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Chapter VI: The Structure and Function of the Human G2A
Receptor: Collaboration Between Theory and Experiment

Abstract:

Lysophospholipids (LP) regulate a wide range of cellular responses including
proliferation, apoptosis, cell motility and migration [Fukushima 2001]. These molecules
have long been involved in the pathogenesis of inflammatory, autoimmune and neoplastic
diseases [Huang 2002] but until recently they have not been linked to specific cell-
surface receptors. The discovery, in the late 90’s, of the first LP receptor gene encoding a
GPCR (Hecht 1996) has given a considerable boost to research in the field. The impetus
is mostly provided by the widely accepted idea that understanding these lipid mediators
and their receptors may lead to the development of novel therapeutic approaches
[Brinkmann 2002]. Herein we present results of a recent joint theory/experimental study
of the structure and function of G2A, an immunoregulatory GPCR specific for the

proinflammatory lipid lysophosphatidylcholine (LPC) [Chisolm 1996].
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Introduction:

1. G2A, an immunoregulatory GPCR with lysophosholipid specificity

1.1 Discovery of G2A and signal transduction

G2A is a GPCR cloned in Owen Witte’s lab at UCLA as a transcriptional target of the
leukemogenic tyrosine kinase BCR-ABL [Weng 1998]. Depending on the cell type, upon
overexpression, G2A was shown to induce pleiotropic effects on cell cycle, survival and

cytoskeleton dynamics (Table 6-1).

Table 6-1. Multiple cellular effects induced by G2A overexpression

Cell type Effect Reference

NIH 3T3 G2/M accumulation and block in the progression | Weng, Z. et al, PNAS,

fibroblasts of mitosis 1998

Swiss 3T3 Actin reorganization into stress fibers mediated | Kabarowski JHS et al,

fibroblasts by Ga,; and RhoA PNAS, 2000

NIH 3T3 Loss of contact inhibition and anchorage- | Zohn, IE et al, Oncogene,
independent survival 2000

HeLa Apoptosis via Gay; and Go mediated pathways | Lin P, Ye RD, JBC, 2003

. . A G2A™ G2A” B
1.2 G2A deficient mice develop spontaneous
SPLEEN g

autoimmunity
MESENTERIC
LYMPH
.. . . NODES
G2A deficient mice were generated in Owen
PERIPHERAL
. . . LYMPH
Witte’s lab by conventional gene targeting NODES

technology [Le 2001]. Hematopoietic cells from
Fig 1. Autoimmunity in G2A" mice (A)

Enlargement of lymphoid organs in G2A™ mice; (B
presence in G2A™ mice of serum autoantibodies
reacting against nuclear antigens

these mice were found to have an increased
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A. LPC induced Ca++ flux in cells overexpressing G2A
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Figure 6-2. Time dependence of [*H] Figure 6-3. G2A dependent responses to LPC: (A) transient

LPC binding to cell homogenates from increases in intracellular calcium concentration in G2A-
HEK 293 EGFP (control) or HEK 293 expressing MCF10A cells; (B) Ga; dependent activation of
G2A-EGFP (G2A) cells ERK MAP kinase in G2A-expressing CHO cells

susceptibility to malignant transformation by BCR-ABL [Le 2002]. However, young
G2A4”" mice appear normal and exhibit no discernible histological abnormalities of their
hematopoietic and lymphoid tissues. As they age (>1.5 yrs), G24” mice spontaneously
develop an autoimmune syndrome characterized by progressive enlargement of
secondary lymphoid organs (Figure 6-1A), lymphocytic infiltration in the lungs and
liver, increased IgG levels, deposition of immune complexes in glomeruli and high levels
of serum anti-nuclear antibodies (Fig 1B) [Le 2001]. These features are reminiscent of
the human disease, systemic lupus erythematosus (SLE) [Nishimura 1999]. The only
immunological abnormality found so far in young G24” mice that could potentially
explain the autoimmune syndrome is represented by increased proliferation and
sensitivity of T lymphocytes from these mice following activation [Le 2001 and

C.G.Rado and O.N.Witte, unpublished].
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1.3 Lysophosphatidylcholine is a ligand for G2A

The serum-borne bioactive lysophospholipid lysophosphatidylcholine (LPC) was
identified as a ligand for G2A (Kabarowski 2001) (Figure 6-2) and shown to elicit
intracellular calcium release and ERK MAP kinase activation via Ga; heterotrimeric G

proteins (Figure 6-3).

