfaces has uncovered intriguing hydrodynamic behaviour in such
systems: for example, the interaction between two like-charged spheres spheres near a
hard wall can actually be attractive, which was shown to be the result of non-equilibrium
hydrodynamic effects [310, 311]]. The effect of a hard wall or a vapour-liquid inter-
face has been explored theoretically and numerically by Nagele, Wajnryb and co-workers
[312, [313] [314]] among others, but the influence of a membrane - essentially a fluc-
tuating, fluid-fluid interface - on the motion of approaching proteins remains an open
question.

There are a variety of other competing physicochemical factors that influence protein-
membrane association that are not fully taken into account here. As the protein closely
approaches the membrane there is an electrostatic desolvation penalty, as solvent-exposed
charged groups on the protein begin to experience the low dielectric constant of the
membrane, and vice versa. This manifests itself as a short ranged repulsive interaction,

the so-called Born repulsion [[315]]. The protein itself also loses bulk translational and
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rotational degrees of freedom upon binding to the surface, with an associated entropic
penalty [I316]]. Conversely, this close approach also displaces the ions localised in the
electrical double layers, increasing the entropy of the system and driving association
[317,1318,319]], while another factor favoring association is the minimisation of exposed
hydrophobic surface area [320].

Notwithstanding these limitations, the modelling work presented in this chapter has
clarified some of the mechanistic details of protein-lipid association, and in particular
how the ability of the protein to locate its target lipid is modulated by increasing back-
ground charge. Strikingly, the results suggest that an approximately physiological com-
position of anionic lipids is optimal in simultaneously enhancing both translational and
orientational steering of the protein to its target lipid. It remains to be seen how the
introduction of greater membrane complexity may influence this behaviour.

This concludes the discussion of GRP1-PH. In the next chapter, some of the methods
developed over the previous two chapters are applied to a novel PH domain structure. In
contrast to GRP1-PH, the PIP binding properties and functional role of this PH domain

are as yet unknown.



Chapter 5

Structural studies of the kindlin-1 PH domain

HIS chapter describes simulation work on the kindlin-1 pleckstrin homology (PH)
Tdomain. While the work described in the previous two chapters focussed on the ap-
plication of computational techniques to a well characterised signalling protein (GRP1),
in contrast this chapter is concerned with a signalling protein for which scant structural

or functional data are available.

5.1 Introduction

Integrins are a class of proteins involved in cell-cell and cell-matrix adhesion, and they
are important for a host of biological processes including tissue repair and embryogen-
esis. Integrins switch between an active, extended conformation with high affinity for
ligands, and an inactive, low affinity, compact conformation. Activation can occur by
either an ‘outside in’ mechanism (mediated by, for example, fibronectin) or by an ‘inside

out’ mechanism, with the latter primarily initiated by talin binding to the cytoplasmic

132
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tails of the integrin. Recently however, kindlins have been identified as co-activators of
integrins, potentially working in tandem with talin [321]].

The integrin dimer is formed from non-covalently bound « and (3 subunits, which
comprise a large extracellular domain, a transmembrane domain and, most importantly
for inside out activation, a short cytoplasmic tail. The 3 subunit typically contains two
well-defined binding sites, a membrane proximal NPxY motif and a membrane distal
NxxY motif. The F3 subdomain of talin is known to bind to the NPxY motif, which results
in enhanced integrin activation by disrupting the interaction between the two integrin
subunits (Figure [5.1). Conversely, kindlin-1 and kindlin-2 are thought to interact with
the NxxY motif.

Talin and kindlin both incorporate a FERM (F for 4.1 protein, E for ezrin, R for radixin
and M for moesin) domain [[322]], a protein module responsible for membrane local-
isation. The FERM domain typically comprises three subdomains (F1, F2 and F3) that
together form a compact cloverleaf arrangement [|323],1324]], but talin and kindlin are un-
usual as in both cases the F1 domain is preceded by another domain (F0), and F1 itself
contains a large insert not observed in other FERM domains [325]]. Furthermore, talin
is distinct from other FERM domains in that the subdomains adopt a linear rather than
cloverleaf configuration [326), [327] (Figure [5.I). The similarity of talin to the kindlins
suggests that the FERM domains of the kindlins may also be arranged in a linear fashion.

However, despite all of their similarities, there are also some striking structural dif-
ferences between the kindlin family of proteins and talin. For example, the F1 insertion
loop is much longer in the kindlins than in talin, comprising approximately 100 amino
acid residues (variable between the three kindlin isoforms) as opposed to ~40 residues
in talin [I325]]. Kindlins are also unusual in that they possess an additional PH domain
inserted in the F2 subdomain [[325]], but the physiological role of this PH domain is not
yet known.

The kindlin family consists of three members in mammals: kindlin-1; kindlin-2 and
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Figure 5.1: Schematic of integrin activation by talin and integrin. (A) Talin and kindlin bind to the membrane
proximal NPxY and membrane distal NxxY motifs respectively. Binding to the [3 tail shifts the integrin into a high
affinity activated state. (B) FERM domains are conventionally arranged in a compact cloverleaf geometry, but the
subdomains of talin are arranged in a linear fashion.

kindlin-3. The focus of this chapter is on kindlin-1, which is expressed in epithelial cells.
Kindlin-2 is expressed in virtually all tissues, while kindlin-3 is expressed almost exclu-
sively in haematopoietic tissue. Loss of function mutations in human kindlin-1 can result
in Kindler syndrome, symptoms of which include skin blistering, skin atrophy [328] and
in some rare cases cutaneous squamous cell carcinoma [[329]. Loss of kindlin-2 in mouse
models causes embryonic lethality, while loss of kindlin-3 leads to severe bleeding and
fatal anaemia due to inactive platelet integrins. Mutations in human kindlin-3 result in
leukocyte adhesion deficiency syndrome III (LAD3) [330), [331]], and this can lead to life
threatening bleeding disorders such as Glanzmann’s thrombasthaenia [331], [332]].

The PH domain of kindlin-2, in common with several other PH domains, binds to
PI(3,4,5)P; with high affinity [333],[334], and kindlin-2 mutations abrogating PI(3,4,5)P5
binding result in impaired integrin activation [[333]]. This suggests that the kindlin-2 PH
domain may be important in membrane binding and integrin activation by the full length
kindlin-2. Thus, by extension, one might expect that the PH domain of kindlin-1 would

also be involved in these processes, despite the different roles of kindlin-1 and kindlin-2

in, for example, keratinocytes [[335]].
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Recently, the full length kindlin-1 protein has been cloned, overexpressed and pu-
rified by Gilbert and co-workers'. Yates and Gilbert were able to crystallise and solve
the structure of the fragment corresponding to the PH domain using X-ray crystallogra-
phy. Biophysical and biochemical data on the binding properties and ligand specificity
of kindlin-1 PH remains, however, relatively scarce. In this chapter, the overall aim is to
utilise this new structural information to attempt to characterise the binding properties
of kindlin-1 PH using molecular modelling. A related aim is the use of simulation to ex-
plore, in silico, the behaviour of kindlin-1 PH and generate testable hypotheses that can

be verified experimentally by Gilbert and co-workers.

5.2 Methods

5.2.1 MD simulations

MD simulations were performed with GROMACS version 4.0.5 [[186]], using either the
united atom GROMOS96 43al forcefield [[142] or the all atom OPLS-AA/L forcefield
[143]] with a timestep of At = 2 fs. The protein was placed in a cubic box with sides of
length 60 A and solvent molecules were subsequently added. The SPC [[146]] water model
was used in conjunction with the GROMOS 43al forcefield, while the TIP4P [[155] water
model was used with the OPLS-AA/L forcefield. Chloride ions were added to neutralise
the net charge of the system. Temperature was maintained at 310 K by coupling to a
Berendsen thermostat [159]] with a coupling constant of T, = 0.1 ps. Pressure was kept
constant at 1 atm using a Parrinello-Rahman barostat [[162},[163]], with isotropic pressure
coupling, a coupling constant of T, = 1.0 ps and a compressibility of 4.6 x 10 bar™.
Bond lengths and angles were constrained using the LINCS algorithm [[139]. Electrostatic

interactions were treated with the PME [[235] method using a cutoff of 10 A.

!This project was part of a collaboration with Dr Robert Gilbert and colleagues in the Division of
Structural Biology, Nuffield Department of Clinical Medicine, University of Oxford and with Professor
David Calderwood and colleagues at Yale University School of Medicine
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5.2.2  Molecular docking

AutoDock version 4.2 [[220, 221]] was used for ligand docking. The ligand structures
used for molecular docking were extracted from high resolution X-ray crystal structures
deposited in the PDB. The headgroups of six of the seven physiological PIP isoforms
were used in the docking calculations: 1(1,3)P, (PDB 1JOC) [133]]; 1(1,4)P, (PDB 119Z)
[336]; 1(1,3,4)P, (PDB 1Z2P) [337]; 1(1,3,5)P; (PDB 1ZVR) [338]; 1(1,4,5)P; (PDB
1MAI) [285]] and 1(1,3,4,5)P, (PDB 1UNQ) [339]. Although in total there are seven
naturally occurring PIP isoforms in eukaryotic cells, it appears that no structures with
I(1,5)P, bound have yet been reported. The absence of structural data for PI(5)P binding
domains is perhaps not surprising, as PI(5)P was identified only recently and its role
and effectors have not yet been clearly determined (see Chapter [I). Structures were
prepared for docking by adding Gasteiger partial charges [[340] and ligand torsions using
AutoDockTools. The protein was kept rigid and grid maps were calculated using 80
x 80 x 80 grid points with a spacing of 0.375 A. Grids were centred such that they
encompassed the whole kindlin-1 PH domain.

The Lamarckian genetic algorithm was used for ligand conformational searching and
in general the docking parameters were based on those used in [|341]]. For each run 100
trial dockings with a population size of 300 were performed. Translation step ranges
were 1.5 A and rotation step ranges were 35°. Elitism, mutation rate, crossover rate
and local search rate were set to 1, 0.02, 0.8 and 0.06 respectively, with 25 million
energy evaluations and 27000 generations. Starting positions and conformations were
randomised, and clusters were evaluated using a tolerance of 1.5 A RMSD. To validate the
docking results blind dockings using SwissDock (http://www.swissdock.ch) [342]
with the accurate/default parameter preset [343]] were also performed. Ligands were

converted to the SYBYL MOL2 format prior to docking using PRODRG [[147].


http://www.swissdock.ch
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Figure 5.2: Structure of kindlin-1 PH at 2.1 A resolution from the Gilbert group. The missing region (residues
382-388) from the 31/32 loop is shown as a dashed line.

5.2.3 Binding pocket volume calculations

Ligand binding pocket volumes were calculated using the POcket Volume MEasurer (POVME)
[344]. A pocket encompassing region was defined by placing a sphere of radius 10 A at
the geometrical centre of the binding pocket, and the sphere was filled with equispaced
points 1 A apart. Points overlapping with protein atoms were systematically deleted, leav-
ing only the cavity populated with grid points. Volume calculations were then performed

on this subset of grid points.

5.3 Structure of kindlin-1

The kindlin-1 PH domain comprises 129 amino acid residues and adopts the archetypal
PH fold, with a seven stranded {3 barrel open at one end and the other end capped by an
«-helix (Figure 5.2]). In this respect it shares many similarities with other PH domains,
but somewhat unusually the capping helix (denoted «1) is predominantly made up of
amino acid residues with hydrophobic sidechains. The capping helix is conventionally
amphipathic, but the apolar nature of the «1 helix in kindlin-1 PH allows for stacking
of an additional helix (x2) on top of «l. This feature is conserved in kindlin-2 and
kindlin-3.

As weak electron density was observed for residues 382-388 in the 31/32 loop, this



Structural studies of the kindlin-1 PH domain 138

PKKLMLK

Figure 5.3: Structures and corresponding electrostatic potentials of kindlin-1 PH. (A) Crystal structure of kindlin-1
PH (left panel) and its electrostatic potential projected onto the solvent-accessible surface (right panel). The miss-
ing loop is shown as a dashed line. (B) Top scoring model derived from de novo loop modelling using MODELLER
(left panel) with the corresponding electrostatic potential (right panel). Electrostatic potentials are coloured from
-5kT/e (negative, red) to +5kT/e (positive, blue).

region of the protein was not built. These residues were modelled using de novo loop
modelling before conducting the MD simulations. MODELLER [345]] was used in combi-
nation with the MMTSB toolset [346] to place the missing region in the crystal structure,
which comprises residue numbers 382-388 with sequence PKKLMLK. A total of 200 mod-
els were generated. These were clustered based on the conformations adopted by the
flexible loop formed by residues 382-388. The top cluster was extracted on the basis of

the average MODELLER score, and the highest scoring model from this cluster was used

as a starting point for the MD simulations (Figure [5.3)).
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Figure 5.4: Conformational dynamics of the kindlin-1 PH domain during the MD simulations. (A) Ca RMSD
calculated as a function of time over the MD simulations using the GROMOS96 43a1l forcefield (black) and the
OPLS-AAI/L forcefield (red). (B) RMSF of the protein Coc atoms calculated for each residue over the course of the
MD simulations.

5.4 MD simulations of wild type kindlin-1

Initially, MD simulations of 100 ns duration were conducted for solvated kindlin-1 PH
after model building and addition of the missing fragment of the 31/32 loop. To as-
sess the reproducibility of the results, simulations were carried out using two different
forcefields: the united atom GROMOS96 43al forcefield and the all atom OPLS-AA/L
forcefield. The RMSD and RMSF of the Cxx atoms over the course of the simulation tra-
jectories are shown in Figure The Ca RMSD indicated that the protein experienced
little conformational drift over a period of 100 ns. The Cx RMSF suggested that, of the
three loops flanking the open end of the 3 barrel, the 31/32 loop appears to be the
most flexible, with the maxima in the two RMSF traces (aside from the N- and C-termini)
located at residues 383 (OPLS-AA/L) and 384 (GROMOS96 43al), perhaps explaining
why this region was disordered in the crystal.

