DETERMINATION OF THE KINETIC ROLES OF THE MEMBRANE IN THE

CATALYSIS OF RASGEFS BY USING AN ENGINEERED MODEL PROTEIN

By

Hanh My Hoang

DISSERTATION

Submitted to the Faculty of the Graduate School of The University of Texas at Arlington

in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON

August 2021

Supervising Committee:

Dr. Jongyun Heo, Supervising Professor
Dr. Subhrangsu S. Mandal

Dr. He Dong

Dr. Frank W. Foss



Copyright © by Hanh My Hoang 2021

All Rights Reserve



ACKNOWLEDGMENTS

First, | would like to thank my supervising professor, Dr. Jongyun Heo for
unendingly supporting my research. | am grateful for his patience to correct my writing.
| appreciate all the knowledge in enzyme kinetics and lab skills he has imparted to me. |
thank Dr. Heo for helping me become a creative and independent person in the lab. I've
been honored to have the opportunity to work with him during my Ph.D. program.

| would like to extend my sincere appreciation to thank my committee members,
Dr. Subhrangsu S. Mandal, Dr. He Dong, and Dr. Frank W. Foss for providing me
valuable feedbacks that help me understand the weaknesses in my research study.
Furthermore, | thank Dr. Mandal for trusting and granting me access to his lab to use
important lab instruments.

Next, | would like to thank the staff members in the department of Chemistry and
Biochemistry — Jill Howard and Debbie Cooke for guiding me to complete department’s
duties, Dr. Roy McDougald for training me how to use lab instruments and quickly
troubleshooting machinery problems, and Natalie Croy and Elizabeth Klimek for helping
me placing orders for the lab.

| am truly fortunate to have had amazing colleagues — Dr. Michael Wey, Dr. Hope
Umutesi, Dr. Monira Obaid, and Hope Johnson — for their support, feedback, and
friendship.

Last, | would like to say a big thank to my amazing parents and sister for

encouraging me to pursue my dream.



LIST OF FIGURES

Figure 1.1 Protein sequence alignment of Ras iSOfOrmMS ...........covvvviiiiiiiiiiiiiiiiiiiiiieieeee 4
Figure 1.2 Superimposition of GDP- and GTP-bound HRas structure ..........cccccccevveeeen. 6
Figure 1.3 Ras activation CYCIE .........ooiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 9
Figure 1.4 Downstream effectors of GTP-bound Ras and their cellular effects ............ 11
Figure 1.5 Mechanisms of the activation of various RasGEFsS ..........cccccccviiiiiiiiniiinnnnn, 15
Figure 1.6 Kinetics of logistic and autoactivation ProCeSSES ..........ccevvvvveeriiiiiiieieeeeeennn. 25

Figure 1.7 Allosteric activation of SOS primed by Ras-GTP provided by RasGRP ...... 26
Figure 2.1 Comparison of the mechanism of the action of RasGRP® and SOS®
CALBIYSIS ... 45
Figure 2.2 Mechanism of a disulfide-bridge formation between two cysteine residues by
USING DTINB ettt 52
Figure 2.3 Potential residues for the mutation in Loop 1 of PCNA and Loop 2 of
T €1 = L 56
Figure 2.4 Configuration of the catalytically competent engineered RasGRP .............. 58
Figure 2.5 Analysis of the catalytically competent engineered RasGRP by using SDS-
PAGE (8%) ...ttt ettt 59

Figure 2.6 Comparison of the nucleotide exchange rate of Ras by various forms of

Figure 2.7 Determination of catalytic parameters of the catalytically unformed and
catalytically competent engineered RasGRPs for the nucleotide exchange of Ras ..... 66
Figure 2.8 Determination of dissociation constants of the catalytically unformed and

catalytically competent engineered RasGRPs for the nucleotide exchange of Ras ..... 68



il
Figure A-1 Conformational change in the Ras switch regions upon its binding of GTP
AN GDP e e e e e e 86
Figure A-2 Models of reversible interactions of membrane proteins ..........ccccccevvveeeeen. 88
Figure A-3 Ras SOS-binding interaction in the presence of plasma membrane or a
[S1 e =T TSIV o] o Lo =] CR TP TR 89
Figure A-4 Bond angles and bond lengths of a disulfide bridge between two cysteine
LSS [0 [ 1P 91
Figure A-5 SDS-PAGE analyses of RasGRP1% and PCNA ........cccccviiiiieeeniiieee e 92
Figure A-6 Identification of free Cysteine residues on the interface between RasGRP1%
=L 0 O N ST 93
Figure A-7 Example of representative engineered RasGRP .........ccccccocvvviiiiiiiiiiiiinnnnn. 94
Figure A-8 Potential paths of the activation of amphipathic enzyme with its membrane
DINAING INTEIACTION .....eiiiiiitiiiiie et 96
Figure A-9 Activation mechanism of PKC, PKB, and PDK1 by their membrane binding
11 (=] = ox 1 o S 97
Figure A-10 Activation of sSPLA2 and cPLA:2 by interaction with phospholipid
L= 0 0] o] = g T 99
Figure A-11 Activation mechanism of the interaction of catalytic domain of MB-COMT in
apo and holo forms with MEMDBIaNEe ..............uuuiiiiiiiiiii s 101
Figure A-12 Activation of Recoverin by its binding to membrane with the increment of
(OF- L (1YY SRR 103
Figure C-1 The rate of GEF-catalyzed nucleotide exchange of Ras .........cccccccvveeeen. 109

Figure C-2 Elution profile of the preparation of engineered enzyme .......ccccccccvvvveeenn. 111



Figure C-3 Blank titration of mant-GDP-Ras in buffer ...........ccccocoiiiii 113
Figure C-4 Change in the mant fluorescence intensity at various concentrations of Ras
in the presence of RASGRP L ... ... e 114
Figure C-5 Blank titration of a buffer with RB-tagged Ras ..........cccccccvvvviiiiiiiiiiiiinnnnn. 116
Figure C-6 RB fluorescence-based determination of association constant of the

RasGRP1% for Ras to produce the Ras-RasGRP1% compleX .......cccccccceeeeiiiiieeeannns 117



LIST OF TABLES
Table 2.1 Comparison of kinetic constants of the catalytically unformed and catalytically
competent engineered RASGRPS fOr RAS .........uuuuiiiiiiiiiiiiiiiiiiii e 65

Table B-1 Analysis of 121 potential pairs of mutation from loop 1 of PCNA and loop 2 of

s ] i SRR ORI 106



Vi

LIST OF ABBREVIATIONS
1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine ............cccccooviiiiiiiiiiiii, PAPC
1-Palmitoyl-2-pyrenedecanoyl Phosphatidylcholine ...............ccccooooiiiiiis 10-Pyrene-PC
2'-(or-3')-0-(N-Methylanthraniloyl) Guanosine 5'-Diphosphate ........................ mant-GDP
2-NItr0-5-thIODENZOIC ACIU .....vvveiiiiiiiiiiiiiie i TNB~
3- phosphoinositide-dependent protein Kinase-1 ...........ccoeveieeiiiiiiiiiiiinieee e PDK1
5,5'-dithiobis(2-nitrobenzoiC aCid) .........oovviiiiiiiie e DTNB
AdIPOSE-PLA ... AdPLA2
Calcium-INAEPENUENT PLAZ ...ttt eeeeeeeneees IPLA2
Catalytic domain REM-Cdc25 of RaSGRPL ...........euviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies RasGRP1¢
CatAlYLIC TUMOVET TALE .....iiiiiiiiiiitieiiittie ettt Kcat
Catechol-O-methylranSferase ................eeeeeeiiiiiiiiiiiiii e COMT
Cell dIVISION CYCIE 25 ...ttt Cdc25
(@o]11=To [ oo ]| I 1 110 1| RPN CcC
CTP:phosphocholine cytidylyltranSferase ................eueeueeieiiiiiiiiiiiiiiiiiiiiiees CT
(@31 o Tod g1 (0] 4 TSIl o O R CYP
(@3 (0 1Yo [ To = L S CcPLA2
D) o] I gTe] 1 4o] (o] |V PP PPPPPPPPP DH
Diacylglycerol-binding dOM@IN .........ccooiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e C1
DIACYIGIYCEIOIS .o DAGs
DISSOCIAtION CONSTANT ...eiiiiiiiiiiiiiiiiiii ettt Kb
EF NANAS ..o EF

EloNQation TACIOr TU ....coiiiiiiiiiiiiiiieee e EF-Tu



Vil

EMISSION WaVeIENGLN ....coooiiiiiiiii Aem
ENdoplasmiC retiCUIUM ........oooiiiiiiiiiie e ER
EPS NOMOIOGY ..o EH
EXCitation Wavelength ... Aex
Extracellular signal-regulated KiNASEe ... ERK
G Protein-CoUPIEd rECEPIONS ......uuuiiiiiiiiiiiiiiiiititieit bbb GPCRs
Growth factor receptor-bound Protein 2 ...............eeeeiiiiiiiiiiiiiiiie Grb2
GTP NYAIOIASES ..ottt nnenees G proteins
GTPase activating PrOTEINS ..........uuuuuuuuuiuiiieieiiiieeieeeeeeeeeaeeeeb bbb eeaneeeeeeeeaanae GAPs
Guanine nucleotide exchange faCtOrS ................uuuueeiiiiiiiiiiiiiiiii s GEFs
Guanine nucleotide-binding dOMAIN .............uuuiiiiiiiiiiiiiiii s G domain
HAIVEY RAS ... HRas
HIStONE-liIKe dOMAIN ....cooiiiiiiiiiiiii e H
HYPEIVANADIE ... HVR
HIMaguinone MOTIT ... 1Q
L1 L = L= TP PP PPPPPTPPI Vo
Isopropyl-B-D-thiogalactopyranosSide .............cooovviiiiiiiiii e IPTG
KIFSTEN RAS ...ttt e e e e e e e s e e e e e e e e KRas
Linker for activation Of T CellS .......oooiiiiiiiiii e LAT
(T Lo o1 Te T aTo e (o] 4T o IS C2
(Y ASTo Lo =T 0}V o (011 o TP PR LB
LYSOSOMAI PLAZ ..ttt e e e e e e et LPLA2

Maltose-biNdING ProteIN .....coovuiiiiiii e e eaaaas MBP



Mammalian target of rapamyCiN ..........ooeiiiiiiiiiiiiiiiiieeeeee e mTOR
MAPK/ERK KINASE ...cciiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee ettt MEK
Maximal reaction VEIOCILY .........cooiiiiiiiiiiiiie e e e e e eeeees Vmax
Mechanistic target of rapamycin complex 2 ... MTORC2
Membrane-bound COMT ... MB-COMT
MICAEIIS CONSTANT .....oeiiiiiiiiiiiiiii et Km
Mitogen-activated protein KiNASE ............oovvviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e MAPK
Neuroblastoma RaS ..........coouiiiiiiiiiiie NRas
N0 4B g =To 1§ o =T PP PPPPPPPPPP NR
Optical density at 600 NMIM .........uuiiiiiiiiiii bbb abaneeeeeeannanee ODeéoo
Partner of RaIBPL ......coooiiiiii e POB1
PhosphatidiC aCid ..........oooiiiiiiiiiiiii e PA
Phosphatidyl inositol-dependent KInase 1 ... PDK1
PhosphatidylChONNE .........euiiii e e e e e e e e eanens PC
Phosphatidylethanolaming .............oouiiiii i e eaaens PE
PhosphatidylgIYCEIOl ........eeeiei e e e e e e e e eeaeens PG
PhosphatidyliNOSITON ..........uuiiiei e e e e e e e e e e e e eeennes Pl
PhosphatidylinoSitol 3-KINASE ............uoiiiiiiiiiiee e PI3K
PhosphatidyISEINE .........ouuiiiii e e e e e e e e e e e e e e e eeennns PS
Phosphoinositide (3,4,5) trisphosphate ............ccoooiiiiiiiiiiii e, PIP3
Phosphoinositide (4,5) bisphosphate ..o, PIP2
PROSPNOIPASE A2 ... eaaae PLA2

PhoSpPhOlPase € ..o e PLC



[ ToTs] o] aTo] ] 0= T=T= K O PR PLC-y
Platelet-activating factor acetylnydrolase ...........cccccoovviiiiiiiiiiiiiiiieee, PAF-AH
Pleckstrin NOMOIOGY ......cooviiiiiiiiiiiii e PH
Proliferating cell nuclear antigen ............ooovviiiiiiiiiiiiiiiiieeeee e PCNA
Proline-riCh ....oooii e PR
Protein Data BanK ............oooiiiiiiiiiiiiiiiiiiieeeeeeeee e PDB
Protein KiNASE B ......oooiiiiiiiiiiii e AKT
Protein KiNASE B .....cooiiiiiiiiiiiiiieee et PKB
Protein KiNASE C.....ooviiiiiiiiiiiieeeeee ettt PKC
Ral binding Protein 1 ... RalBP1
Ral guanine nucleotide dissociation stimulator .............ccccevvvviiiiiiiecieeeie e, RalGDS
RalBP1- associated EH domain protein 1 .........ccoovvvviiiiiiiiiiiiiiiiiiiiieiieieeeeeeeeeeeeeeeee Repsl
Rapidly Accelerated FIDrosarcoma ... Raf
Ras association domain family member ..........ccccooi RASSF
RAS ASSOCIALION ...eeiiiiiiiiiiiiiiiie ettt RA
Ras exchange motif — Cdc25 homology domain ..........cccccevvvviviiiiiiiiiiiiinnnnnn. REM-Cdc25
Ras exchanger MOt .......oooviiiiiii e REM
Ras Guanine Exchange faCtors ...t RasGEFs
Ras Guanine Nucleotide Releasing Factor ..........cccccovvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeee RasGRF
Ras Guanine Nucleotide Releasing Protein .........ccccccovvviiiiiiiiiiiiiiiiiiiiiiiiiieeeeee RasGRP
RAS-NKE e Ral
Receptor tyroSiNe KINASE .........ociiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee ettt RTK

REAUCEA ... e e e ettt e ettt e e e e e et r e e eareas R



Relative catalytiC effiCieNCY ..........ooviiiiiiiiiiiiii e Kcat/Km
[ g0 =T g 11 1= = PRSPPI RB
RO OULET SEOMENTS .. e e e e e e e e e e e e et e e e e e e eeeeenes ROS
S-adenosyl MEthiONINE .......ccooiiiii e ADOMET
S-adenosSyIMEthIONINEG ......coooiiii e e e e e eeaee SAM
SECIEIEA PLAZ .ottt sPLA2
Small MONOMENC G PrOtEINS ........uuuuuuiiiiiiiiiiiiiiiiiiiiiieeiieeeeeeeeeeeeeeeeeeeeanaes Small GTPases
ST ] (01 o] L= @ 1 S S-COMT
SON OF SEVENIESS ... e e e e e et e e e e e e e e e eearnn s SOS
SPRINGOMYEIIN .. SM
Substrate binding rate CONSTANT ............uuuiiiiiiiiiiii e k1
Substrate diSSOCIation rate CONSTANT ...........uuuuuuiiiiiiiiiiiiiiii e k-1
Wil BY P e wit



Xi

ABSTRACT

Hanh My Hoang, Ph.D.
The University of Texas at Arlington, 2021

Supervising Professor: Dr. Jongyun Heo

Ras guanine nucleotide exchange factors (RasGEFs), which include Son of
Sevenless (SOS), Ras Guanine Nucleotide Releasing Protein (RasGRP), and Ras
Guanine Nucleotide Releasing Factor (RasGRF), catalyze nucleotide exchange of Ras
upon activating signals. Crystal structure analyses suggest that catalytic cavities of
RasGEFs are not deep enough to uphold their substrates. Given that RasGEFs are all
membrane binding proteins, a novel “membrane supplement hypothesis” is proposed
that RasGEFs in cytoplasm are catalytically unformed; and RasGEFs on membrane are
catalytically competent. The reason RasGEFs are catalytically unformed without the
support of membrane is because the catalytic sites of RasGEFs are not sufficiently
deep to hold their substrates within their catalytic sites for their catalysis. It was shown
that the catalytic function of SOS, one of RasGEFs, is enhanced upon its binding to
membrane, supporting this membrane supplement hypothesis.