LPC is produced from low-density lipoproteins (LDLs) and cell membrane derived
phosphatidylcholine (PC) as a result of hydrolysis by phospholipase A, (PLA))
(McMurray 1993). As a component of oxidized low-density lipoprotein (oxLDL) LPC
plays an important etiological role in atherosclerosis [Lusis 2000] and is implicated in the
pathogenesis of SLE [Koh 2000]. While aged G2A™" mice develop a lupus-like disease

[Le 2001], the role of LPC in this process is currently unknown.

1.4 G2A regulates migration of T lymphoid cells to LPC

Several lines of evidence suggest a role for the LPC-G2A ligand-receptor pair in
regulating chemotaxis: microinjection studies in Swiss 3T3 cells demonstrate that G2A
can couple to cytoskeletal effectors such as RhoA [Kabarowski 2000] and overexpression
of G2A in the human T cell line Jurkat enables these cells to migrate towards LPC
[Kabarowski 2001]. LPC has also been shown to be a chemotactic factor for primary
monocytes and T lymphocytes but the receptor involved has not been identified

[McMurray 1993, Quinn 1988].
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To unequivocally demonstrate that G2A can mediate the chemotactic effect of LPC,
expression of this GPCR was chronically suppressed in the T lymphoid cell line DO11.10
[White 1983]. This was accomplished by retroviral transduction of RNAi with co-linked

fluorescent markers (Figure 6-4) [C.G.Rado and O.N.Witte, unpublished].

G2A suppression significantly impaired chemotaxis to LPC (Figure 6-5A). It did not
affect the response to SDF1-a, which is mediated through the chemokine receptor
CXCR4 [Berger 1999] (Figure 6-5B). Chemotaxis of WT DO11.10 cells to LPC can be
further enhanced by retroviral transduction of G2A. The amount of G2A in retrovirally

transduced cells exceeds the endogenous level by approximately 20 fold (Figures 6-5 C,

D).
A. Retroviral vectors for RNAi mediated G2A suppression B. Expression of the C. G2A suppression at
shRNA co-linked protein level
fluorescent marker s 3
[4 [4
Pol II Pollll 9 ntloop (Ms E- o E
& WT ; ¢ o
N21 G2A e, =1
EGFP shRNA (~53 kDA)
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Fig. 4 Silencing of G2A in DO11.10 cells. (A) The bi-directional human HI1-RNA promoter (H1) coordinates
expression of the short hairpin RNA (shRNA, RNA pol III dependent) and of EGFP (RNA pol II dependent).
Reverse transcription (RT) results in the duplication of the sShRNA cassette inserted in the 3’ self inactivating
LTR (3’ SIN LTR); (T)s — termination signal for the RNA pol III; pA-polyadenylation signal. (B) Expression of
the EGFP co-linked marker by retrovirally transduced DO11.10 cells. (C) Expression levels of G2A in DO11.10
T cells transduced with G2A specific (G2A™™™) or control (CTR™™™*) encoding retroviruses (Western Blot
using the rabbit polyclonal antibodies against G2A; ERK2 blot indicates equivalent total protein amounts).
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Fig. S LPC is a chemotactic factor for DO11.10 cells and this effect is
dependent on G2A levels. 2x10° WT and G2A™™* or control (CTR™™ ™M,
corresponding to a target sequence specific for human TDAGS) cells were washed
3 times with serum-free medium containing 0.1% fatty acid free BSA, mixed and
added to the upper chamber of a 24 well plate with 5.0 wm pore size polycarbonate
membranes (Costar); LPC (A) or SDF1-a (B) were added to the lower chamber and
the plate was incubated for 2 hr at 37°C in a 8% CO, incubator; (C) Western Blot to
estimate the amount of G2A in cells overexpressing the receptor (G2A™M),
Lysates from G2AMH cells were diluted 10 (*) and 20 (¥*) fold before loading on
SDS-PAGE; (D) Transmigration of WT and G2A™M cells to LPC.

