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ABSTRACT

The photon receptor, rhodopsin, and the GTP-binding regulatory
prote1n transducin, belong to a family of G protein-coupled receptors.
The activation process through which guanine nucleotide exchange of the G
protein is accomplished was investigated utilizing these components of the
visual transduction system. Rhodopsin, modelled as an enzyme in its
interaction with substrates, transducin and guanine nucleotides, was
cﬁaracterized to catalyze the G protein's activation by a double-
displacement mechanism. Remarkable allosteric behavior was observed in
these kinetic studies. Equilibrium binding studies were performed to
investigate the molecular basis of the positive cooperative behavior
between transducin and rhodopsin. These experiments show that the origins
of the allosterism must arise from oligomeric assemblies between receptor
and G protein. The determined Hil] coefficient, ny = 2, suggests that at
Teast two transducin molecules are involved, and the Bmax parameter also
‘indicates that multimeric assemblies of rhodopsin may perticipate in the
positive cooperative nteractiions. Physical studies-of transducin in
solution were performed and do not indicate the existence of a dimeric
structure, in contrast to the Kinetic and binding experiments which
analyze interactions at the membrane surface. Since the latter
environment represents the native surroundings in vivo, aspects of the
altlosteric behavior must be considered for a complete understanding of the
signa] transduction mechanism. The reported findings are interpreted in
the context of homologies between other G protein-coupled receptor systems
in order to develop a model for the molecular basis of the mechanism and

regulation of this mode of signal transduction.
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CHAPTER I

INTRODUCTION: LITERATURE REVIEW

A family of GTP-binding proteins, called G proteins, has been shown
to provide a signal transduction mechanism for many cell surface
receptors. These receptors act catalytically to mediate the guanine
nucleotide exchange of G proteins: this process is referred to as
activation and results in the displacement of bound GDP for GTP. The
concomitant dissociation of the G protein's a subunit, with GTP bound,
from the By subunit complex initiates the signal to elicit the appropriate
cellular response. One example of such a signal transduction system is
the photon receptor, rhodopsin, and its G protein, transducin. This §
protein-coupled receptor system has been chosen in order to investigate
the molecular events involved in the activation process. The following
points provide a framework in which the study takes context.

Homologies Between Receptor-GTP Binding Protein Systems

Signal transduction for a variety of hormone receptors 1nvolvgs
GTP-binding proteins, which mediate changes in cell fﬁhction, metabolism,
and growth (1). Several proteins comprise a family of GTP-binding
regulatory elements (G proteins). Perhaps the best known example of this
type of transduction mechanism is the adenylate cyclase system, which in
many cell types is under regulatory control exerted through the
stimulatory Gg protein and the inhibitory Gi protein. Transducin

(GT) is also a member of this family, regulating the activity of the rod

cell cGMP phosphodiesterase. A fourth GTP—hindina ~rotein, Gy, has
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been identified in brain; however, no known function has been correlated
with 1ts activity. Accumulating evidence suggests the possible existence
of other G proteins as well, with different regulatory functions. ﬂ

GTP-binding proteins have been implicated to function in Ca2* and f

arachidonate mobilization by stimulating phospholipase C (Gp1c> or

T 7 N VO ] O

phospholipase Az (Gp1a) (3-8). Another G protein, Gk, is thought to be an |

activator of K* channels (9). Finally, other effector systems under W

reguiatory control of G proteins may also include both the positive and ]

negative regulation of voltage-gated Ca2t channels and possible negative |

regulation of phospholipase C (10). ’

A broad range of cell surface receptors couple to the effector M

systems listed above via the regulatory G proteins. These jnclude M

receptors for adrenergic and muscarinic agents, as well as peptide

hormones such as ACTH, LH, FSH, and GRF. The list of hormones which

interact with G protein-coupled receptors also includes glucagon,

secretin, and vasopressin. Chemotactic factors (FMLP), thrombin,

bombesin, histamine, and prostaglandins are among the other Tigands which

exert effects through this signal transduction mechanism. Receptors for

environmental factors such as light, olfactory and tasfé signals also are
coupled to G proteins. This survey of G protein-coupled receptors is far

from complete (10), but serves to underscore the variety of stimuli which

utilize this mode of signal transduction.

The structural homologies observed between G proteins have advanced

our understanding of the relationships between the GTP-binding regulatory

e]ements.v These proteins are heterotrimers composed of a, B, and ¥y

subunits. The o subunits range in size from 39 to 52 kD and contain the




site for guanine nucleotide binding, as well as the GTPase activity
associated with their function. The fact that the q subunits serve as
substrates for ADP-ribosylation by either cholera or pertussis toxins has
greatly aided in elucidating the physiological role of G proteins (11,12).
Recently, the nucleotide sequences of cDNA's for six distinct o subunits
have been published: transducin (rod) (13-15), transducin (cone) (16), Gg
(17-21), Gj-1 (19,20), Gi-2 (21) and Go (19). The strong conservation
observed in primary sequence serves to emphasize the relationship between
members of the G protein family, whereas structural differences may hold
the key to understanding their functional roles.

The By subunits of G proteins are isolated as a non-covalent complex
which is dissociated only under denaturing conditions. The 8 subunits of
Gg and Gi have been found to be identical in moTecular weight (35 kD),
amino acid composition, and peptide maps (22). Not surprisingly, they are
functionally equivalent, serving to aid in the activation of either Gg, or
Giy. Identical cDNAs coding for the g subunit of transducin (23,24) and
Gs/Gi (25) have been isolated. Another form of 8 (36 kD) has a];o been
identified and shown to be immunologically distinct from the 35 kD species
(26). The v subunit does exhibit some heterogeneity between different G
proteins. Peptide maps of v subunits of Gs and Gj are identical, but
differ remarkably from maps of transducin's Y subunit (27). Immunological
evidence also indicates Grv is distinct from Gs/Giy (28). The v subunit
of transducin has been cloned and its primary sequence suggests that the
peptide is fairly hydrophilic (29-31). This is consistent with the fact
that transducin may be isolated as a soluble protein, in contrast to other

G proteins which require solubilization by detergent. Thus, the
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prediction has been made that the Y subunits of Gs/Gi are hydrophobic in

nature, and in the complex with the 8 subunit, provide a membrane anchor
for the a subunit of G proteins.

Gilman and collaborators (1,32,33) have advanced the hypothesis that
the 8y subunit complex may play a regulatory role by allowing

communication between G proteins which share these subunits in common.

Thus, BY released from Gi upon receptor activation can functionally serve

to inhibit adenylate cyclase by re-associating with free Ggq subunits. By
Timiting the amount of free a subunit, the common gy subunits would allow
"cross-talk" between different receptors which must simultaneously respond
through this signal transduction mechanism.

A1l of the current evidence Supports an emerging picture in which G
proteins proyide a complex communication network that 1s coordinately
regulated and through which a given extracellular stimulus may exert
pleotropic effects. The relationships between the family of G
protein-coupled requlatory systems is strengthened by studies showing the
1nterchangeabi]ity of G proteins between differentwreceptor systems.
Rhodopsin has been found to be capable of activating Gy as well as Gy
(34-37). The B-adrenergic receptor can activate not only Gg but al;o G;
(38). These observations suggest that in addition to the conservation in
G protein structure, receptors which mediate signal transduction via this
Mechanism must also share a high degree of conservation in tertiany
structure. Indeed, striking homology has been observed in the primary
Sequences of rhodopsin (39-41), the B-adrenergic receptor (42-44) and the

muscarinic receptor (45), particularly in those regions predicted to

Compose membrane bilayer domains. Immunological evidence also suggests
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structural conservation between domains of rhodopsin and the B-adrenergic

receptor (46). Therefore, molecylar studies on the interactions between
rhodopsin and transducin can provide insight into structural and
functional relationships among the class of hormone receptors known to
exert their effects through GTP-binding proteins.

Visual Transduction

The integral membrane protein, rhodopsin, is the primary protein
constituent present in the oyter segment discs of rod cells. The
photoisomerization of its chromophore, 11-cis-retinal leads to the
hyperpolerization of the rod cell plasma membrane by a signal transduction
mechanism which appears to involve CGMP and Cat+, Photolyzed rhodopsin
catalytically activates the GTP-binding protein, transducin, which in turn
activates a cGMP phosphodiesterase (POE) (47). The responsiveness of the
photoreceptor to Tight becomes reduced after photoexcitation, a process
which is known as Tight adaptation (48). The mechanism of this regulatory
phenomenon has been proposed to be exerted via the phosphorylation of
rhodOpsin (49-53), A]though a complete picture of-visual transduction has
yet to emerge, the following observations must be integrated into a
coherent model, and they are outlined to provide guideTines in which to
relate molecular studies to cellular physiology.

The modulation of cGMP Tevels has been implicated in the
phototransduction mechanism: in patch clamp studies, exposure of the
Cytoptasmic surface of isolated membrane patches to Tow levels of cGMP
opens ion channels (54) and this event appears to be regulated by the

cooperative binding of two molecules of CGMP to the channel proteln (55)

It is prOposed that the channe]s are maintained in an open state in the
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dark by high levels of cGMP, and that light activates the rapid hydro]ysis

of cGMP, which causes the channels to close. Cytoplasmic levels of Cat+
are also increased in response to light, and it has been observed that
increased levels of Cat* decrease the Tight sensitivity of rod cells
(48,56,57). The latter observation suggests that Ca** may mediate 1ight
adaptation, and it has been shown for the Limulus photoreceptor that
inositol triphosphate (InsP3) may also be involved in this
desensitization. Increased levels of InsP3 are detected upon
photoexcitation, and when injected into photoreceptors, InsP3 has been
shown to reduce responsfveness to subsequent flashes of light (58). The
proposed general role of InsP3 as a calcium-mobilizing intracellular
second messenger suggests that it acts to release internal stores of Cat+
(59). Although there are clear differences in visual transduction between
vertebrate rod cells and invertebrate photoreceptors, it is interesting to
note that generation of InsP3 is a result of hydrolysis of
phosphotidylinositol 4,5-bisphosphate with the concommitant release of
diacylglycerol (DAG); This hydrolysis is mediatéd"by activation of
phospholipase C, an enzyme which in other cel] types has been identified
to be controlled by GTP-binding proteins (3,4). |

In mammalian rod cells, rhodopsin is phosphorylated upon exposure to
Tight by rhodopsin kinase, a regulatory mechanism which has been '
implicated to be involved in Tight adaptation (49). Rhodopsin kinase
itself does not require photoactivation; rather it appears that rhodopsin
undergoes a light-induced conformational change which allows

phosphorylation to occur. In vitro measurements of PDE activity reveal

that addition of ATP and rhodopsin kinase diminish the light-stimulated




activity of PDE mediated by rhodopsin's activation of transducin (52).

Recent evidence has also demonstrated the presence of a Catt/phospholipid-

dependent protein kinase in rod cells (60,61). Commonly referred to as
protein kinase C, the enzyme's activity is stimulated by the presence of
DAG and its Ca**-dependent translocation to the membrane surface results
in phosphorylation of rhodopsin. This phenomenon provides a speculative
rote for the increased Cat+ leyels involved in the adaptation process.
Protein kinase C has been found to phosphorylate rhodopsin in the dark, as
well as after bleaching. Hence, phosphorylation by protein kinase C may
provide a regulatory mechanism independent of 1ight activation.

The structural and topographical information known for the rod cell's
visual pigment has been reviewed by several investigators (63-64). The
current model for the disposition of rhodopsin's 348 amino acid length
predicts that the integral membrane protein has seven transmembrane
domains with approximately half of the protein's mass embedded in the
Tipid environment. The carboxy-terminal tail, which contains the serine
and threonine residues phosphorylated by rhodopsin kinase and protein
kinase C, is exposed to the cytop]asm along with three hydroph111c Toop
regions which connect the hydrophobic membrane-spanning -domains. The
Cytoplasmic face of rhodopsin represents about one-quarter of the protein's
mass with the remaining mass occluded in the lumen of the rod cell outer
disc. The Tatter portion of rhodopsin represents three more hydrophilic
connecting Toop regions as well as the amino-terminal tail which contains
two short asparagine-linked oligosaccharide chains. The seven

membrane-spanning domains are thought to have an a-helical conformation

and to be arranged in a horse-shoe configuration in relation to one
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another, similar to the folding pattern observed for bacteriorhodopsin. A

unigue lysine is present at the predicted midpoint of the most C-temminal
helix. This residue exists as a protonated Schiff base with
ll-cis-retinal. Thus, the inside surfaces of the membrane-spanning
domains must neutralize this charge and provide a binding pocket for the
chromophore. Given this structural framework, Tittle information is known
about functional aspects which contribute to rhodopsin's role in visual
transduction.

Mechanism of Rhodopsin's Activation of Transducin

Rhodopsin's ability to mediate GDP-GTP exchange of transducin upon
photoexcitation has been characterized by observations based on binding
interactions (65-71). In the dark, transducin binds GDP with high
affinity. Photon capture by rhodopsin induces formation of a
rhodopsin«transducin-gpp complex in such a way that the affinity for GDP
is Towered, and exchange for GTP occurs. The binding of GTP to the
rhodopsinstransducin complex results in the dissociation of transducin.gTp
and a concomitant increase in transducin's appareﬁf affinity for GTP.

The specificity for GTP in this exchange induces dissociation of
transducin's subunits, a*GTP and 8. Phosphodiesterase activation occcurs
via the interaction between «*GTP and an inhibitory subunit of PDE (72).
The o subunit exhibits a slow GTPase activity, and upon hydrolysis, a«GDP
binds with gy to fomm holo-transducin. Subsequently, the inhibitory
subunit can reassociate with PDE to prevent its activity. One bleached

rhodopsin is estimated to activate 102 GTP-binding proteins, which

Interact to stimulate 103 ppes: this cascade results in an amplification

of 105, The advantages of this transduction system Tie not only in its
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amplification: the exchange of GTP for GDP may occur very rapidly, much
more so than, for example, a covalent modificatfon, and due to the
hydrolysis of GTP, the system has been set to turn off in a temporal
manner which reflects the amount of bleaching which has occured.