To examine the membrane supplement hypothesis, an engineered RasGRP is
designed, in which a catalytically unformed RasGRP is fused with a foreign protein that
mimics the plasma membrane. Comparative kinetic analyses of the catalytically
unformed RasGRP with the engineered RasGRP showed that the fused-foreign protein

of engineered RasGRP functioned to hold and precisely orientate the substrate Ras
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within the catalytic site of engineered RasGRP, thereby making the engineered
RasGRP become catalytically efficient.

RasGEFs are classified as amphitropic enzymes, which adapt a compact
conformation in the cytosol and are fully activated when recruited to membrane. The
catalytic sites of many amphitropic proteins, including RasGEFs, are brought proximally
toward the membrane interface after membrane binding event, and furthermore, the
catalysis of these amphitropic enzymes is enhanced upon their membrane binding.
However, the role of the membrane in the kinetic action of these amphitropic enzymes
has not been previously proposed. The membrane supplement hypothesis in this study
provides a rationalization that these amphitropic enzymes also possess a shallow
pocket at their catalytic sites, challenging them to hold the bulky substrates. Therefore,
locating the catalytic site of these amphitropic enzymes close to the membrane interface
strengthens their substrate binding interactions, thereby facilitating their catalytic

functions.
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CHAPTER 1

FUNCTION AND REGULATION OF RAS SUBFAMILY PROTEINS



Introduction

Superfamily of regulatory GTP hydrolases (G proteins) functions as cellular
switches that alternate between a GDP-bound off state and a GTP-bound on state to
regulate the cell signaling pathways.'? G proteins are classified into three groups: G
proteins involved in protein synthesis, such as elongation factor Tu (EF-Tu); the a
subunits (Ga) of heterotrimeric G proteins; and small monomeric G proteins (small
GTPases).? The recognition site for guanine nucleotides is conserved in G protein
superfamily.®> GTP-bound form of EF-Tu plays important role in recognizing, binding,
and delivering aminoacyl-tRNA to the ribosome.* The Ga of heterotrimeric G proteins
are activated by the G protein-coupled receptors (GPCRs). Binding of hormone to
GPCRs stimulates the exchange of GTP for GDP on Ga.3* When bound to GTP, Gq can
initiate many cellular processes including activation of phospholipases C and Az;
transmembrane channels for K*, Na*, and Ca?*; adenyl cyclase; and cyclic GMP
phosphodiesterase.®*

Small GTPases play important roles in cell growth, divisions, and proliferation in
higher organisms.* They are classified into five principal subfamilies: Ras, Rho, Rab,
Arf, and Ran families.® Various functions of small GTPases in cellular processes are
known, for example, Ras and Rho subfamilies regulate gene expression, Rho subfamily
modulates cytoskeletal reorganization, Rab and Arf subfamilies check intracellular
vesicle trafficking, and Ran subfamily regulates nucleocytoplasmic transport and
microtubule organization of the cell cycle.®

G proteins play key roles in many hormonal and transducing processes by

carrying signals from cell-surface receptors to intracellular effector proteins.” G proteins



are synthesized in the cytosol on free polysomes.® To transduce signals, G proteins
must associate with the cytoplasmic face of the plasma membrane.® Membrane
receptors are integral membrane glycoproteins which induce conformational change
through an external signal.1® The activated receptors trigger the activation of G proteins
by recruiting them to the cytosolic face of the plasma membrane. However, mechanism
for the membrane-binding effect on G protein activation is still unclear. This chapter will
mainly focus on the role of membrane interactions in the activation of Ras subfamily,
one of the most widely studied small GTPases.
Ras subfamily
Classification

The Ras subfamily consists of more than 39 protein members.!! Of these,
Harvey Ras (HRas), Kirsten Ras (KRas) and Neuroblastoma Ras (NRas) are the most
characterized members which play essential roles in the regulation of important cellular
functions.'! H-Ras and N-Ras contain 189 amino acids, whereas K-Ras contains 188
amino acids. The three members are > 90% identical in the first 165 amino acids
(Figure 1.1).12 The diversity of Ras isoforms comes from the C-terminal 24 amino acids
where the sequence identity is less than 15%.314 Although the Ras isoforms show high
degree of sequence homology, they mostly differ in their post-translational
modifications, subcellular localization, and involvement in diseases.*®
Structure

Structure of Ras subfamily can be divided into three domains: N-terminal
Guanine nucleotide-binding domain (G domain), hypervariable region (HVR) domain,

and C-terminal anchor region.®* G domain (residues 1-165), the core of all G proteins,
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Figure 1.1. Protein sequence alignment of Ras isoforms.

Ras subfamily consists of three domains: G domain (residues 1-165), hypervariable
region (HVR) domain (residues 166-189), and C-terminal CAAX region. The first 165
amino acids in G domain of Ras isoforms are > 90% identical. The diversity of Ras
isoforms comes from the C-terminal HVYR domain where the sequence identity is less
than 15%. The CAAX sequence directs the post-translational modification required for
Ras activation and signaling. The NCBI Reference Sequence numbers of HRas, NRas,
KRas4A, and KRas4B are, respectively, NP_005334.1, NP_002515.1,
NP_001356716.1, and NP_203524.1. The figure was created using ClustalwW and

BioEdit.



contains a central six-stranded B-sheet surrounded by five a-helices.? @ These B-strands
and a-helices are connected by 10 polypeptide loops. Five of these loops (named G1
through G5) are directly involved in the binding of guanine nucleotide. The 1 strand
and the a1 helix are connected by G1 (residues 10-17), which contains the consensus
sequence GXXXXGK(S/T), also known as P-loop or Walker A motif.® P-loop wraps
around and interacts with the B- and y-phosphates of the guanine nucleotide.® In
addition, the hydroxyl group of the serine or threonine interacts with the magnesium
ion.1® The a1 helix and the B2 strand are connected by G2 (residues 26-38) which
contains a conserved threonine residue involving in Mg?* coordination and sensing the
presence of y-phosphate of the guanine nucleotide.® 16 Besides, the purine ring of
guanine nucleotide is stabilized by the support of phenylalanine residue on G2 region.?
17 G3 sequence (residues 57-60) with a DXXG motif, also known Walker B motif,
locates between the a2 helix and the B3 strand, and involves in the binding of Mg?+ and
the y-phosphate of the guanine nucleotide.® ¢ The conserved NKXD sequence of G4
(residues 116-119), which links the 5 strand and the a4 helix, recognizes the guanine
base.® The asparagine and aspartate of G4 form hydrogen bonds with nitrogen and
oxygen atoms of the purine.'® The amino group of lysine also forms part of binding
pocket of the guanine base by interacting with the oxygen of the ribose ring.1® G5
sequence (residues 145-147), which locates between the 36 strand and the a5 helix
contains the weakly conserved SAK motif.2 The main chain NH of alanine binds to the
oxygen of the purine, and the serine side chain helps to stabilize the aspartate of the
adjacent loop G4.16 18 The G2 and G3 regions (switch | and switch Il, respectively)

change conformation upon the GTP- and GDP-bound states of Ras (Figure 1.2).1°



Figure 1.2. Superimposition of GDP- and GTP-bound HRas structure.

GDP-bound HRas structure (PDB 2CE2) is shown in pink. The P-loop, switch 1, switch
2, G4, and G5 regions of GDP-bound HRas are, respectively, indicated in orange,
green, blue, yellow, and cyan. GTP-bound HRas structure (PDB 2CL7) is highlighted in
gray. Switches | and Il change their conformation upon the binding of guanine
nucleotide GTP- and GDP to Ras. The image was created using PyMOL. Side chains of
important residues that are involved in the guanine nucleotide binding are shown in

Figure A-1.



When the y-phosphate of the guanine nucleotide is cleaved off, the switch regions
become mobile since the interactions of the y-phosphate with the side chain hydroxyl
group of threonine in switch | and the main chain nitrogen of glycine in switch Il are
lost.?0

The HVR domain contains 24 amino acids which undergo direct post-
translational modification.?! Ras isoforms are not intrinsic membrane proteins because
they lack signal sequences and hydrophobic trans-membrane regions.?? Ras isoforms
are originally synthesized in the cytosol on free polysomes and then targeted to cellular
membranes as the consequence of post-translational modification.?® Therefore, this 24
amino acid sequence plays essential role in in anchoring Ras to the plasma membrane
and trafficking of newly synthesized and processed Ras from endoplasmic reticulum
(ER) to the inner surface of the plasma membrane.*®

The C-terminal anchor region contains CAAX motif, where C is cysteine, but not
always, an aliphatic amino acid and X is any amino acid.?* The CAAX sequence directs
the post-translational modification required for Ras activation and signaling.?®
Modification process begins with the attachment a farnesyl extension through stable
thioether linkage to the cysteine by protein farnesyltransferase.* The final three amino
acids AAX are then cleaved by the endoprotease at in the endoplasmic reticulum. This
is followed by S-adenosylmethionine (SAM)-dependent methylation of the COOH
terminus by isoprenylcysteine carboxylmethyltransferase.?6 After transferring to Golgi
membrane, HRas, NRas and KRas4A are further modified on other cysteine residues
near the C-terminus by adding one or two palmitic acids upstream of the site of

farnesylation.'® The fully lipidated HRas, NRas and KRas4A then direct to the plasma



membrane via conventional vesicle transport.?’ Other Ras isoform, KRas4B, possesses
a polybasic region (KKKKKKKSKTK) (Figure 1.1) which is believed to interact with the
negatively charged head groups of membrane.?® After K-Ras4B is released from the
endoplasmic reticulum, it binds the the membrane surface through electrostatic
interactions.?®
Regulation

Multiple hydrogen bond interactions between Ras and guanine nucleotides in
complex with Mg?* (e.g., Mg?**GDP and Mg?**GTP) predominantly contribute to high
affinity of Ras with Mg?**GDP or Mg?**GTP.%” In addition to the high affinity of Ras with
Mg?**GDP or Mg?**GTP, Ras also possesses slow intrinsic guanine nucleotide
exchange and GTPase activity.3%-3! The dissociation rates are on the order of 10~ and
107% s71 for GDP and GTP, respectively, in the presence of Mg?*.2 These very slow
reactions require catalysis by guanine nucleotide exchange factors (GEFs) and GTPase
activating proteins (GAPs) which are controlled by upstream signals (Figure 1.3).2

In the presence of GEF, the nucleotide release is promoted by sterically
displacing the magnesium ion and weakening the nucleotide-biding site that facilitates
the release of bound nucleotide and then promotes the binding of a new nucleotide in
solution.®? GEF first perturbs switch I of nucleotide-binding site by steric hindrance.
Second, GEF remodels switch Il which in turn inserts alanine near the Mg?*-binding site
and orients glutamate to form stable salt bridge with lysine (P-loop).3® The remodeling of
switch 1l competes with the Mg?**GDP interaction, thereby enhancing the release of
Mg?**GDP from Ras.!” Ras does not distinguish between GDP and GTP, the result of

nucleotide exchange thus depends on the availability of GDP and GTP.34 In most cases,



Ras
GDP P,
GTP
(GEF|
GDP
Ras
GTP

Ras has two interconvertible conformations: inactive GDP-bound and active GTP-bound

Figure 1.3. Ras activation cycle.

form. Ras activation occurs through an intrinsic dissociation of the Ras-bound GDP
followed by association of GTP to produce GTP-bound Ras. Ras inactivation occurs
through an intrinsic hydrolysis of the Ras-bound GTP to produce a Ras-bound GDP and
free Pi. However, the rates of these intrinsic processes are too slow to account for the
activation and inactivation of Ras in biological processes. These reactions are therefore
enhanced by regulator proteins GEFs and GAPs. GEFs promote dissociation of the
bound GDP that allows association of free GTP to produce GTP-bound GTPase,
whereas GAPs facilitate the hydrolysis of the bound GTP to produce GDP and Pi. Ras
in the active GTP-bound state can interact with downstream effectors including Rapidly
Accelerated Fibrosarcoma (Raf), Phosphatidylinositol 3-kinase (PI13K), Ral guanine
nucleotide dissociation stimulator (RalGDS), and Ras association domain family

member RASSF) (see Figure 1.4).
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the active state Ras-GTP will be formed because the GTP level is 10-50 folds higher
than GDP level in cells.®> GTP hydrolysis requiring the action of GAP is critical for
inactivation from Ras-GTP to Ras-GDP. GAP first interacts with Ras residues Tyr32,
Pro34, and 1le36 in the switch | region that overlap with the Ras effector-binding
region.t” GAP-catalyzed GTP hydrolysis begins with the interaction of Glu61 in Ras and
arginine finger (FLR motif) of GAP.3¢ The oxygen of the carbonyl group in the backbone
of the arginine interacts with water molecule in the active site thus creating a bridge
between the amine group of Ras Glu61 and the y-phosphate of the guanine nucleotide.
17.37 Thus, the arginine finger in GAP plays crucial role in generating the nucleophile as
well as stabilizing the transition state of the GTPase hydrolysis reaction.3” The structural
modification of Ras associated to the binding of GDP decreases affinity of GAP to Ras
and cause switch | of Ras to become inaccessible to Ras downstream effectors, thus
leading to an inactive conformation state.33 38
Downstream effectors

Signal transduction of Ras subfamily proteins is maintained by the association of
Ras with downstream effectors (Figure 1.4). Among 60 effectors interacting with Ras
proteins, Rapidly Accelerated Fibrosarcoma (Raf) kinases are the best-characterized
Ras effectors. Raf kinases phosphorylate mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK), which sequentially
phosphorylates ERK kinases and triggers their translocation from the cytoplasm into the
nucleus where they activate transcription factors that induce transcription of genes
required for entry into S phase of the cell cycle.'® 20 39 Phosphoinositide 3-kinase (PI3K)

is also the well-known Ras effector which phosphorylates phosphoinositide (4,5)
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Figure 1.4. Downstream effectors of GTP-bound Ras and their cellular effects.