Interestingly, although the R380-E416 salt bridge spanning the entrance to the bind-
ing pocket was typically preserved during the simulations, transient switching to an al-
ternative conformation involving the breaking of R380-E416 and the formation of a dif-
ferent salt bridge, R380-E450 (Figure was also observed. This transition between a

partially closed state and an open state was apparent in both simulations using either the
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Figure 5.5: Salt bridge switching dynamics in kindlin-1 PH during the MD simulations. For (A) the GROMOS96
43al forcefield and (B) the OPLS-AAJ/L forcefield, running averages taken every 100 ps of the separation between
the centres of mass of the R380 guanidinium cation and the carboxylate anion of both E416 (black) and E450
(red) are shown. The dotted blue line shows the separation at which a salt bridge is formed, following the working
definition of Kumar and Nussinov [347]. (C) Snapshots from the GROMOS96 43al simulation showing the R380—
E416 salt bridge closed (left panel) and open due to the formation of the alternative R380-E450 salt bridge (right
panel).

GROMOS96 43al forcefield or the OPLS-AA/L forcefield. The dynamics of salt bridge
formation appear to be coupled in that breaking of one salt bridge is concomitant with
formation of the other.

MD simulations of the E416A mutant, designed to permanently disrupt the R380-
E416 interaction, were also performed. On mutation, the distribution of separations
between R380 and E416 shifts to larger values under both forcefields (Figure [5.6), lead-
ing to a more exposed binding pocket in the mutant protein. Note that it is necessary to
adopt a slightly different metric when measuring the residue separation in the mutant

and comparing it with the wild type, as Glu and Ala have sidechains of different lengths.

The measurement was therefore taken from the sidechain of R380 to the Co atom of the
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Figure 5.6: Breaking of the R380—-E416 salt bridge in the E416A mutant. (A) The left panel shows the separation
between the central carbon atom of the R380 guanidinium cation (C(Gdm*)) and the Cx atom of the residue
at position 416 over the 100 ns MD trajectory for the wild type protein (black) and the E416A mutant protein (red)
using the GROMOS96 43a1 forcefield. The right panel shows normalised frequencies of R380(C(Gdm™))-416(C )
separations over the MD trajectories. Separations were binned at intervals of 0.1 A. (B) The same metrics are
shown for the simulations carried out using OPLS-AA/L.

residue at position 416 instead. The switch to the alternative, open conformation and
the truncation of the Glu sidechain to Ala leaves the putative binding pocket much more

exposed when compared to the crystal structure (Figure[5.7).

5.5 Docking of phosphoinositides to kindlin-1

The MD simulations indicated that the binding pocket of kindlin-1 PH was dynamic and
possibly gated by the presence of a salt bridge. To probe the accessibility of the pocket in
different states, several blind, rigid body docking runs were carried out against multiple

targets: the closed conformation of the wild type protein where the R380-E416 salt
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Figure 5.7: Pocket accessibility of kindlin-1 PH. (A) The crystal structure with the R380-E416 salt bridge intact
and blocking entry to the pocket. (B) A conformation with the R380—E416 salt bridge broken and the alternative
R380-E450 salt bridge formed. (C) The open conformation in the E416A mutant is more accessible owing to both
(i) the breaking of the salt bridge and (ii) the charged — non-polar mutation and shortening of the sidechain of the
residue at position 416. In all cases the upper panel shows the ribbon representation of the secondary structure,
while the lower panel shows the corresponding solvent-accessible surface.

bridge remained intact; an open conformation of the wild type protein with the salt
bridge broken and finally an open conformation of the E416A mutant protein. In each
case, each of the six PIPs was docked with kindlin-1 PH in an effort to identify a putative
lipid binding site.

When molecular docking was performed using the closed state the results were gen-
erally poor. Clustering the conformations resulted in a large array of small, spatially
separated clusters and little consensus emerged as to the location of any possible binding
site (Figures 5.8 and [5.9). Indeed, even when the number of energy evaluations was
increased by a factor of 500 to 10 billion, a likely binding site failed to emerge. In the ab-
sence of a predicted binding site, the open conformation observed in the MD simulations

was considered as an alternative. Molecular docking using this open conformation ex-

tracted from the simulations led to a greater number of docking runs converging around
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Figure 5.8: Positions of conformational clusters after 100 docking runs using AutoDock for (A) I(1,3)P,, (B) 1(1,4)P,
and (C) 1(1,3,4)P3. The left panel shows results for docking to the closed conformation (R380-E416 salt bridge
intact), the central panel shows results for the open conformation (R380—E416 salt bridge broken) and right panel
shows results for the E416A mutant in the open conformation. See also Figure 5.9

a single likely binding site. Clustering of these results produced a smaller number of

larger clusters, and most of the docking runs placed the ligand in or near the central

cavity (Figures [5.8] and [5.9). Docking using the open rather than the closed confor-

mation approximately halved the number of conformational clusters and multi-member

clusters. This higher level of consensus resulted in a reasonably consistent prediction

of a putative binding site for all six PIP headgroups, lined by R380, K382, K390 and
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Figure 5.9: Positions of conformational clusters after 100 docking runs for (A) 1(1,3,5)P3, (B) 1(1,4,5)P3 and (C)
1(1,3,4,5)P4. The left panel shows results for docking to the closed conformation (R380-E416 salt bridge intact),
the central panel shows results for the open conformation (R380—E416 salt bridge broken) and right panel shows
results for the E416A mutant in the open conformation. See also Figure[5.8|

N449 (Figure [5.1Q0). Performing similar docking runs using another docking program

(SwissDock) yielded qualitatively similar results.

This effect was even more pronounced when performing docking runs with the E416A

mutant in the open state. It therefore appears that PIP binding is enhanced in the E416A

mutant for two reasons. First, the breaking of the R380-E416 salt bridge, which other-

wise would block the entrance to the binding pocket. Second, the replacement of the
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Figure 5.10: Lowest energy docking poses from the largest conformational cluster for ligand docking to kindlin-1.
The location of the putative binding site in kindlin-1 PH is shown in (A). Docking poses are shown for (B) 1(1,3)Py
(yellow); (C) 1(1,4)Py (brown); (D) 1(1,3,4)P3 (pink); (E) 1(1,3,5)P3 (green); (F) 1(1,4,5)P3 (blue); (G) 1(1,3,4,5)P4
(cyan) and (H) p-Tyr (grey).

sentry glutamate residue, E416, by alanine in this open state, which appears to further
increase the accessibility of the binding site for negatively charged lipid headgroups by
truncation of the sidechain and the charged — non-polar nature of the residue change.
This stepwise enhancement of PIP binding appears to be confirmed by the estimated free
energies of binding predicted by AutoDock, which suggest that docking to the E416A mu-
tant (open) PH domain is more favourable than docking to the wild type (open), which
in turn is an improvement over the wild type (closed) PH domain. In general, this trend
is observed for all six PIP species, and the more favourable binding energies (Figure [5.11])
are accompanied by an improved level of clustering (Figure [5.12)).

The location of this glutamate residue in kindlin-1 PH is of particular note as several
previous studies have identified that the occurrence of an acidic sentry sidechain is a
widespread structural feature of PI(3,4,5)P; binding PH domains such as Akt
and GRP1 [350]. In these PH domains, the sentry glutamate is thought to exclude
PI(4,5)P, from the binding pocket, thus favouring PI(3,4,5)P; binding. This may offer a

clue as to why kindlin-1 PH does not bind strongly to PI(4,5)P,, though interestingly it
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Figure 5.11: Estimated free energies of binding for PIP docking using AutoDock. (A) Mean estimated free energy
of binding for all 100 docking runs using AutoDock for each of the six PIP species. Results are shown for docking
to the wild type (closed) PH domain (black), the wild type (open) PH domain (red) and the E416A mutant (open)
PH domain (blue). Error bars are plus or minus one standard deviation from the mean. Lines are guides for the
eye. A more negative value is indicative of more favourable binding. (B) Mean estimated free energy of binding
for the members of the largest cluster after docking based on a cluster tolerance of 1.5 A RMSD. Similar trends to
those in panel (A) are observed.

does not appear to be a PI(3,4,5)P, binding domain either.

5.5.1 Experimental verification

On the basis of the results from the MD simulations and the docking runs, Yates and
Gilbert performed site directed mutagenesis of the isoform specific glutamate at position
416 to permanently disrupt the salt bridge, predicting that this disruption would lead to
an improved ligand binding module and broaden the range of PIP lipids that it is able to
recognise.

Yates and Gilbert used the mutant protein in lipid overlay assays alongside the wild
type protein. Both proteins exhibited preferential binding to PI monophosphate species
and PS. However, the mutant also displayed additional lipid recognition of PI(3,5)P,. To
test this observation further Yates and Gilbert incubated purified kindlin-1 PH domain
and the E416A mutant with membranes containing different quantities of PIPs, which
gave the same result. The wild type kindlin-1 PH domain bound moderately to the lipids,

with signal observed at 6.25 pM quantities of PI(3)B PI(4)P and PI(5)P In contrast, the
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Figure 5.12: Number of conformational clusters after 100 docking runs for each of the six PIP species based on
a cluster tolerance of 1.5 A RMSD. A lower number of clusters suggests a greater degree of consensus as to the
location of the binding site. Lines are guides for the eye.
E416A mutant bound strongly to the same lipids with signal observed at 1.56 pM for
PI(3)B PI(4)P and PI(5)P Moreover, the mutant exhibited moderate binding to PI(3,5)P,,
whereas the wild type PH domain demonstrated undetectable binding. This suggests that
the liberated arginine from the salt bridge may coordinate the additional phosphate in
PI(3,5)P,. While Yates and Gilbert were unable to quantify the binding by deriving a
K, from these measurements, against a common background density they were able to
show quantitatively that I(5)P and I(3)P were bound more strongly than I1(4)P and that
the E416A mutant binds with higher affinity than the wild type protein. The E416A
mutant therefore exhibits broadened lipid specificity and higher affinity binding to PI
monophosphates, in good agreement with the predictions from the computational work.
It is tempting to speculate that physiological interactions undergone by kindlin-1 may
produce similar conformational changes to those generated in the salt bridge mutant and
allow PIP binding. For example, Yates and Gilbert observed that the protein tends to
be dimeric in solution, and dimerisation could in principle lead to the conformational
change observed in the MD simulations. A possible link between salt bridge opening
and dimerisation was demonstrated when the removal of the salt bridge in the E416A

mutant by Yates and Gilbert was observed to change the dimerisation properties. This
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could perhaps be caused by some distortion of the topography of the (3 barrel surface in

the open conformation.

5.5.2 A note on estimated binding affinities from docking

At this point, it should be noted that while docking programs are typically able to gener-
ate reasonable ligand docking poses, they are frequently unable to predict ligand binding
affinities with any accuracy [351]]. Ideally, docking programs should be able to predict
binding poses for a variety of ligands and calculate their respective binding affinities,
thus allowing ligands to be ranked in order of affinity. However, as Figure [5.11] shows,
it is not possible to infer the experimentally observed PI monophosphate specificity of
kindlin-1 PH from the docking runs. Furthermore, the lipid binding assay suggests that
among the PI monophosphates, the binding affinities exhibit the following trend: I(5)P
> I(3)P > I(4)P The similarity of the predicted free energies of binding for I(3)P and
I(4)P suggests that it would be unlikely that this sequence could be correctly predicted
on the basis of the docking results alone.

The difficulties in predicting binding affinities chiefly arise from the large number of
conformational degrees of freedom in the protein-ligand complex, and also the fact that
the free energy of binding is often the difference between two very large numbers [352].
As a result, caution is required when evaluating binding free energies and interpreting
the results shown in Figure [5.11l While the absolute values are unlikely to be correct,
the estimated free energies of binding do at least show a clear trend for all PIP species of

increasing affinity as the binding pocket becomes more accessible.

5.6 Comparison of kindlin-1 to kindlin-2 and kindlin-3 isoforms

The PH domains of the three kindlin isoforms have a high sequence identity of between
50-60% (see Figure [5.16). The solution structures of the PH domains of kindlin-2 and

kindlin-3 have been solved using NMR spectroscopy, and so a comparison between the
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Figure 5.13: Binding pocket constriction in kindlin-1 PH compared with kindlin-2 PH. A structural alignment of
kindlin-1 PH and kindlin-2 PH in PyMOL shows the binding pocket of kindlin-1 PH (white) is more constricted
than in kindlin-2 PH (purple). The R380-E416 salt bridge in the crystal structure draws in the 34 strand by ~6
A'in kindlin-1 PH. The bound PI1(3,4,5)P3 in the NMR structure of kindlin-2 PH (PDB 2LKO [334]) is shown as a
collection of transparent van der Waals spheres, illustrating the likely steric hindrance associated with binding of
bulkier PIPs such as PI(3,4,5)P3 to kindlin-1 PH.

three domains is instructive. Simulations of kindlin-2 (PDB 2LKO [334]]) and kindlin-
3 (PDB 2YS3 (to be published)) were performed using the solution structures of these
proteins as a starting point. In each case the lowest energy conformer from the NMR
ensemble was used. The simulation parameters used were identical to those used for
kindlin-1, except that the simulation box was expanded from 60 A’ t0 80 A’ to allow for
the fact that these solution structures are slightly larger (by ~10 amino acid residues)
than the crystal structure of kindlin-1.

Although no experimental data associated with the NMR structure for kindlin-3 is
yet available, there is substantial biochemical and functional data for kindlin-2 [334].
The authors of the study in which the NMR structure was reported presented data sug-
gesting that kindlin-2 PH binds to the PI(3,4,5)P; headgroup, 1(1,3,4,5)P,, with high
affinity. They also show that kindlin-2 PH binds to the headgroup of PI(3,4,5)P; more
strongly than to that of PI1(4,5)P, by chemical shift mapping, but did not characterise the
interaction of kindlin-2 PH with PI monophosphates using NMR.