1.5 A potential role for G2A in chemotaxis of macrophages towards apopftotic cells

During apoptosis, caspase-3 mediated activation of the calcium-independent cytosolic
phospholipase A, (iPLA>) leads to production of LPC [Kim 2002, Lauber 2003]. This
lysophospholipid can then act as a chemoattractant for macrophages, which are the cells
responsible for efficient removal of the apoptotic bodies. If G2A would play a role in
chemotaxis of macrophages to LPC, it is conceivable that clearance of LPC-releasing

apoptotic cells is impaired in G2A deficient mice. In turn, this could lead to postapoptotic
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necrosis, aberrant presentation of self antigens [Lauber 2003] and eventually systemic
lupus-like autoimmunity. This hypothesis is currently being tested using G2A™ mice.
Significantly, overexpression of G2A in the monocytic/macrophage cell lines J774A.1
and U937 [Ralph 1976, Sundstrom 1976, L.Yi, C.G.Rado and O.N.Witte unpublished
observations] renders these cells responsive to LPC induced chemotaxis. We plan to use
this property to test the functional consequences of the predicted mutations in the G2A

LPC binding site.

1.6 TDAGS is a GPCR related to G2A by sequence homology and pattern of

expression.

TDAGS (T cell death-associated gene 8) was discovered by differential mRNA display as
a gene strongly upregulated during glucocorticoid-induced apoptosis of thymocytes [Choi
1996]. Our interest in TDAGS8 is motivated by its high degree of sequence homology
with G2A (over 55% sequence similarity without carboxy and amino terminus) and by
studies demonstrating that G2A and TDAGS are co-expressed in lymphocytes and
macrophages [C.G.Rado and O.N.Witte, unpublished observations]. Taken together,

these findings suggest a possible functional connection between G2A and TDAGS.

The glycosphingolipid psychosine was recently proposed to activate TDAGS leading to a
block in cytokinesis and formation of giant multinucleated cells [Im 2001]. These effects
are the hallmark of Globoid Cell Leukodystrophy (GLD) an autosomal recessive
sphingolipidosis caused by deficient activity of the lysosomal hydrolase
galactosylceramide beta-galactosidase (GALC) leading to accumulation of psychosine

and widespread destruction of oligodendroglia in the CNS and to subsequent
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demyelination [Im 2001]. However, given the non-physiological concentrations of lipid
required to activate TDAGS, it is still unclear if psychosine does indeed represent the
natural ligand for this GPCR [Mitchison 2001]. TDAGS is therefore a GPCR that, in
contrast to G2A, is less well characterized in terms of function and ligand specificity. It is
of interest to us to determine if structural modeling of TDAGS based on the 3D structure

of G2A will allow “virtual screening” for novel ligands for this enigmatic GPCR.

2. Computational methods for predicting the structure and function of GPCRs

2.1 Overview of MembStruk and HierDock ab initio methods and comparison with

other GPCR modeling methods-

2.1 Homology methods for modeling GPCRs:

The difficulty in generating 3D structures for GPCRs is in obtaining high quality crystals
of these membrane-bound proteins for high resolution X-ray diffraction data. It is
equally difficult to use NMR to determine 3D structures of GPCRs. Hence it is widely
accepted that theory and computation to predict the 3D structures of GPCRs from first
principles, can aid the structure based drug design for many GPCR targets [for example
Strader 1994, Parrill 2000 and many other references for different GPCRs]. Successful
protein structure prediction methods for globular proteins generally utilize homology to
known structures [John 2003]. This is not practical for GPCRs (with just one crystal
structure). Moreover homology derived models are not reliable when the sequence
homology is very low below 30% or less (in the “twilight zone”) [Rost 1999, Chung

1996, Brenner 1998]. The sequence identity between G2A human and bovine rhodopsin
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is 13% over the whole sequence, and hence in the “twilight zone” where homology

methods are known to fail.

GPCR structures have also been modeled using the properties of conserved residues in
multiple sequence alignments followed by optimization of the structure using distance
restraint to maximize the hydrogen bonds [Lomize 1999]. Shacham et al have also
predicted the structure of bovine rhodopsin using an approach based on specificity of
protein-protein interaction and protein-membrane interaction and the amphiphathic nature
of the helices. However there is not much detail of their method available in literature

[Shacham 2001].

