
Activation of G proteins by guanine nucleotide
exchange factors relies on GTPase activity

Rob J Stanley1,2 and Geraint MH Thomas1,2,*

1CoMPLEX, University College London
2Dept. of Cell & Developmental Biology, University College London

*g.thomas@ucl.ac.uk

Abstract1

G proteins are an important family of signalling molecules controlled by gua-2

nine nucleotide exchange and GTPase activity in what is commonly called an3

‘activation/inactivation cycle’. Themolecular mechanism bywhich guanine nu-4

cleotide exchange factors (GEFs) catalyse the activation of monomeric G pro-5

teins is well-established, however the complete reversibility of this mechanism6

is often overlooked. Here, we use a theoretical approach to prove that GEFs are7

unable to positively control G protein systems at steady-state in the absence of8

GTPase activity. Instead, positive regulation of G proteins must be seen as a9

product of the competition between guanine nucleotide exchange and GTPase10

activity – emphasising a central role for GTPase activity beyond merely signal11

termination. We conclude that a more accurate description of the regulation12

of G proteins via these processes is as a ‘balance/imbalance’ mechanism. This13

result has implications for the understanding of many intracellular signalling14

processes, and for experimental strategies that rely on modulating G protein15

systems.16

Introduction17

G proteins are an important and universal family of intracellular signallingmol-18

ecules, incorporating both the alpha subunits of heterotrimeric G proteins and19

the Ras small monomeric G proteins. Most G proteins bind guanine nucleotides20

(GDP, GTP) in a strongly conserved nucleotide binding pocket – an ancient21
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mechanism preserved in both eukaryotes and prokaryotes (Simon et al. 1991;22

Dong et al. 2007; Rojas et al. 2012). Typically, G proteins transition between two23

discrete conformations with distinct signalling functions depending on which24

nucleotide is bound, and soGproteins are often referred to as ‘molecular switches’.25

G protein regulatory systems are crucial components of many intracellular pro-26

cesses – incorrect regulation of G proteins has been implicated in disease: cancer27

(Young et al. 2009; Vigil et al. 2010; O’Hayre et al. 2013), cardiovascular disease28

(Loirand et al. 2013), genetic disorders (Seixas et al. 2013), among many others.29

Regulation of G protein activation is largely controlled by twomechanisms (Fig-30

ure 1A) and is commonly described as an ‘activation/inactivation cycle’ be-31

tween the GTP-bound ‘on/active’ state and the GDP-bound ‘off/inactive’ state32

(Vetter and Wittinghofer 2001; Oldham and Hamm 2008). Activation of G pro-33

teins is controlled by accessory proteins which catalyse guanine nucleotide ex-34

change – the sequential release of GDP and binding of GTP. For monomeric G35

proteins these are known as guanine nucleotide exchange factors (GEFs). For36

heterotrimeric G proteins, G protein coupled receptors (GPCRs) fulfil this role.37

Inactivation of G proteins is controlled by GTPase activity which may either be38

intrinsic, or be provided via accessory GTPase-activating proteins (GAPs). It39

is generally thought that GTPase activity is required for the termination of G40

protein signalling but that it is not essential for signal transmission (Takai et al.41

2001).42

An often overlooked property of GEFs is that their catalytic mechanism is com-43

pletely reversible (Figure 1B) (Goody 2014). GEF-binding is not specific to GDP-44

bound G protein – GEFs can also bind to GTP-bound G protein and catalyse the45

reverse nucleotide exchange, GTP to GDP. In this way, GEFs are capable of inac-46

tivating G proteins (Bos et al. 2007). The extent to which the reversibility of this47

mechanism has been overlooked is demonstrated by the sheer number of publi-48

cation which include diagrams where arrows corresponding to GEF-mediated49

regulation are drawn as unidirectional – missing the reverse arrowhead high-50

lighted in Figure 1A. This error is perhaps best illustrated by its occurrence in51

core biology textbooks, for example:52

• Figures 3–66 and 3–68 in Alberts et al. (2014)53

• Figures 16–15 and 16–16 in Alberts et al. (2013)54

• Figure 4, box 12–2 in Nelson and Cox (2013)55

• Figure 13.40 in Berg et al. (2010)56

• Figure 19–40 in Voet and Voet (2010)57

• Figure 7.12A in Hancock (2010)58
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• Figure 10.3 and 10.4 in Bolsover et al. (2011)59