The best characterized Ras downstream effectors and their roles in cell signaling
pathway are shown above. RaffMEK/ERK pathway controls cell cycle and transcription.
PI3BK/AKT/mTOR pathway plays an essential role in regulating cell survival and protein
synthesis. RalGDS/Ral pathway modulates cell endocytosis. RASSF pathway involves
in cell apoptosis; MARK, Mitogen-activated protein kinase; ERK, extracellular signal-
regulated kinase; MEK, MARK/ERK kinase; AKT, Protein kinase B; mTOR, mammalian

target of rapamycin; Ral, Ras-like.
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bisphosphate (PIP2) and produces the second messenger phosphoinositide (3,4,5)
trisphosphate (PIP3).4° PIPs recruits Protein kinase B (AKT) to the plasma membrane,
where it is activated by the phosphorylation of phosphatidyl inositol-dependent kinase 1
(PDK1) and mechanistic target of rapamycin complex 2 (MTORC2).4* When activated,
AKT can stimulate many downstream effectors including mTOR which is involved in
controlling cell survival and protein synthesis.*>*4 Other Ras effector, Ral guanine
nucleotide dissociation stimulator (RalGDS) is also widely studied. Ras-like (Ral)
GTPases are 46%-51% identical with RasGTPases.*®> RalGDS, a member of RalGEF
family, shares sequence homology REM-Cdc25 with RasGEF, but RalGDS shows high
affinity to RalA and RalB instead of Ras.*® Activated Ras binds RalGDS which in turn
activate RalA and RalB. GTP-bound form of RalA and RalB directly interacts with many
downstream effectors such as Ral binding protein 1 (RalBP1) which then form
complexes with RalBP1- associated Eps homology (EH) domain protein 1 (Repsl) and
Reps2/ partner of RalBP1 (POB1) proteins that are involved in endocytosis.1> 43 46
Another well-studied downstream effector of Ras is Ras association domain family
member (RASSF), which contain conserved Ras Association (RA) domains.*’ RASSF
proteins are identified as the main Ras death effectors which are able to stimulate
apoptosis.15 4347
Regulation of Ras by three classes of RasGEFs

There are 30 RasGEFs found in human genome.3” Of these, Son of Sevenless
(SOS), Ras Guanine Nucleotide Releasing Protein (RasGRP), and Ras Guanine
Nucleotide Releasing Factor (RasGRF) are the major and best characterized RasGEFs.

Although three members possess similar catalytic core, they have distinct regulatory
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domains (Figure 1.5.A). Each RasGEF member is stimulated by different upstream
signals and exhibits distinct cellular processes.*®
SOS

SOS gene, which functions downstream of the Drosophila epidermal growth
factor receptor, was first identified in Drosophila melanogaster.#¢-4° SOS proteins are
expressed ubiquitously.® The central segment of SOS contains an extensive homology
called Ras exchange motif — Cdc25 homology domain (REM-Cdc25), also termed
catalytic domain. N-terminal segment of SOS includes the Histone-like domain (H), the
Dbl homology (DH) domain, and the Pleckstrin homology (PH) domain. The H and PH
domains are responsible for the interaction with plasma membrane, while the DH
homology domain regulates the nucleotide exchange of RhoGEFs, which regulate cell
morphology and the cytoskeleton via their connections with actin filaments.3? The C-
terminal segment of SOS consists of proline-rich (PR) domain which contains multiple
PR motifs that bind SH3 domain-containing proteins such as growth factor receptor-
bound protein 2 (Grb2).2 The C-terminal PR domain is the first membrane anchor site
that translocates SOS to the membrane through the interaction with SH3 domain of
Grb2.5° The positively charged H domain is the second membrane anchor site of SOS
through the interaction with PIP2 or phosphatidic acid (PA).>! The third membrane
anchor site of SOS is PH domain which can bind membrane lipids such as PIP2 or PA
with high affinity.3> SOS has two binding site for Ras, the active site where the empty
Ras is bound and processes the nucleotide exchange, and the allosteric site which is
occupied by the nucleotide-loaded Ras.>? The interaction of SOS with nucleotide-loaded

Ras at allosteric site is considered as the fourth anchor site that stabilizes the
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membrane localization of SOS.%3 In the cytosol, SOS is inactive due to the DH domain
which blocks the allosteric binding site of Ras (Figure1.5.D). Upon membrane-
dependent signal integration, adapter protein Gbr2 directly binds phosphotyrosine site
of an activated receptor tyrosine kinase (RTK) that recruits SOS to the membrane.3?
Interaction of PH domain with PIP2 or PA leads to rearrangement of PH-DH domains
and allows the nucleotide-loaded Ras to bind the allosteric site of SOS (Figurel.5.D).53
The binding of Ras-GTP to the allosteric site causes the conformational change at the
active site and stimulates the nucleotide exchange activity of SOS.32 53
RasGRP

There are four isomers of RasGRP (RasGRP1 through RasGRP4), but most
research studies have been performed on RasGRP1 which is used as a framework for
the other RasGRPs to study the protein domain structures. RasGRP1 is expressed in
the brain, in primary keratinocytes, and in T cells which originate in bone marrow and
travel to thymus to mature.® 5 Starting from N-terminus, RasGRP1 consists of a
catalytic domain REM-Cdc25 (RasGRP1¢®) following by an EF hands domain, a
diacylglycerol-binding (C1) domain, and a coiled-coil (CC) domain which is unique in
RasGRP1 and absent in other RasGRP proteins. The CC domain which contains
leucine zipper motif is possible to mediate and stabilize RasGRP1 dimer.5? %% EF-hands
domain includes EF-hand 1 and EF-hand 2, but only EF-hand 1 can bind calcium ion.5?
EF-hand 1 of RasGRP1 contains the helix-loop-helix motif observed in structure of
calmodulin. In contrast, EF-hand 2 of RasGRP1 is missing the entering helix which is
instead replaced by a connector sequence.>? The exact mechanism of calcium ions

regulating RasGRP1 is not well known. Previous studies showed that EF-hand 1 is
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Figure 1.5. Mechanisms of the activation of various RasGEFs.
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Figure 1.5. Mechanisms of the activation of various RasGEFs.

(A) Domain architectures of RasGEF family. Although RasGEF members — RasGRP,
RasGRF, and SOS - share an extensive homology called REM-Cdc25 domains, but
their regulatory domains differ from one another. C1, Diacylglycerol-binding domain;
CC, coiled coil motif; Cdc25, Cell division cycle 25; DH, Dbl homology domain; EF, EF
hands; H, Histone-like domain; 1Q, llimaquinone motif; PH, Pleckstrin homology domain;
PR, Proline-rich domain; REM, Ras exchanger motif. (B) Mechanism of RasGRF
activation. RasGRF is activated in response to the increment of the intracellular Ca?*
concentration. Activation is mediated by the binding of calmodulin to the 1Q motif in the
RasGREF structure. (C) Mechanism of RasGRPL1 activation. The increase in
diacylglycerol (DAG) levels on the membrane recruits RasGRP1 through the C1 domain
to the membrane where RasGRP1 can target and activate Ras. Moreover, Ca?*-binding
RasGRP1 which induces the conformational changes in RasGRP1 also contributes to
the membrane localization of RasGRPL1. (D) Mechanism of SOS activation. SOS has
two binding sites for Ras, the active site where the empty Ras is bound and processes
the nucleotide exchange of Ras, and the allosteric site which is occupied by the
nucleotide-loaded Ras. In the cytosol, SOS is inactive due to the DH domain blocking
the allosteric binding site of Ras. SOS activation begins with the recruitment of SOS to
membrane through the interaction with phosphorylated linker for activation of T Cells
(LAT). Interaction of PH domain with PIP2 leads to rearrangement of PH-DH domains
and allows the nucleotide-loaded Ras to bind the allosteric site of SOS. The binding of
Ras-GTP to the allosteric site causes the conformational change at the active site and

stimulates the nucleotide exchange activity of SOS.
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important for membrane localization of RasGRP1.%6 C1 domain of RasGRP1 also plays
essential role in membrane translocation. This domain has two zinc ion coordination
sites that maintain proper folding and form compact structure.>” Upon T cell receptor
stimulation, tyrosine phosphorylation of the adapter molecule recruits phospholipase Cy
(PLC-y) to the membrane.®? The activation of PLC-y cleaves PIPz into IP3 and DAG
which trigger the two second messenger pathways, Ca?* and DAG.%? The increase in
diacylglycerols (DAGS) level in the membrane recruits RasGRP1 through its C1 domain,
thus facilitating the binding of Ras to the active site of RasGRP1% (Figure 1.5.C).3? The
critical difference in the catalytic domain of SOS and RasGRP1 is that RasGRP1
regulation does not depend on the allosteric control of REM domain.>?
RasGRF

RasGRF family is made of RasGRF1 and RasGRF2 which contain multiple
domains: REM-Cdc25 domain, two PH domains, DH domains, ilimaquinone (IQ)
domain, and CC domain (Figure 1.5.B). RasGRF1 and RsGRF2 are expressed at high
level in the brain, but RasGRF2 shows more widespread distribution.>® One PH domain
(PH1) locates at N-terminus, and the other PH domain (PH2) forms a tandem DH-PH
domain which is similar to that of SOS protein.3? 38 In addition to Ras activation,
RasGRF proteins are able to activate Rac GTPase family through their DH domain.58
The 1Q domain allows interaction with calmodulin that activates RasGRFs in response
to increases of intracellular calcium ions concentration (Figure 1.5.B).5° Unlike SOS and
RasGRP1, Cdc25 domain is the only one that is responsible for the guanine nucleotide

exchange activity in RasGRF.%°
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Membrane-protein interaction
Membrane classification

Plasma membranes are key components of all cells that serve as the boundaries
to isolate the interior of cells from the surrounding.* 89-61 Prokaryotic cells, which have
no intracellular organelles, carry out biological processes at the plasma membrane and
cytoplasm itself. Unlike prokaryotic cells, eukaryotic cells include various intracellular
organelles such as nucleus, mitochondria, Endoplasmic Reticulum (ER), and the Golgi
apparatus. Therefore, eukaryotic cells have not only plasma membranes surround the
whole cells, but also intracellular membranes that surround these intracellular
organelles. Intracellular membranes are usually thinner than plasma membranes.° Both
types of membrane contain the same major components which are lipid and protein;
however, the concentrations of these components vary between membranes and
depend on functional needs.* 62
Membrane compositions

Lipids are major components of membranes.* 6961 The three major lipid
components of eukaryotic membrane include glycerophospholipids, sphingolipids, and
cholesterol.®° Glycerophospholipids, the most abundant lipids of membrane, are
amphipathic, and made of glycerol molecule with a phosphate group esterified at a-
carbon and two long-chain fatty acids esterified at the 1- and 2-positions.®° Phosphatidic
acid (PA), the parent compound of glycerophospholipids, is the intermediate to
synthesize other glycerophospholipids such as phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG),

and phosphatidylinositol(PI).* Another principal class of lipids, sphingolipids such as
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sphingomyelin (SM) and glycosphingolipids, are amino alcohols which are frequently
found in membrane.* Cholesterol is also essential component of membrane which
functions to alter the fluidity and permeability of membrane.®°

In addition to lipids, proteins are also fundamental components of membranes.
Membrane proteins include integral proteins (intrinsic proteins), peripheral proteins
(extrinsic proteins), and lipid-anchored proteins.* 60 63 Integral proteins can insert
themselves partially into the membrane or all the way cross the membrane.# In contrast,
peripheral proteins associate with membrane surface through non-covalent interaction
such as electrostatic and hydrogen bond interactions at the membrane interface.* 4
Lipid-anchored proteins interact with membrane through various covalently linked
anchors.* €0
Membrane structures

There are several forms of membrane structures including monolayers, bilayers,
micelles, unilamellar vesicle, and multilamellar vesicle.* Of these, phospholipid bilayers
are the fundamental structures of biological membrane.®? 65 The polar head groups of
phospholipid bilayers interact with aqueous environment, whereas hydrophobic lipid
tails are buried between the bilayers.%¢ The two monolayers of biological membrane
have different lipid and protein compositions which cause asymmetric structure of lipid
bilayer.®® The acidic and amine-containing phospholipids such as PS, PA, PG, and PI
mainly distribute in the cytoplasmic leaflet of the plasma membrane, whereas SM and
PC are predominant in the out leaflet.* Phospholipid bilayer is a fluid matrix which
allows lipids and proteins to laterally diffuse or transversely move between bilayers of

membrane.4 ©0. 66
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Key features of membrane interactions

This chapter will solely focus on the proteins which bind reversibly to
membranes; therefore, the integral proteins will not be discussed here. The best-
characterized reversible membrane interactions consist of membrane-targeting
domains, covalent lipid anchors, amphipathic a-helices, and hydrophobic core (Figure
A-2).

The first class of reversible membrane interactions is membrane-targeting
domains which possess a binding pocket for specific phospholipid head group.®?
Examples of this interaction include C1 domain, Ca?* and lipid binding domain (C2), and
PH domain. C1 domain interacts with DAG and phorbol esters to recruit proteins to
membrane.®” C1 motif can be found in many signaling enzyme such as RasGRP, Raf,
and protein kinase C (PKC).52 67-68 Binding of C2 domain with Ca?* induces more
positive charges around the C2 domain, thus allowing C2 domain to interact with
anionic membrane.®” C2 domain is present in many enzymes such as PKC B, cytosolic
PLA:2 (cPLA2), and phospholipase C (PLC).%" The third motif of membrane-targeting
domains is PH domain whose structure contains up to 10 basic residues that allow PH
domain to bind phosphoinositides such as PIP2 or PIP3 with high affinity.” PH domain
has been widely recognized in SOS, RasGRF, protein kinase B (PKB), and 3-
phosphoinositide-dependent protein kinase-1 (PDK1).32 7273

The second class of reversible membrane interactions is covalent lipid anchor
inserted into bilayer membrane. Example of this interaction can be found in some
members of Ras Subfamily whose C-terminal CAAX sequence undergoes post-

translational modification that results in a thioether-linked farnesyl group.?” Another
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example is recoverin which is anchored to membrane through its N-terminal myristoyl
group.”™

The third class of reversible membrane interactions involves amphipathic a-
helices which arrange polar residues at one face, and hydrophobic residues at the
opposite face.” This structure lies parallel to the membrane surface so that the polar
face of helix contacts with aqueous environment, and the other transmembrane
hydrophobic face interacts with the hydrophobic environment within the bilayer.”® Some
examples of proteins which are recruited to membrane by amphipathic a-helices are
ADP-ribosylation factor (Arf), CTP:phosphocholine cytidylyltransferase (CT), and
vinculin.”7-7°

The last class of reversible membrane interactions is hydrophobic cores which
are present in proteins that only interact superficially with the polar head group of
membrane.®° The insertion of transmembrane hydrophobic a-helices or hydrophobic
loops allows these proteins to interact with membrane surface. Examples of this case
can be found in cytochrome P450 (CYP) and membrane-bound catechol-O-
methyltransferase (MB-COMT).81-82
Biological roles of membrane

Membranes serve as barriers that separate the cytoplasm from surrounding.®®
These barriers control the traffic of molecules or ions which move across the bilayer
membrane to supplement the metabolic and physiological demands for cells.* The
transport process can be proceeded through specific diffusions or is carried by integral

proteins which allow the metabolites and ions to move across the membrane.# 60 66, 80
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Many cytoplasmic proteins are recruited to the inner membranes to initiate signal
transduction pathways.* €% 67 These cytoplasmic proteins are peripheral proteins, also
known as amphitropic proteins.®” The functions of these amphitropic proteins can be
regulated by lipid bilayers through specific reversible interactions as mentioned above.
Therefore, plasma membranes also play key roles in regulation of intracellular signaling
pathways. Most amphitropic proteins maintain their soluble inactive forms in cytoplasm.
Membrane interactions of these proteins induce conformational changes which provide
the access to substrates binding.8% 8384 RasGRP and SOS, the major subjects of this
research, are among those amphitropic proteins which are regulated via specific
interactions with membrane.

Kinetics of SOS catalytic functions with and without membrane
Structure of catalytic domain in SOS

When the regulatory domains (F, DH, PH, and PR) are omitted, the remaining
segment of SOS containing REM-Cdc25 domains is termed SOS®®, yet can solely
function for the nucleotide exchange activity.3? A study showed that when Ras was
tethered on the lipid membrane, the activity of SOSc was increased up to 500-fold.53
The study explained that the colocalization of SOS to the membrane-bound Ras
increased the probability of encounters between SOS and Ras, thus increasing the
ability of nucleotide exchange in SOS. However, the mechanistic action of the
membrane-binding effect on the SOS catalysis activation is still unclear.