Characterization of the molecular interactions between rhodopsin and
transducin has been Timited to the model discussed above. Several key
questions remain, however, concerning the molecular mechanism through
which the receptor interacts with the G protein. These questions are not
only pertinent to our knowledge of the physiology and regulation of visual
transduction, but also are vital to understanding the structural and
functional relationships between other G protein-coupled receptor systems.
The advantages of addressing these issues utilizing components of the
visual signal transduction mechanism are clear: rhodopsin is highly
abundant in rod outer disc membranes which serve as a source to purify
large quantities of the receptor; transducin, unlike other G proteins, is
a soluble protein which may also be 1so]ated in milligram quantities from
retina; rapid methods of purification are availablé for both receptor and
G protein; and sequence information is available not iny for rhodopsin
(39-41), but also for each of transducin's subunits (13;15,23,24,29—31).
Thus, it is possible to begin to define structure-function relationships
at the molecular Tevel in hopes of providing insight into the conserved
homologies between G protein-coupled receptor transduction systems. The
approach employed here is to model the receptor, rhodopsin, as an enzyme
which catalytically interacts with substrates, transducin and guanine

nucleotides. Therefore, the kinetic methods which have provided a

fundamental basis in mechanistic studies of soluble enzymes are utilized
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in order to define molecular events involved in the activation process.
The-use of this method provides a conceptual basis for understanding
structural interactions and the regulation of the signal transduction

mechanism associated with the family of G protein-

coupled receptors,
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CHAPTER II

METHODS AND MATERIALS

Preparation of Transducin and Rhodopsin

Transducin and stripped membranes containing rhodopsin were prepared
from rod outer segments (ROS) isolated from frozen, dark-adapted bovine
retinas following protocols adapted from Fung et al. (65,70). Thawed
retinas were placed in ice-cold 20 mM Tris, pH 7.4, 1 mM CaCly, 45% "/ w)
sucrose and passed several times through a syringe; ROS disrupted in this
manner were collected by flotation, washed in buffer without sucrose, and
pooled before being layered over a step gradient of 25% and 35% (W)
sucrose in 20 mM Tris, pH 7.4, 1 mM CaCls. ROS were collected from the
25%/35% interface after centrifugation at 100,000 x g for 30 minutes at
4°C, and were subjected to a series of extensive washes. The first series
of four isotonic washes were carried out in a buffer of 10 mM Tris, pH
7.4, 100 mM NaCl, 5 mM MgClp, 1 mM DTT, 0.1 mM EDTA; the RQOS were then
washed four times in a hypotonic buffer of 10 mM"T%is, pH 7.4, 1 mM DTT,
0.1 mM EDTA. These centrifugation steps were performed at 100,000-x g for
15 minutes at 4°C,

ATl of the preparative methods were performed with illumination in
order to obtain transducin, which was extracted from the washed ROS by
incubation for 15 minutes in 10 mM Tris, pH 7.4, 1 mM DTT, 0.1 mM EDTA, in
the presence of 40 uM GTP, followed by centrifugation at 100,000 x g for
15 minutes at 4°C. The supernatant, containing transducin, was collected

and subjected to dialysis against 10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM

MgC]g, 1 mM DTT, 0.1 mM EDTA, and concentrated 25-fold by vacuum
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dialysis. This procedure yielded preparations of transducin which were at
Teast 90% pure, as judged by Coomassie staining on SDS-polyacrylamide gels
routinely run to assess the quality of the product (see, for example,
Figure 13). Equimolar amounts of transducin's subnits were present, as
verified by their comigration in sucrose gradient centrifugation analysis
(Figure 18). Typically, transducin was immediately employed in the
kinetic assays; if stored, the preparation was made 50% in glycerol and
kept at -20°C. Transducin's « subunit was further purified and separated
from the gy subunit complex by chromatography over Blue Sepharose (73,74);
Purified o subunit was éoncentrated, dialyzed and manipulated as described
for holotransducin., In some experiments, holo-transducin was further
purified by chromatography over hexyl-agarose as described by Fung et al.
(65).

Stripped membranes containing rhodopsin were prepared under dim red
Tight following the steps outlined above. After the isotonic and
hypotonic washes, the ROS were further extracted with urea, according to
methods described by Yamazaki et al. (73). ROS were suspended in 20 mM
Tris, pH 7.4, 1 mM EDTA, 2 mM MgCly, 0.5 mM DTT, and a solution of S5 M
urea, 50 mM HEPES, pH 8.0, 5 mM EDTA, 0.5 mM DTT was added such that the
final concentration of urea was 4.7'M. This suspension was kept on ice
and intermittently passed through a syringe with an attached 21 G needle
for a period of 60 minutes, after which time 20 mM HEPES, pH 8.0, 2 mM
EDTA, 0.5 mM DTT was added to dilute the urea 5-fold. This mixture was
centrifuged at 100,000 x g for 30 minutes at 4°C; the pelleted membranes

were then washed once with 20 mM HEPES, pH 8.0, 2 mM EDTA, 0.5 mM DTT and

three times with 20 mM Tris, pH 7.4, 1 mM EDTA, 0.5 mM DTT, and stored at
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-70°C in the latter buffer. This preparation yields a spectral ratio
A280/Aq9g of 1.9, comparable to values of 1.7-1.8 obtained by other
purification methods. Rhodopsin concentration was determined from its
absorbance at 498nm, using a molar extinction coefficient of 42,700 M-1
cm-1 (75). Rhodopsin was further purified by solubilization in octyl
glucoside and subsequent chromatography over concanavalin A-Sepharose
(76); reconstitution into vesicles containing egg phosphatidylcholine and
phosphatidylethanolamine was accomplished by dialysis (77). Control
experiments indicated that less than 1% of the rhodopsin population was
photolyzed prior to exposure to room light.

Kinetic Measurements

[35S]—GTPYS, a non-hydrolyzable GTP analog, was employed to monitor
guanine nucleotide exchange of transducin catalyzed by photo-activated
rhodopsin. Purity of the radiolabelled compound was evaluated by thin
layerlchromatography on PEI-cellulose, with 0.5M K2HPOg as developing
buffer. Initial rate measurements were obtained by a filtration assay
which takes advantage of the fact that transducin.will bind to
nitrocellulose filters. A 300 ul reaction mixture typically contained 5.4
nM rhodopsin, with appropriate concentrations of transducin and '
[355]—GTPYS, 1.5-2x10° cpm/pmol, in 10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM
MgClo, 1 mM DTT, 0.1 mM EDTA. Components of the reaction mixture were
kept at 4°C just prior to use. All measurements were made at ambient
temperature. Rhodopsin was photolyzed under room Tight, mixed with
[353]-GTPYS, and incubated 1 minute. The excnange reaction was initiated

by the Fapid addition of transducin, and 50 ul aliquots were withdrawn at

timed intervals (5-60 seconds), filtered through nitrocellulose filters
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(Schleicher and Schuell, BA85) and immediately washed with two 3.5 m]
aliquots of ice-cold buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM MgCls,
0.1 mM EDTA). The filters were dissolved in scintillation fluid, and the
amount of [35S]-GTPYS associated with the filters was measured in a
Beckman LSC.

Preliminary results indicated that 80% of transducin present in the
reaction mixture bound to the nitrocellu]qse. Accordingly, all
calculations incorporated this correction factor. Initial rates of the
exchange reaction were determined from the slopes of plots of [355]-GTPYS
bound versus time representing that portion of the progress curve which
was linear (see, for example, Figure 3). In control experiments, the
amount of [355]-GTPYS bound by transducin in the absence of rhodopsin was
measured, and the calculated rate was utilized to correct for a final
initial velocity, vq, corresponding to the rhodopsin-catalyzed reaction.
In the absence of transducin, it was determined that less than 0.01% of
the bound cpm could be attributed to the rhodopsin preparation or
background [35S]—GTPYS associated with the 1’1‘]ter*u.‘w The measured initial
rates were proportional to rhodopsin concentration under all experimental
conditions, and were obtained within a time period in which no more than
10% of the maximum extent of reaction occurred (see Figures 1 and 3).

Initial velocities as a function of variable transducin concentration
were determined at several fixed levels of [355]-GTPYS concentration.
Graphically, reciprocal values of velocity were plotted against the
reciprocals of substrate concentrations to generate Lineweaver-Burke

plots. Any occasional points which deviated greatly were discarded. The
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data were fit to equation [1] using a non-linear least squares method

app app
Vo = Vmax [S1/ Ky + [S] (1]

assuming equal variance for the velocities; calculations were made using
an adaptation of a BMDOP program. In the case of sigmoidal curves, the

data were fit to the approximated equation [2] discussed in Appendix [ and

in reference 78,

app app
Vo = Vmax [S12/ Kp  +[S12  [2]

app app
The values of Kp  and Vp,y were provided with standard errors of their

estimates.
Initial rates were also determined as described above for the
following non-catalyzed reaction (in the absence of rhodopsin):

k¢
Transducin + GTPYS ——— Transducin-GTPYS

The rate equation for this reaction may be written in terms of initial

velocity, vq»

d [Transducin-GTPvS] = k¢ [Transducinld [gTpys]"
dt

Vo

where q + r = n, n representing reaction order, and Kf indicating the rate

constant for the reaction. In linear form:
Invg = Tn ks + q In [Transducin] + r Tn [GTPYS]

Accordingly, the parameters kf, q and r were calculated from the slopes

and intercepts determined for plots of In Vo versus In [Transducin] or 1n
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[GTPYS], with respect to constant concentration of the appropriate
reaction component (see, for example, Figures 16 and 17).

Equilibrium Binding Assay

A centrifugation technique was developed to monitor the binding of
transducin to rhodopsin. Transducin (0.005-0.5 uM) and rhodopsin
(0.05-0.15 uM) were suspended to 1 ml in a buffer containing 10 mM Tris,
pH 7.4, 100 mM NaCl, 5 mM MgClp, 1 mM DTT, 0.1 mM EDTA. Triplicate
samples were incubated in the presence or absence of light for 30 minutes
and then centrifuged for 15 min at 10,000 x g at 4°C. Aliquots (100 1)
of the supernatants were taken, and the remaining volume was careful ly
removed by aspiration. The pellets, containing transducin bound to
rhodopsin, were immediately resuspended in 200 w1 of buffer and samples
which had been maintained in the dark were subjected to photolysis at this
time. To the supernatant aliquots, photolyzed rhodopsin was added such
that the amount was equivalent to that isolated in the pellets. A 50 ul
aliquot of [35S]-GTPYS (3.5 x 103 cpm/pmol) was added to all samples with
a final concentration of 1 uM. After a 60 minutéﬂincubation, 200 ul
aliquots were filtered through nitrocellulose fi]ters.and washed twice
with 3 ml aliquots of ice-cold buffer. The amount of [355]-GTPYS
associated with the filter, which reflects the amount of transducin
present, was measured by scintillation counting in a Beckman LSC.
Corrections for background were made using values obtained for control
samples measured in the absence of transducin. A1l measurements were
performed at ambient temperature.

The use of the GTPYS binding assay to measure transducin activity

associated with the pellets or supernatants relies on the fact that the G
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protein binds guanine nucleotides with a 1:1 stoichiometry. The GTPYS
binding reaction was complete within 60 minutes at saturating
concentrations of rhodopsin and GTPYS employed. The amount of transducin
determined to be present in the pellet was calculated as that amount
bound; values determined for the supernatant aliquots were adjusted for
the total assay volume and calculated as free transducin. Determinations
for the triplicate samples were routinely within 3% of one another, and
the average of these values was employed for Scatchard analysis. The data
presented are representative of at least 3 independent experiments
performed in this manner. Measurements of the total transducin
concentrations employed in the binding assay were also accomplished by
measuring the amount of [355]-GTPYS incorporated in the presence of
rhodopsin, and these values were within 5% compared to the total amount of
free and bound transducin determined for each point.

Physical Measurements

Sucrose density gradient centrifugation experiments were accomplished
with a 4.5 ml linear 5-20% gradient in 10 mM Trié,“pH 7.4, 100 mM NaCl, 5
mM MgClo, 1 mM DTT, 0.1 mM EDTA. Samples containing protein of Tnterest
along with marker proteins (catalase, S20,w = 11.3S; BSA, SZO,w = 4,315
cytochrome C, Spg y = 1.71S) were overlayed and subjected to
centrifugation at 40,000 rpm for 13 hours in a Beckman Ti 50.1 rotor.
Following fractionation into 250 ul aliquots, samples were analyzed by
SDS-PAGE and by densitometry of the resultant Coomassie-staining pattern.
Gel filtration over Sephacryl S-300 (Pharmacia) was accomplished using a

1.5 x 80 cm column with a flow rate of 1 ml/min. The buffer employed in

these studies contained 10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM MgClo, 1 mM
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DTT, 0.1 mM EDTA. Void volume was measured by monitoring the migration of" ‘

Blue Dextran, total volume was obtained using [3H]-Hp0. The column was

calibrated using the following standards with their respective Stokes
- radii: chymotrypsinoéen, 20.9 ;, BSA, 35.5 ;, catalase, 52.2 ;, and
o B-galactosidase, 69.1 ;. One ml fractions were collected and protein
content was assayed by the method of Bradford (79) as well as by SDS-PAGE. |
GTPYS binding in the presence of rhodopsin was measured by the filtration |
assay described above in order to monitor the elution of transducin and
its a subunit (Figure 19). SDS-PAGE was perfcrmed by methods described by
Laemmli (80). Immunoblotting experiments were performed by
electrophoresing protein from SDS-PAGE gels to nitrocellulose at 380 mA
for 20 minutes. The blot was incubated with a 1:100 dilution of
antibodies in Tween-PBS, washed, and [1251]-protein A was added; immuno-

reactivity was detected by autoradiography.

Materials

Transducin and rhodopsin were obtained usingufrozen, dark-adapted
bovine retinas purchased from J. Lawson and Co., Lincoln, NB. [353]-GTPYS !
was from New England Nuclear, and GTPYS was obtained from Boehringer-

Mannheim. A1l other materials were reagent grade and purchased from

Sigma.




CHAPTER ITI

"~ ALLOSTERIC BEHAVIOR IN TRANSDUCIN ACTIVATION MEDIATED BY RHODOPSIN:

INITIAL RATE ANALYSIS OF GUANINE NUCLEOTIDE EXCHANGE

Results and Discussion
~ Results

Initial rate analysis provides a powerful tool in order to
{nvesﬁigate the mechanics of catalyzed reactions. This method may be
utilized to study catalytic interactions between photolyzed rhodopsin and
jts substrates, transducin and guanine nucleotides. The validity of this
kinetic approach relies on the capacity to measure initial rates of the
.reaction, thereby allowing an interpretation of the data based on
steady-state assumptions. A functional means to ensure initial velocity
measurements is to employ experimental conditions such that measured rates
are proportional to enzyme concentration. Figure 1 presents the linear

relaticnship between initial velocity and rhodopsin concentration,

determined in the catalyzed reacticn between transducin, Gt, and
[3551-GTPYS: _
rhodopsin .

Gr°(GDP) + GTPYS —* G7'(GTPYS) + GDP
The non-hydrolyzable GTP analog, GTPYS, was empioyed to study the guanine
nucleotide exchange reaction in order to avoid possible interference
arising from the slow GTPase activity intrinsic to Ta. The rate of
production of Gr-(GTPYS) was monitored by rapid fi]tration through
nitrocellulose filters which bind transducin. Experimental details of the

exchange reaction assay are described in Chapter II, and discussed below.

Typically, a rhodopsin concentration of 5.4 nM was employed in the initial
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FIGURE 1 Linear relationship between rhodopsin concentration and rate of
guanine nucleotide exchange reaction. Initial velocities, Vo, were

determined from the slopes of progress curves measured for the reaction
catalyzed by rhodopsin (2.7-10.7 nM) with 0.10 uM [355]-GTPYS and 0.25 uM
transducin. The initial velocities were corrected for the rate of
reaction measured in the absence of rhodopsin. Shown is the plot of Voo

?mog [355]-GTPYS bound/min, as a function of rhodopsin concentration
nM). '
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FIGURE 2 Selwyn's plot of reaction progress as a function of the product
of rhodopsin concentration multiplied by time. The amcunt of [3557-GTPY S
exchanged on.transducin was determined by filtration through
nitrocellulose filters; 50 pul aliquots were withdrawn from a 300 ul

reaction assay, rapidly filtered and immediately washed twice with buffer.