2.2 MembStruk — an ab initio GPCR structure prediction method:

GPCRs have a well defined three dimensional topology, with seven helical
transmembrane (TM) domains, and this could be an advantage for first principles
methods because it provides an organizing principle allowing some of the structural
information to be deduced from sequence. MembStruk method [Vaidehi 2002, and in
Trabanino 2003 submitted], is an ab initio structure prediction algorithm using no
information from the high resolution crystal structure of rhodopsin or bacteriorhodopsin.

A simple flow chart of the method is shown in Figure 6-6.

A detailed description of the MembStruk ab initio GPCR modeling methodology consists

of the following steps [the details are in Vaidehi 2002 and Trabanino 2003 submitted]:
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TM Prediction: Predict the seven TM domains using hydropathicity analysis

“TM2ndS” [Trabanino 2004] combined with information from sequence
alignments. The extent of the TM regions are predicted using sequence
alignments of sequences varying from 40% to over 90% sequence variability as
input. The second step of TM2ndS is to calculate the consensus hydrophobicity
for every residue position in the alignment using the average hydrophobicity of all
the amino acids in that position over all the sequences in the multiple sequence
alignment. Then, we calculate the average hydrophobicity over a window size
(WS) of residues about every residue position, using WS ranging from 12 to 20.
This average value of hydrophobicity at each sequence position is plotted to yield
the hydrophobic profile, for WS=14. The baseline for this profile serves as the

threshold value for determining the TM regions.

Position of maximum hydrophobicity: Identify lipid-accessible residues from the
sequence alignments (as the less conserved residues) and from analysis of the
peaks in hydrophobicity [Jayasinghe 2001, Eisenberg 1984] of the hydrophobic

residues in the sequence.

Optimization of helical kinks: Construct canonical helices for the predicted TM

segments and optimize the structures of the individual helices with energy
minimization followed by fast torsional NEIMO dynamics [Jain 1993, Vaidehi

1996]. This optimizes the bends and kinks in each helix.

Assemble the helix bundle: The helical axes are oriented according to the 7.5 A

electron density map of frog rhodopsin [Schertler, 1998], depending on sequence
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similarity. The relative translational orientation of each helix is based upon

forming the best fitting plane of all the hydrophobic centers obtained from step 2.

Monte Carlo Optimization of rotation and translational degrees of freedom: This

step is an important step that optimizes the rotational and translational degrees of
freedom of each helix with respect to the other. Here optimize the rotational and
translational orientation of the helices using a systematic search algorithm over a
grid of rotational angles and translational distances. This step allows the system to
surmount energy barriers. Coarse grain optimization of the helical orientations is
performed using the net hydrophobic moment of the middle one-third of the helix

about their hydrophobic centers.

Onptimization of the assembled helical bundle in explicit lipids: Embed the helix

bundle into a lipid bilayer and optimize the composite system. Equilibration of the
helix bundle plus lipid bilayer system uses Rigid Body Molecular Dynamics
[Ding 1992, Lim 1997]. The helix bundle surrounded by lipid bilayers was
optimized using rigid body dynamics with DREIDING forcefield [Mayo 1990]

and CHARMM?22 [Mackerrell 1998] charges for the protein.

Optimization of the final model: Construction of the inter-helical loops and

disulfide bridges using Whatif [Vriend 1990]. Optimization of the final model in

presence of lipid bilayers.



191

Start with amino acid sequence

|

| Predict the transmembrane regions

(N
| Build a-helices or f§ strands | Predict rotational and
| translational orientation of
— . the helces
| Optimize helices | {

| \

transmembrane helical domain optimization for translation and
rotation degrees of freedom with coarse grain techniques

|

| Add loops and complete multiscale MD optimization |

| Fine grain modeling of the whole protein |

Fig. 6 : Flow Chart of MembStruk, the ab initio
method for predicting GPCR structures.