The classical activation of Ras by SOS is initiated by recruitment of SOS from
cytoplasm to plasma membrane in response to growth factor receptors.3? Recent

studies create a receptor-independent Ras activation model by using Ras tethered to
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lipid membrane to recruit SOS to the membrane.>3 8 The lipid vesicles or supported
lipid bilayers are used to mimic the physical property of natural cell membrane. In their
study, when Ras is either in solution or tethered to lipid membranes, Ras binds to the
allosteric site to induce conformational changes at the SOS active site that allows
substrate Ras to bind.%3 In the case that Ras was tethered to the membrane, the study
claimed that the binding of Ras to the allosteric site of SOS recruits and localizes SOS®&
to the membrane which promotes the stable interaction of SOS to the membrane. The
study also showed that, although the allosteric Ras is able to activate SOS¢ in solution,
the substrate Ras which shows multidimensional movements in solution has less
chance to target the active site of SOS.

Due to the unstable interaction of Ras and SOS in cytoplasm, it can be proposed
that SOS is catalytically unformed enzyme without membrane. When SOS is recruited
to the membrane through the binding of allosteric Ras, SOS becomes a catalytically
competent enzyme because membrane functions as supporter that enables SOS to
efficiently catalyze the nucleotide exchange of Ras. On the basis of the analysis, a
"membrane supplement hypothesis" can be proposed that membrane functions as a
supporter that stably holds substrate Ras within the catalytic site of SOS.

Allosteric autoactivation of SOS

Enzymatic activity can be activated or inhibited through the non-covalent
interaction of the enzyme with small molecules (effectors/ligands) other than the
substrate.* This type of control is called allosteric regulation (allo means “other”).* 86
This term indicates that the ligands bind to the enzyme at a site other than the active

site. For convenience, kinetics of allosteric enzymes which do not follow the Michalis-
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Menten equation can be mainly classified in two types: ligand concentration dependent-
and time dependent-allosteric kinetics.®” Ligand concentration-dependent allosteric
kinetics exhibit only when the allosteric ligand concentration is in steady state. When
enzyme activity is a function of ligand concentration at a fixed time, the dependence of
the enzyme activity on allosteric ligand concentration can be hyperbolic.# On the other
hand, time-dependent allosteric kinetics are applied when the ligand concentration
increases or decreases with time. A logistic function (sigmoid-like or S shaped) can be
used to describe the kinetic features of time-dependent allosteric kinetics. When
enzymatic action follows a logistic function of time, the enzymatic action slowly starts
with a lag phase, then undergoes a rapid increase, and followed by a deceleration due
to the quantity limitation of substrates or enzymes.8” The autoactivation function is an
extension of the logistic function of time with a term of the reaction initiator (Figure 1.6).
The term Reaction initiator is expressed as a ratio of the inactive and active enzymes.
Autoactivation process is proceeded by a positive feedback loop which describes that
products of an enzymatic reaction feedforward as an allosteric effector to generate more
of active enzymes.®°

A recent study illustrated that the activation of SOS, which occurred though an
amplified positive feedback loop, showed an allosteric autoactivation process (Figure
1.7).87 Mechanistically, SOS is activated by the positive feedback loop in such a way
that a fraction of active SOS produces active Ras-GTP. These active Ras-GTP then
circle back to the allosteric sites of inactive SOS. In turn, these inactive SOS proteins
induce conformational changes to produce more active SOS proteins. As mentioned

above, a fraction of the reaction initiator is required to trigger autoactivation.
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Figure 1.6. Kinetics of logistic and autoactivation processes.

(A) Logistic and autoactivation association curvatures. To create the plot of logistic

association, the integrated law of y = 1/(1 + e is used, where y is a fraction active

enzyme, Kk is a first-order rate constant, and t denotes time. To create the plot of

autoactivation association curve, the integrated rate law

vy = 1/(1 + ([All[Ala)-€™) is used, where [A]i and [A]a express the inactive and active

enzyme fractions respectively. (B) Logistic and autoactivation decay curvatures. To

create the plot logistic decay, respectively, the integrated law of y = ektandy =1 — 1/(1

+ e’k is used. To create the plot of autoactivation decay curve, the integrated rate law y

=1-1/(1 + [A]l/[Ala)-e’X) is used, where [A]i and [A]a express the inactive and active

enzyme fractions respectively. Note that when the ratio [A]/[A]a = 1, the logistic and the

autoactivation association are the same, and the logistic and the autoactivation decay

are also identical.
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Figure 1.7. Allosteric activation of SOS primed by Ras-GTP produced by RasGRP.
DAG-regulated membrane recruitment of RasGRP initiates nucleotide exchange of
RasGRP. Activated RasGRP produces active Ras (Ras-GTP) that allosterically
activates SOS. The activated SOS generates more of active Ras, which in turn

feedforwards to produce more of allosterically activated SOS.
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Where does the source of active Ras-GTP to produce a fraction of active SOS come
from? In the previous study, when SOS and RasGRP were co-expressed in T-cell,
activation of RasGRP appeared ahead of activation of SOS.3? The activation of SOS
successfully proceeded by the activation of RasGRP is termed bimodal activation
pattern.8” RasGRP then produced a fraction of active Ras-GTP that primes full allosteric
activation of SOS.%? Combining this SOS bimodality with RasGRP and the unique
kinetic features of SOS autoactivation, RasGRP is postulated to function to produce a
fraction of an active Ras-GTP, the reaction initiator that triggers SOS autoactivation.®’
Relationship between membrane supplement and SOS autoactivation

What is not so clear now is that how the membrane supplement hypothesis is
linked to the SOS autoactivation. | hypothesize that the membrane binding of SOS
results in activation of SOS that facilitates autoactivation of SOS. This is because the
membrane targeting of SOS through the allosteric site produces more active SOS which
in turn processes more initiator that leads to autoactivation. In contrast to membrane-
associated SOS, SOS in cytoplasm becomes less active. Accordingly, no autoactivation
occurs due to lesser initiator is produced. This research will focus on the examination of
the link between the membrane supplement hypothesis and SOS autoactivation, which
will in turn aid to better understand the SOS catalytic functions in cells autoactivation. |
will also examine the function of membrane on the activation of the other members in
RasGEF family. From now on, RasGEF which possesses a surface catalytic site that
weakens the binding of substrate Ras is considered as "a catalytically unformed
RasGEF", and membrane associated RasGEF which stabilizes the binding of substrate

Ras is termed "a catalytically competent RasGEF". | hypothesize that an artificial
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supporter instead of the plasma membrane also is capable to enhance the binding of
SOS to Ras. Thus, | propose to engineer a model of RasGEF connected to a foreign
protein that functions as a supporter to mimic catalytically competent RasGEF. In the
next chapter, the membrane supplement hypothesis will be examined by comparing the
key kinetic features of the catalytically unformed and catalytically competent RasGEF
models. This comparison will clarify the function of membrane in the activation of Ras

by RasGEF family.
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Abstract

Ras plays critical roles in the regulation of various cell signaling events. Ras is primarily
activated by Ras Guanine Exchange factors (RasGEFs) including Son of Sevenless
(SOS), Ras Guanine Nucleotide Releasing Factor (RasGRF), and Ras Guanine
Nucleotide Releasing Protein (RasGRP). The structures of RasGEFs can be divided
into catalytic and regulatory domains. Crystal structure analyses of these RasGEFs
suggest that catalytic sites of RasGEFs are shallow. Thus, unless otherwise their bulky
substrate Ras is upheld by membrane, RasGEFs are unable to hold their substrate Ras
within their catalytic sites and thus are unformed for the catalysis. Therefore, a
membrane supplement hypothesis is proposed, where RasGEFs are catalytically
unformed in cytoplasm, and RasGEFs docking on membrane become catalytically
competent. The results of previous studies which showed enhancement of the SOS
catalysis at membrane support this hypothesis. To examine this membrane supplement
hypothesis, an engineered RasGRP is designed by fusing the catalytic domain of
RasGRP1 (RasGRP1), one of RasGRP isomers, with a foreign protein proliferating
cell nuclear antigen (PCNA) to produce an engineered PCNA-RasGRP1¢ protein
adduct. PCNA serves as a mechanical fixture that mimics the function of membrane for
the RasGEF catalysis. Kinetic comparison of the catalytically unformed and engineered
RasGRPs suggests that the fused PCNA is capable to enhance Ras binding interaction
with and correctly impose Ras on the active site of the engineered PCNA-RasGRP 1,
These results support the membrane supplement hypothesis that membrane functions
as a supporter for the sustaining and strengthening of the binding interactions of

RasGEFs with the substrate Ras to promote the nucleotide exchange of Ras.
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Amphitropic proteins are soluble proteins whose catalytic actions are regulated by
reversible interactions with membrane. However, the general kinetic mechanism of the
role of the membrane in the catalytic action of amphitropic proteins has not been
established. The crystal structure analyses of selected amphitropic proteins indicate that
they also are unformed. Studies show that the catalysis of these unformed amphitropic
proteins also is enhanced upon their membrane binding. Therefore, the membrane
supplement hypothesis proposed within this study can be applicable for the membrane-

dependent catalytic function of certain amphitropic proteins.
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Introduction

Ras is a small GTPase that binds a nucleotide (either GTP or GDP).13 The Ras-
dependent signaling pathways control cell growth, proliferation, differentiation, and
apoptosis.'® Ras function is regulated by the cycling between its inactive GDP- and
active GTP-bound forms.519 Ras binds GDP or GTP with high affinity; however, its
intrinsic nucleotide exchange rate is very slow.1*3 Ras guanine exchange factors
(RasGEFs) are capable to enhance the intrinsically slow Ras nucleotide exchange
rate.% 1416 RasGEFs function by the perturbation of the multiple interactions of Ras with
Mg?* and the bound GDP or GTP, resulting in facilitation of the release of the bound
GDP or GTP, which in turn allows the binding of a fresh GDP or GTP to produce a
nucleotide displaced Ras (displacement of GDP with GTP or vice versa).*> '’ In cells,
GTP is ~10 fold more abundant than GDP.*® Therefore, the action of RasGEFs in cells
mostly produces an active GTP-bound form of Ras.> 17

RasGEF family includes three members: Son of Sevenless (SOS), Ras Guanine
Nucleotide Releasing Factor (RasGRF), and Ras Guanine Nucleotide Releasing Protein
(RasGRP).*® They all contain a catalytic core which consists of Ras exchange motif and
Cdc25 homology domain (REM-Cdc25).2° REM-Cdc25 also is termed catalytic domain.
However, the mechanism of the RasGRP and RasGRF catalysis differs from that of the
SOS catalysis (Figure 2.1).2%22 The catalytic domain of SOS (SOS¢®) possesses two
substrate Ras binding sites: the catalytic site where the substrate Ras is bound to and
catalyzes the Ras nucleotide exchange, and the allosteric site which is occupied by the
nucleotide-loaded Ras.'® 23 The binding of nucleotide-loaded Ras to the allosteric site

mediates the conformational change at the catalytic site that enhances the catalytic
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function of SOS.?* On the other hand, the catalytic domain of RasGRP (RasGRP®¥) and
of RasGRF (RasGRF*®) have only one substrate Ras binding site, which serves as a
catalytic site of RasGRP and RasGRF.?7-28

Although all RasGEFs commonly contain the REM-Cdc25 core for their catalytic
function, they are yet distinguished by their regulatory domains.1® 2325 The regulatory
domains in SOS include Histone-like fold (H), Dbl homology (DH) domain, Pleckstrin
homology (PH) domain, and proline-rich (PR) domain.?53! In contrast, the regulatory
domains of RasGRP1 at the C-terminal include EF hands domain, diacylglycerol-
binding (C1) domain, and a coiled-coil (CC) domain which is unique in RasGRP1 and
absent in other RasGRP proteins.?% 25 32-33 Unlike with SOS and RasGRP, regulatory
domains of RasGRF consist of CC domain, ilimaquinone (IQ) domain, DH domain, and
two PH domains.16: 20

The crystal structures of RasGEFs (Figure 2.1) suggest that the bowl-shaped
catalytic domains of RasGEFs are too shallow to uphold the bulky Ras substrate. It can
be postulated that RasGEFs are catalytically unformed unless otherwise they function
with membrane, which secures the substrate binding within their active sites.
Accordingly, a novel membrane supplement hypothesis is proposed, in which RasGEFs
in cytoplasm are catalytically unformed due to the failure of upholding the substrate Ras
within their catalytic sites. When RasGEFs are recruited to membrane, RasGEFs
become catalytically competent due to the membrane-mediated stabilization of
substrate Ras within their catalytic sites that enhances the catalytic function of

RasGEFs.
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‘ Substrate Ras

Allosteric Ras

Figure 2.1. Comparison of the mechanism of the action of RasGRP¢® and SOS¢®
catalysis.

(A) Model of RasGRP¢? catalysis. Catalytic domain of RasGRP (RasGRP¢) has only
one binding site for Ras. The RasGRP catalysis that activates Ras occurs when the
substrate Ras directly interacts with the active site on the Cdc25 domain of RasGRP.
(B) Model of SOS catalysis. The catalytic domain of SOS (SOS®&) contains the active
site where the substrate Ras is bound and processes nucleotide exchange activity, and
the allosteric site which is occupied by the nucleotide-loaded Ras. The SOS catalysis
that activates Ras occurs only when the binding of nucleotide-loaded Ras to the
allosteric site causes the conformational change at the active site, following by the
interaction of substrate Ras with the active site where the nucleotide exchange activity
of SOS is stimulated. Model of RasGRF catalysis is omitted because it is not used in

this study.
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Studies show that, unless otherwise SOS interacts with membrane, the
regulatory domains of SOS autoinhibit SOS catalytic function by blocking the Ras
access to the SOS allosteric site.?% 28 30, 34-37 A recent study shows that the SOS
membrane-binding interaction that eliminates the effect of SOS autoinhibition exhibits a
dramatic increase in the catalytic activity of SOS.?2 This result suggests that membrane
appears to release the autoinhibition of regulatory domains of SOS but also contributes
to the enhancement of SOS catalysis. The latter case is of interest, as it supports the
membrane supplement hypothesis.

To examine the membrane supplement hypothesis, | designed an engineered
form of RasGEF which consists of two protein moieties: (1) a catalytically unformed
RasGEF (that only partially functions without membrane or a protein mechanical fixture)
and (2) a support or mechanical fixture protein (that substitutes membrane) (Figure A-
3). For convenience, the REM-Cdc25 domain of RasGRP1 (RasGRP1®) is selected as
a model construct of the catalytically unformed RasGRP. This selection is because
unlike SOS, RasGRP has only one substrate Ras binding site. This selection, therefore,
eliminates the kinetic complication of SOS associated with the SOS allostery.
Proliferating cell nuclear antigen (PCNA) was chosen as a supporter or a mechanical
fixture of the engineered protein. This is because PCNA lacks the Ras guanine
nucleotide exchange function yet possesses a dome configuration that can
mechanically support the substrate Ras within its cavity. To fuse RasGRP 1 with
PCNA to produce an engineered form of RasGRP, D375C RasGRP1¢ and G176C
PCNA mutants were produced. The cysteines introduced of these mutants were then

connected by a disulfide bond that yields an engineered RasGRP (D375C RasGRP1¢-
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G176C PCNA adduct). The comparison of the key kinetic features of the engineered
RasGRP with those of the catalytically unformed RasGRP suggests that PCNA
functions as a supporter that enhances the catalytic function of RasGRP. This is
explained by the membrane supplement hypothesis that membrane functions as a
mechanical fixture that enhances the binding interactions of the catalytic site of
RasGEFs with substrate Ras, resulting in promotion of the catalysis of RasGEFs
including SOS, RasGRP, and RasGRF.