Assay mixtures contained a 0.25 uM transducin, 0.1 uM [355]-GTPys, and
rhodopsin concentrations as follows: 5.4 nM (0), 6.4 nM (e), 8 nM (m),
and 10.7 nM (@ ). The measured amount of radioactivity associated with
the filters is proportional to the amount of [3551-GTPYS bound to

transducin. The product of rhodopsin concentration (nM) multiplied by the

reaction time (seconds) is plotted versus the amount of [35S1-GTPYS (pmol)
determined for that time point,
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rate assays, within the linear range indicated by the result presented 1in
Figure 1 which confirms that initial velocities were measured under
steady-state conditions. A second concern was the possibility of
inactivation of rhodopsin comp]iéating the measurement of reaction rates.
A simple test of this situation is provided by Selwyn's plot, shown in
Figure 2. This method is based on the reasoning that for any catalyzed
reaction, product formation is a function of enzyme concentration and
time; therefore, for any given extent of reaction, the value of enzyme
concentration multiplied by time must be a constant. As Figure 2 shows,
this relationship was verified by the linear correlation between the
extent of reaction, pmol [35S]-GTPYS bound, and [rhodopsin] x time, at
concentrations between 5.4-10.7 nM rhodopsin during time periods used in
the study. If time-dependent inactivation of rhodopsin were to conflict
with this measurement, distinct progress curves would be distinguished for
different concentrations of rhodopsin. The results of this experiment
eliminate the possibility that photoinactivation interferes with the
kinetic measurements. Finally, the 1somerization'6f rhodopsin's
chromophore 11-cis retinal to all-trans initiates the.bleaching of "the
photopigment producing a series of spectral changes, eventually
transforming rhodopsin to the metarhodopsin IT form. In order to ensure a
homogeneous population of rhodopsin molecules, the reaction components
were photolyzed a full mihute prior to initiation of guanine nucleotide
exchange. Pre-incubation in the Tight for up to 30 minutes did not
qualitatively alter results. Thus, possible aberrations which might occur

at early time points due to the phototransition seem unlikely.

In order to fully investigate the catalytic mechanism of transducin
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activation mediated by rhodopsin, it is necessary to explore the , }
relationships between initial velocities measured at different substrate
concentrations, [G7] and [GTPYS]. Figure 3 shows a series of timecourse

measurements of guanine nucleotide exchange in reaction mixtures which

contained varying transducin concentrations and 0.167 uM [35S]-GTPYS, in

the presence or absence of 5.4 nM rhodopsin. As depicted, linear portions

of reaction progress curves were measured under the experimental

conditions used throughout this Tnvestigation.  Initial rates were

obtained as the slopes of the generated lines; the rate of exchange

measured in the absence of rhodopsin was deducted from that determined in

its presence in order to obtain a value for the catalyzed reaction. ?
Serial determinations in this manner allow analysis of the relationship

between velocity and substrate concentration. The lower right panel of

Figure 3 presents the Michaelis-Menten curve of the initial velocities,

Vo, determined in this experiment, as a function of transducin

concentration., The substrate-velocity relationship revealed an unexpected

finding - the sigmoidal nature of this curve Js indicative of positive
cooperative allosteric behavior. Analysis of the rate of the guanine
nucleotide exchange reaction for transducin in the absence of rhodopsin
showed no evidence of sigmoidal behavior (Chapter IV). This latter result
implies that the cooperative effect resides in the interactions between
rhodopsin and transducin rather than between GTPyS and transducin.

Since transducin is a heterotrimer of agy subunits, it is possible
that the observed allosterism could involve molecular events between Ta
and rhodopsin, Tgy and rhodopsin, or Ta-Tgy and rhodopsin. In order to

discrimjnate between these possibilities, purified Ta was separated from
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FIGURE 3 Timecourse of guanine nucleotide exchange of transducin. A 300
ul_assay mixture was prepared by incubating 5.4 nM rhodopsin and 0.167 uM
JSS]—GTPYS in the Tight for 1 minute, and initiating the exchange
reaction by the addition of the appropriate amount of transducin (as
indicated in the figure panels). At times shown, a 50 1l sample was
withdrawn, rapidly filtered through nitrocellulose filters, and
immediately washed with ice~-cold buffer. gbe amount of radioactivity
counted is proportional to the amount of [°°57]-GTPYS exchanged on
transducin and is plotted as a function of time. The reaction time course
Was monitored in the presence (e) and absence (0) of rhodopsin, and
initial rates were determined from the slopes of these lines. The
exchange reaction rate in the absence of rhodopsin was deducted from that
measured in its presence in order to obtain the initial velocity for the
catalyzed exchange. As shown, the Tinear portion of the reaction time
Course was studied. Lower right panel: Michaelis-Menten curve for the
initial velocities of the rhodopsin mediated guanine nucleotide exchange
determined as a function of transducin concentration. This plot shows the

relationship between Vo, pmol [3557-GTPYS bound/min, and transducin, uM,
determined for the data shown.

|
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T8Y by column chromatography and employed in similar kinetic assays the
results of which are presented in Figure 4. It should be noted that the
initial rates measured in experiments with free Ta were markedly decreased
when compared to those obtained at similar concentrations of holo-
transducin. This can be expected since TgY has been shown to enhance the
interaction of Ta with rhodopsin (71). The Eadie-Hofstee plot shows the
downward curvature expected of a system displaying positive cooperative
behavior. The fact that cooperativity is observed in the absence of Tgy
indicates that the basié for this phenomenon must arise from interactions
between transducin's « subunit and the photoreceptor. The dashed Tine in
Figure 4 represents the curvature expected from a positive cooperative
interaction with Mapp = 2, whereas the dotted line indicates the straight
Tine observed in the absence of cooperative behavior. This allosteric
response is corroborated by the Hill plot of data from a separate
experiment with holotransducin, shown in Figure 5. The plot of Tog
(Vo/Vmax—vo) versus log [transducin] displays a positive slope of
ny = 2.2. The Hill coefficient determined for a ;éries of similar
experiments was found to be 1.97 + 0.22 (n=16). Analysis of kinetic
data obtained using purified Tq yielded a value of ny = 1.95 £ 0.44 (n =
4y, |

To complete the kinetic investigation, initial velocities as a
function of transducin concentration were measured at several fixed Tevels
of [355]-GTPYS concentration. Figure 6 shows the results from one such
experiment, presented in double reciprocal form. The Lineweaver-Burke

plots with respect to reciprocal transducin concentration (panel B) show

the curvature expected in a system displaying positive cooperative
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Vo/(TO)

FIGURE 4 Kinetics of Ta subunit activation. Purified q subunit from

transducin was employed in Kinetic assays as described for Figure 3.
Initial rates were determined at concentrations of Ta from 0.048-0.592 uM
and [GTPYS] of 0.15 uM.  Shown is the Eadie-Hofstee plot of Vo/[Ta] versus
Vo (filled circles). The dashed line represents the normalized curve
expected from a system having a Hill coefficient of 2. The dotted Tine
depicts the normalized straight line which is obtained in the absence of
allosteric behavior.
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FIGURE 5 Allosterism observed In substrate-velocity plot. Initial
velocities, Vgos Were determined for the rhodopsin-cata]yzed reaction
between 0.5 .M [353]-GTPYS and transducin at concentrations as indicated
in the figure. Measurements were performed as described for Figure 3, and
similarly, the Michaelis-Menten curve generated by the plot of v. as a
function of transducin concentration is sigmoidal in character. A value

a
of Vmgg = 18.34 £ 0.86 pmol GTPYS bound/min was obtained for the
experimental data using non-linear regression analysis as described in
Chapter II. Inset shows Hill plot of data. Log [vo/Vmax - Vol is plotted
as a function of log [Transducin] in order to analyze data according to
the Hill equation. "As shown, a positive slope corresponding to ny = 2,2
was determined.
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behavior. In the absence of allosteric behavior, these plots would be |
expected to be Tinear. Indeed, Lineweaver-Burke plots with respect to
reciprocal [35S]-GTPYS concentration do generate‘a series of parailel ‘
Tines (panel A). The Michaelis-Menten plots of [35S]-GTPYS concentration
versus initial velocity were always found to be of a normal hyperbolic
form. Data from these experiments were analyzed as detailed in the
Methods section. Secondary plots of the slopes of the double reciprocal
Tines, (Kmpp/v;gi), were found to be independent of the square of
transducin concentration, [G7]2, and GTPYS concentration. Secondary plots
of the intercepts, (1/v;§§), were found to be Tinear with respect to [G7]2
or [GTPYS], accordingly. The data were found to be in agreement with the
- following initial rate equation, derived from principles of steady-state
kinetics and discussed in Appendix I.

GT GTPYS
%b = %hax fé$jz ' fé$57§7 i

The apprqximated initial velocity equation predicts that plots of
reciprocal velocity as a function Qf the reciprocal of the square qf
transducin concentration wou]d generate a series of ﬁafa]]e] Tines.
Figure 7 shows that this Tatter prediction is met; the Tinear
transformations are presented using data from panel B in Figure 6. From
the intercepts and s]opés of the secondary plots determinations of the

Gy GTPYS
kinetic parameters may be made. Values of Km = 0.1-1.5 x 10-6 M2 Km =

0.1-1.7 x 10-6M, and Vpax = 0.9-6.0 x 10-8M/min were obtained from data
analysis of three individual experiments performed in this fashion. A1l

of the experimental data were found to agree quite well with the

appfbximated initial rate equation. However, in order to obtain highly
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FIGURE 6 Lineweaver-Burke Dlots for the rhodopsin catalyzed gquanine
nucleotide exchange reaction. 1Initial velocities were determined at
vggying concentrations of transducin at several fixed Tevels of
[25]-GTPYS. Shown is representative data from one of three experiments
in which initial rates were obtained., Panel A: Double reciprocal plots
of vo-1 as a function of LGTPYS]-1, with transducin concentrations of 3 uM
(0), 0.75 uM (= )s 0.5 uM (4), 0.375 uM (r ), and 0.3 M (4 ). A series
of parallel lines are observed, providing evidence of a double
displacement catalytic mechanism for rhodopsin. Panel B: Double
reciprocal plots of vg-1 45 4 function of [transducin]-I, at
concentrations of GTPYS of 1 .M (0), 0.25 uM (@), 0.167 uM (A), 0.125 uM
(v ), and 0.1 uM (). The curvilinearity depicted in these plots is
indicative of positive cooperative behavior. Units are: Vool in terms of

(pmol GTPYS bound/min)-1 and substrate concentrations as (uM)-1
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FIGURE 7 Linear transformation of double reciprocal plots with respect to
transducin. Shown is the experimental data from Figure 6, Panel B,
plotted as the inverse square of transducin concentration (uM)-2. A

series of parallel Tines is generated, supporting the rate equation as
discussed in the text.
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accurate values of the kinetic parameters given above, it is necessary to

include experimental data from rate assays containing concentrations of
substrates an order of magnitude higher than Km. ~ This is the single
Timitation of the kinetic studies, imposed by the constraints of obtaining
a large enough quantity of transducin within realistic means. It should
be emphasized, however, that this lTimitation by no means inva]idafes the
information obtained in support of the rate equation, it only indicates
that there will be some degree of error in the quantitation of its kinetic
parameters.

Formally, catalyzed reactions fall into two categories: the
double-displacement type (also known as substituted enzyme or ping-pong
mechanisms) or the single-displacement type (also referred to as ternary
complex or sequential mechanisms). These findings demonstrate that
rhodopsin céta]yzes guanine nucleotide exchange by a double displacement
mechanism and exhibits allosterism with respect to the GTP-binding
protein. If it is considered that the allosteric behavior arises from
positive coopérative 1nteractions,lthe data describe the following model
which is presented in Figure 8A and detailed in Appeﬁdix I. Altho&gh the
diagram depicts two binding sites for transducin on rhodopsin, equivalent
schemes could be formulated based on dimerization of transducin and/or
rhodopsin. Here it is considered that transducin interacts with rhodopsin
in a manner which is sensitive to the presence of a second molecule of
transducin (as witnessed in the curvilinearity of the double reciprocal
plots of Panel B in Figure 6 and supported by the linear transformations

as the square of transducin concentration plotted in Figure 7). As

indicated by Plowman (81), models of this type can be obtained if one of




FIGURE 8 Mechanistic pathways of allosteric behavior. A: Diagram
indicating positive cooperative interactions between multiple binding
sites on rhodopsin. The double displacement catalytic mechanism is shown
by the release of GDP prior to the binding of GTPYS. B8: Hysteresis is
modelled in this scheme as arising from the conversion of inactive Rho' to
Rho: although a slow step, this process is enhanced by the presence of
transducin which induces the necessary conformeric alteration. Note that
a double-displacement pathway is also described for guanine nucleotide
exchange.
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the sites is essentially a regulatory rather than catalytic site. The
facf'that the allosterism is observed with the a subunit of transducin
(Figure 4) suggest that the cooperativity is Tocalized to interactions
between rhodopsin and Ta. This interaction promotes the displacement of
the bound guanine nucleotide (GDP) (2,3), generating a “substituted enzyme
complex" between rhodopsin and transducin, now devoid of guanine
nucleotide. The formation of the latter complex is predicted by the
nature of the parallel double reciprocal lines in Figs. 6 and 7.
Convergent lines would otherwise indicate the presence of a "ternary
complex" which might be thought of in this case to represent a complex
between rhodopsin, transducin, and both guanine nucleotides. The GTP
analog, GTPYS, associates with the rhodopéin-transducin "substituted

enzyme" complex, and causes activated transducin, with GTPYS bound, to

exit the reaction complex. The character of the rate equation and double

reciprocal plots requires that the first guanine nucleotide (GDP) exit
from the reaction complex prior to the addition of GTPYS, defining a
doub1e-disp1acément mechanism for the catalytic interactions between
rhodopsin, transducin, and guanine nucleotides. A1th6ugh a .
double-displacement type mechanism has been generally assumed, this is the
first direct demonstration of this reaction mechanism.

An a]ternative model may be developed to explain the observed
allosterism, depicted in Figure 8B. As shown, the exchange reaction
proceeds through a double-displacement mechanism, which is required by the
character of the double reciprocal plots. However, the possibility that
rhodopsin is a hysteretic enzyme must be considered (see discussion of

Scheme 'IIT in Appendix I). In this model, transducin binds to an inactive
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form of rhodopsin, Rho', promoting the conversion to the active form, Rho,
whiéh‘participates in the exchange reaction. The results suggest that Ta
would be intimately involved in this molecular event. The conversion of
Rho' == Rho is otherwise a slow process representing hysteretic
activity. Since this isomerization is dependent on transducin
concentration, it is possible that sigmoidal behavior could be described
by incorporating hysteresis into models describing the kinetics of the
exchange process. Neet (82) and Ainsworth (83) have discussed this aspect
of allosteric behavior to some length, which presents a distinct
alternative to models which involve cooperative interactions between
multiple binding sites. A key point in order to distinguish this
possibility is that hysteretic cooperativity can be witnessed only in
kinetic studies; measurements from equilibrium binding techniques would
not reveal this behavior. Instead, oligomeric associations arising from
cooperative interactions would be observed (this is»demonstrated by the
discussion in Appendix I). In order to further exp]ore the molecular
basis for the allosteric behavior, a direct equilibrium binding assay was
developed, the results of which are presented in Chapfer V. |
Conclusions _

1. Interactions between rhodopsin and its substrates, transducin and
GTPYS, may be investigated by employing initial rate analysis.