• Figure 42.4 in Baynes and Dominiczak (2014)60

There has been recent renewed interest in understanding the roles and functions61

of GEFs based on a proper consideration of their enzyme kinetics (Northup et62

al. 2012; Randazzo et al. 2013; Goody 2014). Here we develop the theoretical63

understanding of G protein regulation by GEFs and GTPase activity through64

exploring the consequences of the reversibility of the GEF mechanism. We use65

mathematicalmethods to investigate G protein regulatory systems independent66

ofmeasured kinetic rates, in the context of the physiologically important steady-67

state dynamics. This allows us to comment and draw conclusions on the qual-68

itative behaviours of G protein:GEF:GTPase systems under a wide variety of69

conditions.70

Results71

Qualitative differences between reversible and irreversible mechanisms72

Todemonstrate the qualitative difference between a reversible and an irreversible73

mechanism we derived mass-action models of the GEF mechanism (Figure 1B,74

Methods) and an artificial irreversible mechanism generated by disallowing re-75

lease of GTP from the G protein·GEF complex.76

The reversible and irreversiblemodelswere simulated: in the absence ofGTPase77

activity (Figures 2A, 2D); with intrinsic GTPase activity, modelled by exponen-78

tial decay (Figures 2B, 2E); and with GAP-mediated GTPase activity, modelled79

using the Michaelis-Menten equation (Figures 2C, 2F). To ensure that simula-80

tionswere physiologically plausible, kinetic ratesmeasured for the theRan:RCC181

system were used (Klebe et al. 1995). A GTP:GDP ratio of 10:1 was used to em-82

ulate the relative levels in eukaryotic cells.83

In the presence of either form of GTPase activity both reversible and irreversible84

mechanisms display similar behaviour which is consistent with observations of85

GEF-mediated activation of G proteins in a wide range of biological systems86

(Janetopoulos et al. 2001; Peyker et al. 2005; Adjobo-Hermans et al. 2011; Chang87

and Ross 2012; Oliveira and Yasuda 2013).88

In the absence of GTPase activitywe see a qualitative difference in the behaviour89

of the two mechanisms; each distinct from their shared behaviour in the pres-90

ence ofGTPase activity. While bothmechanisms showan inhibitory effect (which91
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will discussed below in more detail for the GEF mechanism), the steady-state92

concentrations of active and inactive G protein differ substantially. Through93

this examplewedemonstrate how the assumption of an irreversiblemodelwould94

lead to incorrect conclusions when considering extremal (i.e. diseased) states.95

GEFs act to attain a constant ratio of inactive to active G protein96

We derived a simplified quasi-steady-state model of the GEF mechanism (Fig-97

ure 1B) in an equivalent manner to the derivation of theMichaelis-Menten equa-98

tion (Michaelis andMenten 1913; Briggs andHaldane 1925; Johnson and Goody99

2011; Gunawardena 2012). This quasi-steady-statemodel captures the behaviour100

of a generic G protein regulatory system in a single equation:101

d[GGTP]
dt

=
kcat([GGDP]− κ[GGTP])e0

K0 + K1[GGDP] + K2[GGTP]
− fGTPase

Here [GGXP] is the concentration of GXP-boundGprotein and κ is the ratio of the102

backwards to the forwards kinetic rates. (For definitions of the other parameters103

see the Methods section.)104

At steady-state (setting the above equation equal to zero), in the absence of105

GTPase activity, we find that the ratio of inactive to active G protein must al-106

ways equal the value of the constant κ. An equivalent statement is: GEFs act107

to produce a constant proportion of active G protein. While the ratio of inac-108

tive to active G protein (κ) and proportion of active G protein (1/κ + 1) will vary109

for different G protein:GEF systems, these values will remain constant within a110

system, independent of the G protein or GEF concentrations.111

GEFs can be inhibitory112

The commonly used description of GEFs as ‘activators’ of G proteins is contra-113

dicted by the inhibitory effect seen when the GEF mechanism is simulated in114

the absence of GTPase activity (Figure 2D). This demonstrates the inadequacy115

of this description.116

The inhibitory effect can be explained by an equivalent increase in the concentra-117

tions of intermediate G protein·GEF complexes. Values for the concentrations118

of these intermediate complexes were derived as part of the construction of the119

quasi-steady-state model. Using these values, we obtained an equation for the120

proportion of (free) active G protein in terms of the total concentration of GEF.121
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This equation is plottedwith the rates described for the Ran:RCC1 system in Fig-122

ure 3A. Using this equation we are able to prove that in the absence of GTPase123

activity the concentration of active G protein is inversely related to the total con-124

centration of GEF. As the concentration of GEF increases, the concentration of125

G protein will always decreases, and vice-versa.126

Note that a high concentration of GEFwill also lead to a faster total catalytic rate127