Previous work on kindlin-2 using biochemical PIP binding assays [[333]] demonstrated

a strong preference for PI(3,4,5)P; and very limited PI monophosphate binding. Taken
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Figure 5.14: Conformational dynamics of the kindlin isoforms. (A) Coxc RMSD calculated as a function of time over
the 100 ns MD simulations using the GROMOS96 43al forcefield for kindlin-1 PH (black), kindlin-2 PH (red) and
kindlin-3 PH (blue). (B) The same measure for the simulations using the OPLS-AA/L forcefield.

together, the two studies by Liu et al. [334] and Qu et al. [333]] point towards a trend
in PIP binding affinities for kindlin-2, with PI triphosphates binding with higher affinity
than PI diphosphates, which in turn are more tightly bound than PI monophosphates.
In contrast, the results suggest quite the opposite is the case for kindlin-1 PH with this
trend completely reversed. Kindlin-1 PH exhibits stronger binding to PI monophosphates,
somewhat weaker binding to PI(3,5)P; in the E416A mutant and virtually no detectable
interaction with PI(3,4,5)P;.

In their report of the NMR structure of kindlin-2, Liu et al. hypothesised that the
binding pocket was conserved among the kindlin PH domains [334]. The structure of
kindlin-1 shows this conjecture is not necessarily true, as the R380-E416 salt bridge
constricts the binding pocket in kindlin-1, drawing in the B-sheet wall by ~6 A (Fig-
ure[5.13). To investigate this MD simulations of kindlin-2 and kindlin-3 were conducted,
after first removing any ligands present in the NMR structures, to compare their dynam-
ics with those of kindlin-1. The Coc RMSD and the binding pocket volume calculated
using POVME were found to be much larger for kindlin-2 than for kindlin-1. To calculate
pocket volumes, the 100 ns MD trajectories for kindlin-1, kindlin-2 and kindlin-3 were
processed and snapshots extracted every 1 ns, giving a total of 100 conformations for

each isoform. All conformations were then superimposed via a structural alignment us-
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Figure 5.15: Binding pocket volume of kindlin isoforms. (A) The binding pocket volumes of the three kindlin
isoforms over the 100 ns GROMOS96 43al MD trajectory are plotted for kindlin-1 PH (black), kindlin-2 PH (red)
and kindlin-3 PH (blue), sampling from the trajectory and computing the pocket volume every nanosecond. (B)
The same measure for the simulations using the OPLS-AA/L forcefield.

ing PyMOL. While it might be expected that simulations based on NMR structures would
display slightly larger conformational drift, the larger pocket volume of kindlin-2 when
compared to kindlin-1 may help to rationalise the trends in PIP binding affinities de-
scribed above. Presumably the more constricted binding pocket in kindlin-1, which has
a consistently smaller volume over the 100 ns simulation, is less able to accommodate
larger PIP lipids but is still able to bind PI monophosphates.

Interestingly, a crystal structure of the apo form of the kindlin-2 PH domain reported
very recently [I353] suggests an induced fit mechanism for I(1,3,4,5)P, binding. The
authors compared the apo crystal structure with the holo NMR structure, showing ex-
pansion of the core (3 barrel in the latter, perhaps due to I(1,3,4,5)P, binding. This
apparent conformational change observed on ligand binding may perhaps help to rec-
oncile the discrepancies between the binding pocket volumes of apo kindlin-1 and holo
kindlin-2 described above. The simulations used the NMR structure of kindlin-2 with the
ligand manually removed. It is therefore possible that over sufficiently long simulation
timescales the binding pocket may collapse due to removal of the ligand and eventu-
ally adopt a similar conformation to that seen in the newly-reported crystal structure of
kindlin-2. Regrettably however, at the time of writing the deposited crystal structure of

this protein has not yet been released and so at this stage a detailed comparison is not
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possible.

5.7 PH domains and non-canonical phosphoinositide binding

The pleckstrin homology domain is the 11th most common module in the human genome
[354], and despite a common scaffold the various PH domains exhibit diverse function-
alities. Interestingly, while most PH domains bind PIPs at the opening of the central
[3 barrel bounded by the three variable loops, a subset of PH domains bind PIPs in a
non-canonical manner. These PH domains are characterised by their unusual PIP bind-
ing mode, with the ligand positioned between the 31/2 and 35/36 loops outside the
central cavity.

Here a limited phylogenetic analysis based on a simple sequence alignment has been
performed (Figure [5.16) to illustrate some similarities between PH domains, though a
more comprehensive analysis has been performed by Yates and Gilbert [355]]. Inspec-
tion of the phylogenetic tree (Figure shows that the three kindlin isoforms cluster
closely together, as expected owing to their high sequence similarity. The PH domains
from ArhGAP9 and [3-spectrin branch from the same common scaffold, and their close
proximity is particularly interesting in view of the fact that they both bind PIPs in a non-
canonical fashion. As both the ArhGAP9/[3-spectrin and the kindlin branches emanate
from a single node, the possibility exists that the proteins within this clade are in some
way related. In light of this, the structure of kindlin-1 and the docking results were
re-examined to see whether there was any evidence of non-canonical binding.

Figure [5.18] shows the dipole moments for the PH domains of ArhGAP9 and {3-
spectrin, which both bind ligands non-canonically, compared with that for the kindlin-1
PH domain. The dipole points between the 31/f2 and 35/36 loops in all three cases,
and in the first two cases the coordinates of the bound PIP ligand lie along the molecular
dipole moment vector. If the close correspondence between the location of the binding

site and the direction of the molecular dipole moment is, as it seems to be, a commonly
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Figure 5.16: Multiple sequence alignment of 16 PH domains generated using the Multiple Sequence Compar-
ison by Log-Expectation (MUSCLE) software [356]. Sequences are, in order: kindlin-1 (KIN1/1-129); kindlin-2
(2LKO/1-138) [334]; kindlin-3 (2YS3/1-137) [to be published]; PDK (1W1H/1-151) [357]; PLC&1 (1MAI/1-131) [285);
[-spectrin (1BTN/1-106) [358]; Tiam1 (1FOE/1-140) [359]; BTK (1B55/1-169) [283]; FAPP1 (3RCP/1-103) [52];
DAPP1 (1FAO/1-126) [233]; TAPP1 (1EAZ/1-125) [360]; GRP1 (1FGY/1-127) [4]; PKB/Akt (LUNP/1-121) [339);
Pleckstrin (1ZM0/1-114) [361]; ArhGAP9 (2P0D/1-129) and PEPP1 (1UPQ/1-123) [to be published]. The re-
gions of each sequence corresponding to the three variable loops in the PH domains are highlighted and indicated
by white text. Reading left to right along the sequences the loops occur in the order 31/32, 33/34 and finally
[36/37. The multiple sequence alignment was visualised using Jalview and is coloured according to the
physicochemical properties of the residues using the Zappo colour scheme. Residues with aliphatic sidechains
are shown in pink; aromatic sidechains in orange; basic sidechains in blue; acidic sidechains in red; hydrophilic
sidechains in green; conformationally special sidechains in magenta; and finally cysteine residues are shown in
yellow. The assistance of Alan Robinson (Medical Research Council Mitochondrial Biology Unit, Cambridge) in the
preparation of this figure is gratefully acknowledged.
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Figure 5.17: Phylogenetic tree showing interrelationships between 16 PH domains generated using PHYLIP [365].
SEQBOOT was used to bootstrap the alignment shown in Figure [5.16] with 100 bootstrap replicates performed.
PROTDIST was then used to obtain distance matrices for all 100 replicates, using the Jones-Taylor-Thornton
amino acid substitution matrix to generate a set of pairwise distances for every pair of the 16 sequences. FITCH
[366] was then used to estimate phylogenies and infer the 100 unrooted trees from these distance matrices using
the Fitch-Margoliash criterion. Sequence input order was randomised with a jumble parameter of 10. Finally, CON-
SENSE was used to calculate the majority rule consensus tree from the 100 replicates. The resulting tree was
drawn with DRAWTREE. PH domains are coloured according to their PIP binding properties: PI(4)P binding do-
mains (cyan); PI(3,4)P, binding domains (yellow); P1(4,5)P, binding domains (red); dual PI(3,4)P, and PI(3,4,5)P3
binding domains (green); and PI(3,4,5)P3 binding domains (dark blue). Domains that bind PIPs in a non-canonical
fashion are shown in pink, while those with as-yet unidentified binding properties are shown in grey.

observed feature among PH domains (see also Figure then one might predict on
the basis of the molecular dipole alone that kindlin-1 had a non-canonical binding site?.

Several PH domains that bind PIP ligands in a non-canonical fashion have been iden-

tified, and in addition to 3-spectrin and ArhGAP9 the PH domains of Tiam1 [362] and

2By restricting this examination of electrostatic properties to the protein molecular dipole moment
higher order multipoles such as quadrupoles, octopoles and so on, and indeed the detailed molecular
electrostatic potential itself, are all ignored. However, it does serve as a crude but useful guide.
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A
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Figure 5.18: PH domains with non-canonical lipid binding sites. Several PH domains have been identified with
non-canonical binding sites lying between the 31/(32 and 35/36 loops. (A) The PH domain from ArhGAP9 (cyan)
and (B) the PH domain from (3-spectrin (brown) are two such examples. (C) The PH domain from kindlin-1 (white)
is shown in approximately the same orientation. The 31/32 and 35/(36 loops are shown in blue and the direction
of the molecular dipole moment is indicated by a black arrow. See also Figure [4.15] which shows PH domains that
possess a canonical lipid binding site and also Figure [5.19] showing the locations of the conformational clusters for
PIP docking to kindlin-1.

more recently Sim1 [367] also exhibit this behaviour. Figure shows the centres of
mass of the docking clusters for all six PIP species (docking to the closed crystal struc-
ture) superimposed onto the kindlin-1 structure showing its molecular dipole moment.
Some of the clusters are indeed coincident with the molecular dipole moment vector, and

on the basis of this it seems reasonable to suggest that an additional and/or alternative

binding site could be present in kindlin-1.

5.8 Discussion

The weak interaction of the wild type kindlin-1 PH domain with PIPs, coupled with its
specificity for PI monophosphates, suggests that the kindlin-1 PH domain may bind to
another ligand altogether. PI monophosphates are found in the Golgi (PI(4)P) and the
early endosome and multivesicular body (PI(3)P) [28] (Figure[I.3)) but not at the plasma
membrane where kindlins act. With this in mind, it may be that the PH domain of kindlin-
1 actually recognises phosphotyrosines (p-Tyr) and not PI monophosphates as it would
be unlikely to encounter them in vivo. Repeating the docking runs described above using
p-Tyr as a ligand produced similar results to those obtained for the PI monophosphates

(Figure [5.10), perhaps not surprisingly as p-Tyr is also singly phosphorylated. Thus, on
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Figure 5.19: Spatial distribution of conformational clusters around the target protein for PIP docking to the open
conformation of kindlin-1 PH (white). Cluster centres of mass are shown as coloured spheres for I(1,3)P, (red);
1(1,4)P, (orange); 1(1,3,4)P3 (yellow); 1(1,3,5)P3 (green); 1(1,4,5)P5 (blue) and 1(1,3,4,5)P, (purple). The molecular
dipole moment is shown as a black arrow.

the basis of the docking results, it is reasonable to suggest that kindlin-1 PH is capable of
binding to p-Tyr. However, the errors associated with predicting free energies of binding
from docking discussed above should be borne in mind, and so it is not possible to infer
specificity or state with any certainty whether or not p-Tyr binding is stronger than PI
monophosphate binding to kindlin-1 PH.

The positively charged surface presented by the kindlin-1 PH domain, together with
its binding to the 3 integrin NxxY motif through the F3 subdomain, may perhaps be
sufficient to localise it to the membrane [354] without the need for PIP lipid binding.
For example, it has been reported that a point mutation abolishing PI(3,4,5)P; binding
by kindlin-2 does not affect focal adhesion (FA) localisation [333]]. If PIP/p-Tyr binding
by the kindlin-1 PH domain is not necessary for successful binding to integrins then the
precise functional role of the PH domain in kindlin-1 remains unclear. Another possibility,
as discussed in Chapter [T}, is that perhaps kindlin-1 PH is simply one of the 90% of PH
domains that do not exhibit strong PIP binding [39]].

With these rather ambiguous results in hand, at first glance one might think that the
PH domain in kindlin-1 could just be an evolutionary relic, given that talin for example is
capable of binding to membranes and activating integrins without such a domain. Inter-

estingly though, functional studies performed by Brahme and Calderwood [355]] suggest
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that kindlin-1 PH does have some role in integrin activation, but the nature of this role
is not entirely clear. As anticipated, integrin activation assays showed that kindlin-1 en-
hanced activation of the «lIIb@3 integrin in Chinese hamster ovary (CHO) cells when
co-expressed with talin. Activation was significantly impaired when an expression con-
struct lacking the PH domain (denoted kindlin-1APH) was used instead of full length
kindlin-1. This perhaps indicates a role for the PH domain, as co-expression of talin
with the kindlin-1APH construct did lead to slightly enhanced activation relative to that
observed for talin alone. However, when expressed alone, kindlin-1 PH was unable to
activate «IIbf33 integrin and indeed when co-expressed with talin it did not significantly
enhance activation.

In summary, the PH domain of kindlin-1 clearly has some part to play in integrin
activation, but additional work will be required to identify its functionally relevant phys-

iological ligand and to define its precise role in vivo.



Chapter 6

Simulations of the PTEN tumour suppressor

AVING spent the previous three chapters describing work on the interaction be-

tween lipids and single PH domains, this chapter goes on to consider a membrane-
binding protein with more than one domain and asks whether or not the methods used
previously can be extended and applied to this more complex case. Here, simulation stud-
ies of the core of the PTEN tumour suppressor are described. PTEN has a two-domain
architecture and binds to PI(3,4,5)P; at the plasma membrane. PTEN is larger and has a
more elaborate fold than the PH domains investigated previously, and is also one of the

most frequently mutated proteins in human cancer [368]].