A recent study shows that, unlike other RasGEFs, SOS is uniquely autoactivated
though an accelerative positive feedback loop action.® The study also proposed that an
accelerative positive feedback loop action drives SOS to be autoactivated per se. The
study further shows that SOS autoactivation is enhanced when SOS is anchored on
membrane.®® However, the mechanism of the action of the membrane-mediated
enhancement of the SOS autoactivation is yet to be investigated. The results of this
study with respect to the membrane supplement hypothesis also provide insight into the
role of membrane in the enhancement of SOS autoactivation.

Materials and Methods

Expression and purification of Ras. Full-length of Harvey Ras (residue 1-189) was
cloned into the maltose binding fusion protein vector (pPMAL-c2e), expressed, and
purified from the BL21 strain of E. coli. Isolated colonies were inoculated into 30 mL
Lysogeny broth (LB) containing 100 pg/mL ampicillin and incubated at 37 °C at 250 rpm
overnight until the optical density at 600 nm (ODsoo) reached 0.5. The overnight culture
was then grown into 400 mL of LB at 37 °C at 250 rpm. As soon as ODsoo reached 0.6,

the culture was induced by adding isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
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concentration of 1 mM. The induced cells were incubated overnight at 18 °C and
harvested by centrifugation at 8000 rpm at 4 °C for 10 minutes, then frozen at —-80 °C.
The cell pellets were resuspended in 20 mL of a pre-chilled lysis buffer (20 mM Tris-
HCI, 200 mL NaCl, and 1 mM EDTA, pH 7.4), and sonicated in short pulses of 10
seconds on ice for 2 minutes. The supernatant was harvested by centrifugation at 8000
rpm at 4 °C for 20 minutes. Amylose resin (NEB) was loaded onto a 2.5 x 10 cm column
and pre-equilibrated with lysis buffer. After all supernatant was loaded onto the amylose
resin column, the column was washed with a wash buffer (20 mL Tris, 500 mM NacCl,
and 1 mM EDTA, pH 7.4). The fusion protein was eluted from the column with 5 mL of
10 mM maltose solution. Protein-containing fractions were pooled and concentrated by
using an Amicon Centricon tube (10 kDa cut-off).

Expression and purification of RasGRP1¢. The full-length sequences of RasGRP1 and
the cloning vector pET his6 MBP TEV LIC were the gifts from Dominic Esposito
(Addgene, plasmid # 70527) and Scott Gradia (Addgene, plasmid # 29708),
respectively. This project did not focus on cell signaling; therefore, all the regulatory
domains of RasGRP1 were omitted in this study. RasGRP1° domain (residue 50-468)
was amplified by PCR using specific primers (Forward primer: 5’ —
GGTTCCaatattATGGTGTCTCTGGGACATTTAGCC - 3’; Reverse primer: 5 —
GGAAggatccTTAGCTAATGGTTTTTGGATCAGGTTT — 3’); Sspl and BamHI sites are
indicated by lower case letters. RasGRP1° construct was cloned into pET his6 MBP
TEV LIC cloning vector. The pET his6é MBP TEV LIC — RasGRP1% plasmid was then
transformed into One Shot Mach 1 TM T1 Chemically Single Competent Cells

(Invitrogen). Single colonies were picked randomly to screen for the presence of inserts.
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The cloning vector containing RasGRP1° gene was then transformed into BL21 (DE3)
competent cells (NEB). Expression of the MBP-RasGRP1° fusion protein was induced
by adding IPTG to a final concentration of 1mM and incubating overnight at 18 °C. The
induced cells were harvested by centrifugation at 8000 rpm at 4 °C for 10 minutes, then
frozen at —80 °C. The cell pellets were resuspended in a 20 mL pre-chilled lysis buffer
(20 mM sodium phosphate, 300 mM NacCl, and 10 mM imidazole, pH 7.4) supplemented
with 250 U/mL nuclease and 1 mg/mL lysozyme. After the cell pellets were sonicated,
the lysate was clarified by centrifugation at 8000 rpm at 4 °C for 20 minutes. The
supernatant was loaded onto a HisPur™ Ni-NTA resin (Thermo Scientific) column pre-
equilibrated with 20 mL of lysis buffer. The column was washed with a wash buffer (20
mL sodium phosphate, 300 mM NacCl, and 20 mM imidazole, pH 7.4). The protein was
eluted from the column with 10 mL of an elution buffer (20 mL sodium phosphate, 300
mM NacCl, and 500 mM imidazole, pH 7.4). The eluates were pooled and further purified
by size-exclusion chromatography in a Tris buffer (20 mM Tris-HCI, and 50 mM NacCl,
pH 7.4) using Sephadex G-50 (GE Life Sciences) column. Protein-containing fractions
were pooled and concentrated by using an Amicon Centricon tube (10 kDa cut-off).
Expression and purification of PCNA. The sequences of PCNA and the cloning vector
PET his6 TEV LIC were the gifts from Daniel Gerlich (Addgene, plasmid # 26461) and
Scott Gradia (Addgene, plasmid # 29653), respectively. The sequence of PCNA
(residue 1-255) was amplified by PCR using specific primers (Forward primer: 5’ —
GGTTCCaatattATGTTCGAGGCGCGCCTGGTC - 3’; Reverse primer: 5" —
GGCCggatccTTAGATCTTGGGAGCCAAGTAGTA — 3’); Sspl and BamHI sites are

indicated by lower case letters. PCNA construct was cloned into pET hisé TEV LIC
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cloning vector. The pET his6é TEV LIC — PCNA plasmid was then transformed into NEB
Turbo competent E. coli (NEB). Single colonies were picked randomly to screen for the
presence of inserts. The cloning vector containing PCNA insert was then transformed
into BL21 strain of E. coli. PCNA protein was expressed and purified as for the MBP-
RasGRP1% protein.

Design of a disulfide bridge between the catalytically unformed RasGRP and PCNA to
produce the catalytically competent engineered RasGRP. The program PyMOL was
used to predict sites for introduction of disulfide bond in the catalytically competent
engineered RasGRP. The parameters (bond angles and bond length) used in
determining the acceptability of a particular disulfide bond are described in Figure A-4.39
Site-directed mutagenesis. Mutations were introduced to either the pET his6é MBP TEV
LIC — RasGRP1 plasmid or the pET his6 TEV LIC — PCNA plasmid using the
Phusion™ Site-Directed Mutagenesis Kit (Thermo Scientific). Asp375 of RasGRP1%
was mutated to cysteine using specific primers (Forward primer: 5’ —
CCTGACTATCTGGAGTGCGGGAAAGTGAACGTC — 3’; Reverse primer: 5’ —
CATGGCTTCATACAGGGAGATGAGGTCCTT - 3’). Gly176 of PCNA was mutated to
cysteine using specific primers (Forward primer: 5’ —
CAAGTGGAGAACTTTGCAATGGAAACA — 3’; Reverse primer: 5" —
CAGAAAATTTCACTCCGTCTTTTGCAC — 3’). D375C RasGRP1% and G176C PCNA
mutated plasmids were transformed into NEB Turbo competent E. coli (NEB) and
subsequently into BL21 strain of E. coli. D375C RasGRP1¢ and G176C PCNA proteins

were expressed and purified as for the MBP-RasGRP1¢ protein.
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Formation of disulfide bond. Since D375C RasGRP1% and G176C PCNA proteins were
originally stored in (20 mM Tris-HCl and 50 mM NacCl, pH 7.4), these proteins were first
equilibrated with higher pH by using a gel filtration column pre-equilibrated with buffer A
(100 mM Tris-HCI, 200 mM NacCl, and 1 mM EDTA, pH 8.7). The eluents were pooled
and concentrated using an Amicon Centricon (10 kDa cut-off). 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB) was used as a reaction mediator for the disulfide bonding
formation between D375C RasGRP1¢ and G176C PCNA (Figure 2.2). A 40-fold molar
access of DTNB (2 mg/mL) in 0.2 M potassium phosphate buffer (pH 7) was added to
G176C PCNA (pH 8.7). After 2 hours of the incubation at room temperature, the mixture
was desalted on a Sephadex G-25 (GE Life Sciences) column equilibrated in a buffer A.
The fractions containing protein (G176C PCNA -TNB) were pooled and concentrated
using an Amicon Centricon (10 kDa cut-off). D375C RasGRP1¢® (pH 8.7) was added to
G176C PCNA -TNB following the 1:1 mixing molar ratio. This mixture was incubated for
24 hours at room temperature and then loaded onto a Sephadex G-75 (GE Life
Sciences) column equilibrated in a Tris buffer. The protein peak was pooled and
concentrated using an Amicon Centricon (10 kDa cut-off).

Loading mant-GDP on Ras. A reaction mixture was prepared by mixing 100 uM Ras, 2-
folds molar excess of 2'-(or-3')-O-(N-Methylanthraniloyl) Guanosine 5'-Diphosphate
(mant-GDP), 2 mM EDTA (pH 7.4), and 200 mM ammonium sulfate. The reaction was
incubated at room temperature without shaking for 90 minutes and protected from light.
During the incubation, Sephadex G-50 column was pre-equilibrated with a nucleotide
exchange buffer (20 mM Tris-HCI, 50 mM NacCl, and 10 mM MgCl2, pH 7.4). The entire

reaction fraction was then loaded onto the G-50 column to remove unbound mant-GDP.
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Figure 2.2. Mechanism of a disulfide-bridge formation between two cysteine
residues by using DTNB.

In the first step, G176C PCNA was deprotonated to produce a cysteine thiolate
sidechain by raising the pH from 7.4 to 8.7. The cysteine thiolate of G176C PCNA
nucleophilic attacked on one of the two sulfur atoms of DTNB to form a disulfide bond
between 2-nitro-5-thiobenzoic acid (TNB) and G176C PCNA and generate the colored
product TNB. In the next reaction step, D375C RasGRP1¢& was deprotonated to
produce a cysteine thiolate sidechain by raising the pH from 7.4 to 8.7, which in turn
reacted with the G176C PCNA-TNB adduct from step 1 to produce a disulfide bonded

G176C PCNA-D375C RasGRP1¢c (engineered RasGRP) and TNB.
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After the eluents were pooled and concentrated using an Amicon Centricon (10 kDa cut-
off), the mant-GDP loaded Ras product was placed in 1.5 mL centrifuge tubes wrapped
around by aluminum foil to protect from light.

Nucleotide exchange assays. Various concentrations of labeled mant-GDP-bound Ras
(0.2-20.0 pM) were added in nucleotide exchange assay buffer containing 1.0 uM
RasGEF (catalytically unformed RasGRP or engineered RasGRP) and an excess
amount of unlabeled GDP (1.0 mM). For each concentration of mant-GDP-bound Ras,
changes in fluorescence intensities corresponding to the exchange of bound mant-GDP
with unlabeled GDP by RasGEF were monitored over time at excitation wavelength (Aex)
of 355 nm and emission wavelength (Aem) of 448 nm using a fluorescence spectrometer
(PerkinElmer LS 55).

Determination of the equilibrium dissociation constant. Ras was incubated with a 40-
folds molar excess of rhodamine B (RB) at room temperature for 30 minutes (Figure C-
2). The mixture was loaded onto the Sephadex G-25 column pre-equilibrated with the
Tris buffer to remove the unbound RB. The eluents were pooled and concentrated using
an Amicon Centricon (10 kDa cut-off). Various concentrations of Ras (0.6-10.0 uM)
were added in the Tris buffer containing 1.0 yM RasGEF (catalytically unformed
RasGRP or catalytically competent engineered RasGRP). For each concentration of
Ras, change in the rhodamine fluorescence can be monitored at Aex of 554 nm and Aem
of 580 nm using a fluorescence spectrometer (PerkinElmer LS 55). The binding of

RasGEF to Ras resulted in an increase in the intensity of the rhodamine fluorescence.
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Results

Preparation of proteins. The purity of all protein samples in this study was more than
95% pure as determined by the SDS-PAGE analysis (Figure A-5). The concentrations
of protein were measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). Efforts to express and purify H-Ras and RasGRP1°® proteins without soluble
tags were unsuccessful. After the N-terminal maltose-binding protein (MBP) tag was
removed, the proteins became insoluble. Therefore, MBP tag remained attached to the
proteins to enhance the solubility.

Probing potential protein that function as mechanical fixture. The protein that mimicked
plasma membrane was chosen from Protein Data Bank (PDB). Because there are more
than 180,000 protein structures deposited in the PDB, some criteria were applied to
narrow down for the searching of potential proteins: The chosen protein must be a
monomeric form of protein that has the size in the range of 200-400 residues to
sufficiently ensconce the catalytic site of RasGRP1°®, The monomeric protein also
preferably possesses a dome configuration to maintain the substrate Ras within the
catalytic site of RasGRP1°, PCNA was chosen as a support protein because it fits the
categories, and it also lacks nucleotide exchange activity.

Preparation of a disulfide bridge between the catalytically unformed RasGRP1¢c and
PCNA. | first analyzed whether there was any free cysteine residue present at the
protein surface that could form an unanticipating disulfide bridge between these two
proteins. In the crystal structure of RasGRP1®, there is one free cysteine residue that
exposes to the protein surface (Cys80). Similarly, PCNA also has one free cysteine

residue that exposes to the protein surface (Cys81). The optimal range to form a
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disulfide bridge between two cysteine residues is 1.6-2.4 A.3° However, the closest
distance between the two residues Cys80 of RasGRP1° and Cys81 of PCNA can be
11.5 A which is incompatible for the formation of disulfide bond. (Figure A-6).
Accordingly, Cys80 residue in RasGRP1° and Cys81 residue in PCNA were excluded
for the analysis of a potential disulfide bond formation between RasGRP1° and PCNA
by using PyMOL.

By using the program PyMOL, | have analyzed 121 potential pairs of the potential
mutants of loop 1A and 1B of PCNA and loop 2 of RasGRP1® (Figure 2.3 and Table A-
1). The best mutant pair that satisfies the bond length and bond angle to have a
disulfide bridge between RasGRP1°@ and PCNA was determined to be D375C of
RasGRP1c and G176C of PCNA (Figure 2.4). Therefore, D375C of RasGRP1¢ and
G176C of PCNA were produced by using PCR-based methods for site-
directed mutagenesis (see Materials and Methods).

DTNB was used to crosslink D375C RasGRP1¢ with G176C PCNA that
produces an engineered RasGRP (Figure 2.4). A SDS-PAGE analysis was then
performed to examine whether the disulfide bond is formed between Cys375 of
RasGRP1c and Cys176 of PCNA. As shown in lane 4 of Figure 2.5, the 117 kDa band
of the catalytically competent engineered RasGRP was observed when the enzyme was
kept in a buffer that lacks reducing agents. When the engineered enzyme was treated
with a reducing agent such as B-mercaptoethanol, the enzyme was broken into a heavy
chain (88 kDa) and a light chain (29 kDa) that represent, respectively, D375C
RasGRP1 and G176C PCNA. These results together suggest that the two cysteine

residues were successfully cross-linked with one another through a disulfide bond
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Figure 2.3. Potential residues for the mutation in Loop 1 of PCNA and Loop 2 of
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Figure 2.3. Potential residues for mutation in Loop 1 of PCNA and Loop 2 of
RasGRP1°&,

Residues shown on Loop 1A (top) and 1B (bottom) of PCNA and Loop 2 of RasGRP1¢&
are potential candidates for the mutation to cysteine. This mutation allows PCNA to link
to RasGRP1¢ through a disulfide bridge to produce an engineered RasGRP
(RasGRP1°®-PCNA). These images were created using PyMOL. PCNA (PDB 6FCM) is
shown in gray. REM and Cdc25 domains of RasGRP1¢ (PDB 4L9M) are, respectively,

shown in blue and green. Ras (PDB 6AXG) is shown in deep salmon.
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G176C PCNA — D375C RasGRP1¢t

Figure 2.4. Configuration of the catalytically competent engineered RasGRP.