2.3 Validation: Structure prediction for bovine rhodopsin: The only GPCR with an
experimental 3D crystal structure is bovine rhodopsin [Palczewski 2000; Teller 2001].
Thus, this is the only structure with which to compare MembStruk predictions with
experiment. The TM regions of the predicted structure for rhodopsin agree with the
crystal structure, to 2.8A CRMS for the main chain atoms [Trabanino 2004]. Comparing
the individual helices lead to CRMS errors of 1.0A for TM2, 2.1A for TM2, 1.2A for
TM3, 1.1A for TM4, 1.8A for TMS5, 2.2A for TM6 and 1.6A for TM7. This excellent
agreement with the crystal structure indicates that the MembStruk procedure predicts the
helical regions well, without using any knowledge of the crystal structure. These results

have just been communicated to the Biophysical Journal [Trabanino 2004].
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2.4 Function Prediction Methods for GPCRs: The structures of GPCRs, derived using
the methods described above, are used to predict the binding site and affinity for various
ligands for which there is experimental data available to validate the structure
predictions. This HierDock protocol has been applied successfully to dopamine binding
to human D2 dopamine receptor [Kalani 2004], epinephrine to f2-adrenergic receptor
[Freddolino 2004, odorants binding to mammalian olfactory receptors [Floriano 2000 and
Floriano 2004, Hall 2004 submitted], amino acid discrimination in aminoacyl t-RNA
synthetases [Wang 2002, Zhang 2002, Datta 2003 submitted, Kekenes-Huskey 2003] and

other globular proteins [Floriano 2003, Datta 2002, Datta 2003].

The HierDock Protocol: The HierDock ligand screening protocol follows a hierarchical
strategy for examining ligand binding conformations, and calculating their binding

energies. The steps are as follows:

1. Coarse grain docking: First we carry out a coarse grain docking procedure to generate

a set of conformations for ligand binding in the receptor. Currently we use DOCK
4.0 [Ewing 1997] to generate and score 1000 configurations, of which 10% (100)
were selected for further analysis. We are developing a new approach here, MPSim-
Dock [Wendel, Vaidehi and Goddard unpublished] that we believe will be faster and

more accurate.

2. Ligand optimization: The 100 best conformations selected for each ligand from step 1

are subjected to all-atom minimization keeping the protein fixed but the ligand
movable. The solvation of each of these 100 minimized structures is calculated using

a Poisson-Boltzmann based continuum solvation method [Tannor 1994]. Currently
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we use the Surface Generalized Born (SGB) continuum solvation method [Ghosh
1998] or the Analytical Volume Generalized Born (AVGB) method [Zamanakos

2001]. The binding energies (BE) are calculated using
BE = PE (ligand in solvent) - PE (ligand in protein) (1)

Then the 10 structures based both on binding energies and buried surface areas are

selected from these 100 structures for the next step.

3. Monte Carlo Optimization of the ligand bound conformations with flexible receptor

binding site: In this step we use Monte Carlo method to generate various possible
ligand conformations in the field of the protein. The conformations are selected based
on diversity of the conformations from each other to cover the conformational space.
We call these conformations as “family heads” and they differ from each other at
least by 0.6A in CRMS (RMSD in coordinates). Next the energy of interaction of
each family head with the protein is calculated, and about 10% of the good energy
“family heads” are selected for further enrichment of these conformations. The
enrichment is done by generating conformations using Monte Carlo procedure and
selecting only those conformations that are close (within 0.6A CRMS) to the good
energy family heads. A ligand conformation that is within 0.6A of the family head is
known as a child of that family head. The enrichment cycle is performed until each
chosen good energy family head gets at least 6 children on an average. We then
calculate the ligand protein interaction energy for all the children of each family head.
The conformations (family heads and children) are all sorted by energy and the best
10 ligand conformations are chosen for the next step of protein movable optimization.

The binding energy calculated with these conformations show good agreement with
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the measured binding affinities [Kekenes-Huskey, Vaidehi and Goddard in

preparation].