2. The initial rate studies describe a double-displacement catalytic
mechanism for rhodopsin.

3. Michaelis-Menten curves show allosteric behavior with respect to

transducin, with a Hill coefficient of 2 found for the positive

cooperativity.
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Similar allosterism is witnessed in kinetic studies with Ta,- |
éuggesting that this phenomenon arises from interactions between the G
protein's « subunit and rhodopsin.
An approximated initial rate equation is derived which models the
kinetic data well.
Values determined for the kinetic parameters are: Vmax =

GT GTPYS

0.9 - 6.0 x 10-8 M/min, Ky = 0.1 - 1.5 x 10-6 M2, and Ky =
0.1 x 10-6 M,
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CHAPTER IV

MOLECULAR ORIGINS OF ALLOSTERIC BEHAVIOR: EQUILIBRIUM BINDING
STUDIES BETWEEN RHODOPSIN AND TRANSDUCIN

Results and Discussion

The allosterism observed in the initial rate studies of transducin
activation by rhodopsin raised questions concerning the molecular basis of
this phenomenon. As discussed in Chapter III, the Kinetic methods
employed cannot discriminate between positive cooperative behavior induced
by oligomeric associations or allosterism produced by hysteresis in the
activity of rhodopsin. However, the interactions between substrate and
enzyme at equilibrium can be used to differentiate between the two models.
Since hysteresis is purely a kinetic phenomenon, cooperativity would not
be observed in binding curves if this mechanism accounts for the
allosteric behavior, as discussed in Appendix I. Therefore, a
centrifugation method was developed to measure the.equilibrium binding of
transducin to rhodopsin. The basic premise is to separate transducin
bound to the integral membrane protein rhodopsin by sedimentation, and to
assay the amount of transducin found in the pellet and that remaining in
the supernatant by measuring guanine nucleotide binding activity.
Sedimentation techniques have been previously employed to study the
1ight-dependent binding of proteins to rhodopsin, however, results from
these studies have relied on Coomassie-stained profiles from SDS-PAGE
(84-86) or the determination of bound radiolabelled transducin at a single

concentration (71). The technique described here permits the accurate

quantitation of functional bound transducin over a range of concentrations
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such that binding curves may be constructed and analyzed for the.
pa%ameters involved in interactions between rhodopsin and transducin.
This is the first direct assay which has been developed to monitor the
interactions between receptors and G proteins. The usefulness of this
method is demonstrated by the results, which reveal positive cooperative
behavior in the mo]ecu1arrinteractiohs between receptor and G protein.

Figure 9 shows the binding curve produced by incubating UROS, which
contains rhodopsin, in the presence of light with increasing amounts of
transducin. The amount of 35S5-GTPYS binding activity isolated in the
pellet after centrifugation of the mixture was assayed as described in
Chapter II and provides a measurement of functional bound transducin. As
a control, equivalent amounts of UROS were treated with hydroxylamine in
order to remove the photon receptor's chromophore, 11-cis-retinal,
producing the protein opsin (75). The data in Figure 9 demonstrate the
specific binding of transducin to rhodopsin, as compared to results
obtained with opsin-containing UROS. Since opsin is unable to activate
the G protein; it would appear that loss of the chromophore removes
rhodopsin's capacity to interact with transducin. This is sdpportéd by
the results presented in Figure 9, which suggest that transducin weakly
associates with opsin-containing UROS membranes in a non-specific manner
as would be expected for an extrinsic membrane protein.

In order to confim that the centrifugation technique coupled to the
GTPYS binding assay provides a quantitative description of binding
interactions between rhodopsin and transducin, the amount of protein

isolated in the pellets was analyzed by SDS-PAGE. Panel A of Figure 9

presents the Coomassie-staining profile produced by UROS pellets
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FIGURE 9 Binding interactions between transducin and rhodopsin. One ml
assay mixtures containing 86 nM rhodopsin in UROS and 5-500 nM transducin
were incubated in the presence of Tight for 30 minutes and subjected to
centrifugation. The isolated pellets were resuspended in buffer’
containing [3SS]-GTPYS and, after a 60 minute incubation period, aliquots
were removed, filtered onto nitrocellulose filters, and washed. The
amount of radioactivity bound to the filter was measured and is
proportional to the amount of transducin bound in the pellet (e). As a
control, equivalent amounts of UROS were treated with hydroxylamine to
remove the ll-cis-retinal chromophore of rhodopsin (o), and treated
exactly as described above with the exception that native UROS was added
to the pellets in order to catalyze the GTPYS binding reaction. Panel A
shows the Coomassie profile from SDS-PAGE of pellets obtained in a similar
assay with 114 nM rhodopsin. Panel B is an autoradiograph of identical.
samples which were electrophoresed by SDS-PAGE, transferred to
nitrocellulose, and blotted using anti-rhodopsin antibodies. Lanes
represent: a, control showing amount of rhodopsin added prior to
centrifugation and b-h, material isolated in the pellets from samples
initially containing 35, 50, 65, 80, 100, 250 and 500 nM transducin,
respectively.
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sedimented after incubation in the 1ight with increasing amounts of added -
transducin. It is observed that the amount of transducin associated with
the URQOS increases in a proportional manner as suggested by the
centrifugation binding assay. Panel B of Figure 9 shows an immunoblot of
fdentical samples using anti-rhodopsin antibodies (46). This result
confirms that amounts of rhodopsin found in the pellets are equivalent to
the total amount added, providing evidence that the UROS may be
quantitatively isolated by centrifugation.

Preliminary control experiments indicated that the binding of
transducin to URGS in the 1ight was extremely rapid. No detectable
difference in GTPYS binding activity could be discerned in the pellets at
times of incubation between 5 and 60 minutes. These results confirmed that
the measurements obtained represent true equilibrium binding. These data
are also in agreement with measurements which suggest that binding
interactions between transducin and rhodopsin are very fast (69,86).

The centrifugation procedure was also used to detect 1ight-dépendent
binding of transducin to rhodopsin. Figure 10, panel A compares the
binding curves pbtained from identical samples incubated either {n-the
presence or absence of Tight. A dramatic increase in the amount of bound
transducin is observed in the presence of photolyzed rhodopsin compared to
the dark control samples. However, there is a small but significant
increase in transducin binding to UROS in the dark when compared to binding
to opsin-containing UROS (Figure 9). This finding is in agreement with
other studies which have suggested that transducin is unable or only weakly
interacts with rhodopsin in the absence of tight (71,84-86). The results

also verify that the centrifugation assay provides a reliable and specific
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FIGURE 10 Light-dependent binding of transducin to rhodopsin. Assay

mixtures containing 59 nM UROS and 5-200 nM transducin were incubated in
the presence (s) or absence (o) of light and manipulated as described for
Figure 9. Panel A shows the binding curves generated in this experiment.

Panel B presents the Scatchard plots of this data produced by measuring
the amount of transducin remaining in the supernatants as well as that

?ound 1n)the pellets, providing values for Bound/Free (B/F) versus Bound
B, pmol). :
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measurement of binding interactions between transducin and rhodopsin.

The transducin binding curves shown in Figures 9 and 10 display
sigmoidicity which is characteristic of an allosteric response. Panel B of
Figure 10 presents Scatchard plots for transducin binding in the presence
and absence of light. Such plots were constructed by measuring the amount
of unbound (or free) transducin remaining in the supernatant after
centrifugation, as well as that amount bound to rhodopsin. The downward
curvature displayed for light-dependent transducin binding is a clear
indication that positive cooperative interactions occur between the G
protein and rhodopsin. These observations were further confirmed by
studying the binding interactions between transducin and rhodopsin which
had been purified and reconstituted into 1ipid vesicles. The Scatchard
plots for data obtained in the presence and absence of light in the
reconstituted system are shown in Figure 11. The characteristics of
light-dependent binding observed for the liposome-reconstituted system
were identical to results obtained from studies employing UROS.

The obserVation of allosteric behavior in binding 1nteractiops
between transducin and rhodopsin correlates with the positive ’
cooperativity witnessed in kinetic studies of the activation process
(Chapter III). Furthermore, the equilibrium binding results demonstrate
that the molecular basis for the allosteric behavior must arise from
interactions between multiple transducins acting in a positive cooperative
manner with rhodopsin. The initial rate studies could not discern the
molecular origins of this phenomenon. As discussed in Chapter III, it is

possible that the allosterism could be a result of hysteresis in

rhodopsin's activity. This behavior would be detected kinetically, but
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would not be observed in equilibrium binding studies. Thus, the binding
daté serve to clarify the role of allosteric behavior in the G protein's
activation process and preclude alternative explanations.

Binding data was analyzed by methods detailed in Appendix II. A Hill
coefficient, ny = 1,92 + 0.16 (n = 6), was determined and found to be in
excellent agreement with the value determined for allosteric behavior
revealed by initial rate analysis of the guanine nucleotide exchange
reaction. This result emphasizes the correlation between these studies
and indicates that at least two transducins are involved in the positive

cooperative response. A Kgpp

(for combined sites) was found to be

0.05 uM, a value which, interestingly, is close to the range of KﬁTva]ues
determined from kinetic analysis of the activation process (7). Similar
values were obtained in studies of both UROS and reconstituted rhodopsin,
indicating that these parameters reflect the native properties of the
receptor.

The final paraméter obtained from analysis of the binding data, Bnax
was routinely found to represent only about 25% of the total amount of
rhodopsin employed in the assay. Since no increase 1ﬁ'b1nd1ng was
observed over a 60 minute period (see above), this result could not arise
from incomplete bleaching of rhodopsin at early time points. In order to
assess transducin's accessiblity to rhodopsin, the ability of V8 protease
to specifically cleave rhoddpsin at its cytoplasmic fage (87) was meaéured
in both UROS and 11posome-recdnst1tuted preparations. Figure 12 shows

that about 70% of the rhodopsin in these preparations was accessible to

V8, similar to results of protease protection experiments previously

descriBed»(88). Thus, the discrepancies found in the Bpax determinations
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FIGURE 12 Timecourse of V8 protease digest of rhodopsin. A 1 ml reaction
mixture containing 80 ug rhodopsin and 16 wg S. aureus V8 protease was
incubated at ambient temperature. At times shown, 100 pl aliquots were
removed, and the proteolytic digest was quenched by mixing with 100 pl of
ice-cold 10% TCA. Samples for SDS-PAGE were pelleted by 15 minute
centrifugation in a microfuge. Protein was transferred to nitrocellulose
and immunoblotted with F6 anti-rhodopsin antibodies (46). Bands
recognized by autoradiography (insets) were excised and counted. Shown
are the digest timecourses for rhodopsin contained in UROS (bottom) as
well as reconstituted into phospholipid vesicles (top panel).
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are not related to the orientation of rhodops1n in the membrane bilayer. |
Therefore the results strongly suggest that oligomeric forms of rhodopsin
may be involved in interactions w1th transducin, and that two or more
receptors may contribute to form multiple high affinity binding sites for
the G protein. The data also indicate at Teast two transducins are
involved in the Cooperative activation process. Physical studies directed
toward investigating possible oligomeric forms of the G protein are
described 1in Chapter Vv,

Conclusions

1. Equilibrium binding studies also demonstrate positive cooperative
interactions between rhodopsin and transducin.

2. The binding results are identical for rhodopsin contained in UROS, or
purified and reconstituted into Tipid vesicles.

3. A Hill coefficient of 2 was found to describe the allosteric
interaction between the G protein and receptor.

4. AKy4 for combined sites of 0.05 uM is determined.

5. Protease protection experiments show that only 30% of the rhodops1n
population is occluded from binding transducin in either system
studied.

6. The later result, coup]ed with the fact that determined Bmax values
represent only 25% of the total rhodopsin population, strongly suggest
that oligomeric comp]exes of the G protein and receptor form the

molecular basis for the allosteric behavior.
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CHAPTER V

KINETIC AND HYDRODYNAMIC PROPERTIES OF TRANSDUCIN: COMPARISON OF
PHYSICAL AND STRUCTURAL PARAMETERS OF GTP-BINDING REGULATORY PROTEINS

Results and Discussion

To further explore the nature of the allosteric behavior described in
Chapters III and IV, attention was focussed on the native physiochemical
properties of transducin. For example, the binding and exchange of
guanine nucleotides by purified transducin independent of rhodopsin have
not been characterized in detail and might perhaps reveal insight into
oligomeric forms predicted by the allosteric behavior.. Since strong
homology is observed between members of the G protein family, it is of
further interest to compare the properties of transducin to physical
characteristics which have been reported for other GTP-binding proteins.

Figure 13 presents a comparison of the timecourse of GTPYS binding by
transducin in the absence and presence of rhodopsin. As demonstrated in
this figure, transducin binds GTPYS in a time—depehdent manner in the
absence of the rhodopsin, albeit at a much slower rate. Also shéwh in
Figure 13 is the difference between these two curves which indicates
rhodopsin-stimulated binding. In order to verify that the GTPYS exchange
observed in the absence of rhodopsin is due to the native capacity of the
G protein to undergo this reaction and is not due to the pfeﬁence of
contaminating rhodopsin, immunoblots were performed on the transducin
preparation using anti-rhodopsin antibodies (see inset). Overexposure of

the autoradiograph for longer times (48 hours) did not show any indication

of the presence of rhodopsin in transducin preparations. Immunobliots
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FIGURE 13 Time course of GTPYS binding. A 1 ml assay mixture was
prepared containing 0.5 pM GTPYS, 0.05 uM transducin, in the absence (o)
or presence (e) of 5.4 nM rhodopsin. The binding reaction was initiated
by the addition of GTPYS, and at the times indicated, 100 yl aliquots were
withdrawn, filtered and washed as described in Chapter 1I. The amount of
GTPYS bound in the absence of rhodopsin was deducted from that determined
in its presence to yield the amount bound to transducin due to interaction
with the photoreceptor (s). Also shown is the timecourse of GTPYS binding
of hexyl-agarose purified transducin (¥ ), measured in the absence of
rhodopsin under similar experimental conditions. Inset shows SDS-PAGE and
immunoblot of preparations used in this study. Lanes a-e demonstrate the
Coomassie staining pattern of transducin, 5 nug (a) and 25 ug (b), and URQS
(urea-stripped rod outer segment membranes), 2 ug (c), 10 ug (d), and 20
ug (e). Indicated in the figure are rhodopsin, rhodopsin dimer, and the «
and 8 subunits of transducin. Equivalent lanes were transferred to-
nitrocellulose, incubated with antibodies prepared against rhodopsin, and
5I—prote1n A was added. Immunoreactivity was detected by

autoradiography as shown by lanes f-j, which correspond directly to lanes
a-e.
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performed using antibodies raised against synthetic peptides corresponding
to épecific rhodopsin sequences (46) also failed to detect contaminating
rhodopsin. The Timits of detection by immunoblotting indicate that
contaminating rhodopsin would be present at less than 0.1% of the
transducin concentration. Furthermore, the inset of Figure 13
demonstrates the non-catalyzed GTPYS binding activity of hexyl-agarose
purified transducin, representing the native capacity of transducin to
exchange guanine nucleotides. Finally, analysis of the kinetics of this
reaction is consistent with the fact that the binding of GTPYS to
transducin represents a non-catalyzed exchange reaction (see Figures 16
and 17 below).