The best model protein configuration selected for the construction of the catalytically
competent engineered RasGRP is shown as above. After checking 121 potential pairs
of mutation from loop 1 of PCNA and loop 2 of RasGRP1¢® (see Table B-1), the pair
selected that qualifies for the bond angle of disulfide bridge and forms suitable pocket
size for Ras binding is D375C of RasGRP1® and G176C of PCNA. This image was
created using PyMOL. PCNA (PDB 6FCM) is shown in gray. REM and Cdc25 domains
of RasGRP1¢® (PDB 4L9M) are, respectively, shown in blue and green. A disulfide bond

which connects PCNA and RasGRP1¢ is shown in yellow.
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Figure 2.5. Analysis of the catalytically competent engineered RasGRP by using
SDS-PAGE (8%).

Lane 1: Molecular weight standard. Lane 2: non-reduced (NR) G176C PCNA protein, 29
kDa. Lane 3: NR D75C RasGRP1% protein, 88 kDa. Lane 4: NR catalytically competent
engineered RasGRP enzyme, 117 kDa. Lane 5: Reduced (R) catalytically competent
engineered RasGRP enzyme. Samples in lane 2-4 were treated with sample buffer
without B-mercaptoethanol. Sample in lane 5 was treated with sample buffer containing

[B-mercaptoethanol.
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to form an engineered RasGRP.
Kinetic model of the RasGEF catalytic action. Scheme 1 summarizes the classic

RasGEF-mediated Ras nucleotide exchange with classic kinetic parameters.38

K, K
RasGEF + Ras*GDP ——> RasGEF-Ras ——> RasGEF + Ras*GDP  Scheme 1
k71

The parameter k, denotes the first-order rate constant of the substrate Ras*GDP
association to RasGEF to produce the RasGEF+Ras binary complex. The parameter k _,

reflects the first-order rate constant of the dissociation of the RasGEF+Ras binary

complex to produce RasGEF and Ras*GDP, and the parameter k_,, denotes the

catalytic turnover rate constant for the production of RasGEF and Ras*GDP from the

RasGEF+Ras binary complex. Michaelis-Menten constant (K.,) represents the ratio of all
rate constants ((k_,+k_,)/k,), and Dissociation constant (K) expresses the ratio of rate

constants without k_,

(k_4/k). The values of the kinetic parameters, ky, k_;, and Kk 4,
reflect the rates of each of the given steps of the RasGEF catalytic actions (Scheme 1).
Thus, a comparative analysis of these kinetic parameters of the engineered RasGRP
with those of catalytically unformed RasGRP (RasGRP1°&) will allow to examine
whether membrane functions to enhance the substrate Ras binding and/or catalysis of
RasGEF. The maximal reaction velocity (Vmax) values of RasGEF for nucleotide
exchange of Ras also were converted to kcat by dividing Vmax with total enzyme

concentration [ET] (Kcat =Vmax /[ET]). The parameter kcat reflects the rate-limiting turnover

number for the overall enzymatic process.
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To determine the value of k, and k_, of RasGEF for nucleotide exchange of Ras,
K., and Ky of RasGEF for nucleotide exchange of Ras were determined. K, and K
were then deconvoluted into k, and k_, of RasGEF for nucleotide exchange of Ras by
using equations (5) and (6) (Appendix C).% It is noteworthy that the values of K, in

combination with k_,, and K per se inherently implicate, respectively, the catalytic

efficiency of enzyme and the enzyme substrate-binding feature. Thus, a comparison of

the values of K, in combination with k_,,

and K of the engineered RasGRP with those
of the catalytically unformed RasGRP was conducted within this study.

Comparative classic kinetic analyses of catalytic actions of catalytically unformed
and engineered RasGRPs. The typical kinetic analysis of the RasGEF-mediated
nucleotide exchange of Ras is to use the fluorescence mant-tagged GDP (mant-GDP).
The mant-GDP was preloaded onto Ras to yield Rassmant-GDP. RasGEF was added to
the assay solution containing Ras*mant-GDP and an excess amount of unlabeled GDP.
RasGEF mediates the nucleotide exchange of the Ras*mant-GDP with fresh unlabeled
GDP in solution. The mant-GDP was displaced with the unlabeled GDP to produce
Ras*GDP and free mant-GDP. The mant fluorescence intensity decreased during the
RasGEF-mediated nucleotide exchange of Ras process because the mant fluorescence
intensity of the free mant-GDP is lower than that of the Ras*mant-GDP.

Prior to the detailed analyses of kinetic parameters of engineered RasGRP for
the nucleotide exchange of Ras, a preliminary analysis was performed to examine
whether the mutation of Asp375 to cysteine to produce D375C RasGRP1¢® alters the

nucleotide exchange rate of the catalytically unformed RasGRP1¢&, As shown in Figure

2.6, the initial rate values of wt RasGRP1° (5.0 x 102 s71) and D375C RasGRP1¢ (6.3
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x 1072 s71) were close to one another. The result suggested that the mutant D375C of
RasGRP1® did not affect the catalytic function of RasGRP1®, Figure 2.6 also showed
that the initial rate value of G176C PCNA (1.6 x 10-2 s1) is minimal. This result
confirmed that the protein supporter G176C PCNA did not facilitate the nucleotide
exchange of Ras. The initial rate values of D375C RasGRP1¢ in the presence and
absence of G176C PCNA were, respectively, determined to be 5.8 x 10?2 s* and 6.3 x
102 s7{(Figure 2.6). The similarity of the values indicated that G176C PCNA did not
alter the catalytic function of D375C RasGRP1®, thereby suggesting that G176C PCNA
only functions as a supporter or mechanical fixture that upholds the substrate Ras within
the catalytic site of RasGRP1¢,

Comparison of the catalytic efficiency of the catalytically unformed RasGRP with that of
the catalytically competent engineered RasGRP. A comparison of the Km and kcat values
of the catalytically unformed and competent engineered RasGRPs for Ras is shown in
Table 2.1. The Km values of the catalytically unformed and catalytically competent
engineered RasGRPs are not significantly different (Table 2.1). The kcat value of
catalytically competent engineered RasGRP is ~2-fold larger than that of catalytically
unformed RasGRP (Figure 2.7). The difference and similarity in the values of kcat and
Km values, respectively, indicate that the difference in the catalytic efficiency (Kcat/Km) of
the catalytically unformed and catalytically competent engineered RasGRPs for Ras is
primarily rooted in the kcat step of the kinetic process of RasGRP. The catalytic
efficiency was increased when the mechanical fixture (i.e., the PCNA supporter) was

introduced to the catalytically unformed RasGRP enzyme. The results detailed
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Figure 2.6. Comparison of the nucleotide exchange rates of Ras by various forms
of RasGEF.

Mant-GDP-Ras (1.0 uM) was placed in the nucleotide exchange assay buffer containing
1.0 mM unlabeled GDP. In each experiment, a minimal amount of enzyme (1.0 uM) was
added to facilitate the exchange of mant-GDP with unlabeled GDP. The control
experiment also was performed in the absence of enzyme under the identical
experimental conditions. The fluorescence intensity was monitored over time. The
nucleotide exchange rate of Ras (the slope representing the change in fluorescence

intensity over time) was determined. The plot was created using GraphPad Prism.
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the membrane supplement hypothesis that membrane functions as a supporter that
enhances the catalysis of RasGEF by properly aligning Ras with the docking site of
RasGEF.

Comparison of the substrate Ras binding affinity to the catalytically unformed RasGRP
with that of the catalytically competent engineered RasGRP. Titration of the catalytically
unformed and catalytically competent engineered RasGRPs with the RB-Ras complex
gives dissociation constants Kp of the catalytically unformed and catalytically competent
engineered RasGRPs for nucleotide exchange of Ras (Figure 2.8). The results suggest
that the catalytically competent engineered RasGRP has a tighter binding affinity with
Ras compared to that of the catalytically unformed RasGRP. The Kp values along with
kinetic constants Km and kcat can be used to determine the detailed rate constants ki

and k_, (see above Kinetic model of RasGEF section).*® As shown in Table 2.1, k, value

of the catalytically competent engineered RasGRP for Ras is ~2-fold larger than that of

the catalytically unformed RasGRP. However, k_, value of the catalytically competent

engineered and catalytically unformed RasGRPs are similar to one another. The results
suggest that the supporter PCNA in the catalytically competent engineered RasGRP
functions to enhance the Ras association to but not dissociation from the catalytic site of
RasGRP. The results also further specify the membrane supplement hypothesis as that
membrane sustains the binding of Ras within the catalytic pocket to enhance the Ras

association to the catalytic site of RasGEF.
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(RasGRP1°*_PCNA)
K., (M) 53+0.5 45+06
K., (min) 14%x10 400 32x10"+04x10"

Kol Ky (M 'min ") 2.1 x 102202 % 107 71x10°£09x 107

Ko (UM) 33x10  +2.8x10 12%x10 ' £15%x10 "

K, (UM 'min ") 39x102+05x 10 73x102+£1.0x%10°

K, (min") 13%x10°+1.1x107° 87x10°+12x10°

Table 2.1. Comparison of kinetic parameters of the catalytically unformed and
catalytically competent engineered RasGRPs for the nucleotide exchange of Ras.

The kinetic values K., K., Koo Ky Kp, Ky, and k_; of RasGRP1 and the catalytically

m? “tcat’ "‘cat’ ' 'm
competent engineered RasGRP are listed in the table above. Detailed calculations of
these values are shown in Appendix C. In the case of the catalytically unformed
RasGRP, a catalytic amount of RasGRP1¢4 (1.8 uM) was used for the nucleotide
exchange assay of Ras. In the case of the catalytically competent engineered RasGRP,
a catalytic amount of catalytically competent engineered RasGRP (1.0 uM) was used for

the nucleotide exchange assay of Ras.
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Figure 2.7. Determination of catalytic parameters of the catalytically unformed
and catalytically competent engineered RasGRPs for the nucleotide exchange of
Ras.

Mant-GDP-Ras (0.2-20.0 uM) was added to the nucleotide exchange buffer containing
constant amount of catalytically unformed RasGRP (RasGRP1¢&) (1.8 uM) or the
catalytically competent engineered RasGRP (1.0 uM). For each concentration of mant-
GDP-Ras, change in the fluorescence intensity was monitored over time. The RasGRP
activity was determined by obtaining the initial rates (vo, the slope representing the
change in fluorescence intensity over time). The Vmax value of RasGRP was divided by
total concentration of enzyme ([ET]) (Vmax/[ET]) that yields the kcat value. The plot of
vo/[ET] of RasGRP1° for the nucleotide exchange of Ras versus the concentration of

mant-GDP-Ras was fit to a simple hyperbola (r> = 0.9828) to yield a Km and kcat values
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Figure 2.7. Determination of catalytic parameters of the catalytically unformed
and catalytically competent engineered RasGRPs for the nucleotide exchange of
Ras. (cont.)

of 53+ 0.5uMand 1.1 x 107 min_1, respectively. The plot of vo/[ET] of the catalytically
competent engineered RasGRP versus concentration of mant-GDP-Ras was fit to a

simple hyperbola (r> = 0.9775) to have a Km and kecat values of 4.5 + 0.6 uM and 3.2 x

10" 0.1 x 10 'min", respectively.
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Figure 2.8. Determination of dissociation constants of the catalytically unformed
and competent engineered RasGRPs for the nucleotide exchange of Ras.

In each case, RasGRP (1.0 uM) was titrated with various amounts of Ras (0.6-10.0 yM)
and the corresponding changes in the fluorescence intensity were monitored.
Fluorescence intensity of RB was monitored at Aex of 554 nm and Aem of 580 nm.
Changes in RB fluorescence intensity at 554 nm were converted to the ligand bound
(RasGRP-Ras). Detailed calculations are shown in Appendix C. The plot of the ligand
bound form of the catalytically unformed RasGRP (RasGRP1%) with Ras against

concentration of Ras was fit to a simple hyperbola (r? = 0.8591) to yield a Ko value of

3.3x10 ' +2.8 x 10" pM. The plot of the ligand bound form of the catalytically

competent engineered RasGRP against concentration of Ras was fit to a simple

hyperbola (2 = 0.9224) to yield a Ko value of 1.2 x 10" £ 1.5 x 10 ' uM.
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Discussion and Conclusion

In this study, the membrane supplement hypothesis is proposed. The hypothesis
also was examined by using a model of engineered RasGRP. RasGRP1¢ is used as a
form of the catalytically unformed RasGRP, and the catalytically competent RasGRP is
obtained by producing an engineered form of RasGRP. The configuration of the
engineered enzyme is unique as a foreign protein PCNA is linked to RasGRP1¢,
SOS¢@ anchors the membrane through the binding of membrane-tethered Ras to its
allosteric site. However, RasGRP1 does not have a site for membrane anchoring.
Therefore, this project uses the foreign protein PCNA to mimic membrane as it
proposed to serve as a supporter for the substrate Ras within the RasGRP 1 catalytic
site that aids the function of the RasGRP1® catalysis. The comparative kinetic analyses
of the catalytically unformed RasGRP (RasGRP1) together with the engineered
RasGRP indicate that the Km value of the engineered RasGRP is similar to that of the
catalytically unformed RasGRP. However, the ki and kcat values of the engineered
RasGRP are ~2-fold larger than those of the catalytically unformed RasGRP. These
results detailed the membrane supplement hypothesis as that the artificial supporter
functions to enhance the substrate Ras binding to and its catalysis in the active site of
RasGRP. The increase in the kcat value of the engineered RasGRP is intriguing as it
suggests that the supporter also aids the substrate Ras to correctly align and poise at
the active site of the engineered RasGRP. The analyses result detailed membrane
supplement hypothesis as membrane functions as a supporter for RasGEFs including
SOS by securing, aligning, and posing the binding of the substrate Ras at the active site

of RasGEFs. Therefore, when applied to SOS, the membrane binding of SOS activates



70

SOS, which in turn produces more of active Ras, thereby facilitating SOS
autoactivation.

There are many signaling enzymes that are recruited to the membrane upon
stimulation to carry out their biological processes. These enzymes are described as
amphitropic proteins which maintain a compact structure in the cytosol and are fully
activated when localized to cell membrane.*#4 This research aims to answer the
following questions: Why is the membrane translocation necessary to those amphitropic
enzymes? And how does membrane-protein interaction affect enzyme catalysis? To
address the role of the membrane in the kinetic action of amphitropic enzymes, |
compare two potential outcomes of amphitropic enzyme after the membrane binding
event. The first case relates to enzymes whose active site is brought distally from the
membrane surface (Figure A-8). Membrane interaction induces a conformational
change that helps expose the buried catalytic domain of these enzymes to the aqueous
phase. Membrane in this case only functions to release autoinhibition effect of
regulatory domains that in turn unmasks the active site of enzyme to enable substrate
binding. Examples illustrating this case are protein kinase C (PKC), protein kinase B
(PKB, or AKT), and 3-phosphoinositide-dependent protein kinase-1 (PDK1) (Figure A-
9).41,45-46 |n the second case, after amphitropic enzyme is recruited to membrane,
catalytic site of enzyme is brought proximally toward the membrane surface (Figure A-
8). In this case, membrane binding also displaces the autoinhibitory domains, which in
turn results in fully activation of the enzyme. However, when considering the case of
SOS, in the absence of regulatory domains, the membrane-bound SOS¢ still shows the

enhancement in the catalytic function.?® Therefore, in the second case, membrane
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functions for not only the release of the autoinhibition of SOS by regulatory domains but
also allowing the access of substrate to the catalytic site of SOS. The crystal structures
of several enzymes which fall into the second case reveal that those enzymes usually
display this common feature: the catalytic site possesses a very shallow binding pocket
which challenges the bulky substrate to be accommodated inside the catalytic domain.
This implies that the action of membrane that brings the catalytic site of enzyme into
proximity with the membrane surface is not redundant. This study focuses on the unique
role of membrane in the function of enzymes that fall into the second case. The purpose
of this study also is to examine whether membrane contributes to orienting the substrate
as well as improving its stability inside the catalytic cavity of enzyme, thus enhancing
the enzyme catalytic activity.