6.1 Introduction

6.1.1 PI3-K signalling and PTEN

The plasma membrane and its constituent PIPs described in the preceding chapters form

the bedrock of the PI3-K signalling pathway, which is crucial for cell proliferation and

158
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survival [[282]. PI3-K signalling primarily relies upon two lipid species, PI(4,5)P, and
PI(3,4,5)P;, which are differentiated only by the presence or absence of a phosphate
group at the 3’ position of the inositol ring. Activation of PI3-K is dependent upon
biosynthesis of PI(3,4,5)P; from PI(4,5)P, by the PI3-K enzyme. The newly synthesised
PI(3,4,5)P; can then provide a stable membrane anchor to recruit other proteins to the
surface, for example Akt that binds PI(3,4,5)P; through its PH domain.

Akt is an essential downstream effector in PI3-K signalling [66] that regulates cell
proliferation and survival by inhibiting apoptosis. Membrane localisation via PI(3,4,5)P5
binding is essential for Akt activation, and so any factors that enhance Akt binding to
PI(3,4,5)P; can result in pathological membrane localisation and, by extension, uncon-
trolled activation of Akt. This in turn leads to overall dysregulation of PI3-K signalling
and has been linked to the development of several cancers'. Pathological membrane lo-
calisation can be caused by a mutation in Akt itself [348]], or alternatively it can occur as
a consequence of elevated levels of PI(3,4,5)P;. Production of PI(3,4,5)P; is regulated by
the PTEN tumour suppressor, which negatively regulates PI3-K signalling by converting
PI(3,4,5)P; back to PI(4,5)P, keeping the basal level of PI(3,4,5)P; low [371]]. Under
normal circustances PTEN therefore attenuates the survival signal from Akt, but loss of
function mutations in PTEN can lead to overproduction of PI(3,4,5)P; and uncontrolled

PI3-K activation.

6.1.2 Discovery of PTEN and its role as a tumour suppressor

PTEN was first discovered on chromosome 10g23 in 1997, and the protein was rapidly
pinpointed as a putative tumour suppressor after mutant PTEN was detected in a broad
range of sporadic tumour types [372, [373]]. PTEN mutation occurs at particularly high

frequency in endometrial cancer and the aggressive and malignant brain tumour glioblas-

'Evasion of apoptosis was highlighted as one of the ‘hallmarks of cancer’ in the landmark reviews of
progress in cancer research by Hanahan and Weinberg in 2000 [369] and more than a decade later in 2011
[370].
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toma multiforme [1368], [374]]. Soon afterwards the phosphatase activity of PTEN was
identified [|375]] and work with the cancer derived mutant G129E in human embryonic
kidney (HEK293) cells established that the lipid phosphatase activity of PTEN was re-
sponsible for its role as a tumour suppressor, as the G129E mutant is lipid phosphatase
inactive but retains its ability to dephosphorylate other proteins [376]]. Lipid phosphatase
mediated tumour suppression and regulation of PI3-K signalling is therefore thought to

be the primary role of PTEN.

6.1.3 PI3-K and PTEN as therapeutic targets

With its key role in PI3-K signalling, it might be expected that PTEN would be a major
target for small molecule drug discovery. However, PTEN has received comparatively
little attention as a potential drug target, chiefly as the loss of phosphatase activity due
to mutation is difficult to reverse through direct therapeutic intervention using small
molecules®. Most research on rescue of PI3-K signalling by restoring the function of
defective PTEN has therefore revolved around gene therapy using adenoviruses to induce
exogenous overexpression of PTEN, which has been shown to be effective in bladder
[380], prostate [381],[382]] and colorectal [383]] cancers.

Rather than trying to recover the regulatory activity of PTEN, an alternative approach
is simply to inhibit PI3-K signalling. Small molecule drug discovery efforts have either
focussed on inhibition of Akt or have targeted the PI3-K enzyme itself in an attempt to
cripple the kinase [384]. The first generation PI3-K inhibitor wortmannin was extremely
effective in the laboratory, but clinically it was found to have poor biological stability and
high liver and haematologic toxicity [I385]]. Despite this, several second generation PI3-K
inhibitors including derivatives of wortmannin are now in active development and some

such as PX-866 have entered clinical trials® [387].

2Although interestingly PTEN has also been implicated in insulin signalling, with loss of PTEN leading
to insulin hypersensitivity. This raises the prospect of using PTEN inhibition as a possible strategy for
treatment of type II diabetes [377, 378 [379]

3For more information on PI3-K inhibitors, including their possible role as antiangiogenic agents, read-
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In the case of Akt, there are several inhibition strategies, as it is possible to engineer
competitive inhibitors for binding of ATP [388]], design allosteric inhibitors that prevent
phosphorylation [389, [390], or produce small molecules that inhibit PI(3,4,5)P; bind-
ing. The first two approaches have met with some success, but in spite of encouraging
preclinical data for molecules such as perifosine [391]], triciribine [392]] and a class of
sulfonamide derivatives [[393]] the development of effective PI(3,4,5)P; inhibitors has
been beset with problems [[393]]. These molecules typically need to carry a large nega-
tive charge to outcompete PI(3,4,5)P;, and/or a long aliphatic chain to aid localisation to
the plasma membrane. The necessity of retaining these features in any candidate com-
pound renders subsequent drug development challenging. In addition, an unintended
consequence of the use of PI(3,4,5)P; analogues to inhibit Akt is that they may also have
off-target drug interactions with PTEN itself, exacerbating the problem of aberrant PI3-K

signalling.

6.1.4 Structure of PTEN

The full-length PTEN protein comprises approximately 400 amino acid residues and is
subdivided into four main regions: the N-terminal PI(4,5)P, binding module (N-PBM);
the phosphatase domain; the C2 domain and a ~50 amino acid residue C-terminal tail (C-
TT) (Figure[6.1). A crystal structure of truncated PTEN at 2.1 A resolution that includes
just the phosphatase domain (residues 14-185) and the C2 domain (residues 186-351)
was reported in 1999 (PDB 1D5R [[371]]). The crystal structure of truncated PTEN does
not incorporate the N-PBM nor the C-TT, and there is also a missing loop of 31 residues
in the C2 domain between P281 and K313.

The canonical C2 domain fold has three loops at the base of the eight stranded an-
tiparallel B sandwich, denoted as Ca*" binding region 1 (CBR1), CBR2 and CBR3. As

discussed in Chapter [T, most C2 domains bind to membranes in a Ca**-dependent man-

ers are referred to the review by Kong and Yamori [386]].
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Figure 6.1: PTEN structure and model building. (A) Schematic of the domain architecture of PTEN, showing the
N-terminal PI1(4,5)P, binding module (N-PBM) in grey, the phosphatase domain in pink, the C2 domain in cyan
and the ~50 amino acid residue C-terminal tail (C-TT) also in grey. (B) The crystal structure of the core domain of
the PTEN tumour suppressor (PDB 1D5R) [371]. The phosphatase domain is shown in pink, while the C2 domain
is shown in cyan. The missing loop in the C2 domain of the crystal structure between P281 and K313 is shown
as a dashed line. (C) The location of the bound tartrate (shown as a stick model) suggests a location for the
PI1(3,4,5)P3 binding site. (D) Modelling the atomistic headgroup of PI(3,4,5)P3 into the binding site by alignment
of the phosphorus atoms at the 3’ and 4’ positions of the inositol ring with the carboxylate carbon atoms of the
tartrate, as suggested by Lee et al. [371]. (E) CG model of PI(3,4,5)P; shown as van der Waals spheres overlaid
onto the atomistic model.
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Figure 6.2: Coordination of divalent ions in canonical C2 domains compared with the PTEN C2 domain. C2
domains of (A) synaptotagmin Ill (PDB 1DQV) shown in blue, (B) PLC41 (PDB 1DJI) shown in yellow
and (C) PTEN (PDB 1D5R) shown in cyan. Corresponding electrostatic potentials projected onto the relevant
molecular surface are shown in the lower panel for each case (+ 5kT/e). The C2 domains of synaptotagmin Il and
PLCJ1 possess multiple aspartate ligands (shown as stick representations) to coordinate Ca?* ions, but the PTEN
C2 domain lacks all but one of these. The Cx atoms of K260, K263, K266, K267 and K269 in CBR3 of the PTEN
C2 domain are shown as purple van der Waals spheres.

ner [124], using an array of aspartate ligands within the CBRs that are able to coordi-
nate the metal centre [40]. Examples are shown in Figure for the C2 domains of
synaptotagmin III and PLC&1. Unusually, the PTEN C2 domain binds to membranes in a
Ca?"-independent fashion [[371]], as it lacks all but one of these critical aspartate ligands
(Figure [6.2). The electrostatic potential around the three Ca*"-binding regions reveals
how, in the case of synaptotagmin III and PLC§1, Ca*" binding is required to mask the
large negative electrostatic potential around the Ca®* binding loops. This is an example

of an ‘electrostatic switch’ mechanism of membrane targeting [[125]], where membrane

affinity is controlled by Ca?* binding. In the absence of Ca®' in the unbound state,
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electrostatic repulsion between the negatively charged C2 domain and the negatively
charged membrane surface prevents lipid binding. When the CBRs are occupied by Ca**,
the positively charged Ca®" ions screen the negatively charged CBRs and allow mem-
brane binding. In contrast, the PTEN C2 domain is predominantly positively charged in
the vicinity of the three CBRs, due in part to the cluster of five lysine residues within
CBR3 (Figure[6.2). As a result, the C2 domain of PTEN does not rely on an electrostatic
switch mechanism to bind to membranes, and so the paucity of Ca?"-binding aspartate

residues in the CBRs does not adversely affect its membrane binding affinity.

6.1.5 Aims

Although PTEN is a key component of PI3-K signalling, little is known about its membrane-
associated state. Previous computational work on PTEN has included molecular docking
and short MD simulations of 3-deoxy-phosphatidylinositol inhibitors to soluble PTEN
[395], and finite-difference Poisson-Boltzmann electrostatics calculations to probe the
interaction between the C2 domain of PTEN and the membrane [[125]]. However, no MD
simulations of PTEN in the presence of a membrane environment have yet been reported.

This chapter describes the construction of a model of the membrane-bound state of
the PTEN tumour suppressor based on the truncated crystal structure. A serial mul-
tiscale simulation approach is used to generate the complex and probe its dynamics.
The advantage of such an approach is that it allows exploration of the dynamics over
multiple timescales, so it becomes possible to investigate complex formation and lipid
clustering at a coarse grained level before switching to atomistic resolution to examine
the protein-lipid contacts in more detail (Figure [6.3). The aim was to investigate the
factors promoting the stability of the PTEN-membrane complex by identifying those re-
gions of the protein that interact with the membrane to the greatest extent, and testing
how this interaction was perturbed in a variety of mutants (Table[6.1]). There is substan-

tial experimental evidence [371], 396] to suggest that particular regions of the protein
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Protein Lipid composition Resolution Length / ns Multiplicity
wild type POPC(100%) CG 500 3
atomistic 50 1
e e 200 1
POPC(80%):POPS(20%) CG 500 3
.. atomistic 50 1
POPC(60%):POPS(40%) CG 500 3
atomistic 50 1
R161E/K163E/K164E POPC(100%) CG 500 3
atomistic 50 1
POPC(80%):POPS(20%) CG 500 3
e atomistic 50 1
POPC(60%):POPS(40%) CG 500 3
atomistic 50 1
R335L POPC(100%) CG 500 3
atomistic 50 1
POPC(80%):POPS(20%) CG 500 3
atomistic 50 1
KZGﬁing?iigi%E/ POPC(80%):POPS(20%) CG 500 1
POPC(60%):POPS(40%) CG 500 1

Table 6.1: Summary of PTEN simulations. All simulations contained PI(3,4,5)P3 and 300 lipids, with approximately
10000 water particles (CG) or around 20000 solvent molecules (atomistic) with counterions added as appropriate
to neutralise the net charge of the system. This amounts to 13 us of CG simulation and 0.6 ps of atomistic
simulation in total. See also Figure[6.3

far removed from the PI(3,4,5)P; binding site are crucial for robust membrane attach-

ment, and the resulting membrane-bound model agrees well with experimental results

concerning protein-lipid interactions.

6.2 Methods

The initial model of membrane-bound PTEN was generated using the crystal structure of

truncated PTEN (PDB 1D5R [371]]) as a basis. In the atomistic simulations, a harmonic
. . . o-1

restraint with spring constant 100 pN A was placed between the Cxx atoms of P281 and

K313 to maintain the separation observed in the crystal structure. In the CG simulations,
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Figure 6.3: PTEN simulation setup and workflow. (A) CG self assembly simulations were conducted using the
model of PI(3,4,5)P3 bound to the crystal structure of PTEN. A CG representation of the protein was generated and
was placed along with the bound PI(3,4,5)P5 into a cubic box of dimension 120 x 120 x 120 A with 300 randomly
placed lipids. Lipid headgroups are shown as transparent orange van der Waals spheres. (B) PTEN-membrane
complex assembly after 500 ns of CG MD simulation. (C) Subsequent conversion to an atomistic representation
using a fragment based protocol [279]. This system was then simulated for 50 ns. See also Table[6.1]
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a Gaussian network model is employed to maintain the secondary structure and so this
additional restraint was not required. This region is far removed from the PI(3,4,5)P,
binding site and the proposed membrane binding surface, and was not observed to inter-
act with bilayer lipids during any of the simulations (Figure [6.4]).

The protein was crystallised in the presence of tartrate, and a tartrate molecule is
bound at the active site. The authors of the original paper in which the structure was
reported observed that the separation between the two carboxylate carbon atoms of the
tartrate molecule is approximately the same as that between the phosphorus atoms at
the 3’ and 4’ positions of the inositol ring of PI(3,4,5)P;. These geometric considerations
provided a guide when constructing the initial CG model of PI(3,4,5)P;-bound PTEN,
positioning the CG phosphate particles at the coordinates of the carboxylate carbons
(Figure[6.1)). All MD simulations were carried out using GROMACS version 4.0.5 [[186].