The observation that transducin undergoes receptor-independent
exchange is analogous to what has been reported for the GTP-binding
proteins of the hormone-sensitive adenylate cyclase system. It has been
observed that the receptor-independent exchange of guanine nucleotides by
these other G proteins exhibits a marked dependencg on M92+; that is, the
rate of guanine nucleotide binding by Gg and G; 1s stimulated by the
presence of M92+. Since dissociation of the o subunits from the 8+
subunits of the G protein occurs concomitant with binding, Gilman and
collaborators have postulated that the action of Mg2* is to promote the
release of the a subunit which subsequently has an enhanced capacity to
bind GTPYS (1,32,33). Taking this idea into consideration, the properties
of guanine nucleotide exchange by transducin wére assessed by measuring
initial rates of GTPYS binding as a function of [Mg2+]. Figure 14 shows

that in contrast to what has been characterized for other G proteins, the

rate”of guanine nucleotide binding displayed 1ittle or no dependency on




49

. .
7 2 N
2 n =
p) ]
o » Vo (pmol/min)
@ a
/ -+~ RHO — RHO
%
= 1 10 mM EDTA 1.14 0.017
2
= /: 5 mM Mg 1.32 0.025
B X 10 mM Mg 1.47 0018
Q I
S 20 mM Mg 1.42 0.020
Q.
50 mM Mg 1.30 0.011
T T T T T
| 2 3 4 5
hours

FIGURE 14 Effect of Mg*2 on the time course of GTPYS binding. The time

course of rhodopsin-catalyzed binding to transducin was determined
essentially as described for Figure 13, with the exception that
measurements were accomplished with the following concentrations of Mg+
1 mM (o), 5mM (o), 10 mM (3 ), 20 mM (%) and 50 mM (A). Inset presents
data from a separate experiment in which initial rates (Vo) of GTPYS
exchange were measured in the presence or absence of 25 nM rhodopsin as
indicated, under the experimental conditions shown.




50
Mg2*+ either in the presence or absence of rhodopsin (Figure 14, inset).
Meaéurements obtained in the presence of excess EDTA indicate that Mg2+ is
not required for binding. Furthermore, the timecourse of GTPYS binding 1in
the presence of rhodopsin appears unaltered at concentrations between 1
and 50 mM Mg2* as demonstrated by the results shown in Figure 14. No
effect was observed on the extent of GTPYS binding at these
concentrations. It is interesting to note that agonist-promoted guanine
nucleotide exchange of Gg, when reconstituted with the g-adrenergic
receptor in a lipid bilayer, is also independent of [Mg2+] (89).

Yamanaka et al. (90) have found that Mg2+ is required for the GTPase
activity of transdﬁcin; presumably this is due to the participation of the
divalent cation in the mechanism of GTP hydrolysis. In contrast to the
results shown here, these authors find that excess EDTA blocked
rhodopsin-catalyzed binding of GTP to transducin and promoted the release
of bound GDP. It is possible that the difference in these results reflects
an alteration in the requirements for GTPYS binding. However, Yamanaka et
al. (90) do not directly address the question of whether the stimulatory
effect of Mg2+ (2-20 mM) witnessed with other G proteins is also observed
with GTP. The results presented here show that this effect is absent for
transducin with respect to the binding of GTPYS.

As discussed earlier, it had been postulated that Mg2+ promotes the
dissociation of the subunits of other G proteins, with‘a concomitant
increase in the binding of guanine nucleotides to the released o subunit.
Since the kinetics of GTPYS binding by transducin did not display any
sensitivity to the presence of Mg2*, the question arose whether or not the

dissociation of o and BY subunits occured. Table I summarizes these
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results. Sucrose density gradient experiments performed in the presence
of 20 mM Mg2* showed no alteration in the sedimentation behavior of
transducin as compared to that observed in the presence of 5 mM Mg2+:
transducin displays a shift in sedimentation only when GTPYS is present.
These results indicate that Mg2+ alone does not affect the state of
transducin subunit association. Indirect evidence presented by Kuhn (85)
and Deterre et al. (91) in relation to Mg2* effects on the properties of
transducin are also consistent with this conclusion. Furthermore, kinetic
measurements performed with purified T  indicate a decreased ability to
bind guanine nucleotides in the absence of Tgy. Thus, it appears that
although transducin can undergo guanine nucleotide exchange independent of
receptor, structural characteristics allowing for the stimulatory effect
of Mg2+ observed for other G proteins are absent. Finally, binding of
GTPYS and dissociation of transducin's subunits appear to be independent
of the presence of divalent cation.

Equilibrium binding measurements were obtained in the presence and
absence of rhodopsin as shown in Figure 15. Simi];r curves for the
binding of GTPYS to transducin were obtained for both conditions,
demonstrating that rhodopsin does not influence the affinity of transducin
for guanine nucleotides. These results emphasize the catalytic role of
rhodopsin during the guanine nucleotide exchange reaction. Values for the
dissociation constant, Ky, of 0.05-0.10 uM were obtained in three
independent experiments. Table II compiles similar data reported for
other members of the G protein family as shown in part A. It is obvious
from this comparisoh that the regulatory GTP-binding proteins all

demdnstrate similar affinities for GTPYS. The relative rank of affinities
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TABLE I summary of Sedimentation Velocity Studijes

S20,w_

5 mM MgCl,

aBY 4.23 + 0.25

a : 3.42 + 0.37

8Y 4.04 + 0.20
20 mM MgClp

oBY 4.23 + (.37
20 mM MgCly + 100 uM GTPYS

o 3.45 + (.07

8y 3.90 + 0.14
10 mM EDTA + 100 uM GTPYS

o 3.23 + 0.04

BY 4.15 + 0.07

Measurements of 520,w were obtained from 5-20 % (w/w) Tinear sucrose
gradients in a buffer of 10 mM Tris, pH 7.4, 100 mM’NaC], 1 mMDTT, 0.1 mM
EDTA and additions as indicated, Transducin was equilibrated in the .
appropriate buffers for 24 hours at 4°C, *Va]ues detenniﬁed for individual
subunits, isolated and separated by chromatography over Blue Sepharose., Al

other measurements were performed with holotransducin.
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FIGURE 15 Equilibrium binding of GTPYS to transducin. A 300 ul assay
mixture contained 0.375 uM transducin, in the presence (e) or absence (o)
of 5.4 nM rhodopsin, with the indicated concentrations of GTPYS. The
amount of GTPYS bound to transducin in 50 pl aliquot was measured by
filtration after an incubation period of 6-8 hours, which had been
previously shown to be sufficient time for equilibrium to be achjeved.
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for guanine nucleotides which have been determined for G proteins are |
1is£ed in part B of Table II. The similarities demonstrated by this
comparison underscore the relationship between transducin and other
members of this protein family.

Initial rates of GTPYS binding were measured at several fixed
concentrations of transducin in order to investigate the kinetics of the
guanine nucleotide exchange reaction. Figure 16 shows the linear plots of
In vy versus 1n [transducin] obtained at different levels of GTPYS, as
indicated in the figure panels. This data serves to characterize the
non-catalyzed exchange reaction as described in Appendix III. The lower
right hand panel demonstrates the Tinear relationship between the
intercepts of these plots and In [GTPYS]. Conversely, Figure 17 presents
the same results, with 1n vy shown a§ a function of 1n [GTPYS] at several
concentrations of transducin. The inset of Figure 4 is the plot of the
intercepts of these lines versus In [transducin]. From the latter
relationship, and that shown in the lower right hapd panel of Figure 16,
an evaluation of kg, the forward rate constant for binding, and n, the
reaction order, may be made (for details please refer'to Chapter II).
Values of k¢ between 1.7-2.7 x107 M1 sec™! were determined in three
separate experiments, and the results of these experiments indicate a
reaction order of 2; that is, a 1:1 stoichiometry is observed for the
binding of GTPYS to transducin.

Several relevant conclusions may be drawn from characteristics of the
relationship present-ed between vy and transducin. The investigations of

the enzymatic behavior in the rhodopsin-catalyzed guanine nucleotide

exchange reaction revealed allosteric behavior with respect to transducin.




TABLE II Comparison of Guanine Nucleotide Binding Characteristics Between Members of the G Protein Family

A. Determined Values of K4, the Dissociation Constant, for GTP S Binding

Transducin, Gt

Gs

G

Go

Kg_(uM)

0.05-0.10
0.05

0.7
0.005-0.010
0.10

0.012
0.032

0.027
0.030

References

present study
Kelleher et al. (92)

. Northup et al. (93)

Asano et al. (89)
Brandt and Ross (94)

Bokoch et al. (95)
Huff and Neer (96)

Huff et al. (97)
Huff and Neer (96)

B. Relative Affinities for Guanine Nucleotides Reported for G Proteins

Transducin, Gt

Relative Rank of Affinity

GTPYS > GTP >> GppNHp > GDP > GMP

GTPYS > GTP > GDP > Gpp (NH)p
GTPYS > GTP > Gpp (NH)p = GDP > GMP
GTPYS > GTP > GDP >> GMP

References

Kelleher et al. (92); Yamanaka

et al. (38)
Northup et al. (93)
Bokoch et al. (93); Sunyer et al. (99)

Sternweis and Robishaw (100)
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FIGURE 16 Plots of 1n v, versus In [transducin] as a function of [GTPYS].
Initial rates (v,) of GTEVS binding to transducin in the absence of
rhodopsin were measured using the filtration assay detailed in Chapter II.
A 300 ul reaction mixture contained the indicated concentrations of
transducin, in the presence of different [GTPYS]. At 10, 20, 30 and 60
second timepoints, 50 yl aliquots were withdrawn, filtered, washed with
ice-cold buffer, and the amount of GTPYS bound was determined. Initial
rates were obtained from the slopes of timecourse plots from this data.
Shown are the plots of In Vo (10-2 pmol/min) versus In [transducin] (10-2
uM) determined with levels of GTPYS as displayed; the lower right hand
panel presents the plot of the intercepts of these lines as a function of
In [GTPYS] (10-2 uM). The linear relationship shown correlates well with
the mathematical description of the guanine nucleotide exchange reaction
as described in Appendix III.
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FIGURE 17 Plots of 1In vy versus 1n [GTPYS] as a function of [transducin].
Data from Figure 16 is presented Tn the converse plotting form of In Vo
(10-2 pmol/min) versus In [GTPYS] (10-2 uM) as measured using the
following concentrations of transducin: 3 uM (e), 0.75 uM (o), 0.34 uM
(0), 0.30 uM (v ), 0.21 uM (%), 0.19 uM (a) and 0.10 uM (X). Inset
shows the intercepts of these lines as a function of In [transducin] (10-2
uM).  The Tinear relationships demonstrated above, along with the data
presented in Figure 16, indicate a dissociative type mechanism for
transducin's guanine nucleotide exchange process.
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The Tinear relationship determined for 1In Vo as a function of 1n
[transducin] does not display any indication of similar behavior for the
non-catalyzed reaction. This observation implies that the basis for the
allosteric phenomenon resides in interactions between transducin and
rhodopsin. The linear correlation demonstrated in Figures 16 and 17 is
also indicative of the presence of a single population of binding sites
for GTPYS. Under identical experimental conditions, purified Ta exhibits
much sTower exchange rates. Since the presence of free Ta subunit would
be detected dye to its altered Kinetics, this resylt implies that over the
experimental range of concentration transducin remains as a stable
heterotrimer (in the absence of GTPYS) with minimal dissociation of Ty
from Tgy. Finally, the linear correlation between 1n Vo and In [GTPYS] as
well as In [transducin] is compatible with a dissociative type mechanism;
this is consistent with the double displacement mechanism demonstrated for

the rhodopsin-cata]yzed guanine nucleotide exchange mechanism.

ATthough rigorous Kinetic analysis has not been reported on the
nucleotide exchange mechanism for all of the g proteins, the demonstration
of a dissociative type mechanism for transducin is in good agreement with
what is known. The second order rate constants for G (106 w1 sec‘l) and
the « subunit of Go (107 M1 sec-1) have been reported (101). These
values are also comparable to what we observe for transducin (107 m-1
sectly, The difference in the intrinsic rate constant between Gi and
transducin may reflect contributions due to a Mg2+ effect, as discussed
earlier. It is also possible, however, that this difference reflects
alterations in the g proteins tertiary configuration which contribute to

the exchange process.
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It is with respect to the physical nature of transducin that the
protein's hydrodynamic properties were characterized. Sucrose density
gradient experiments were performed with transducin as well as isolated Ta
and TgY presented in Figure 18. Results tabulated in Table I show that
holotransducin migrates at a greater rate relative to the individual
subunits, Ta and the TgY complex. The S20,w values determined from three
separate experiments were for transducin, 4.23 + 0.25, Ta, 3.42 + 0.37,
and TBY, 4.04 %+ 0.20. To complement this study, gel filtration
experiments were performed as shown in Figure 19. Transducin was found to
have a Stokes radius of 37.5 Z and Ta migrated with a Stokes radius of 24
;. T8Y eluted in a position similar to that observed for Ta.

Table III summarizes the hydrodynamic data in comparison with results
reported for other G proteins. The experimental data obtained for Te and
T8y are in close agreement with the results of gel filtration on Bio-Gel
P100 reported by Fung (71), which yielded molecular weight values of 41
and 43 kDa, respéctive]y. The hydrodynamic parame?ers measured for
holotransducin yjeld ah M. value of 68 kDa, well below the expected value
of Mr ~+ 80 kDa. However, this value is in quite close agreement w{th the
molecular mass estimation of 70 kDa from small angle neutron scattering
measurements reported by Deterre et al. (91). Taken together, these
results indicate that the heterotrimeric form of transducin has
hydrodynamic characteristics suggestive of a compact shape relative to
other globular proteins. By comparison, the information obtained for

other G proteins is necessarily from detergent solutions, with a

correction made for detergent binding. It is interesting to note that Mp

values for G proteins which were determined in cholate solutions (see
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FIGURE 18 Sucrose density gradient ultracentrifugation of transducin.
Linear 5-20% sucrose gradients (4.5 ml) were prepared and overlayed with
15 ug of each protein indicated. Gradients were subjected to
centrifugation for 13 hours at 40,000 rpm in a Beckman SW 50.1 rotor and
fractionated into 250 ml aliquots, which were then analyzed by SDS-PAGE.
Values for the marker proteins employed are: catalase, 11.2 S, BSA, 4.31
S and cytochrome C, 1.21 S. The spg \ values for transducin, its «
subunit and the gy subunit complex were determined from calibration curves
as demonstrated at the top of the figure. Values of spg w obtained for
transducin, T, and Tgy were 4.23 + 0.25 S, 3.42 + 0.37 S and

4,04 = 0.20 S, respec%1ve1y.
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FIGURE 19 Determination of the Stokes radius for transducin. Gel

filtration over Sephacryl S-300 was performed using the marker proteins
indicated in order to calibrate the column as shown in the bottom panel
(Kg = Vg=Vo/Ve=V o=V e]). The elution profiles of transducin (e) and its a
subunit (o] were obfained by assaying column fractions for GTPYS binding
activity (top panel).
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Table IIT) may actually be overestimated since no correction for detergent
binding may be made. As transducin is the only soluble protein in the G
protein family, the data might imply that complications arising from
detergent binding may obscure similar anomalous behavior for Gy, Gg and
Gg.