4. Side chain optimizations of the residues in the binding site: For each ligand
conformation chosen in the previous step, we map out all the residues within 5A of
the binding site. The side chain rotamer conformations of each one of these mapped
residues (within 5A) are placed optimally in response to the ligand protein interaction
energy using the side chain placement method called SCREAM being developed in
the Goddard laboratory. SCREAM uses a side-chain rotamer library (1478 rotamers
with 1.0A resolution) and uses the all-atom DREIDING energy function with AVGB
continuum solvation method to evaluate the energy of interaction of each side chain
rotamer with the ligand and the rest of the protein. This gives excellent results for side
chain placement for many test cases [Kam, Vaidehi and Goddard - publication in
preparation]. Once the side chains of all the residues are optimized, the potential
energy of the receptor/ligand complex, is minimized using conjugate gradient
minimization technique to a convergence of 0.lkcal/mol/A in force for an atom.
Subsequently the binding energy is calculated using equation (1) and the 5 best
structures of the receptor/ligand complex structures are examined for good salt
bridges, hydrogen bonds and other hydrophobic contacts. The energy contribution
from each residue in the binding pocket, to ligand binding is calculated. Next we
optimize the structure of the receptor/ligand complex, allowing the structure of the
protein to accommodate the ligand. This all-atom receptor/ligand energy
minimization is essential to identify the optimum conformations for the complex, and

it is performed on the 10 structures from the previous step. Using these optimized
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structures, we calculate the binding energy as the difference between the energy of
the ligand in the protein and the energy of the ligand in water. The energy of the
ligand in water is calculated using DREIDING FF and the SGB or AVGB continuum

solvation method.

2.5 Scanning the entire receptor for the binding region: The above HierDock procedure
is efficient for sampling a region of volume ~ 1000 to 2000 A® (a cube with sides of 10 to
14A). However, for GPCRs the binding region is not known this well. Thus our first step
on a new GPCR structure is ScanBindSite. In the procedure we scan the entire protein
for potential binding regions with no assumption on the binding site. The entire molecular
surface of the predicted structure is mapped [Connolly 1983] and spheres representing the
empty volume of the receptor are generated (currently using the Sphgen program in
DOCKA4.0 suite of programs). The entire set of receptor spheres is partitioned into ~10 to
15 overlapping regions and a set of known agonists and antagonists are used to scan for
the putative binding region. This scan uses only the first 2 steps of the HierDock protocol
described above. The consensus of ligand structures corresponding to the most
energetically favorable sites is used to determine the putative binding region with ~ 1000
to 2000 A’. In some cases of long ligands, scanning the entire receptor for putative
binding regions gave two or three possible binding regions with similar binding energies
in each region. In such cases we merged the spheres of all the regions with similar

binding regions and performed HierDock into this large region.
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2.6. Determination of binding site and binding energy for all ligands:

After determining the putative binding region, we carry out a full HierDock
analysis (steps 1 to 4 as described above) using this region to determine the binding site
and binding energy of the list of agonists and antagonists. Sometimes the HierDock
procedure for agonists could be performed in different region than antagonists. This
depends on how the putative binding region was derived from the previous step. The
resulting site is compared to any available mutation data to evaluate the predicted binding
site. If there are problems in those residues that are known to directly recognize the
ligand, then we may go back to the last step of the HierDock process to examine the next
best binding energy structures. If there are still problems we may have to go back to
previous HierDock levels to find good structures. So far this iteration of earlier structures

has not been necessary.

2.7 Validation for function prediction protocol:

HierDock has been used to predict the binding site for aminoacyl t-RNA
synthetases [Wang et al 2002, Kekenes-Huskey 2003] and 37 other co-crystals of
globular proteins [Datta, 2002, Floriano 2003]. We also have used HierDock for
preliminary study of several GPCRs [Floriano 2000; Vaidehi 2002]. We recently
validated HierDock for binding of 11-cis-retinal to bovine rhodopsin [Trabanino 2004].
The CRMS between crystal structure and the docked structure for cis-retinal is 0.6A,
which is excellent considering that no information of the binding site was assumed.

Using the predicted protein structure for rhodopsin (instead of the experimental structure)
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we still find the binding site of 11cis-retinal and the CRMS to the crystal structure is

2.8A in the docked structure.

3. Significance of the collaborative work: This proposed tight collaboration between
experiment and theory on GPCRs such as G2A and TDAGS8 would provide insights into
the binding site of ligands for these receptors. The experimental work will be largely
guided by the theory and hence will allow an enormous reduction in the number of
experiments required to identify the active site. Each experiment will be targeted based
on the predicted structure. The experimental results in turn would be used to refine the
prediction methods in a generic fashion. Each group has long experience and expertise in
their respective research areas that we believe that this collaboration would be extremely
productive in reaching the goals stated in this proposal. The preliminary results of this
collaboration on G2A receptors indicate sufficient promise to justify a focused effort. In
addition to the importance of better understanding this complex G2A GPCR system, we
believe that this work would illustrate how to couple the new computational methods

effectively to experiment to determine the structure and function of other GPCRs.