CG self assembly simulations of 500 ns duration were followed by atomistic simu-
lations of 50 ns duration. Each CG system comprised ~300 lipids and ~10,000 water
particles with monovalent ions added as appropriate to compensate for any net charge,
leaving the system neutral overall. As the binding of PTEN to membranes is indepen-
dent of Ca®", calcium ions were not included in the simulations. CG simulations were
performed using the MARTINI force field [175] [176]. In MARTINI, zwitterionic lipids
such as POPC are approximated by a positively charged particle (choline), a negatively
charged particle (phosphate), two polar particles (glycerol) and two acyl chains made
up of four and five hydrophobic particles respectively. Anionic lipids such as POPS are
treated in a similar fashion except that the positively charged particle is replaced with a
polar particle to represent the switch from choline to serine. The lipid headgroup then
carries an overall net negative charge. Owing to the random initial placement of the
lipids and the stochastic nature of the self assembly procedure, anionic lipids may be
present in both leaflets of the bilayer whereas in physiological membranes anionic lipids

are typically restricted to the cytoplasmic leaflet of the plasma membrane. An analysis of
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the 17 CG simulations in which anionic lipids were used gives a mean ratio (upper:lower)
plus or minus one standard deviation of 1.103 &+ 0.151 for POPS. The lipid distribution
across the two leaflets is therefore virtually symmetrical, but there are typically a few
more POPS lipids in the upper leaflet than in the lower. This is probably due to interac-
tions with the protein during the self assembly procedure, with the negatively charged
POPS lipids slightly favouring the upper leaflet where the protein is located.

For the CG simulations a cut off of 12 A for both the Lennard-Jones and the elec-
trostatic interactions was used. Simulations were performed under periodic boundary
conditions and temperature was kept constant at 323 K by coupling the system to a heat
bath using a Berendsen thermostat [159]] with T = 1 ps. Pressure was maintained at 1
atm using a Parrinello-Rahman barostat [[162,[163[] and semi-isotropic pressure coupling
with T, = 1 ps and a compressibility of 5 x 10°® bar!. A time step of At = 10 fs was
used, writing atomic positions every 10 ps. The neighbour list was updated every ten
steps. The final frame of each CG simulation was converted to an atomistic representa-
tion of the system using a fragment based approach [279]].

Atomistic simulations were performed with the GROMOS96 43a1 force field [[142]]. A
cut off of 10 A was used for the Lennard-Jones interactions and electrostatic interactions
were treated using the PME [235]] approach with a short range real space cut off of
10 A. Atomistic simulations were performed using the same parameters as for the CG
simulations, except that T = 296 K, T, = 0.1 ps and compressibility was set to 4.6 x 10°
bar!. For the atomistic simulations, bond lengths and angles were constrained using the
LINCS algorithm [[139] and a timestep of At = 2 fs was used.

Electrostatic potentials were computed on a cubic grid of dimensions 129 A x 129 A
x 129 A with a grid spacing of 1 A using APBS [210] at an ionic strength of 0.1 M and a

temperature of 300 K.
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Figure 6.4: Protein-lipid contacts in wild type PTEN. (A) The mean number of protein-lipid contacts per residue
is shown for the atomistic simulations with a POPC bilayer, (B) a POPC(80%):POPS(20%) bilayer and (C) a
POPC(60%):POPS(40%) bilayer. The region containing R161, K163 and K164 is indicated and expanded in the
right panel. Contacts were computed between the protein and lipid heavy atoms using a 4 A cut off and averaged
over the 50 ns trajectory. The horizontal red line shows the average plus one standard deviation for the distribution.

Any residue exceeding this number of contacts is deemed to interact with the lipids to a significant extent.

6.3 Membrane-binding surface of PTEN

Multiple sequences of MD simulations were carried out for the wild type and mutant pro-

teins using different compositions of bilayer lipids (Figure [6.3] and Table [6.1)). Bilayers



Simulations of the PTEN tumour suppressor 170

Cc2

cationic patch domain

phosphatase CBR3
domain

Figure 6.5: PTEN mutants and electrostatic potentials. (A) Structure of PTEN with the residues selected for
mutation in silico shown as van der Waals spheres. The cationic patch (R161, K163, K164) is shown in green,
CBR3 (K260, K263, K266, K267 and K269) in purple and R335 is shown in yellow. (B) Structure of PTEN rotated by
90°, showing the location of these residues on the membrane binding face of the protein. (C) Electrostatic potential
of wild type PTEN projected onto its solvent-accessible surface. The regions around the cationic patch (R161,
K163 and K164) and CBR3 (K260, K263, K266, K267 and K269) are both highlighted. (D) Electrostatic potential of
the triple mutant R161E/K163E/K164E PTEN projected onto its solvent-accessible surface. The cationic patch is
once again highlighted, illustrating the switch in polarity from positive to negative in the triple mutant. Electrostatic
potentials are coloured from -5kT/e (red) to +5kT/e (blue) and are shown in the same orientation as (B).

were composed of either purely zwitterionic lipids (100% POPC and its CG equivalent) or
alternatively two different mixtures of anionic and zwitterionic lipids (POPS(20%):POPC(80%),

POPS(40%):POPC(60%) and their CG equivalents). PTEN is able to bind to both purely
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Figure 6.6: Anionic lipid RDFs for the wild type PTEN CG MD simulations. Mean RDFs for POPS calculated
from three independent simulations are shown for (A) the wild type phosphatase domain and (B) the wild type
C2 domain using the POPC(80%):POPS(20%) bilayer composition. For the case of the POPC(60%):POPS(40%)
bilayer the RDF is again shown for (C) the phosphatase domain and (D) the C2 domain. The RDFs were computed
for POPS lipids in the upper leaflet of the bilayer post self assembly over the time interval 100-500 ns. Shading
represents the uncertainty in the RDFs, plus or minus one standard deviation from the mean calculated from three
independent simulations.

zwitterionic and mixed zwitterionic/anionic lipid vesicles in vitro [396]], though its bind-
ing affinity for the latter is higher.

After conversion to an atomistic representation and 50 ns of MD simulation, protein-
lipid contacts between the heavy (i.e. non-hydrogen) atoms were computed over the
course of the MD trajectory for each residue (Figure [6.4). In all cases, the strongest
interactions between the protein and the lipid bilayer were observed for those regions
of truncated PTEN previously shown by experiment to be most important for membrane
binding, namely the cationic patch, R161, K163 and K164 [396], and the basic residues
in CBR3: K260; K263; K266; K267 and K269 [397] (Figure[6.5). The binding interface

is generally well conserved between the three atomistic simulations using different lipid
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Figure 6.7: Potential energy of interaction between PTEN and POPS. The mean short ranged component of
the Coulomb potential energy was computed between the protein and the anionic POPS lipids over the 50 ns
atomistic MD trajectory. Interaction energies between the wild type protein and POPS are shown for the simulations
using bilayers of composition (A) POPC(80%):POPS(20%) and (B) POPC(60%):POPS(40%). Error bars are +1
standard deviation from the mean potential energy over the trajectory.

bilayer compositions, suggesting that the model is reasonably robust. This, coupled with
the fact that the model of the PTEN-membrane complex is able to reproduce experimen-

tal results, suggests that it could be a reasonable approximation for the physiological

membrane-bound state.

6.4 Clustering of anionic lipids

It has been suggested that the C2 domain of PTEN is responsible for positioning the phos-
phatase domain in an optimal orientation for binding to PI(3,4,5)P; [398], and that it
enhances the interaction of the phosphatase domain with the membrane [[396]] possi-
bly by non-specific binding to monovalent anionic lipids [[125] [15]]. This is likely due
to the positive electrostatic potential around the three CBRs of the PTEN C2 domain
(Figure [6.5). To investigate this, the radial distribution function (RDF) of the anionic
lipids in the upper leaflet of the lipid bilayer for the CG simulations was computed (Fig-
ure [6.6). Although clustering of anionic lipids around both domains is observed relative
to the bulk, anionic lipids preferentially cluster around and bind to the C2 domain. The
uncertainty in the RDFs is admittedly rather high in the case of POPC(80%):POPS(20%),

however it is much lower at higher anionic lipid concentrations (Figure [6.6]) indicating
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Figure 6.8: CG anionic lipid RDFs for the PTEN C2 domain in the pentuple mutant
(K260E/K263E/K266E/K267E/K269E). CG anionic lipid RDFs around the C2 domain are shown for a sin-
gle 500 ns CG simulation of (A) the pentuple mutant with a POPC(80%):POPS(20%) bilayer and (B) the
pentuple mutant with a POPC(60%):POPS(40%) bilayer. In both cases the pentuple mutant is compared with the
corresponding RDFs from the wild type simulations (see also Figure [6.6), and anionic lipid clustering around the
C2 domain is greatly reduced in both cases. No substantive changes in the POPS RDFs around the phosphatase
domain were observed in the pentuple mutant.

that the elevated levels of anionic lipid clustering around the C2 domain are significant.

The short ranged component of the electrostatic potential energy between the anionic
POPS lipids and the protein over the 50 ns atomistic MD trajectories was computed and
is shown in Figure As expected, the electrostatic interaction energy scales with the
fraction of anionic lipids. The electrostatic potential energies also reveal that the inter-
action energy is higher on average between the C2 domain and the anionic lipids than is
the case for the phosphatase domain. Taken together, these results provide evidence that
anionic lipids preferentially interact with the C2 domain.

To test the effect of anionic lipid clustering around the C2 domain, the five positively
charged residues in CBR3 within the C2 domain were mutated in silico. CBR3 has been
shown to interact with the bilayer lipids (Figure [6.4), and a limited set of simulations
of the resulting charge reversal mutant K260E/K263E/K266E/K267E/K269E show how
lipid clustering can be modulated by mutation. In this pentuple mutant, the five-fold

substitution of Lys — Glu in the C2 domain substantially reduces the clustering around

the C2 domain (Figure [6.8)).
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. - . 161+163+164 335 contacts /
Protein Lipid composition

contacts / ps? ps?t
wild type POPC(100%) 222 148
POPC(80%):POPS(20%) 226 24.1
POPC(60%):POPS(40%) 32.9
R161E/K163E/K164E POPC(100%) 0.1
POPC(80%):POPS(20%) 116
POPC(60%):POPS(40%) 0.1
R335L POPC(100%) 5.0
POPC(80%):POPS(20%) 8.8

Table 6.2: Reduction in protein-lipid contacts in the PTEN mutants. Protein-lipid contacts were computed between
the protein and lipid heavy atoms using a 4 A cut off and averaged over the 50 ns trajectory. Wild type contacts
are shown graphically in Figure and the table shows the sum of the contacts between residues at positions
161, 163 and 164 with the bilayer lipids, and the same measure for the residue at position 335. The triple charge
reversal mutant R161E/K163E/K164E shows a substantial drop in the number of contacts between this region
of the protein and the lipids. The charged — non-polar mutation R335L shows a more modest reduction in the
number of contacts.

6.5 Mutation reduces protein-lipid contacts

R161, K163 and K164 form a cationic patch at the surface of the phosphatase domain,
and previously Das et al. [[396]] established that mutation of these residues to alanine
resulted in a 22-fold decrease in membrane binding affinity. Nonetheless, the mutant
still had comparable phosphatase activity to wild type PTEN, indicating that this region
contributes to membrane binding through non-specific electrostatic interactions with the
membrane lipids, rather than by binding to PI(3,4,5)P; directly. This region was also
observed to interact with the lipid bilayer in all three atomistic MD simulations. To test
whether or not the model was able to reproduce this reduction in membrane binding
the same set of simulations with the in silico triple mutant, R161E/K163E/K164E, was
performed. The electrostatic potential around the mutant protein as compared with the
wild type is shown in Figure [6.5] illustrating how the triple mutant switches the polarity
of the cationic patch from positive to negative. The protein-lipid contacts in this region

between mutant PTEN and the membrane are substantially reduced for all three lipid
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Figure 6.9: Protein-lipid contacts projected onto the solvent-accessible surface of PTEN. The lower (membrane-
binding) surface of the protein is shown. Atomistic contacts are shown for (A) the wild type protein and (B) the
triple mutant R161E/K163E/K164E in the POPC(60%):POPS(40%) bilayer system. The location of residues 161,
163 and 164 is indicated by a dashed box. See also Table [6.2]and the electrostatic potentials in Figure[6.5
compositions, in agreement with experimental results (Table [6.2). Figure [6.9 shows
the mean number of lipid contacts over the MD trajectory projected onto the solvent-
accessible surface of the protein for both the wild type and the triple mutant. Comparison
of Figure [6.9 with the electrostatic potentials in Figure emphasises the fact that the
fall in the number of lipid contacts in this region of the triple mutant is likely to be due
to electrostatic effects.

Residues R161, K163 and K164 are located in the phosphatase domain, and anionic
lipid clustering around the phosphatase domain is already a comparatively weak effect
(Figure [6.6]). As a result, the small reduction in the POPS RDF around the phosphatase
domain for the R161E/K163E/K164E mutant compared with the wild type is statistically
insignificant. This is perhaps due to the fact that the RDF is computed around the whole
phosphatase domain and is radially averaged, such that any local density fluctuations are
likely to be smoothed out.