Baehr et al. (66) have reported the results of non-denaturing gel
electrophoresis and analytical ultracentrifugation experiments. These
investigators concluded that, in solution, transducin consists of a
population of Ta dimers and T8y dimers and tetramers. However, based on
the results presented here, it may be deduced that Ta and TBY can be
isolated in monomeric form, and that the heterotrimeric species exhibits
unique hydrodynamic characteristics which are perhaps indicative of an
unusual configuration other than that displayed by simple globular
proteins. The conditions under which possible oligomeric assembly may be
functionally relevant remain to be determined, but it should be emphasized
that transducin's physiological activity occurs in a membrane environment.
Although hydrodynamic studies of transducin in solution are vital to
understanding the biophysical nature of the protein in.relation fo'other G
proteins, it will also be necessary to explore these relationships as they
pertain to the cell surface.

Conclusions
1. Transducin exchanges guanine nucleotides in the absence of rhodopsin.
2. The uncatalyzed exchange is independent of [Mg*+2],

3. Unlike previous reports for other G proteins, MgtZ2 does not promote

dissociation of transducin's subunits.
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The equilibrium constant for GTPYS binding to transducin is not

altered by interactions with rhodopsin; a value of K4 = (.05 uM is

‘determined.

The initial rate kinetics of guanine nucleotide exchange of transducin
suggests a dissociative type mechanism and a value for the forward
rate constant for this reaction is found to be k¢ = 2 x 107 M-1 sec-1.
The hydrodynamic parameters determined for transducin, SZO,w = 4,25
and a = 37.5 ;, lead to a calculated My = 63,000, and do not support

the presence of oligomeric forms of the G protein.
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TABLE I1I Comparison of Hydrodynamic Parameters Reported for Purified G Proteins

Tran

Gs

Go

]

mw:.z‘ﬁmv** Stokes Radius (A) .Bhw References
sducin, G, bovine retina 4.23 37.5 68,000 present study

rabbit liver(a) - 3.9 40 68,000 Sternweis et al. (102)
turkey erythrocyte(?) 4.55 41.6 81,000 Hanski et al. (103)
:csm:.mxkﬁrxonkﬁm 4,11 59 . 96,000 Codina et al. (104-105)
rabbit Tiver(a) 4,31 44.3 82,000 Bokoch et al. (106)
human erythrocyte 4.09 56 96,000 Codina et al. (104-105)
bovine brain 4.2 47 80,000 Huff et al. (96)

*

**k

Molecular weight, Mr, was calculated according to the equation:

"N120 w - 2°520,w

Mr = 6-m
Hlﬁc.omo.zv

where N is Avogadro's number,n 5q , is the viscosity of water at 20°C, p w 1S the density of water of 20°C,
and a is the Stokes radius. A value for partial specific volume, v = o.wmm, was employed in this caleculation
for transducin.

Except for transducin, spg ., values for other G proteins were obtained in Lubrol solutions unless otherwise
indicated (a). Mr values for these other proteins are listed with the appropriate correction made for other
detergent binding (refer to references cited).

Measurements of 520 ,w performed in cholate solutions; since cholate has a density similar to that of protein,
no estimate of detergent binding may be made (refer to references cited).
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CHAPTER VI

DISCUSSION: FUTURE DIRECTIONS

The results presented in the preceding chapters provide insight into
the molecular mechanism of interactions between G proteins and receptors
as well as raising further issues which remain to be clarified. What has
been sucessfully accomplished is the development of a model for the
interactions between rhodopsin and transducin as those of an enzyme and
substrate. The kinetic investigation of the catalytic mechanism through
which the receptor mediates the guanine nucleotide exchange process
extends our current view of the nature of this signal transduction
mechanism. These methods have not been previously applied and evidence is
presented confirming the validity of the steady-state approach. The
initial rate studies demonstrate that rhodopsin's catalytic activity
proceeds via a double displacement mechanism. During the course of this
investigation, remarkable allosteric behavior in the rhodopsin signal
transduction system was observed., The results reveal positive cooperative
behavior in the substrate-velocity curves of transducin with respect to
Vo+ Michaelis-Menten plots of GTPYS concentration versus initial Qelocity
did not display this sigmoidal character. However, the cooperative effect
was also observed in kinetic experiments performed with purified Ta,
implying that the molecular basis for the allosteric behavior is due to
interactions between rhodopsin and transducin's « subunit.

The positive cooperative behavior observed in the kinetic investiga-
tion was confirmed in studies of equilibrium binding between rhodopsin and

transducin. These results represent the first direct analysis of binding
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interactions between a receptor and G protein. The allosteric nature of
these interactions is observed in the curvilinear Scatchard plots which
verify that the molecular origins of this phenomenon arise from oligomeric
assemblies between rhodopsin and transducin., A Hill coefficient, Ny =2,
was determined in both the kinetic and binding studies, indicating that at
Teast two transducins are involved as oligomeric components of this
system. However, the Bp.. values measured in the direct binding studies
strongly suggest that multimers of rhodopsin may also contribute to the
allosteric assembly.

Physical studies characterizing the kinetic and hydrodynamic
properties of transducin presented in Chapter V do not support the
presence of oligomers of the G protein in solution. However, it must be
remembered that, physiologically, transducin functions in association with
rhodopsin in a membrane environment. Thdé, the oligomeric assemblies
implied by the allosteric nature of the interactions between the G protein
and receptor may be induced by their coupling. What the physical
characterization of transducin presented in Chapter V does yield is the
basis for comparison with other G proteins which have been studied. It is
for this purpose that the entire investigation was 1nftiated: to Aefine
structural and functional relationships between members of the family of G
protein-coupled receptor systems described in Chapter I. The visual »
transduction system provides a paradigm within which a conceptual basis of
the molecular events of these signal transduction mechanisms may be
developed, and the results summarized above bear on several aspects of the

relationships among these proteins.
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Receptors as Enzymes

Recent advances in the study of cell surface receptors had led to the.
identification of at Teast four functional classes into which these
proteins may be categorized: receptors which display ligand-stimulated
tyrosine kinase acﬁivity, receptors which serve a ligand-gated ion
channels, receptors which mediate the internalization of ligands, and
receptors which act upon ligand-binding to catalyze the exchange of
guanine nucleotides of G proteins. The enormous task ahead is to define
the structural characteristics which allow receptors the capacity to
function in their appropriate roles in response to ligand binding in order
to transmit this signal across the cell membrane. The difficulty of this
task may be alleviated in part by developing conceptual models in order to
investigate the molecular properties of receptor function. It is for this
purpose that rhodopsin has been modelled as an enzyme by employing the
kinetic methods which have provided a fundamental basis in mechanistic
studies of soluble enzymes. The results presented in this thesis not only
verify that this approach is valid, but also yield direct insight into the
molecular mechanism of rhodopsin's activity. "

The value of conceptual models lies in their ability to accu}dtely
fit the description projected by experimental data as well as in their
capacity to provide a paradigm which permits the development of a testable
hypothesis. Characterization of rhodopsin's behavior as an enzyme allows
us to begin the analysis of the structure of the receptor protein in
relationship to'the wealth of knowledge regarding conformational changes

associated with ligand binding to proteins. In examples where the three-

dimensional structure of ligand-protein complexes have been determined,
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several common features emerge. In general, the enzyme may be roughly
divided into two domains joined by a hinge region. This configuration
regults in a cleft or pocket which contains the ligand-binding site.

When the appropriate substrate occupies this site, it induces what has
been referred to as a hinge-bending and cleft closure. This
experimentally demonstrated structural change is similar to the induced
fit hypothesis developed by Koshland (107). As reviewed by Scarborough
(108), the general concept of the hinge-bending conformational change may
be used to describe the catalytic mechanisms for integral membrane
proteins involved in transport, as well as soluble enzymes.

The hypothesis may be made that similar conformational changes are
promoted by the photolysis of rhodopsin: they would provide the opening
of a cleft for transducin binding and the flexibility to undergo the
hinge-bending associated with enzymatic activities. Thus, this
consideration leads to a conceptual framework to test domains represented
in G protein-coupled receptor systems that are involved in the activation
process, relying on the well-characterized structural properties of
enzymes. This concept may be Q]oba]]y envisioned to extend to other types
of cell surface receptors as well: hinge-bending confOrmational changes

resulting from 1igand binding may be the means through which extracellular

signals are transmitted through the membrane bilayer, allowing the
receptor's appropriate functional response. Through combined approaches
of enzyme kinetics, protein chemistry, and molecular biology, aspects of
this model are both predictable and testable.

A General Class of Ligand-Exchange Enzymes

Several basic concepts also emerge by comparing the kinetic mechanism
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of transducin's activation mediated by rhodopsin with information known

for other enzymes. The initial rate Studies delineate that rhodopsin

performs its catalytic activity through a double displacement mechanism,

described by the character of the double reciprocal plots. The rate

equation developed from the experimental data requires that the first

guanine nucleotide (GDP)

e

exit from the reaction complex prior to the entry

of the second guanine nucleotide (GTPYS), defining the double displacement

or substituted enzyme type reaction mechanism. One of the distinguishing

features of this mechanism is that it verifies the presence of a complex

between rhodopsin and transducin which has been "unloaded" or devoid of

guanine nucleotide, Alternative models might predict the presence of
i multiple guanine nucleotide binding sites operating in tandem

ternary complex mechanism),

(as in a

The double-displacement mechanism is

rhodopsin which reveal a dissociative-type reaction scheme for transducin.

Multiple guanine nucleotide binding sites have been suggested for

transducin by Tabelling studies (109). However, our current Knowledge of

the primary structure for transducin's o subunint shows the presence of a

single binding site as defined by homologous domains known to canpoée GTP

binding pockets in other proteins (110). Furthermore, guanine nucleotide

binding studies are also in agreement with this descri

ption of transducin
(65-71).

A1l of this information is entirely consistent with the double

displacement mechanism described for the interactions between rhodopsin
and transducin.

Rhodopsin in this seénse catalyzes the guanine nucleotide exchange of

transducin analogous to the manner through which elongation factor Ts
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serves as an exchange catalyst for elongation factor Tu (111). For
example, both of these proteins mediate guanine nucleotide exchange by a
double displacement mechanism. Proteins Tike rhodopsin and elongation
factor Ts are unconventional in their activities as enzymes since they do
not catalyze the formation or breakage of covalent bonds. In fact, in the
International Union of Biochemists enzyme catalog, ferrochelatase is the
only example of an enzyme which catalyzes ligand exchange. Hwang and
Miller (111) have argued for the need to classify exchange catalysts as
enzymes. Rhodopsin would indeed fall into this category, serving to
catalyze the guanine nucleotide exchange of transducin. By analogy, other
G protein-coupled receptors would also appear to fall into the class of
exchange catalyst enzymes. Complete characterization of the molecular
interactions between other receptors and G prcteins in the process of
signal transduction is lacking, primarily due to the relatively low
abundance of these regulatory elements and the fact that these systems
must be reconstituted into phospholipid vesicles. The double displacement
model for catalytic interactions between rhodopstn, transducin and guanine
nucleotides is consistent with what is known about the mechanism of
molecular interactions for other members of the G prote1n—coup]ed receptor
family. The fact that structural homologies are observed between members
of this receptor class also suggests a common basis in their function
(39-45). Future investigation should develop the concept of
Tigand-exchange catalysts as well as their precise nature and role in
biological systems.

Allosteric Behavior

The unexpected finding revealed by the kinetic investigation of
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rhodopsin and transducin was the observation of alTosterism in their
molecular interactions. This phenomenon was confirmed by equilibrium
biﬁding studies which verified that the basis for the positive cooperative
behavior resides in oligomeric assemblies of these components of the
visual transduction system. Considering the requirement for amplification
in signal transduction systems, it is not surprising that transducin would
display allosteric regulation in its interaction with rhodopsin,
Cooperative processes are widespread in nature, and it has been estimated
that 90% of all proteins display some form of allosteric regulation (78).
What is necessary is a complete understanding of the role of the
allosteric behavior in the biological process of visual transduction.
Photolyzed rhodopsin serves to activate transducin, permitting the
stimulation of cGMP phosphodiesterase (PDE) activity. It is not known
whether or not similar cooperative interaction occurs between oligomeric
Ta subunits in the interaction with the inhibitory subunit of PDE. Other
enzymatic activities are also elevated in response to light, including
that of phospholipase A2 (8). The latter studies suggest that not only
can transducin stimulate phospholipase Ay, but that this enzyme's activity
may also be under dual control by other G proteins. The fact that'two
forms of transducin have been identified in the rod outer segment (8,112)
also raises interesting questfons. Thus, Tittle information is known
about possible allosteric regulation at the level of effector systems, but
it is becoming increasingly clear that transducin and possibly other G
proteins may participate in the regulation of several activities which may
be involved in the process of visual transduction. This is reminiscent of

the pleotropic effects of G proteins recognized in other systems as
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described in Chapter I.

Comparison of the processes involved in signal transduction by other |
receptors suggests a speculative role for the allosterism observed in
visual transduction. It has been hypothesized that free By subunits may
provide a communications network between G proteins through which the
activity of o subunits may be reguiated (1). The positive cooperative
interactions between multiple transducins acting at the receptor level
would enhance the degree of this regulation, ensuring that the signal,
represented by the activated G protein, would also be regulated by the
critical concentration of free o subunit. The latter concept is supported
by experimental evidence which shows that while rhodopsin-catalyzed
activation of Ta exhibits reduced rates in the absence of Tgy, the
allosteric effect is still witnessed and therefore must arise from contact
between o subunits. The implication that transducin and possibly other G
proteins can regulate several effector systems in the ROS may define the
requirement for allosterism: the necessity tc coordinate responses which
part{bipate in visua] transduction. Thus, the obsgr?étion of positive
cooperativity in transducin activation does provide an interesting and
exciting aspect to receptor regulation. It remains tb be seen wheéher or
not allosteric behavior observed in the molecular interactions between
transducin and rhodopsin is another of the many analogies between G
protein-coupled receptor systems.

Oligomeric Associations

The results of equilibrium binding studies show thatrthe molecular

basis of the allosteric behavior arises from interactions between at least

two transducins with dimers, or possibly tetramers of rhodopsin. Such
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interactions between multimeric assemblies of transducin and rhodopsin
must be understood in terms of structural relationships. Hargrave and
coworkers (62) have discussed the structural organization of the rhodopsin
molecule in the rod outer disc membrane and conclude that the native
protein is monomeric. There has been some controversy, however, about the
possible existence of rhodopsin dimers (113). With the determination of
structural information concerning transducin, it is hopeful that
structure-function relationships will become evident to increase the
current understanding of the G protein-coupled receptor system and provide
insight into its allosteric behavior.

The possible existence of a transducin dimer has been suggested by
light scattering measurements (69). Non-denaturing gel electrophoresis and
ultracentrifugation experiments performed by Baehr et al. (66) have shown
the presence of dimeric forms of « subunits and the gy complex. Indeed,
oligomers of G proteins from other systems have been described by target
size ana]ysis:(114). It is also interesting that elongation factor Tu,
itself a GTP-binding protein, has been characterized as a dimer by neutron
scattering (115). Another GTP-binding protein, the ADP-ribosylation factor
ARF, interacts with the regulatory protein Gg 1n such a way as to enhance
ribosyTation by cholera toxin (116). Taken altogether, these phenomena
indicate that GTP-binding proteins may associate with one another under
certain conditions.