The proposed kinetic roles of membrane localization in enzyme catalytic action
are not limited to the RasGEF family proteins. There are many signaling enzymes which
require the presence of membrane to enhance their catalysis. First example is
phospholipase Az (PLA2) enzymes which catalyze the hydrolysis of the ester bond at the
sn-2 position of phospholipid substrates to liberate free fatty acids that are essential for
inflammation and immune responses.*’*° Most PLA2s are water-soluble proteins which
translocate to the membrane interface to access the phospholipid substrate and
catalyze the hydrolysis.*® PLA2 exhibits high specificity for its phospholipid substrate;
therefore, the binding of the enzyme to the membrane is distinct from the binding of a
phospholipid substrate molecule to the catalytic site.5° PLA2 superfamily is classified
into 6 types: cytosolic PLA2 (cPLA2), secreted PLA2 (sPLA2), calcium-independent PLA2

(iPLA2), platelet-activating factor acetylhydrolase (PAF-AH), lysosomal PLA2 (LPLA2),
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and adipose-PLA2 (AdPLA2).*® The association of PLA2 with membrane can be driven
by either electrostatic or non-electrostatic forces, and the membrane binding plays
important role in its catalysis.>! For example, aromatic residues at the interfacial binding
surface of sSPLA2 are important for the interaction of enzyme with zwitterionic
membrane.>"2 |t was shown that the aromatic residues Trp19, Trp64, and Phe61 play
critical roles in the interfacial binding surface of cobra venom sPLA2.5* Mutations of
these residues to Ala resulted in 30- to 50-fold decrease in the binding affinity of SPLA2
to phospholipid substrate, and ~40-fold decrease in the relative catalytic efficiency of
SPLA2.%! cPLA2, another member in PLA2 superfamily, binds to membrane upon the
regulation of intramolecular calcium which binds to the calcium binding site at the C2
domain of cPLA2.%8 A study demonstrated that the catalytic activity of cPLA2 when
cPLA: is recruited to membrane is 20-fold higher than that when the binding of cPLA2 to
membrane is restricted.*® It is noteworthy that phospholipid substrate molecules are too
bulky to be fully accommodated by the small active-site cavity of PLAzs (figure A-10).
Membrane might function as a supporter that brings the phospholipid substrates closer
to the active site of PLA2, and the interfacial binding might help stabilize the bulky
substrate at the active site that in turn enhances the catalysis of PLA>.

Another example is catechol-O-methyltransferase (COMT), an enzyme that plays
critical role in the inactivation and metabolism of catecholamines (dopamine,
epinephrine, and norepinephrine), catechol estrogens and catechol containing
xenobiotics.5® COMT is linked to Parkinson’s disease which is characterized by
dopaminergic neuronal loss that affects movement behavior.>3-% COMT exists in two

major forms, the membrane-bound COMT (MB-COMT) and the soluble COMT (S-
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COMT).53 5557 Human S-COMT and MB-COMT have similar catalytic mechanism
following a sequential order in which COMT binds its cofactor S-adenosyl methionine
(ADOMET) first, then Mg?* ion, and catechol substrate at last.5* 5 COMT transfers the
methyl group from ADOMET to one of the phenylic hydroxyl groups of catechol
substrate.®® The only difference in the catalytic activity between S-COMT and MB-
COMT is that the catechol substrate has higher affinity with MB-COMT than that with S-
COMT. 56 5859 Kinetic analyses of COMT in hypothetical human brain showed that the
Km value of S-COMT for dopamine is ~14-fold higher than that of MB-COMT for
dopamine.®®-%° These studies also proved that under physiological concentration of
dopamine in the brain, MB-COMT methylates dopamine ~2-fold more rapidly than S-
COMT.5859 A structural study of COMT observed that the interaction of MB-COMT with
ADOMET induced a conformational change which drove the catalytic domain of MB-
COMT toward the membrane surface (Figure A-11).5 Based on these kinetic and
structural evidences, | speculate that membrane functions as a supporter which holds
the catechol substrate in the active site of COMT through orienting the catalytic domain
of COMPT close to the membrane surface that in turn stabilizes the substrate binding
and enhances the catalysis of MB-COMT.

The last example to point out is Recoverin, a member of the EF-hand
superfamily. Recoverin is a neuronal calcium sensor protein which is recruited to
membrane to be fully activated.®%-62 Recoverin is expressed in retinal photoreceptor
cells and originally purified from retinal rod outer segments (ROS) of vertebrates.52-63
Recoverin consists of four EF-hands, but only two of them (EF-hand 2 and 3) bind Ca?*

to initiate the inactivation of rhodopsin kinase (RK).6364 The N-terminal myristoyl group
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of recoverin is regulated upon the change of intracellular Ca?*.%2 In the light, when the
concentration of Ca?* is low, the membrane-bound RK (substrate of recoverin)
terminates the activity of photoexcited rhodopsin by phosphorylating it.®° In the
meantime, recoverin in the cytoplasm sequesters the myristoyl group inside its
hydrophobic cleft.53¢4 This compact structure maintains recoverin at the cytoplasm due
to the loss of binding affinity with membrane.®3 In the dark, at high concentration of
Ca?*, recoverin is recruited to membrane to stabilizes the methylated form of RK to
prevent the phosphorylation of RK on rhodopsin.53 8 Specifically, Ca?* first interacts
with EF-hand 3 of recoverin that in turn triggers a rearrangement of EF-hand 2; then the
binding of Ca?* to EF-hand 2 of recoverin leads to the exposure of the buried myristoyl
group to aqueous environment that in turn enables the insertion of myristoyl group of
recoverin into the ROS disk membrane to inactivate RK.6% 64 66 The myristoyl group is
shown to be primarily responsible for the anchoring of recoverin to membrane.?
Explicitly, myristoylated recoverin was shown to be ~12-fold more active than the
nonmyristoylated recoverin.®” It was also proven that the inactivation of RK by recoverin
decreased ~7-fold in the absence of membrane.®® | notice that RK (66 kDa) is too bulky
compared with the small size of recoverin (23 kDa) (Figure A-12). Therefore, in this
case, membrane might play a role as supporter which enhance the binding of recoverin
to RK, thus inactivating the phosphorylation of RK on the light-sensitive rhodopsin.

It is notable that there was no clear rationalization for the role of membrane in the
enhanced kinetic features of amphitropic enzymes upon their binding to membrane. The
membrane supplement hypothesis firstly provides an explanation for the effect of

membrane on the catalysis of amphitropic enzymes with a classic kinetic view. On the
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basic of the kinetic analysis within this research, it can be explicated that many
amphitropic enzymes are catalytically unformed. This is because amphitropic enzymes
possess a shallow cavity at their active sites. The shallow cavity of their active sites is a
challenge to secure their bulky substrates. The challenge is nonetheless overcome by
the binding of amphitropic enzymes to membrane, in which supports to place and
precisely orient the bulky substrate within their catalytic sites, thereby enhancing their
catalytic actions. It is possible that, in the kinetic perspectives, the common feature of
the shallow catalytic sites of amphitropic enzymes that can be accommodated by
membrane is evolved as an "on/off switch" for the regulations of these enzyme
functions: their binding to membrane is the kinetically "on" state, whereas their
dissociation from membrane is the kinetically "off" state.

| would anticipate that the results shown within this study that support the
membrane supplement hypothesis will provide insight into the general kinetic
mechanism of the action of amphitropic enzymes associated with their membrane-
binding interactions. Finally, it must be emphasized that some factors such as
alternating membrane compositions or targeting potential key protein residues near the
binding interface between amphitropic enzymes and membrane might be involved in the
control of the binding strength of substrate to the catalytic domain of membrane-bound

enzyme.
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Figure A-1. Conformational change in the Ras switch regions upon its binding of
GTP and GDP.

(A) Key Ras residues participating in the Ras GTP-binding interaction (PDB 2CE2). Ras
protein is shown in light gray. Magnesium ion (Mg?*) is shown in purple. P-loop (shown
in orange) wraps around and interacts with the - and y-phosphates of the guanine
nucleotide. In addition, the hydroxyl group of the serine coordinates with the magnesium

ion. Switch I (shown in green) contains a conserved threonine residue involving in
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Figure A-1. Conformational change in the Ras switch regions upon its binding of
GTP and GDP. (Cont.)

Mg?* coordination and sensing the presence of y-phosphate of the guanine nucleotide.
Besides, the purine base of guanine nucleotide is stabilized by the phenylalanine
residue on switch | region. Switch Il region (shown in blue) involves in the binding of
Mg?* and the y-phosphate of the guanine nucleotide. G4 region (shown in yellow)
interacts with the guanine base. The asparagine and aspartate of G4 form hydrogen
bonds with nitrogen and oxygen atoms of the purine. The amino group of lysine also
forms part of binding pocket of the guanine base by interacting with the oxygen of the
ribose ring. In G5 region (shown in cyan), the main chain NH of alanine binds to the
oxygen of the purine, and the serine side chain aids to stabilize the aspartate of the
adjacent loop G4. (B) Key Ras residues involve in the Ras GDP binding interaction
(PDB 2CL7). Ras protein is shown in light pink. Other color codes are the same as in
(A). When the y-phosphate of the guanine nucleotide is cleaved off, the switch | and
switch |l regions become mobile since the interactions of the y-phosphate with the side
chain hydroxyl group of threonine in switch | and the main chain nitrogen of glycine in

switch Il are lost. These images were created using PyMOL.
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Figure A-2. Models of reversible interactions of membrane proteins.

Several ways that proteins reversibly interact with membrane are shown.> Membrane
binding interaction might displace the regulatory domains form the active site of these
proteins. (A) Protein is recruited to membrane via membrane-targeting domains (shown
in orange) which bind specific phospholipid head group. (B) Protein interacts with
membrane through the covalent lipid anchor (shown in red) which is inserted into the
lipid bilayer. (C) Protein binds to membrane via the amphipathic a-helix (shown in
yellow) which lies parallel to membrane surface. The polar face of the a-helix contacts
with aqueous enviroment, whereas the hydrophobic face of the a-helix interacts with
hyrophobic region in between the bilayers. (D) Protein interacts with membrane by

deeply inserting hydrophobic a-helix or hydrophobic loop into the membrane.
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Figure A-3. Ras SOS-binding interaction in the presence of plasma membrane or
a protein supporter.

(A) SOSca activation model associated with membrane (PDB 1XD2). Ras initially docks
on membrane. The membrane-anchored Ras then recruits SOS® (REM-Cdc25
domains) to the membrane by binding to the allosteric site of SOS®®. This colocalization
enhances nucleotide exchange of Ras. This is because membrane functions as a
supporter or a mechanical fixture that upholds substrate Ras in the active site of SOS®,
so that SOS®® is capable to efficiently catalyze nucleotide exchange of Ras. Without
membrane, SOS is catalytically unformed. This is because the structure of Cdc25
domain of SOS which possesses a shallow catalytic pocket that cannot sustain the
binding interaction of Ras to SOS. In contrast, the membrane-associated SOS® is
catalytically competent because membrane functions to secure the binding of Ras to
SOS. REM and Cdc25 domains of SOS®® are, respectively, depicted in blue and green.

Substrate Ras and allosteric Ras are, respectively, shown in deep salmon and purple.



90

Figure A-3. Ras SOS-binding interaction in the presence of plasma membrane or
a protein supporter. (cont.)

(B) RasGRP1° activation model with a protein supporter. An engineered RasGRP that
connects proliferating cell nuclear antigen (PCNA) with catalytic domain of RasGRP1
(RasGRP1) is produced to examine the role of membrane in the nucleotide exchange
of Ras. The REM-Cdc25 domains of RasGRP1 (RasGRP1®) is functionally and
sequentially equivalent to the REM-Cdc25 domain of SOS (SOS®®). PCNA (residues 1-
255) is chosen as a supporter protein which is equivalent to the membrane in function.
PCNA (PDB 6FCM) is shown in gray. REM and Cdc25 domains of RasGRP1¢® (PDB
41 9M) are, respectively, shown in blue and green. Substrate Ras (PDB 6AXG) is shown

in deep salmon. These images were created using PyMOL.
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Figure A-4. Bond angles and bond lengths of a disulfide bridge between two
cysteine residues.
The parameters of the bond angles and bond lengths that are used in determining the

acceptability of a particular disulfide bond between two cysteine residues are shown.?
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Figure A-5. SDS-PAGE analyses of RasGRP1% and PCNA.

(A) Qualification of wt RasGRP1% and D375C RasGRP1, Lane 1: Wild type (wt)

RasGRP1¢t 88 kDa.; Lane 2: D375C RasGRP1¢ 88 kDa.; and Lane 3: Molecular

weight marker. (B) Qualification of G176C PCNA. Lane 1: Molecular weight marker; and

Lane 2: G176C PCNA, 29 kDa.
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Figure A-6. Identification of free Cysteine residues on the interface between
RasGRP1¢ and PCNA.

In the crystal structure of RasGRP1°®, one free cysteine residue is exposed to solvent
(Cys80). Similarly, PCNA has one free cysteine residue that exposes to the solvent
(Cys81). The optimal range to form a disulfide bridge between two cysteine residues is
1.6-2.4 A (Figure A-4). However, the possible closest distance between the two
residues, Cys80 of RasGRP1 and Cys81 of PCNA, is determined to be ~11.5 A which
is incompatible for the formation of the disulfide bond between them. Therefore, these
solvent-exposed free cysteine residues presenting at the interface between these two
proteins are unlike to form a disulfide bond. This image is created using PyMOL. The
protein structure and surface of PCNA (PDB 6FCM) was shown in gray. The protein
structure and surface of REM domain of RasGRP1¢ (PDB 4L9M) was shown in blue.

The cysteine residues are shown in stick.
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Figure A-7. Examples of representative engineered RasGRPs.
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Figure A-7. Examples of representative engineered RasGRPs.

The putaitve engineered RasGRP shown in (A), (B), (C), and (D) fail to uphold the
substrate Ras within the binding pocket of RasGRP1°® since the PCNA rotates far away
from the catalytic site of RasGRP1. The putaitve catalytically engineered RasGRP
shown in (E) and (F) also fail to target the substrate Ras since the binding pocket
created in between PCNA and RasGRP1° are too narrow for the substrate Ras to
enter the catalytic site of RasGRP1®, All images are created using PyMOL. REM and
Cdc25 domains of RasGRP1 (PDB 4L9M) are shown in blue and green, respectively.

PCNA (PDB 6FCM) was shown in gray.
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Figure A-8. Potential paths of the activation of amphipathic enzyme with its
membrane binding interaction.