To visualise how local lipid clustering is modulated in the triple mutant, lipid density
maps were computed for the anionic lipids over the course of the CG MD trajectories. Fig-
ure shows how the local density of POPS changes upon mutation, with a reduction
in POPS clustering around the cationic patch observed for both bilayer systems incorpo-
rating anionic lipids. Corresponding lipid density maps for the lower leaflet of the bilayer

show no such clustering (Figure [6.11)), indicating that this local enrichment of POPS rel-



Simulations of the PTEN tumour suppressor 176

2
2

A < B oC
~ ~
< 0.005 > < 0.005
= 0.004 2 ~ 0.004 2
C () c ()
S 0.003 © S 0.003 ©
D a2 % g
8 0.002 2 8 0.002 2
~ 0.001 £ > 0.001 -2
L, —8 0.000 % 0.000 %

-40-20 0 20 40 -40-20 0 20 40

x position / A x position / A
C e D e
~~ ~~
< 0.010 < 0.010
~ 0.008 2 ~ 0.008 2
c (D) c ()
S 0.006 © S 0.006 ©
D a2 2 g
8 0.004 2 8 0.004 2
- 0002 £ > 0.002 2
0.000 % 0.000 %

-40-20 0 20 40 -40-20 0 20 40

x position / A x position / A

Figure 6.10: Density of POPS in the upper leaflet of the lipid bilayer around PTEN in the system us-
ing a bilayer composition of POPC(80%):POPS(20%) for (A) the wild type protein and (B) the triple mutant
R161E/K163E/K164E. Density of POPS in the upper leaflet of the lipid bilayer around PTEN in the system us-
ing a bilayer composition of POPC(60%):POPS(40%) for (C) the wild type protein and (D) the triple mutant. The
range of the colour scale in the lower panels has been doubled with respect to that used in the upper panels to
reflect the higher POPS concentration. CG trajectories were post-processed to fit the protein to its initial position
and orientation in the xy plane. Lipid densities were subsequently computed over an interval of 100-500 ns after
self assembly of the PTEN-membrane complex had occurred, and distributed into bins of dimension 2 x 2 A.
The resulting plots are average densities computed for the three independent CG simulations in each case. The
positions of residues 161, 163 and 164 are indicated by white crosses.

ative to the bulk is almost certainly due to the presence of the protein at the surface,
rather than an artefact arising from lipid flow patterns or phase separation. The reduced
interaction between the membrane and the phosphatase domain may explain the ex-
perimental observation that the membrane binding affinity of the R161E/K163E/K164E

mutant is much lower than that of the wild type despite the fact that it remains catalyti-

cally competent and able to bind to PI(3,4,5)P;.
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Figure 6.11: Density of POPS in the lower leaflet of the lipid bilayer with a bilayer composition of
POPC(80%):POPS(20%) for (A) the wild type protein and (B) the triple mutant R161E/K163E/K164E. Density
of POPS in the lower leaflet of the lipid bilayer with a bilayer composition of POPC(60%):POPS(40%) for (C) the
wild type protein and (D) the triple mutant. The range of the colour scale in the lower panels has again been dou-
bled with respect to that used in the upper panels. Lipid densities were computed over an interval of 100-500 ns
after self assembly of the PTEN-membrane complex had occurred, and distributed into bins of dimension 2 x 2 A
The resulting plots are average densities computed for the three CG simulations in each case. No lipid clustering
is evident for the lipids in the lower leaflet of the bilayer. See also Figure[6.10]

6.6 Locations of disease-causing mutations in PTEN

PTEN is one of the most frequently mutated proteins in human cancer [368], so much so
that several authors have adopted the alternative nomenclature PTEN/MMAC1 (MMAC1:
mutated in multiple advanced cancers) when referring to the protein. As a result there
is now a wealth of mutational data available on PTEN. To determine whether or not
the model of membrane-bound PTEN was able to shed any light on these data, the con-
tacts observed in the simulations were compared to disease-causing missense mutations

extracted from the Human Gene Mutation Database (HGMD) [399] (see Appendix [A]).
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Figure 6.12: Mapping disease-causing mutations onto the PTEN-membrane complex. The X-ray structure of
PTEN is superimposed onto the final frame from an atomistic simulation of PTEN in a zwitterionic lipid bilayer,
showing how the protein interacts with the membrane. The Co atoms of each residue for which a missense
mutation has been reported (see Appendix[A) are shown as van der Waals spheres. Of these residues, those at
the interface between the two domains are shown in yellow, while those at the suggested PI(3,4,5)P3-binding site
(the location of the bound tartrate in the crystal structure) are shown in blue. All other mutants are shown in pink
or cyan, depending on whether they are located in the phosphatase domain or C2 domain respectively. The three
residues that interact with the membrane to the greatest extent (N48, R234 and R335) are coloured green.
Several of the oncogenic and disease-causing mutations in PTEN occur either at the
phosphatase/C2 domain interface where they are thought to affect folding, or are hydrol-
ysis defective mutations located at the phosphatase active site (Figure [6.12). However,
many mutations occur at locations spatially removed from these regions and it is less
clear how these may lead to loss of function and subsequent oncogenesis. The work on
membrane-bound GRP1-PH described in Chapter [3] demonstrated the considerable con-
tribution of the surrounding lipid bilayer to the stability of the protein-membrane com-
plex as a whole, in addition to the specific interaction between the protein and its cognate
PI(3,4,5)P; ligand. With this in mind, one possible explanation for the loss of function
associated with these mutations could be that they impair membrane binding in some
fashion. It was therefore of interest to map the locations of all disease-causing PTEN
mutations reported in the HGMD onto the three dimensional structure of the putative
PTEN-membrane complex to determine whether any of these residues could conceivably

interact with the membrane (Figure [6.12).

Examining the protein-lipid contacts from the simulations of the PTEN-membrane



Simulations of the PTEN tumour suppressor 179

complex reveals that three residues listed as sites of disease-causing mutations in the
HGMD also interact with the model membrane: N48 [400]; R234 [[401]] and R335 [[402]
(Figure [6.12]). Of these three residues, R335 was observed to interact with the mem-
brane to the greatest extent across all of the simulations. The mutant R335L, in common
with several other germline mutations, has been associated with the inherited cancer
syndrome Cowden’s disease [403], which results in higher risk of developing breast and
thyroid cancer.

The authors of the report describing the R234Q mutation [401]] postulated that this
mutant may affect the ability of PTEN to associate with other proteins at the membrane
surface, owing to its location in CBR2 at the periphery of the protein (Figure [6.12).
However, when the novel germline mutation R335L was identified by DNA amplification
and sequence analysis [402], the authors did not consider its structural or functional
implications. As a result, no mechanism has yet been proposed to describe the molecular
origin of disease associated with this mutant. A visual inspection of the PTEN-membrane
complex (Figure[6.12)) suggests that R335 is unlikely to be involved in any protein-protein
interactions, given its position in the loop between the 37 and (38 strands of the eight
stranded  sandwich (Figure [6.12) and its proximity to the basic residues in CBR3 that
are known to bind to the membrane.

While R335 is unlikely to participate in protein-protein interactions, the simulations
suggest that this residue lies in close proximity to the membrane in the PTEN-membrane
complex. This, coupled with the charged — non-polar nature of the mutation, makes it
reasonable to hypothesise that perhaps the oncogenic nature of the R335L mutant may
in part be due to a reduced binding affinity for anionic lipids. To examine this, the simu-
lations for the zwitterionic and 20% anionic lipid systems were repeated with the R335L
mutant, and again contacts between the protein and the lipid bilayer were analysed. A
modest reduction in protein-lipid contacts for this region of the protein was observed

(Table[6.2)), providing some support for the hypothesis that a reduction in the interaction
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Figure 6.13: Model of closed «— open conformational switching by PTEN proposed by Rahdar et al. [397]. In the
closed conformation, membrane binding is prevented by self association of the N-PBM and C-TT with the phos-
phatase domain and C2 domain respectively. Binding of the N-PBM to PI(4,5)P, coupled with dephosphorylation
of the C-TT shifts PTEN into an open conformation capable of binding to the membrane.

between the mutant protein and the membrane contributes to its oncogenicity. Clearly

however, further work (both simulation and experiment) would be required to confirm

this. Some avenues of further work that could be explored are discussed in Chapter [7|

6.7 Discussion

6.7.1 Membrane interaction of full-length PTEN

Rahdar et al. [[397] developed a model for the membrane binding of PTEN on the basis
of an extensive experimental study that included the N-PBM and the C-TT of PTEN. A
schematic of their model is depicted in Figure They proposed a mechanism whereby
the N-PBM and the phosphorylated C-TT act in an autoinhibitory fashion while the pro-
tein is present in the cytosol. This is caused by the N-PBM and the phosphorylated C-TT
self associating with the membrane binding surfaces of the phosphatase domain and
the C2 domain respectively through electrostatic interactions. In this state the protein

is effectively ‘closed’ and is unable to bind to the membrane. In their model, dephos-
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phorylation of the C-TT in tandem with PI(4,5)P, binding by the N-PBM is responsible
for shifting the protein to an ‘open’ state. The membrane binding surfaces of the phos-
phatase domain and C2 domain are then exposed and PTEN is able to fully interact with
the membrane.

The lack of the N-PBM and the C-TT in the crystal structure and in the model con-
structed in this chapter means that it is not possible to capture this closed <— open
transition in the simulations. However, the aim here was simply to model the interaction
of the core PTEN fold with a single PI(3,4,5)P; molecule at the binding site and a sim-
plified membrane in the absence of more complex lipids such as PI(4,5)P,. This setup
effectively corresponds to the open state described by Rahdar et al. without the inclu-
sion of the N-PBM-PI(4,5)P, interaction, as the C-TT is not thought to interact with the
membrane [[404]]. However, the isolated phosphatase/C2 domain core of PTEN remains
a reasonable basis for a model of the PTEN-membrane complex as the core is catalytically
competent and able to metabolise its PI(3,4,5)P; substrate in cells [[405]. In contrast, as
discussed above the N-PBM and C-TT are thought to be involved in membrane targeting
and regulation of enzyme activity.

PI(4,5)P, binding by the N-PBM is likely to be a contributory factor in membrane
binding of PTEN. Expanding the model beyond the truncated PTEN core to incorporate
the N-PBM and possibly the C-TT should allow for exploration of the membrane binding
role of these regions in the proposed open state. Beginning from this simple model, it
should also be possible to introduce more complex membrane compositions that include
PI(4,5)P, and other lipids identified in recent lipidomics studies [[11] to further charac-

terise the membrane-associated state of PTEN under more physiological conditions.

6.7.2 Other PTEN-like domains

Recently, crystal structures of other PTEN-like domains such as auxilin [406]] and Ciona

intestinalis voltage sensing phosphatase (Ci-VSP) [407,/408] have been determined. CBR3
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of auxilin is much more extended relative to that of PTEN, indicating that it may be able
to penetrate the membrane to a greater extent. This apart, auxilin is akin to PTEN in
several important respects. The overall fold is extremely similar and CBR3 carries a large
positive charge. The latter, combined with a shared lack of aspartate residues in CBR3 for
both proteins, suggests that auxilin binding to membranes may operate through a sim-
ilar Ca®*-independent mechanism. Although auxilin is devoid of catalytic activity with
respect to PI(3,4,5)P, it is able to bind non-specifically to PI(4)P and PI(4,5)P, through
its C2 domain, and mutation of arginine and lysine residues to glutamate in CBR3 dra-
matically reduced its binding affinity for liposomes containing these lipids. This provides
further evidence that the C2 domain, and CBR3 in particular, is important for membrane
binding in PTEN-like proteins. However, this may not be universally true, as the Ci-VSP
crystal structure indicates CBR3 carries fewer positively charged residues than the cor-
responding region in PTEN. CBR3 also packs against the phosphatase domain in Ci-VSP
instead of adopting the more extended conformation observed in PTEN, again suggesting

that its role in membrane binding may be limited.

6.7.3 Ligand migration from the enzymatic cleft

While the model presented here appears able to reproduce the binding interface between
PTEN and the membrane surface, unfortunately it is somewhat less successful when con-
sidering the protein-ligand interaction between PTEN and PI(3,4,5)P;. A feature com-
mon to all of the simulations is the expulsion of the PI(3,4,5)P, ligand from the tartrate
binding site of PTEN, which frequently occurs early in the CG MD simulations. Moni-
toring the separation between the ligand and the catalytic cysteine residue C124 shows
the departure of PI(3,4,5)P; from this site and its migration over a distance of several
Angstroms to alternative sites (Figure [6.14). Furthermore, when switching to atomistic
resolution the ligand remains at these sites and the tartrate binding pose observed in the

crystal structure is not recovered during the subsequent atomistic MD simulations.
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This effect is potentially due to the constricted binding pocket containing the tartrate
molecule in the crystal structure. The displacement of the ligand from this pocket is likely
due to steric hindrance, as the 1(1,3,4,5)P, headgroup is bulky compared with the tartrate
and it may therefore be difficult to accommodate multiple phosphate groups in the cleft.
It is possible that this effect is a direct consequence of the low resolution of the CG model
and the larger van der Waals radii possessed by the CG particles, making protein-ligand
interactions difficult to treat. It may also be due to the short electrostatic cut off used in
the CG model, which does not take into account long range electrostatic interactions. As
the interaction between PTEN and PI(3,4,5)P; is likely to have a significant electrostatic
component, the use of a plain truncated and shifted cut off rather than a more elaborate
scheme such as PME may be partly responsible for the escape of the PI(3,4,5)P; from
the putative binding site. However, previous studies have demonstrated the utility of
CG models when investigating protein-ligand interactions. For example, an analogous
CG model of PI(4,5)P, and an inwardly rectifying potassium (Kir) channel accurately
predicted the PI(4,5)P, binding site of the channel [409]] before the advent of the crystal
structure [[410].

To assess the dynamic constriction of the binding pocket relative to the crystal struc-
ture, binding pocket volume calculations were performed using POVME (see Chapter [5).
Protein conformations were extracted at intervals of 1 ns from the atomistic MD trajecto-
ries and fitted using a least squares method to the crystal structure. A pocket encompass-
ing region was defined by placing a sphere of radius 15 A at the position of the sulfur
atom of C124 for each snapshot. The resulting volumes are shown in Figure The
calculated binding pocket volume shows that the cleft is dynamic and prone to collapse
during the MD simulations, with the calculated value being on average slightly smaller
than that seen in the crystal structure. This may help to explain the difficulties in main-
taining a suitable PTEN-PI(3,4,5)P; complex in the simulations.