C. Results and Discussion:
1. Structure and function prediction for G2A

The three-dimensional structure of human G2A structure was predicted using a
previous version of MembStruk3.0 that did not have the optimization of the translational
degree of freedom of the helices. The most current method is however described in the

background section. Subsequently we used HierDock method to scan the entire receptor
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and predict the binding site of LPC in G2A structure. The location of the binding site of
LPC in G2A is shown in Figure 6-7. LPC binds to the human G2A with a binding
affinity of 9.0 kcal/mol (where positive binding energy is better binding). The binding

site of LPC is located between TM 3, 5, and 6 and includes residues from the EC2 loop.

2. Preliminary identification of key G2A residues contacting LPC:

The residues within 5.0A of the bound structure of LPC is shown in Figure 6-8.
There are three functional components to LPC ligand: the choline head, the phosphate
group, hydroxy-modified middle region with the non-polar tail. The phosphate head is

sandwiched between two charged residues while the hydrophobic tail is embedded in a

channel for hydrophobic residues.

Fig. 11 : Predicted binding site of LPC in
mouse G2A receptor. Residues in
transmembrane domains 3, 5 and 6 are
involved in binding.
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2.1 Residues in contact with the choline moiety of LPC

The binding site of the choline moiety in the G2A receptor is shown in Figure 6-8A.
The choline group clearly prefers the top residues in TM3, 5, and 6 and several residues
in the EC2 as shown in Fig. 13A. The hydroxyl group of the choline group forms a
hydrogen bond with Y199. The choline-binding site is predominantly hydrophobic and

includes residues Y120, F178, Q179, F187, M189 and L190.

2.2 Residues in contact with the phosphate group of LPC

The phosphate group of LPC is negatively charged at the physiological pH of 7.4.
The negatively charged phosphate is stabilized by two positively charged residues,
Arg203 in TMS5 and Lys265 in TM6 as shown in Figure 6-8B. Arg203 forms a tight salt

bridge with a distance of 3.1 A and Lys265 forms a 3.6 A salt bridge to the phosphate.

2.3 Residues in contact with the alkyl chain of LPC.

The alkyl tail region of LPC is hydrophobic and hence stabilized by a stretch of
hydrophobic amino acids in the TM barrel of the G2A receptor. The side chains of TMS5
and 6 provide an aliphatic pocket for the alkyl tail as shown in Figure 6-8C. The residues
in the hydrophobic channel are Val206 (TMS5), 11e210 (TMS5), Pro211 (TMS), Tle214
(TMS), Phe255 (TM6), Tyr258 (TM6), His259 (TM6), and Val262 (TM6). However we
find that there are also some polar residues present in this hydrophobic channel in the
vicinity of the alkyl tail of LPC. The presence of these polar residues hints at the

possibility of some modified lipid binding to this receptor. The location of His259
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especially causes us to speculate that the lipid could be modified to make use of His259

contact as hydrogen bond donor.

‘Trp107

Phe187

Tyrl20
K265
131 Q
Phel78

Tyr199

12B Phosphate Binding Site

Leul90
Ser194
Met189
GIn191
12 A Choline Binding site

Ala266 His259 Phe255

Phel78

Ala202 Ile214

12 C -LPC Tail Binding Site

Val206

Fig. 12 A: Residues within 5A of the choline group of LPC in G2A receptor. B:
residues within 5A of the phosphate group of LPC; C: Residues within 5A of the
hydrophobic talk of LPC.
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2.3 Predicted mutations that should decrease binding affinity of LPC to G2A receptor

Based on the predicted binding site of LPC in G2A we have identified the possible
mutation candidates that would directly affect binding affinity of LPC to the mutant G2A.
These mutants would be tested out in Witte’s laboratory. Goddard group thus predicted
that the mutations, Arg203->Ala203 and Lys265-> Ala will reduce the binding to
LPC significantly. We first performed these mutations computationally on the receptor
structure using the side chain replacement program, SCREAM. The calculated decrease
in the binding affinity of LPC to the R203A mutant is by 7.65kcal/mol. The K265A
mutant has a reduced affinity for LPC affinity by 4.35 kcal/mol. We also find that there
are no hydrogen bonds made with the hydroxy group in LPC except for one with Lys265

(TMS).