Hydrodynamic analysis of transducin, however, fails to support the
presence of oligomeric forms of the protein (Chapter V). Such physical

studies of transducin in solution would not reveal structural alterations

which may occur at the membrane surface, though, and therefore provide only
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speculative information. Alternative techniques must therefore be sought
in order to attain a correct description of the physical nature of
transducin. Preliminary results from electron microscopic rotary
shadowing experiments provide micrographs of transducin revealing that
approximately 10% of the protein population appears to exist in some
oligomeric form.! These are toroid-shaped structures approximately 150 Z
in diameter with some physical definition which resembles a “paw-print".
The majority of the population are smaller particles with little shape
definition. The larger species is not apparent in preparations of'
purified Ta or Tgy and is not apparent in preparations treated with GTPYS.
The exact nature of these forms of transducin remains elusive, but it is
hopeful that future cross-linking experiments will aid in defining these
structures as well as characterizing possible oligomeric species of
transducin.

It is possible that other investigators have failed to detect the
interactions between oligomeric components of the visual transduction
system due to the techniques they have employed which examine each protein
species individually rather than focussing on the méchanism of coup]ing
between rhodopsin and transducin. The kinetic and binding studies
described here have the advantage of analyzing native interactions between
both proteins at the membrane surface, and therefore reflect both

environmental and structural interactions which most Tikely contribute to

1Wess1ing-Resnick, M., Johnson, G.L. and Craig, R.C., personal observations.
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the allosteric phenomenon. This Tends itself to the idea that interactions
between the G protein and receptor may induce oligomeric assembly. Physical
measﬁrements of purified rhodopsin reconstituted at ratios of one to several
molecules per 1iposome may begin to address the nature of the assemblies.
Recent advances in obtaining two-dimensional crystalline arrays of membrane
proteins (117) and the crystallization of membrane proteins out of detergent
solutions (118) may also provide direction in ascertaining the physical
nature of transducin and rhodopsin interactions. Future investigation
towards this goal should provide insight into similar physical
characteristics which may also exist for the family of G protein-coupled
receptors.

Mg2* Effects and Transducin Structure

The results presented in Chapter V characterize the kinetic, physical
and hydrodynamic properties of transducin. Previously, these parameters
have not been described, and it is of interest, therefore, to compare this
information with properties which have been reported for other members of
the family of G proteins. The dissociative-type éuanine nucleotide
exchange mechanism demonstrated for transducin is analogous to the
behavior of other G proteins. Transducin's kinetic parameters and
equilibrium binding properties are also comparable to values reported for
Gs, Gj and Gg. It is not surprising that transducin displays kinetic
behavior and guanine nucleotide binding characteristics similar to the
other members of this class of proteins because of the remarkable sequence
homology between their o subunits. Alterations in the properties of the @

proteins must therefore reflect variations in the amino acid sequence

between these proteins which affect their tertiary structure and
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characteristics of their regulation.

One of the most notable differences between transducin and the other
G proteins (Go, G and Gg) is the Tack of any Mg2+ effect on the guanine
nucleotide exchange reaction. The results presented in Chapter V indicate
that Mg2+ is not required for GTPYS binding and subunit dissociation. The
acidic side chains of aspartic or glutamic acid have been demonstrated to
be the major sites for Mg2+ interaction with proteins. For example, asp80
of EF-Tu has recently been shown to form a salt bridge with Mg+ 1iganded
to GDP situated in the guanine nucleotide binding site of the protein
(119). A second regulatory Mgt binding site has been previously proposed
for G proteins (102, 120-121). The data presented here indicate that this
site is absent in transducin.

Examination of the a subunit primary sequences offers one rather
striking domain in which a substitution of a neutral for an acidic amino
acid occurs in transducin relative to the other G proteins (Table IV). An
alteration such as this could account for the specific loss of a Mg+
binding site. In Ta, residue 162 is a glycine, whereas the corresponding
residue is aspartic acid in Gg, (189), Gy, (167) and G,, (123, partial
sequence). This residue is Iocated within one of the most highly ,
conserved domains recognized between the « subunits of transducin
(prolbl_serl86) Gs (alal88-g1n2l3) Gy (serl66-thrl91l) and Go
(a1al22-thrl47) as shown in Table IV. Although other sites in the «
subunit sequences must also be considered, this region is attractive since
a structural basis for the different Mg2+ effects between the G proteins
may be accommodated by the substitution of glycine for aspartic acid at

this site in particular. This substitution occurs between consensus
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domains involved in the formation of the GTP-binding site; for transducin,
these include lys3l-met49, phel95-arg20, i1e217-a1a225 and ser259-va1269
(Table IV). Therefore, binding of Mg2t to the aspartic acid.in Gg, Gi and
Gg can easily be envisioned to induce conformational changes that would
directly alter the properties of guanine nucleotide exchange. This effect
would be lost in transducin because glyl62 would be unable to form an
ionic bond with MgZt,

Evidence for conformational alterations induced by Mg2+ has been
provided by sucrose density gradient ultracentrifugation experiments
performed by Codina et al. (105). These investigators have shown that
M92+ promotes the formation of a species of Gg and G; which displays
unusual sedimentation behavior, referred to as a "pre-activated" form.

The pre-activated forms of Gg and Gy, in the presence of Mg2t,
subsequently display subunit dissociation when incubated with guanine
nucleotides as shown by sedimentation characteristics. In contrast,
evidence for a "pre-activated" form associated with transducin is lacking,
as suggested by the absence of an effect by M92+“Qp the kinetics of GTPYS
binding. However, it is also observed that Mgz+ does not promote subunit
dissociation; sucrose density gradient experiments wfth transduciﬁ show a
shift in sedimentation only in the presence of GTPYS (Table I). Attention
should be given to the physical properties associated with the
preactivated forms of Gg and Gy, which migrate at a rate slower than
expected for the heterotrimers, in comparison with the hydrodynamic
analysis (Figures 18 and 19), which yields an M, value below thé expected

80 kDa for transducin. Thus, it appears that Mg2* promotes a physical

association between Gg, and Gj, and their gy subunits which may be
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TABLE IV Sequence Homologies Between GTP-Binding Requlatory Proteins

A. Proposed Regulatory Region:

*
Gt 161: P!GIY VPTEQDYLRSRVKTTGIIETQFS

G 188: |ADYVPSDQDLLR[CRVL]TSGI[FIETKF[Q
Gj 166: [SDYIPTQQDVLRTRVKTTGIVETHFT

Gg 122: {AD Y[:]P TEQDILRTRVKTTGIVETHFT

B. Concensus Domains Forming Transducin's GTP-Binding Site:

Domain "A"

GT 31: KLLLLGAGESGKSTIVKQM

Domain "C" Domain "E"
GT 195: FDVGGAQR Gr 217: I TFIAALSA
Domain "G"

Gr 259: SIVLFLNKKDYV

Sequence comparison from Itoh et al. (19). Single letter abbreviations
are as follows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic
acid; F, phenylalanine; G, glycine; H, histidine, I, isoleucine; K,
lysine; M, methionine; N, asparagine; P, proline, Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y,

6 is marked with an asterisk.

tyrosine. For transducin (G7), glyl62
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structurally analogous to heterotrimeric transducin; these forms are
subsequently capable of exchanging guanine nucleotides.

Taken together, these results suggest that subtle structural
differences between G proteins may produce profound alterations in the
association of o and gt subunits, affecting regulation, physical
characteristics and kinetic activities in response to Mg2+., The
comparison of the similarities and di fferences between members of this
class of proteins provides a rationale for future research in
site-directed mutagenesis and synthetic peptide studies, as well as
providing further understanding of the physical properties of transducin
in relation to it functibn.

Thermodynamic Considerations of Molecular Interactions

Having characterized the kinetic and binding properties of
transducin-rhodopsin interactions and having analyzed the physical
properties associated with the substrate G protein, attention should be
focussed on the development of a model which incorporates this information
in the context of structure-functioﬁ re]ationshipsf For this purpose it
is useful to consider these ideas in a thermodynamic background. Enzymes
participate in catalyzing reactions by lowering activétion barrieré

through specific complexes with substrates which favor the formation of a

more reactive configuration. This activity can be accomplished through

several consequences: entropy effects which result in the elimination of

the need for collision events between two molecules, orbital steering

which permits the alignment of substrates such that interaction between

key reactive groups is favored, and propinquity effects which present

binding domains stabilizing a reactive intermediate.
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If the chemical kinetics of guanine nucleotide exchange of transducin
are considered, this reaction may proceed via a dissociative type

mechanism involving an "activated" species, T* (Appendix II):

k1
T-GDP =——= T~ + GOP
k-1
. k2
T* + GTPYS g———= T+ GTPYS
k-2

This reaction scheme presents two limiting cases depicted in the energy
profiles of Figure 20. If it is considered that ko >> k_1 (Panel A), then
the rate-controlling step is the formation of T*. Alternatively, for

ko1 >> ko the rate-limiting step is considered to be the binding of GTPYS
to T* (Panel B). The dashed lines depict the lowering of energy barriers
which might occur during the rhodopsin catalyzed reaction.

Consideration of these two reaction coordinates leads to several
conclusions about the manner through which rhodopsin may accomplish the
catalysis of guanine nucleotide exchange. In order for the receptor to
alleviate the activation energy involved in the binding of GTPYS to ™ it
could be envisioned that the receptor might bind the guanine nucleotide in
order to eliminate the necessity for collision betweeﬁ‘the two subétrates
(entropy effects) or to bring the substrates into proper orientation
(orbital steering). Remember that a catalyst cannot alter the intrinsic
binding constants, as demonstrated by equilibrium binding studies between
transducin and guanine nucleotides in the absence and presence of
rhodopsin (Figure 15). There is, however, no evidence for such a guanine
nucleotide binding domain represented either structurally or functionally

for rhodopsin. Thus, if the formation of T* is considered to be the rate-




A . 81
E | ] ‘
A
ki
4 T +GDP +GTPYS
T-GOP+GTPYS T-GTPYS+GDP
Q
A
E B
T-GDP+GTPYS T-GTPYS+GOP

Q

FIGURE 20 Energy profiles for a dissociative mechanism. Shown are the
energy profiles along reaction coordinates corresponding to the two
hypothetical Timiting cases discussed in the text. T* refers to an
"activated" form of transducin. The dashed lines represents lowering of
energy barriers by rhodopsin exerted through its catalytic activity.
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limiting step (Figure 20, panel A), rhodopsin may serve to stabilize this
reactive intermediate, Towering the activation barrier mainly through
propinquity effects. This latter hypothesis is supported by the double
displacement mechanism for the interactions between rhodopsin and
transducin which verifies the existence of a complex between the receptor
and G protein devoid of guanine nucleotide (T*) in the catalytic cycle.

What exactly are the molecular interactions which stabilize this
reactive intermediate? The gy subunit complex could participate in the
exchange mechanism by providing a constraint against'GDP release from the
o subunit. Rhodopsin might be considered to act as a lever, freeing the a
subunit from the restraints imposed by By and thereby promoting the
release and exchange of guanine nucleotides. However, studies performed
with purified Ta show that in the absence of TgY the rate of guanine
nucleotide exchange for both the catalyzed and non-catalyzed reactions is
reduced, suggesting rather that the gY complex plays a converse role by
contributing to the stabilization of T*,

Along similar lines, it may be envisioned tﬁap the positive
cooperativity observed in interactions between o subunits contributes in
stabilizing the T" reaction complex. Allosteric interactions betwéen
Tigands can generate coupling free energies of up to 2.5 kcal/mole (122)
and thus the presence of a second molecule of transducin may provide the
necessary configurational orientation required for GDP release. Thus,
oligomeric forms of rhodopsin can provide contact sites between the a
subunits which present domains aiding in the release of GDP and-

stabilizing the G protein devoid of guanine nucleotide in order for the

binding of the second guanine nucleotide to occur. This may indeed be
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what happens in analogy to the ADP-ribosylation factor, ARF, the
GTP-binding protein involved in the ribosylation of Gs by cholera toxin
(116). The site of this modification resides directly in the GTP-binding
domains of ag and thus it would appear that a transitional complex of Gg
without the presence of guanine nucleotides must be stabilized for cholera
toxin recognition.

Subsequent to the binding of guanine nucleotide triphosphate, the
apparent affinity of gy for « is diminished and the subunits are released
from rhodopsin. This idea is supported by the fact that GTPYS-ligand «
does not migrate as a heterotrimeric complex with the gy suanit complex
on sucrose gradients (Figure 18). Thus, gY may serve as anchor to
stabilize binding interactions between «-GDP and rhodopsin.

This hypothesis examines both the role of the BY subunit complex and
the influences exerted by the second molecule of transducin which
interacts in an allosteric manner with the reaction complex. These issues
must be addressed in order to develop a functional mode]. Product
inhibition studies will provide a great deal of insjght into the molecular
involvement of these reaction components. Kinetic experiments defining

the reaction profile for guanine nucleotide exchange by transducin will

~also aid in further defining this molecular mechanism of interactions

between rhodopsin and transducin., It is interesting to consider that
these ideas may represent a general motif through which the class of
exchange enzymes may operate.

Structural Model for Rhodopsin

The predicted transmembrane structure of rhodopsin has been discussed

in Chapter I. The accepted model proposes seven membrane-spanning helices
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FIGURE 21 Structural model for rhodopsin. The molecular structure of
rhodopsin is characterized as discussed in the text.
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which provide three cytoplasmic Toops along with the carboxy-terminal tail
to be presented to transducin as potential binding domains (62-64). The
absbrption of a photon by 11-cis-retinal bound to 1ys296 contained in the
seventh and most C-terminal membrane-spanning helix must somehow induce
conformational alterations in the protein which fncrease not only its
binding affinity, but also its catalytic efficiency in interacting with
transducin. Among the seven helices several contain proline residues
causing distorted kinks in the a-helical domains which most likely
accommodate insertion of the chromophore in the midst of the membrane
spanning region. The protonated Schiff's base linkage of retinal to
1ys296 is thought to be neutralized by argl35 in helix 3. The proximity
of these charged groups is suggested by compact folding of rhodopsin in
the bilayer, predicted to form a somewhat elongated "C", depicted in
Figure 21. This structural model presents a framework of proposed
functional domains of rhodopsin. Considering the receptor as an enzyme, a
hinge-bending or flex region (blue) is conceptualized to breach two

binding domains (yellow), one of which is also a regulatory region

(orange) for the molecule. The following lines of evidence support this

hypothetical model.

1. Flex Region

Several conformational events are known to occur upon the photo-

isomerization of 1l-cis-retinal. The carboxy terminus becomes more
sensitive to thermolysin digestion following photobleaching (123). Also
metld5 (helix 4) and met253 (helix 6) display an increased susceptibility

to CNBr cleavage in bleached rhodopsin compared to the unbleached molecule

(124). In terms of identifying a hinge-bending domain for rhodopsin, this
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area would present the most likely candidate for a region involved in
conformational alterations which influence the protein's activity.