Novel model mechanism of the amphipathic enzyme activation with membrane is
proposed. Catalytic domain of enzyme (E) was shown in blue. Substrate (S) was shown
in yellow. Regulatory domains were shown in orange and green. Case 1 (top): enzyme
is recruited from cytosol to membrane and undergoes conformational change upon
binding to membrane. After the autoinhibition of regulatory domains are released, the
active site of enzyme exposes to aqueous environment followed by the binding of
substrate. Substrate does not show any interaction with membrane. Case 2 (bottom):
Recruitment of amphitropic enzyme to membrane induces a conformational change of
enzyme that releases the autoinhibition of regulatory domains. In this case, active site of

enzyme is brought close to the membrane surface. Membrane contributes to the

stability of substrate by holding the substrate steady inside catalytic pocket of enzyme.
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Figure A-9. Activation mechanism of PKC, PKB, and PDK1 by their membrane
binding interactions.

Activation mechanism of Protein kinase C (PKC), Protein kinase B (PKB), and 3-
phosphoinositide-dependent protein kinase-1 (PDK1) by their binding to membrane are
shown.*¢ PKC (PDB 3PFQ) is recruited to membrane through the electrostatic
interaction of C2 domain to membrane followed by hydrophobic interaction of C1B
domain. PKB (PDB 106L and 1UNQ) and PDK1 (PDB 1H1W and 1W1D) bind to
membrane through the interaction of PH domain with PIP2 on membrane. Their
membrane binding interactions displace the autoinhibitory domains that in turn lead to
the exposure of their phosphorylation site. The active sites of theses enzymes locate
distally toward aqueous environment. Phosphorylation events afterward activate these

proteins. In each crystal structure, the kinase domain in which the active site is located
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Figure A-9. Activation mechanism of PKC, PKB, and PDK1 by their membrane
binding interactions. (cont.)

is highlighted in green, and regulatory domain is highlighted in yellow. The linker which
connects the kinase domain and regulatory domain is shown in dash line. This image

was created using PyMOL.
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Figure A-10. Activation of sPLA2 and cPLA:z by interaction with phospholipid

membrane.

Activation mechanism of secreted phospholipase Az (sPLA2) and cytosolic
phospholipase A2 (cPLA2) by their binding to membrane is shown.”® Most extracellular
sPLAzs (PDB 1CJY) bind anionic membranes using their cationic residues on the
interfacial binding surface. However, aromatic residues such as Trpl19, Trp64 and
Phe61 at the interface of SPLA2 are involved in the interaction of SPLA2 with zwitterionic
membrane. sPLA: recruited to membrane becomes fully activated. A His-Asp dyad at
the catalytic site of SPLA2 hydrolyzes the sn-2 position of phospholipid substrate to yield
fatty acids and lysophospholipids. In contrast, the binds of calcium to the calcium
binding site at the C2 domain of intracellular cPLA2 (PDB 1POB) is responsible for the

translocation of cPLA2 to membrane. At membrane, cPLA2 becomes fully activated so
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Figure A-10. Activation of sPLA2 and cPLA2 by interaction with phospholipid
membrane. (cont.)

that it hydrolyzes the sn-2 position of phospholipid substrate using a catalytic dyad of
Ser/Asp at the catalytic site. The phospholipid substrate of SPLA2 and cPLA2 are,
respectively, 1-Palmitoyl-2-pyrenedecanoyl Phosphatidylcholine (10-Pyrene-PC) and 1-
palmitoyl-2-arachidonoyl-sn-phosphatidylcholine (PAPC) (shown in black stick). This

image was prepared with PyMOL.
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MB-COMT MB-COMT
(Apo form) (Holo form)

Figure A-11. Activation mechanism of the interaction of catalytic domain of MB-
COMT in apo and holo forms with membrane.

Activation of catechol-O-methyltransferase (COMT) by interaction with membrane is
shown.® Membrane-bound catechol-O-methyltransferase (MB-COMT) (PDB 2CL5)
differs from water soluble COMT (S-COMT) in the addition of a 51-residue long
segment which anchors to the lipid membrane. The apo form of MB-COMT (left) is
unable to bind substrate due to the location of it catalytic site which faces outside of the
membrane surface. Binding of the cofactor, S-adenosyl methionine (ADOMET) (shown
in yellow), induces a conformational change which orients the catalytic site of MB-

COMT so that the catalytic site is proximal to the membrane interface. This holo form of
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Figure A-11. Activation mechanism of the interaction of catalytic domain of MB-
COMT in apo and holo forms with membrane. (cont.)

MB-COMT (right) is now activated and able to bind Mg?* ion (shown in green sphere),
then interacts with substrate (dopamine shown in red) at the membrane surface. This

image was prepared with PyMOL.
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Recoverin

Rhodopsin

Figure A-12. Activation of Recoverin by its binding to membrane with the

increment of Ca?* level.

Novel model mechanism of Recoverin activation upon membrane binding is shown. In
the dark, Ca?* binds to recoverin (PDB 1JSA) to trigger a conformational change that
exposes the N-terminal myristoyl group to aqueous environment. Recoverin is then able
to anchor to membrane through the N-terminal myristoyl group to become active
enzyme. At the membrane, the activated recoverin interacts with its substrate,
rhodopsin kinase (RK) (PDB 3C51), to prevent RK from activating phosphorylation of

rhodopsin (PDB 1F88). This image was prepared with PyMOL.
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APPENDIX B: TABLES
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Table B-1. Analysis of 121 potential pairs of mutation from loop 1 of PCNA and
loop 2 of RasGRP1¢&,

The Mutagenesis function and Fuse Command of PyMOL were used to predict which
residues on Loop 1A and 1B of PCNA and Loop 2 of RasGRP1¢ can be mutated to
cysteines. The percentage written under each mutated residue indicates the efficiency
of cysteine mutation. For example, E104C (55.2%) means there is only 55.2% chance
that residue E104 can be mutated to cysteine. For each disulfide bond formed by the
mutation pair, PCNA will be rotated to different direction (see examples in Figure A-7).
Therefore, the catalytically competent engineered RasGRP model must satisfy two
conditions: (1) The yss angle of disulfide bond must be in the range 60-120°, and (2) the
binding pocket created in between PCNA and RasGRP1¢ should be able to hold the
substrate Ras within the cavity of RasGRP1, Each color code in the table represents
different condition of the engineered model of RasGRP1. Cells highlighted in blue
indicate that these models fail to hold the substrate Ras within the binding pocket of
RasGRP1® since the PCNA rotates far away from the catalytic site of RasGRP1. Cells
highlighted in yellow indicate that these models fail to bind the substrate Ras since the
binding pocket created in between PCNA and RasGRP1°% are too narrow for the
substrate Ras to enter the catalytic site of RasGRP1°®. The chosen pair (highlighted in
green) D375C of RasGRP1¢ and G176C of PCNA qualifies for the bond angle of a
disulfide bridge and produces a suitable pocket size for the binding of Ras on

RasGRP1c,
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APPENDIX C: SUPPLEMENTARY DATA
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% Control (k=0.0041s")
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Figure C-1. The rate of GEF-catalyzed nucleotide exchange of Ras.

Mant-GDP-Ras (1.0 uM) was placed in the nucleotide exchange buffer containing
excess amount of unlabeled GDP (1.0 mM). In each experiment, a minimal amount of
enzyme such as 1.0 yM of G176C PCNA, 1.0 yM of reduced (R) engineered RasGRP,
1.0 uM of catalytic domain of RasGRP1 (RasGRP1¢&), 1.0 uM of D375C RasGRP 1,
1.0 uM of Cdc25 domain of RasGRF (RasGRF4°25%), or 1.0 uM of engineered RasGRP,
was added to facilitate the exchange of mant-GDP with unlabeled GDP. The control
experiment data was performed under the identical experimental conditions in the

absence of enzyme. Changes in fluorescence intensity were monitored over time at Aex
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of 554 nm and Aem of 580 nm using PerkinElmer LS 55. The initial mant fluorescence
changes within the first 150 seconds (k) were determined.

The initial rate value of G176C PCNA was not significantly different from the
control which represents the intrinsic nucleotide exchange of Ras. This result confirmed
that the protein supporter G176C PCNA did not affect the intrinsic the nucleotide
exchange of Ras. The similarity of initial rate values of D375C RasGRP1¢ and wild
type RasGRP1¢ proved that the mutant D375C of RasGRP1° did not affect the
catalytic function of RasGRP1®, The initial rate values of D375C RasGRP1¢ in the
presence and absence of G176C PCNA were, respectively, 0.056 s and 0.051 s™.
The similarity of these values indicated that G176C PCNA did not alter the catalytic
function of D375C RasGRP1%®, thereby suggesting that G176C PCNA only functions as
a supporter or mechanical fixture that secure the binding of substrate Ras within the
catalytic site of RasGRP1°%, The initial rate of RasGRP1°® was also compared with that
of RasGRF¢925 which usually serves as kinetic reference for the catalytic domains of
other RasGEF members. The result indicates that catalytic domains of all RasGEFs in
general, and RasGRP1¢% and RasGRF®4¢25 in particular, have relatively weak
nucleotide exchange activity in the absence of membrane. The initial rate value of
engineered RasGRP¢ was significantly higher than that of wild type RasGRP1¢. This
comparison showed that RasGRP1°-catalyzed nucleotide exchange of Ras was
enhanced in the presence of the fused PCNA protein that mimicked the plasma

membrane.



111

A 16
feun) TNB~
= . DTNB
5 127 (monitored at 412 n\m) (monitored at 326 nm)
- :
§ ll \S
= A
= 8- I
< S\ 3
3 by 3
= TNB-G176CPCNA | 7 :
_‘é‘ 4 - (monitored at 280 nm) | \ ’-,.
§ I' \ ..'.
\ .
< /. S o e,
0 . _‘.o I r - ® 0o °
0 20 40 60 80 100
Volume (mL)
B ..
Engineered RasGRP
= (monitored at 280 nm)
S ..
>
©
5
< 47
(]
(&
&
£ 27 TNB-
a (monitored at 412 nm)
g ) -~
' ~
0 T 1 1 = T = _=m N e |
0 20 40 60 80 100 120
Volume (mL)

Figure C-2. Elution profile of the preparation of engineered enzyme.
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Figure C-2. Elution profile of the preparation of engineered enzyme.

(A) Elution curve of Step 1 (Mechanism on Figure 2.2 above). 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB) reacts with the deprotonated cysteine residue of PCNA
G176C to yield a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB"). The first peak
(in orange) depicts the mixed disulfide (PCNA G176C-TNB) whose absorbance is
measured at 280 nm. The second peak (in dark yellow) represents the TNB™ which is
measured at 412 nm. The third peak (in light yellow) indicates the remaining DTNB
which is detected at 326 nm. The present of the third peak demonstrates that the entire
amount of G176C PCNA is completely converted to G176C PCNA -TNB. (B) Elution
curve of Step 2 (Mechanism on Figure 2.2 above). The intermediate G176C PCNA-TNB
in (A) is mixed with the deprotonated cysteine residue of RasGRP1¢ D375C to yield a
mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB"). The first peak (in blue) depicts the
mixed disulfide (final product D375C Ras GRP1¢- PCNA G176C) which is detected at
280 nm. The second peak (in dark yellow) represents the TNB~ which is measured at

412 nm.
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Determination of kinetic parameters of RasGRP1°® with Ras
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Figure C-3. Blank titration of mant-GDP-Ras in buffer.

Mant fluorescence intensities of various concentrations of Ras (0.2-8.0 uM) in the
nucleotide exchange buffer (20 mM Tris-HCI, 50 mM NacCl, and 10 mM MgClz, pH 7.4)
were monitored at Aex of 554 nm and Aem of 580 nm using PerkinElmer LS 55. The mant
fluorescence intensities against Ras concentrations were fit to a linear function (r? =

0.9625) to yield a slope of 109.2 uM-.,
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Figure C-4. Change in the mant fluorescence intensity at various concentrations
of Ras in the presence of RasGRP1¢,
Mant-GDP-Ras (0.2-20.0 uM) was titrated with 1.0 uM of RasGRP1¢& in the nucleotide
exchange buffer containing an excess amount of unlabeled GDP (1.0 mM). Inset shows
the initial mant fluorescence changes upon the titrations within 100 seconds. The
displacement of mant-GDP with unlabeled GDP resulted in the decrease of
fluorescence intensity. Changes in fluorescence intensity at each concentration of mant-
GDP-Ras added were monitored over time at Aex of 554 nm and Aem of 580 nm using

PerkinElmer LS 55.
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Directly proportional relationship between concentration of Ras and the total
mant fluorescence intensity change can be expressed as follow:
AFL = a x [Ras]®, or [Ras]®* = AFL/a (1)
where AFL denotes the total mant fluorescence intensity change; a denotes the slope
obtained from Figure C-4; [Ras]®* denotes amount of Ras that undergoes the nucleotide
exchange.
Initial rates (o) within the first 100 seconds were calculated by determining the

slopes AFL/time as shown in Figure C-4 (Inset) and converted to [Ras]®*/time as follows:
. . 1 .
w = [Ras]®/time = (AFL/a)/time = 5 (AFL/time) (2)

By dividing initial rate 1 with total amount of enzyme used in the assay (denoted
as [ErT]), the ratio w/[ET] was then plotted against concentration of Ras as shown in
Figure 2.7. The plot was fitted to a simple hyperbola to obtain Michaelis-Menten
constant (Km), and catalytic turnover rate (kcat) values. The maximum velocity (Vmax) was
calculated using the formula below:

Kcat = Vmax / [ET] (3)
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Determination of dissociation constant of RasGRP1¢ca with Ras
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Figure C-5. Blank titration of a buffer with RB-tagged Ras.

A titration of a buffer with various concentrations of Ras (0.6-10 yM) in the Tris buffer
(20 mM Tris-HCI and 50 mM NacCl, pH 7.4) was performed to calibrate Rhodamine B
(RB) fluorescence intensities with respect to the Ras concentrations. The changes in
RB fluorescence intensities against Ras concentrations were fit to a linear function (r? =

0.9983) to yield a slope of 55.8 uM-1.



117

%="1000-
c
5
-
©
= 10.0 uM Ras
2
< 8.0 UM
2 5.0 uM
m -
E 500 3.0 uM
= 1.0 uM
S
2 0.6 uM
(b
&)
(7))
o
° \_
=
L0 — . . :
450 500 550 600

Wavelength (nm)

Figure C-6. RB fluorescence-based determination of association constant of the
RasGRP1°® for Ras to produce the Ras-RasGRP1¢ complex.
RasGRP1¢ (1.0 uM) was titrated with various amount of Ras (0.6-10.0 uM). The

binding of Ras to RasGRP1¢® increases the Rhodamine B (RB) fluorescence intensity.
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The increase in fluorescence intensities (AFL) at 554 nm were determined by
subtracting the measured fluorescence intensity of Ras mixed with RasGRP1¢ in the
Tris buffer for the fluorescence intensity of control which contains only Ras in the Tris
buffer. AFL at each concentration of Ras was then converted to the ligand bound
(Ras:RasGRP1) as follow:

Ligand bound (Ras:RasGRP1¢) = [Ras]hound /[E]o= (AFL/slope)/[E]o 4)
Where ligand bound denotes the fraction of RasGRP1¢® that has Ras in binding site.
[E]o denotes initial concentration of RasGRP1¢2,

The plot of Ligand bound (Ras:RasGRP1¢&) versus the initial concentration of
Ras ([Ras]) was created and fitted to a simple hyperbola as shown in Figure 2.8. Kq, the
dissociation constant for the complex, was equal to [Ras] at ¥z Ligand bound.

Once the Km, Kb, and kcat were determined, the two constants ki and k-1 were calculated

as follow:

L )