To determine whether or not the ejection of the ligand from the binding site is due
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Figure 6.14: Ligand migration and binding pocket collapse in PTEN. (A) Separation between the C124 sidechain
particle and the 3’ phosphate particle of the I(1,3,4,5)P, headgroup over the CG MD simulations. Rapid ejection
of the ligand from the binding pocket is observed in all cases. (B) Separation between the C124 sulfur atom and
the 3’ phosphorus atom of the 1(1,3,4,5)P, headgroup in the subsequent atomistic simulations, and for the 200 ns
atomistic simulation where PTEN was manually positioned at the surface of a PI(3,4,5)P3-containing lipid bilayer.
The horizontal dotted line shows the 3.6 A reference separation between the C124 sulfur atom and the carboxylate
carbon of the tartrate in the crystal structure. (C) Binding pocket volume of PTEN calculated by placing a 15 A
radius pocket encompassing sphere at the sulfur atom of C124 at 1 ns intervals. The dotted line indicates the
calculated binding pocket volume from the crystal structure, 2506 A, Mean values plus or minus one standard
deviation from the mean over the trajectories are 1779 & 293 A, 1728 + 514 A% and 1676 + 396 A® in the
case of the POPC(100%), POPC(80%):POPS(20%) and POPC(60%):POPS(40%) bilayer systems respectively.
(D) Pocket volume calculated for the 200 ns atomistic simulation where PTEN was manually positioned. Mean
values plus or minus one standard deviation from the mean are 2172 + 386 AS.

solely to the CG component of the MD simulations, two other approaches to position-
ing PI(3,4,5)P; in the binding site were explored. In the first, the tartrate molecule was
removed from the crystal structure of PTEN and blind docking using 1(1,3,4,5)P, was
performed using AutoDock. Identical docking parameters to those described in Chap-

ter [5] were used, except that the grid was centred at the position of the sulfur atom of

C124. The centre of mass of the lowest energy cluster, which is also the largest cluster,
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Figure 6.15: Structural details of ligand migration and molecular docking. (A) The tartrate molecule in the crystal
structure, showing the 3.6 A separation between the C124 sulfur atom and the carboxylate carbon of the tartrate.
H93 and C124 line the binding pocket and are shown as ball-and-stick representations. (B) The solvent-accessible
surface of PTEN highlights the constriction of the binding pocket. Spheres show the final positions of the centre
of mass of the 1(1,3,4,5)P, headgroup after 500 ns CG MD simulation and 50 ns atomistic MD simulation using
a POPC(100%) bilayer (black), a POPC(80%):POPS(20%) bilayer (red) and a POPC(60%):POPS(40%) bilayer
(blue). The green sphere shows the centre of mass position after manual positioning of PTEN at the surface of a
PI(3,4,5)P3-containing atomistic lipid bilayer and 200 ns of MD simulation. The position of the centre of mass of
the lowest energy, largest conformational cluster after docking using AutoDock is shown as a yellow sphere. (C)
Lowest energy configuration of the 1(1,3,4,5)P4 headgroup after docking to the isolated phosphatase domain using
AutoDock. The centre of mass is indicated by a purple sphere. (D) Largest conformational cluster based on a
tolerance of 1.5 A RMSD for docking of the 1(1,3,4,5)P, headgroup to the phosphatase domain, with the centre of
mass position represented by an orange sphere.

is spatially separated from the active site (Figure and no docking pose reproduced

the predicted pose based on the position of the tartrate in the PTEN crystal structure.
Given the propensity for anionic lipid clustering around the C2 domain, it is perhaps

not surprising that the negatively charged PI(3,4,5)P; ligand tends to migrate towards

the C2 domain in the simulations. Molecular docking using the 1(1,3,4,5)P, headgroup

also revealed that the vast majority of the predicted docking poses interacted with the
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C2 domain. Interestingly, Wang et al. [[395]] were able to obtain a binding pose similar
to that predicted by Lee et al. [371] from the crystal structure by removing the C2
domain and docking to the phosphatase domain alone. Following the approach of Wang
et al., docking was repeated using just the phosphatase domain, and this results in a
predicted binding mode that is more consistent with the position of the tartrate in the
crystal structure (Figure[6.15). Wang et al. equilibrated their complexes using short MD
simulations of 2 ns duration after docking. However in light of the results presented here,
which show long term conformational drift of the PTEN-PI(3,4,5)P; complex, it is unclear
whether these complexes would be stable over longer time scales. Indeed, even over a
period of 2 ns the authors observed substantial changes in hydrogen bonding patterns in
the MD simulations compared with their docked structures.

In the second approach, after removal of the tartrate the PTEN protein was manually
positioned at the surface of a zwitterionic lipid bilayer containing PI(3,4,5)P5, using the
same method used for GRP1-PH in Chapter [3l After 200 ns of atomistic simulation the
ligand eventually departs from the binding site, though more slowly than was the case for
the CG simulations. This might be expected owing to the greater number of interaction
sites and the rougher potential energy surface in the atomistic MD simulations. Interest-
ingly, no excursions from the binding site were observed for the atomistic simulations of
PI(3,4,5)P; bound to GRP1-PH described in Chapter[3] despite the fact that they were up

to 100 ns in length.

6.7.4 Summary

Collectively, these results suggest that PI(3,4,5)P; is unable to form a long-lived com-
plex with PTEN at the site formerly occupied by the tartrate. Mutational data strongly
suggests that this is the location of the PI(3,4,5)P; binding site, as mutations in either
the cysteine (C124S [|376]]) or the histidine (H93A [398]) residues flanking the tartrate

inactivate the phosphatase. However, tartrate is much smaller than the PI(3,4,5)P; head-
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group, which is decorated with bulky phosphate groups. It may therefore be the case that
some form of induced fit mechanism operates in the phosphatase domain, and that the
PI(3,4,5)P; headgroup cannot be accommodated in the constricted active site observed
in the crystallographic conformation. The CG MD simulations are unlikely to be able to
capture this mechanism as the protein’s capacity for conformational change is limited
by the presence of the Gaussian network model, which restrains its secondary structural
elements.

Although PI(3,4,5)P; is jettisoned from the predicted binding site, it always remains
bound to the protein within the archway-like cavity formed by the packing of the C2
domain against the phosphatase domain in all of the simulations. While PI(3,4,5)P; un-
deniably binds to the phosphatase domain, the fact that anionic lipids were observed to
cluster around the C2 domain makes it tempting to speculate that perhaps the C2 domain
also plays a role in PI(3,4,5)P; binding. It could be that the C2 domain assists the phos-
phatase domain in accessing its lipid substrate by locally enriching the concentration of
anionic lipids such as PI(3,4,5)P; via electrostatic interactions. This would explain the
preferential interactions with the C2 domain in the docking runs and the MD simulations,
as it could perhaps be the case that the role of the C2 domain is to localise PI(3,4,5)P,
proximal to the active site in the phosphatase domain, thus funnelling the substrate into
the binding cleft and facilitating the phosphatase activity of PTEN. The mechanistic de-
tails of how PTEN binds to membranes are still not clear, and it is not yet known how the
lipid substrate is able to access the binding site. As both domains of PTEN appear able to
recognise anionic lipids, substrate ingress could perhaps be achieved by transient dissoci-
ation of the phosphatase domain from the surface while the C2 domain keeps the protein
bound to the membrane. Experimental data would be required to assess the contribution
of the C2 domain to the activity of the phosphatase domain, and to determine whether
or not it is responsible for enrichment of PI(3,4,5)P; and enhanced phosphatase activity.

This could most easily be achieved by comparing the activity of the isolated phosphatase
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domain to that of the phosphatase/C2 core, but unfortunately when this was attempted
by Das et al. the isolated phosphatase domain was found to exhibit low protein stability
[396]] making the experiment challenging to perform.

It may well be the case that the simulations are simply not long enough to observe
long-lived complex formation. Shaw and colleagues carried out MD simulations of dasa-
tinib and Src kinase [411]], in an attempt to model ab initio the binding of the drug to
its target. They began with Src kinase immersed in a solvent box surrounded by sev-
eral dasatinib molecules and simply allowed the simulation to run. Shaw and colleagues
found it necessary to run multiple simulations for tens of us, and in some - but not all -
they eventually converged upon a protein-ligand complex with the drug in a similar site
to the crystallographic binding pose.

Despite the limitations of the model when considering the protein-ligand interaction,
it does at least appear to be robust with respect to the protein-lipid interactions and the
location of the PTEN-membrane interface. More elaborate techniques, or perhaps longer
simulations, may be necessary to treat the PTEN-PI(3,4,5)P; interactions with more ac-
curacy, and clearly to model effects such as dephosphorylation of the 3’ phosphate higher
level treatments would be required. For example, recent advances in density functional
theory (DFT) methods implemented in hybrid quantum mechanical/molecular mechani-
cal (QM/MM) simulations have allowed for simulation of phosphate hydrolysis by alka-
line phosphatases [412] [413]]. It is conceivable that this could eventually be adapted to
investigate the membrane binding mechanism and phosphatase activity of PTEN through
an expanded multiscale scheme, incorporating successive simulations at CG, atomistic

and QM levels of resolution.



Chapter 7

Conclusions

HE preceding chapters have attempted to tackle the problem of simulating protein-
Tlipid interactions and protein-membrane association using a variety of computa-
tional techniques, complemented by experimental results where possible. In this final
chapter, some of the main conclusions from this thesis are briefly reviewed and possible

opportunities for further work are identified.

7.1 Electrostatics in protein-membrane binding

Throughout this thesis, electrostatic effects have been repeatedly shown to influence
many aspects of protein-membrane association. These manifest themselves in many dif-
ferent ways, from the disruption of GRP1-PH targeting by non-specific interactions with
non-PI(3,4,5)P, lipids described in Chapter 4] to anionic lipid clustering around the posi-
tively charged C2 domain of PTEN seen in Chapter [6l The fact that GRP1-PH responded

to alternative lipid configurations by executing different search patterns at the mem-

189
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brane surface is of particular note, as it reinforces the idea that the exact distribution of
lipids can modulate the electrostatic effects arising from the presence of the membrane.
This suggests that modelling the membrane as a uniformly charged slab would be insuf-
ficient to capture the subtle steering phenomena observed in Chapter [4l Furthermore,
the observed preferential accumulation of anionic lipids around the PTEN C2 domain
suggests that lipid redistribution can also be a cooperative effect, with the membrane
readjusting to accommodate the presence of a bound peripheral protein and optimise the
favourable electrostatic interactions. This is in line with results from other simulation
studies [[296, 297, 298] and with the complementary PI(4,5)P, microdomain formation
and syntaxin-1A clustering observed by van den Bogaart et al. [63]], though such effects
cannot be observed in the BD simulations where a static membrane was used.

An interesting observation that emerged from the BD simulations is that an anionic
lipid concentration of around 20% is optimal to enhance both axial translational steering
and orientational steering of GRP1-PH to PI(3,4,5)P,, without sacrificing its ability to lo-
cate PI(3,4,5)P; through radial translational steering in r. This is noteworthy because
typical anionic lipid concentrations in the cytoplasmic leaflets of mammalian plasma
membranes are also approximately 20%, and this makes it tempting to speculate that
perhaps this concentration has been evolutionarily tuned in some way to promote suc-
cessful protein-ligand targeting at the surface of plasma membranes.

Most PH domains bind their PIP ligands in a canonical fashion at the binding site
formed by the three variable loops at the base of the 3 barrel. Interestingly, an analysis
of the electrostatic properties of a variety of PH domains revealed that the location of
this binding site was often coincident with the direction of the molecular dipole moment
vector measured from the centre of mass of the domain (Chapter [4)). This raises the
prospect of an electrostatic funnelling mechanism, acting in reverse to that observed in
AChE, that is able to steer PH domains into the correct orientation to bind to their PIP

ligand by alignment of the molecular dipole moment.
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This close correspondence between the direction of the molecular dipole moment
vector and the location of the PIP binding site was also observed in PH domains that
bind their PIP ligands in a non-canonical manner (Chapter[5). As this property appeared
to be reasonably well conserved between PH domains, it provided some support for the
existence of a secondary, or perhaps alternative, binding site in kindlin-1 PH after the
docking results proved to be somewhat inconclusive. The idea of dipole moments influ-
encing protein behaviour is not unprecedented, and aside from electrostatic funnelling
in AChE, there is evidence that dipole moments of « helices stabilise protein secondary
structure [414]], guide folding proteins towards their native structures [415]] and influ-
ence protein-protein aggregation [416]]. Molecular dipole moments aligned with PIP
binding sites may therefore be a general feature of the PH domain family, and a compre-
hensive analysis of the 109 PH domain structures in the PDB could confirm whether or
not this is indeed the case. If so, this may have implications for a general mechanism
of PIP binding, allowing for prediction of ligand binding propensities based on structure
alone. Indeed, as PH domains are so structurally conserved, an ambitious goal might be

to attempt to make predictions about binding properties based solely on sequence data.

7.2 Membrane penetration and non-polar interactions

Although electrostatic interactions may dominate protein-membrane binding in many
cases, it also seems clear that non-specific, non-polar interactions with bilayer lipids can
contribute to the stability of membrane-bound complexes. Support for this was provided
by the observed penetration of GRP1-PH into zwitterionic lipid bilayers in Chapter 3] the
extent of which was strikingly evident when forcible dissociation of the protein from the
surface of the membrane was attempted using SMD simulations. Further evidence for
this was provided in Chapter [6] where numerous interactions were observed between
PTEN and zwitterionic lipids in the bilayer. These results suggested that, far from being

a passive substrate that simply serves to accommodate ligands, the membrane plays an
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important supporting role in sustaining bound protein-ligand complexes. This points
towards a dual recognition model of membrane binding, where the interaction of the
protein with its cognate ligand is supplemented by additional non-specific interactions

with the bilayer lipids.

7.3 Membrane encounter, recognition and dissociation

This thesis has also addressed the general problem of encounter and recognition in the
context of lipid targeting by GRP1-PH using BD simulations. The complexity of the ob-
served association behaviour also raises questions about the nature of the eventual disso-
ciation mechanism from the membrane surface, as GRP1-PH exhibits reversible binding
to PI(3,4,5)P;. While dissociation and association are unlikely to occur via identical and
reversible routes, the complex association pathways arising from the BD simulations of
GRP1-PH binding to PI(3,4,5)P; suggest that defining a dissociation coordinate along the

z axis in the SMD simulations presented in Chapter [3]is likely to be an oversimplification.