" This hypothesis is supported by comparison of rhodopsin's primary
sequeﬁce with those known for other members of the opsin family,
particularly that of Drosophila (64). The intradiscal (or extracellular)
Toop connecting helices 4 and 5 displays the greatest conservation in
primary structure. In particular, the invariant cysteine residues located
on the latter loop region (cysl87) and on the intradiscal loop connecting
helices 2 and 3 (cysll0) have been suggested to play a structural role
(64). Thus, although occluded from contact with the G protein, the
conservation of loop 4-5 suggests that it may play a critical role in
rhodopsin's function in flex movements.

In contrast, the loop connecting helices 5 and 6 contains an
insertion of 12 amino acids in Drosophila opsin, compared to mammalian
opsin sequences (64). The dramatic divergence in loop 5-6, however, is
compatible with its predicted major function to provide flexibility in the
hinge mechanism to allow the conformational changes to occur. This is
consistent with the observation that transducin dées not block peptide-
specific antibody binding to this 1oop.2 Furthermore,. thennolysid
proteolytically clips loop 5-6 at ser140, an action which inhibits

rhodopsin activation of transducin (125). Cleavage at this site would not

Z2E, Weiss and G.L. Johnson, personal communication,
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allow signal transmission of the isomerization event across the Toop

structure to the appropriate membrane spanning nelices, thereby preventing '

the proper conformational changes operating in the hinge-bending
mechanism. It should be noted that Toop 4-5 and Toop 5-6 have the Tongest
amino acid sequences predicted to connect the corresponding membrane
helices and therefore, of all the loop structures, these are the most
likely to have the greatest rotational flexibility which would be required
for hinge domains.

A final consideration is that helix 7, containing the retinyl-lysine,
would most Tikely be a primary element in the initiation of the hinge-
bending movement. Argos et al. (126) have shown that this membrane-
spanning domain is only minimally identified as a « helix and thus, the
possibility exists that an alternative conformation is adopted upon
photolysis which may promote the hinge-bending motion.

2. Binding Domains

For this structural model, binding domains which interact with
transducin are represented in the cytoplasmic 1oop§7connecting helices 1
and 2 as well as 3 and 4. Sequence comparison shows that the prima;y
structures of these regjons are remarkably conserved. Evidence that
transducin may associate with these Toop domains comes from the fact that
while the G protein does not block peptide-specific antibody binding to

Toop 5-6, its interactions with the receptor does prevent antibody binding

to loop 3-4. Recent experiments with V8 protease also show that
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proteolysis of Toop 5-6 is not Tnhibited by the presence of transducin,3
suggesting that the latter Toop is involved in functions of the receptor
other than binding (see above). Thus, Toop 5-6 does not appear to be
involved in direct interactions with the G protein, strengthening the idea
that other Toop domains are strong candidates for this function,
particularly loop 3-4,

3. Requlatory Domain

The final interesting comparison between opsins is at the carboxy-
temminal tail. These proteins have g Cys-Cys sequence, followed a few
amino acids away by either an asp-asp-glu or dsp-asp sequence, and then a
serine and threonine rich domain which contains the known sites of
phosphorylation in mammalian opsins. This data indicates that the general
hydropathy of the cytoplasmic tail has been conserved, and its probable
regulatory role as well. Phosphorylation of rhodopsin at these sites has
been shown to diminish the receptor's catalytic activity (53,60).

Recent evidence presented by Takemoto and coworkers (127) suggests
that synthetic peptides corresponding to speciffc'dgnains within the
serine and threonine rich region of the carboxy-terminal tail could
inhibit transducin activation. This finding indicates‘that this daﬁain
may be involved in transducin binding as well as the regulation of

rhodopsin's catalytic activity by phosphorylation. Thus, the C-terminal

3m. Wessling-Resnick and G.L. Johnson, personal observations,
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cytoplasmic tail provides the second functional domain which most likely
contributes to forming a transducin binding site, connected by the hinge

regibn through helix 7.

There is homology in the overall predicted structures of other G

N

protein-coupled receptors and rhodopsin (39-45). These receptors are also
predicted to have seven membrane-spanning helices, one of which only
marginally fits the a-helical configuration. These domains connect three
analogous cytoplasmic loops and present the carboxy-terminus

intracellularly. The carboxy tail for these receptors has been predicted

to contain the sites of phosphorylation by regulatory kinases. The
hypothetical hinge-bending model presented for rhodopsin may also be
considered for these G protein-couple receptors. What this model allows
is some predictive level of addressing functional relationships between
domains of receptors in order to conduct molecular studies, such as site-
directed mutagenesis.
Summary

The ideas presented in this discussion provide a basis for future
scientific direction in studies of the mechanism an& regulation of
receptor-GTP-binding protein interactions. The foundation for further
molecular studies has been laid by characterizing the catalytic
interactions between rhodopsin and transducin, the allosteric behavior
witnessed in this system, and the structural parameters involved in G
protein function. The resu]ts presented here permit a hypothetical
framework within which the receptor, rhodopsin, may be modelled as an
enzyme and predictions may be made as to functional domains for its

activity. The hinge-bending model described provides the basis for
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kinetic, physical and molecular studies. The concept of ligand-exchange
catalysis allows the development of a paradigm for studies of other G
protein-coupled receptor systems. It is hopeful that the molecular
studies of rhodopsin and transducin will promote for their understanding
of this mode of signal transduction, relevant to our understanding of

structural relationships in the context of cellular function.
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APPENDIX I

' The most direct and obvious interpretation of the characteristics of
the double reciprocal plots shown in Figures 6 and 7, is that rhodopsin
catalyzes guanine nucleotide exchange by a double displacement mechanism
and exhibits allosterism with respect to the GTP-binding protein,
transducin. The formulation of an initial rate equation for the exchange
reaction is required to incorporate both of these experimental criteria.

One interpretation of the sigmoidal substrate-velocity curves is that
two transducins (or two Ta subunits) interact in a cooperative manner
during exchange for a single GTPYS. This can be thought of as arising
from dimerization of the GTP binding protein, or dimerization of
rhodopsin, or the presence of two equivalent binding sites for transducin
on a single rhodopsin. The latter idea may be represented by the scheme
depicted below, considering that the binding of the first molecule of
transducin to rhodopsin alters the intrinsic dissociation constant, by a

factor of a, towards a second molecule of transducin.

Kd
Rho + T =~ Rho*'T + T

T

T+ TRho " T+Rho-T

aKd

SCHEME I
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If the allosteric behavior is due to strong cooperativity between two
sites, that is, if the interaction factor o is small, all complexes with |
rhodopsin containing a single occupied site will be neglible at
[transducin] > Kd. In order to simplify our analysis, we will make this
assumption, as suggested by Segel (78). The justification for this
assumption is based on the goodness of fit to the Hill equation
(demonstrated in the logarithmic plotting form shown in the inset of
Figure 5) as well as the apparent Hill coefficient, determined to be close
to an integer value. The catalytic mechanism can then be expressed in the
scheme presented below, which depicts a double displacement mechanism for
the exchange reaction.

T+ T (GTPYS)

RhO e Rho-Ty (GTPYS)
Ka
Ky
2T(GDP) k-1 k-3 GTPYS
K3
K2
Rho*Tp (GDP) < = RhOTy
GDP
SCHEME 11

In terms of this model, the equation for initial velocity, v,, may be
written:

Vo = ko [Rho-Ty (GDP)] = kg [Rho-Tp (GTPYS)]
The experimental conditions we imposed in this kinetic study are such that
the concentrations of substrates,rtransducin and GTPYS, were much greater

than rhodopsin concentration, and no products, GDP or T (GTPYS), were

present at time = 0. This allows straightforward analysis along the
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established description of steady-state enzyme kinetics (78). The following rate

equations may be written in view of the steady-state:

d LRho]  d [Rho-T» (GDP)] d [Rho-Tp]  d [Rho-Tp (GTPYS)]
dt = dt = & = dt =0

d [Rho-To (GDP)]/dt = ky [T(6DP)12 [Rho] - kg [Rho-Tp (GDP)] - ky [Rho«To (GDP)]

d [Rho-Tp1/dt = ko [Rho-Tp (GDP)] - k3 LGTPYSI[Rho-Tp] + k-3 [Rho*T2 (GTPYS)]

d [Rho-To (GTPYS)]/dt = k3 [Rho-T2I[GTPYS] -kq [Rho-T2 (GTPYS)] -k_3 [Rho+T2 (GTPYS)]
By rearrangement and substitution, the velocity equation may be rewritten:

Vo = k1 ko [T (6DP)I2 [Rholo
(k-1 +k2)

Using the expression for the total concentration of rhodopsin,
[Rholy = [Rho] + [Rho-T» (GDP)] + [Rho-To1 + [Rho-To (GTPYS)]

the final form of the rate equation may be determined, which is expressed in

double reciprocal form below

1 =1 (kg *+ ko) 1 ok g+ k) (’ 1 + (ko + ky)

We prefer to express this equation as follows:
GT GTPYS ]

1 = 1 K + K + 1

i 1 Sm__

Vo Tmax | T&r¥ TEYST J
where

Gy GTPYS

Vmax = (ko _+ ka) [Rho], Km = kg (ko1 + ko) Km = ko (k.3 + kq)

k2kg | kp (kg +kg) k3 (kg + kg)
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The rate equation developed is a 2/0 function, describing the

sigmoidicity observed in the substrate-velocity plots. Alternative models
One

which yield a similar function should also be considered.
consideration is that the allosteric behavior may be the result of
A distinguishing feature of a

hysteresis in the activity of rhodopsin.
hysteric enzyme is the manifestation of an enzyme state which has a
different physical form and kinetic properties; the availability of this

This idea

additional state is altered by the presence of substrate (82).

is depicted in the following scheme:

~»Rho + GDP + T(GTPYS)

Vo b -

1 1
TPYS

RhO " «T(GDP ) ~————3mmRh0+ T (GDP)

2

SCHEME III
As this model suggests, fwo conformational isomers of rhodopéTn

exist, of which Rho' may be considered an inactive form. The
interconversion process Rho' === Rho is slow compared to all other steps.

T(GDP) binds Rho' to produce Rho'«T(GDP) and to promote the conversion to

Rho+T(GDP), which then participates in the exchange reaction, generating
Rabin (128) has discussed this

the products and the active form of Rho.
kinetic model as an extension of Koshland's induced-fit hypothesis by
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placing the restriction that ky << k.2, such that ko1/kp <X Ei/ki. Thus,
the Kd of Rho-T(GDP) is then smaller than that of Rho'-T(GDP) and the
caﬁacity of rhodopsin to bind transducin increases with the progress of
the reaction; that is, the conversion of Rho'-T(GDP) === Rho-T(GDP)
causes an increase in the strength of interaction between rhodopsin and
transducin. Since the conversion of Rho' into Rho is a function of
transducin concentration, it is possible that the a]]ostéric behavior

witnessed experimentally could also be described by models incorporating

this idea.
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APPENDIX II

- Schreier and Schimmel (129) have discussed the following method for
intefpreting binding data which reflect interacting site behavior
(cooperativity). This phenomenon is clearly indicated by the asymptotic
bell-shaped character observed in Scatchard plots (Figures 10 and 11, for
example). These plots indicate that the ligand (transducin) binds to one
class of interacting sites as well as at least one other class of
independent sites (non-specific sites). For ease of manipulation, the
fractional saturation parameter, v is used to represent B/Bpsx. The
variable L represents the concentration of free ligand. For the case of

independent, non-interacting sites, v may be expressed as:

Vo= :E:: nj Kaj L
~ T¥Xa; L
j
nj Kaj
ZTTKE—L

.i

or v/L

The parameter i refers to the particular class having n sites; Kai'is the
intrinsic association constant of ligand binding to these sites.

Interacting sites arising from allosteric behavior display ligand binding
characteristics which follow a dependence on ligand concentration given by

a, the interaction exponent:

v = n Kas o
1 + KaoLa
v/L = n Kay o-1

1 + KagLa
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For mixed interacting and non-interacting sites, contribution from each of

these cases must be considered.

a a
nKal E ny Kaj L
vV = +

aa - —_—
1 +Kal i 1 +KajL
a a-l ]
nKa L + ni Kaj
UL . o 2.
1 +Kal i T +KajL

Characteristics of this equation are reflected in the Scatchard plots of
transducin binding to rhodopsin. These curves display a positive slope at
small values of B, bound ligand, reflected in v, and a maximum reflecting
the downward curvature predicted by the appearance of a in the equation.
The non-zero intercepts of these plots would be represented by the
Z:m Ky term.

Schreier and Schimmel (129) propose the following method to decompose
such complicated plots. If we assume only one class of non-denaturing

sites (non-specific binding):

a  a-l .
nKa L + n' Ka'

V/L = a o .
1 +Kal 1 +Ka L

The intercepts given by this equation are:

(v/L) v =0 = nKa

1]

v(/L) = 0=n+n
The tangent at V/L

(n

1]

0 may be determined:

+

)2, (n+n)

Ka - n Ka

\)/L =

=
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The intercept of the tangent line is therefore:

(v/L) v=0={(n+ n')z Ka

n

By determining values for these intercepts, the relationships between n,

n, and Ka' permit the calculation of these parameters. Accordingly,
corrections may be made to the original data for contributions from
non-specific binding. An iterative fit may be made in order to refine
the binding parameters, resolving data to the form of the Scatchard
equation describing interacting sites.

The Scatchard equation defining the positive cooperative behavior may

be Tinearized by logarithmic transformation:

</ v > = o log (L) - Tog Ky
log n-v

where K4 is employed to represent the apparent dissociation constant of

the interacting sites. The parameter o reflects the Hill coefficient, ny.
Binding data corrected as described above was employed to calculate these
parameters. Values of n, the number of binding sites per receptor, were
always found to be less than 1, indicating that assumed Bhax values were
greater than described by this analysis, or conversely, overestima;ed on
the assmetion the monomeric rhodopsin provides mu]tibTe binding sites for

rhodopsin. Thus, oligomeric forms of the receptor must participate in

creating the class of cooperative binding sites for transducin.
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APPENDIX III

 The non-catalyzed reaction of guanine nucleotide exchange by
transducin must follow descriptions provided by classical kinetijcs:

S
T+GDP + GTPYS S—""T-GTPYS + GDP

Kp

The initial rate equation for the reaction may be written as follows:

d[T-GTPYS]
Vo = dt = k¢ [T-GOP] [GTPYS]

The independence of [T-GDP] and [GTPYS] in Tinear logarithmic plotting
forms shown in Figures 16 and 17 implies a dissociative type mechanism for
this reaction. In such a model, the reaction may be envisioned as a two
step process with an activated intermediate, T*, combining with GTPYS in
an essentially irreversible step.

k

1
TGP =—=7T* + gpp
k-1

k2
T + GTPYS ———+ T+GTPYS
Considering steady-state conditions,

d [T] *
4t = 0 = Ky [TeeOP] - kp [T*7 [6TPYS]

ki [T-GDP]

k-1 LGDP] - k_» [GTPYS]
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The overall velocity of the dissociation reaction may be described using

the expression of [T*]:

-d [T-G0P] = ky [T-GDP] - k-1 [T™] [GDP] = k1 ko [GDP] [GTPYS]
dt
k.1 [GDP] + ko [GTPYS]

By comparison with the equation for initial velocity, vy, an expression

for k¢ may be obtained:
k1 k2

kg =

k.1 [GOP] + kp [GIPYS]
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