2.6 Mutations that should increase LPC binding to G2A

The Goddard group also proposed that mutation Ala202->Ser and Ala266—> Ser will

improve hydrogen bonds with LPC and thus enhance binding of LPC to G2A.

2.7 All possible mutations
Using theory we predict that the residues in the binding site of LPC that would affect
binding are:

¢ Key Polar Residues: His174, GIn191, Tyr199, Arg203, Lys265.

¢ Key Non-Polar Residues: Phel23, Val206, 11e210, Pro211, Ile214, Phe255,

Tyr258, His259, Val262.
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3. Functional analysis of the R2014 mutation predicted to decrease LPC binding to

G24

3.1. Generation of macrophage cell lines expressing wild-type and mutated G2A

For comparison purposes, the R201 A mutation predicted to decrease binding of G2A to
LPC was tested in parallel with several other mutants: N11Q should disrupt a putative N-
Glycosylation site of unknown function at the N-terminus of G2A, the DRY motif mutant
should impair coupling to G proteins and the L200S mutation should not decrease but
enhance LPC binding. All the mutants have been generated using the QuickChange kit
from Stratagene, sequenced to exclude the presence of secondary mutations and
transferred into retroviral expression vectors (Clontech) using standard molecular cloning

techniques.
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Fig.: (A) LPC -induced migration of J774 macrophages infected with G2A mutants. J774A1
cells were  transduced with retroviruses encoding wild type or mutated G2A and functio nal
consequences of the mutations were assessed by examining cell mi gration towards LPC. The DRY
motif and R201 were found to be critical for LPC -induced J774A.1 migration. WT:  wildtype G2A;

DRY: DRY motif mutation; N11Q: glycosylation site mutation; L200S and R201A: mutations of
predicted LPC binding sites. (B) Western blot using the rabbit polyclonal serum against G2ZA

3.2 Chemotaxis to LPC of macrophage cell lines engineered to express WT and mutated

G2A

We have recently established a rapid functional assay for G2A based on the chemotactic
responses of lymphoid and myeloid cell lines expressing this receptor to LPC [C.G.
Radu, L.Yi, O.N.Witte, unpublished]. Briefly, J774A.1 cells [Ralph 1976] transduced
with retroviruses encoding wild type G2A or the various mutants are added to the upper
well of a Transwell cluster plate (Costar). A polycarbonate membrane with 5 mm pores
separates the cells from the lower chamber to which LPC is added at a concentration (10
mM) previously shown to result in optimal chemotactic responses after a 2 hr incubation
at 37°C in a 8% CO; incubator. At the end of the incubation period, cells that have

transmigrated in response to LPC to the lower side of the membrane are fixed, stained
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and counted under the microscope. Representative results from several chemotaxis

experiments are shown in Figure 6-9.

In this assay, the DRY motif and the arginine residue at position 201 were found to
be essential for G2A mediated chemotaxis to LPC. The N11Q and L200S mutants do not
result in significant differences in migration compared to the wild type receptor.
Quantitation of protein production by Western Blot (Figure 6-9B) shows equal amounts
of R201A and wild type recombinant G2A and therefore excludes the possibility that this
mutation actually affects protein folding. While the chemotaxis data supports the
theoretical prediction, more experiments are required to conclude that R201 is actually

involved in LPC binding.

Conclusions:

The joint theory/experimental approach to the study of the G2A receptor has resulted in
an in-depth molecular understanding of the critical contacts for lipid binding by the
orphan receptors. Further experiments are underway to test the remainder of the predicted
mutations. Our studies have indicated essential contact points that stabilize the choline
head, the phosphate portion, and the non-polar tail of the LPC lipid. Our suggested
mutations and predicted active sites are likely to aid in the identification of the
endogenous lipid for this system; modifications of the choline head residues are also

likely to convert this LPC binding receptor to an LPA binding protein.
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