7.4 Further work

One possible avenue for further work would be to explore the energetics of this disso-
ciation using PMF calculations. However, a traditional one dimensional PME such as
that used when investigating the free energy profile for passage of ions through an ion
channel, may not be sufficient in this case. As BD simulations have demonstrated that
the anionic lipid composition and configuration in the membrane influences association
pathways, dissociation pathways may also be more complicated than a conceptually sim-
ple ‘vertical takeoff’ from the bilayer surface. This may require a multidimensional PMF
calculation, with reaction coordinates not only in z, but also in r and possibly 0. As elec-
trostatic interactions have been shown to be important in protein-membrane association,

the truncated and shifted cut off used for the Coulomb potential in the CG MD simula-
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tions may be too crude, and atomistic simulations with a more elaborate treatment of
long range electrostatics may be necessary. The combination of multiple reaction coordi-
nates, an atomistic level of detail and a comprehensive treatment of electrostatics would
however make calculating this multidimensional PMF extremely challenging.

The work on PTEN described in Chapter [6l was an attempt to apply multiscale tech-
niques to a larger, more complex protein with a multidomain architecture. An alternative
application of these techniques might be to investigate the association of two proteins at
the surface of the membrane. An obvious choice, given the focus on GRP1-PH in this the-
sis, would be the interaction between the small GTPase Arf6 and GRP1-PH, which serves
as an Arf guanine nucleotide exchange factor. Arf is myristoylated at the N-terminus and
is localised at the plasma membrane through this lipid tail, and so PI(3,4,5)P;-bound
GRP1-PH and Arf6 together execute the now familiar two dimensional diffusion at the
membrane surface that facilitates binding. The diffusion, encounter and binding pro-
cess could be modelled by CG MD simulations, switching to atomistic resolution after
formation of the bound complex to probe the protein-protein interaction in more detail.

To test the wider applicability of multiscale simulations of peripheral membrane pro-
teins, a limited number of CG MD simulations were performed to investigate protein-
protein association of GRP1-PH and Arf6 (data not shown). While the results from the
simulations were promising, there are several problems that still need to be overcome.
Simulations were successful in generating bound complexes, but as diffusion rates are
enhanced in the CG model it was found that the GRP1-PH-Arf6 complex formed rather
quickly. This rapid association of the two proteins presents a problem when attempting
to study complex formation, as the location of the protein-protein interface appeared to
be at least partly dependent upon the inital separation and relative orientation of the
proteins. Rotational autocorrelation functions showed that protein reorientation before
complex formation is limited. To alleviate this problem, switching to larger box sizes was

considered, though this is computationally expensive due to the presence of additional
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lipids and solvent. Another option was to increase the ionic strength of the solution, in
the hope that this would lead to a greater degree of ionic screening between the proteins.
A limited number of exploratory simulations provided hints that increasing the salt con-
centration does indeed slow down the rate of association, increasing the time available
for the proteins to reorient themselves at the membrane surface prior to formation of
the complex. However, this effect is only observed when the Na* and Cl concentrations
are increased substantially, to values of the order of 10 M. With physiological measure-
ments of, for example, the Na* concentration in cells giving values of the order of 0.01
M [[417, 1418]], questions remain about the physiological relevance of these simulations

when the salt concentration is around 1000 times greater than that observed in vivo.

7.5 Towards simulations of cell signalling events

A common recurring theme in this thesis has been the need to adopt a multiscale ap-
proach to simulate processes that occur over long length and time scales. This is re-
flected in Chapter[4] where BD simulations were used to assemble the protein-membrane
complex by targeting the protein to a rigid membrane surface, before switching to atom-
istic MD simulations to probe the protein-lipid contacts. A multiscale approach was also
used in Chapter[6] but in contrast CG MD simulations were used to generate the protein-
membrane complex by dynamic self assembly of the lipids around the protein, before
again converting to atomic resolution to investigate the detailed protein-lipid interac-
tions. Clearly, both of these techniques have their limitations. The BD simulations in-
corporate a thorough treatment of electrostatics but lack conformational flexibility and
membrane fluidity, while in many ways the CG MD simulations are quite the opposite,
with rigorous treatment of the electrostatics sacrificed for enhanced sampling of the dy-
namics.

However, despite the shortcomings of some of the techniques described in this thesis,

overall the results have demonstrated that using a variety of methods as part of a multi-
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scale strategy can provide complementary information about the behaviour of different
aspects of a given system. Looking ahead, an ambitious, serial multiscale study of a sig-
nalling protein interacting with a lipid bilayer might first use BD simulations to model
the initial diffusional association with the membrane surface. This could then be fol-
lowed by CG MD simulations to incorporate lipid mobility and limited protein flexibility,
allowing the encounter complex to relax and the lipids to rearrange themselves to max-
imise the favourable interactions with the protein. Switching to atomistic resolution MD
simulations would then provide details on the specific protein-lipid and protein-ligand
interactions, and perhaps a QM/MM stage might follow that would allow modelling of a
catalytic step, for example phosphate hydrolysis. Finally, SMD simulations could be used
to remove the protein from the surface and return it to the cytosol. Taken together, these
five stages would effectively be representative of a complete signalling event, though
clearly downstream effects after the protein departed from the membrane surface would
also be important.

Ultimately then, if the multiscale simulation work from these four chapters could be
integrated with other computational and experimental biophysical methods, this could
perhaps lay the foundations of a framework designed to characterise the complete cy-
cle of membrane association, binding (potentially including catalysis), penetration and
eventual dissociation. This would represent one possible means to link structural and
biophysical studies through to systems level descriptions of plasma membrane signalling
events [419]. An exciting and very recent development has been the publication of a
whole-cell computational model of a bacterium, Mycoplasma genitalium [[420]. This rep-
resents the first time an entire organism has been modelled in terms of its molecular
components, and the model has already provided novel insights into in vivo processes
such as protein-DNA association. If an analogous model of a human cell could be devel-
oped, this may yield similar insights into protein-membrane association and signalling

events at the plasma membrane.



Appendix A

PTEN gene mutations

THE publicly available version of the HGMD [399] contained nearly 90000 mutations
for almost 3500 genes at the time of writing. Tabulated below are all of the sequence
variants for PTEN listed in the database, along with their phenotype and the reference

for the publication in which they were first reported.

Codon Amino acid Codon
Phenotype
change change number
TTA-TAA Leu-Term 23 Cowden’s disease [421]
TTA-TGA Leu-Term 23 Cowden’s disease [374]
aGAC-TAC Asp-Tyr 24 Bannayan-Riley-Ruvalcaba syndrome [422]
GCT-GAT Ala-Asp 34 Bannayan-Riley-Ruvalcaba syndrome [423]
ATG-ACG Met-Thr 35 Proteus-like syndrome [424]
ATG-AGG Met-Arg 35 Juvenile polyposis coli [425]
gGGA-AGA Gly-Arg 36 Cowden'’s disease [426]

196
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Codon Amino acid Codon
Phenotype

change change number
tGCA-CCA Ala-Pro 39 Cowden’s disease [427]
GGC-GAC Gly-Asp 44 Developmental delay and macrocephaly [428]
AACa-AAA Asn-Lys 48 Cowden’s disease [400]
TCA-TGA Ser-Term 59 Cowden’s disease [429]

Macrocephaly, ventriculomegaly, VATER
gCAT-GAT His-Asp 61
association [430]

ATA-AGA lle-Arg 67 Cowden’s disease [431]
aTAC-CAC Tyr-His 68 Bannayan-Zonana syndrome [431]
aTAC-GAC Tyr-Asp 68 Proteus syndrome [432]
ACCg-ACT Thr-Thr 78 Cowden’s disease? [429]
cGCC-ACC Ala-Thr 79 Breast cancer [433]

AAT-ACT Asn-Thr 82 Breast cancer [433]
aCAA-TAA GIn-Term 87 Cowden’s disease [431]

aTAT-CAT Tyr-His 88 Lhermitte-Duclos disease [434]
GACc-GAG Asp-Glu 92 Cowden'’s disease [374]

Autism spectrum disorder and macrocephaly

CAT-CGT His-Arg 93

[435]

cCAT-TAT His-Tyr 93 Cowden’s disease [436]
CCA-CAA Pro-GIn 96 Cowden’s disease [437]
aCAG-TAG GIn-Term 97 Cowden’s disease [438]

TGT-TAT Cys-Tyr 105 Bannayan-Riley-Ruvalcaba syndrome [423]

CTT-CCT Leu-Pro 108 PTEN hamartoma-tumour syndrome [439]

cCAA-TAA GIn-Term 110 Cowden’s disease [421]
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Codon Amino acid Codon
Phenotype
change change number
aTGG-CGG Trp-Arg 111 Proteus syndrome [424]
CTA-CCA Leu-Pro 112 Cowden’s disease [440]
Neurodevelopmental
CAT-CCT His-Pro 118 disordersneurodevelopmental disorders and
macrocephaly without autism [441]

tGTT-ATT Val-lle 119 Multiple cancers [442]
CAC-CGC His-Arg 123 Cowden'’s disease [443]
tCAC-GAC His-Asp 123 Cowden’s disease [437]
CTGT-CGT Cys-Arg 124 Cowden’s disease [443]

TGT-TAT Cys-Tyr 124 Cowden’s disease [444]
GGA-GAA Gly-Glu 129 Cowden’s disease [403]
aCGA-TGA Arg-Term 130 Cowden’s disease [443]
CGA-CAA Arg-GIn 130 Cowden’s disease [445]
CGA-CTA Arg-Leu 130 Cowden’s disease [431]

GGT-GAT Gly-Asp 132 Cowden'’s disease [446]
GGT-GCT Gly-Ala 132 PTEN hamartoma-tumour syndrome [439]
GGT-GTT Gly-Val 132 PTEN hamartoma-tumour syndrome [447]
ATG-AGG Met-Arg 134 Bannayan-Riley-Ruvalcaba syndrome [433]

ATA-AGA lle-Arg 135 Bannayan-Riley-Ruvalcaba syndrome [448]
gATA-GTA lle-Val 135 Bannayan-Riley-Ruvalcaba syndrome [423]
aTGT-CGT Cys-Arg 136 Cowden’s disease [449]

TGT-TAT Cys-Tyr 136 Cowden’s disease [450]

TTA-TAA Leu-Term 139 Cowden’s disease [374]
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Codon Amino acid Codon
Phenotype
change change number
TTA-TGA Leu-Term 139 Cowden’s disease, Sjogren’s syndrome [451]
TAT-TGT Tyr-Cys 155 Cowden’s disease [452]
Autism spectrum disorders, developmental
GAA-GGA Glu-Gly 157
delay and macrocephaly [428]
gGAA-TAA Glu-Term 157 Cowden’s disease [403]
aGTA-ATA Val-lle 158 Multiple cancers [442]
GGA-GAA Gly-Glu 165 Cowden’s disease [438]
GGA-GTA Gly-Val 165 Cowden’s disease [431]
AGTc-AGA Ser-Arg 170 Cowden’s disease [453]
tCAG-TAG GIn-Term 171 Cowden'’s disease [454]
CGC-CAC Arg-His 173 Bannayan-Riley-Ruvalcaba syndrome [455]
gCGC-TGC Arg-Cys 173 Bannayan-Riley-Ruvalcaba syndrome [455]
Neurodevelopmental disorders and
TAT-TGT Tyr-Cys 176
macrocephaly with autism [441]

TATt-TAA Tyr-Term 176 Cowden’s disease [374]
TATt-TAG Tyr-Term 176 Cowden’s disease [437]
TATa-TAA Tyr-Term 178 Bannayan-Riley-Ruvalcaba syndrome [374]
TATa-TAG Tyr-Term 178 Cowden’s disease [456]
TACc-TAG Tyr-Term 180 PTEN hamartoma-tumour syndrome [439]
CTG-CCG Leu-Pro 181 Cowden'’s disease [429]
tAGA-TGA Arg-Term 189 Cowden’s disease [421]
CAAG-TAG Lys-Term 197 Cowden’s’s disease [444]

ACT-ATT Thr-lle 202 Developmental delay and macrocephaly [428]
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Codon Amino acid Codon
Phenotype
change change number
TGCa-TGA Cys-Term 211 Proteus syndrome [424]
tCAG-TAG GIn-Term 214 Bannayan-Zonana syndrome [457]
GTC-GAC Val-Asp 217 Cowden’s disease [458]
cCAG-TAG GIn-Term 219 Cowden’s disease [459]
aCGA-TGA Arg-Term 233 Cowden’s disease [403]
CGG-CAG Arg-Gin 234 Multiple cancers [401]
Autism spectrum disorder and macrocephaly
TTT-TCT Phe-Ser 241
[435]
tCAG-TAG GIn-Term 245 Cowden'’s disease [431]
CCG-CTG Pro-Leu 246 Bannayan-Riley-Ruvalcaba syndrome [423]
Autism spectrum disorder and macrocephaly
GAT-GGT Asp-Gly 252
[435]
aGAG-TAG Glu-Term 256 Bannayan-Zonana syndrome [457]
Neurodevelopmental disorders and
AAT-AGT Asn-Ser 276
macrocephaly with autism [441]
aAAA-GAA Lys-Glu 289 Cowden’s disease [460]
TATc-TAA Tyr-Term 315 Cowden’s disease [374]
TATc-TAG Tyr-Term 315 Cowden’s disease [431]
TTA-TAA Leu-Term 320 Cowden’s disease [438]
TTA-TGA Leu-Term 320 Cowden’s’s disease [374]
Autism spectrum disorder and macrocephaly
tGAC-AAC Asp-Asn 326
[461]
cCGA-TGA Arg-Term 335 Cowden’s disease [421]

CGA-CTA Arg-Leu 335 Cowden’s disease [402]
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Codon Amino acid Codon
Phenotype
change change number
TTT-TCT Phe-Ser 337 Cowden’s disease [455]
GTG-GAG Val-Glu 343 Cowden’s disease [421]
gCTG-GTG Leu-Val 345 Cowden’s disease [429]
cTTC-CTC Phe-Leu 347 Cowden’s disease [421]

Table A.1: PTEN missense/nonsense point mutations extracted from the HGMD. At the time of writing there were
94 sequence variants listed in the database.
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