(a larger Vmax). This suggests that there will be a tradeoff in terms of increasing128

the concentration of GEF: a low concentration of GEF means that there will be129

little inhibition, but a slow total rate; a high concentration of GEF will lead to130

inhibition, but a fast total rate. We therefore hypothesise that for a healthy G131

protein system, the concentration of GEF will lie in a physiologically relevant132

region, where the inhibitory effect is not so pronounced, but where there is still133

sufficient GEF to catalyse nucleotide exchange at an appropriate rate.134

GTPase activity has a functional role in the observed activation of G proteins135

The simulations of the GEF mechanism show that GTPase activity is sufficient136

to restore an apparent GEF-mediated activation (Figures 2E, 2F). By comparing137

these with the simulation of the system without GTPase activity (Figure 2D),138

we can see how this activation arises. Initially, due to the GTPase activity, the139

activation state reached by the system is suppressed – it is much reduced from140

the activation state reached in the absence of GTPase activity. An increase in the141

concentration of GEF is then able to positively regulate the system by moving142

the activation state closer to the activation state reached in the absence ofGTPase143

activity (even though this state may itself be reduced).144

For intrinsic GTPase activity we obtained an equationwhich describes the effect145

of the relative rates of GEF-catalysed nucleotide exchange and GTPase activity146

on the proportion of G protein which is active. This equation is plotted with147

example parameters in Figure 3B, where we see a sigmoidal response such that148

increasing the concentration of GEF (relative to the GTPase activity) increases149

the concentration of active G protein. Again this allows us to hypothesise that,150

for a healthy G protein system, the relative rates of nucleotide exchange and151

GTPase activity must lie in this sigmoidal region, in order for the system to152

properly respond to an activating or inhibitory signal.153

Together, this clearly demonstrates a requirement for GTPase activity for the154

observable activation of G proteins by GEFs. The proposed mechanism of reg-155

ulation for a generic G protein:GEF:GTPase system can be summarised as fol-156
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lows: 1. GTPase activity inactivates the G protein system by altering the ratio157

of inactive to active G protein away from a GEF-mediated equilibrium. 2. If the158

rate of guanine nucleotide exchange increases or the GTPase activity decreases,159

the proportion of active G protein will then move towards the GEF-mediated160

equilibrium, generating an observed activation.161

Discussion162

We have shown that there are certain universal properties of GEF-mediated reg-163

ulation ofGproteins that arise from the reversibility of itsmechanismandwhich164

are independent of specific kinetic rates. The complete reversibility of the GEF165

mechanism means that at steady-state any GEF acts to produce a constant ratio166

of inactive to active G protein – giving a theoretical maximum proportion of ac-167

tive G protein. Once this maximum is attained, then any subsequent increase168

in the concentration of GEF—the ‘activator’ of the system—cannot increase the169

concentration of active G protein. Instead this will lead to inhibition caused by170

creation of excess intermediate G protein·GEF complexes.171

We urge caution against naïve description of GEFs as ‘enzymes that activate G172

proteins’ and against representations that show this mechanism as irreversible173

as we have shown how these shorthands distort our understanding of the un-174

derlying biology. We have demonstrated that GEFs should not be described as175

enzymes that convert a substrate into product, but as enzymes that act to attain176

an equilibrium—a balance—of active and inactive G protein. The two key roles177

of GTPase activity are then: to drive the system away from this equilibrium—to178

create an imbalance—and so permit positive regulation by GEFs; and to confer179

a unique directionality on the G protein regulatory ‘cycle’. Therefore we sug-180

gest that G protein signalling controlled by GEFs and GTPase activity should181

not be described as an ‘activation/inactivation’ cycle but rather as a system that182

is controlled through ‘regulated balance/imbalance’.183

Both the complete reversibility of guanine nucleotide exchange and associated184

requirement for GTPase activity as a functional component in the activation ofG185

proteins has previously been under-appreciated. This may be due to the almost186

exclusive use of experimental systems where the GDP form of the G protein187

is the unique starting condition and where uptake of GTP is monitored as the188

GEF assay. We also note that our simulations show that an artificial irreversible189

mechanism (Figures 2B, C) and reversible GEF mechanism (Figures 2E, F) have190

similar profiles in the presence of GTPase activity and so undermany conditions191

it may be difficult to experimentally distinguish these mechanisms.192
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We predict that experimental protocols which attempt to regulate G proteins by193

the over-expression of a GEF are likely to produce unexpected behaviour. We194

expect that in many cases this may cause inhibition of the G protein rather than195

activation (Figure 3A). Activation of G proteins should therefore be preferen-196

tially targeted by reduction of the relevant GTPase activity (Figure 3B). Note197

that these results remain consistent with the long-established use of dominant198

negative mutants for the inhibition of G protein systems (Feig 1999; Barren and199

Artemyev 2007). We accept that many previous studies that have ignored the200

reversibility of GEFs will havemade conclusions that are valid undermany con-201

ditions. But we stress that in extremal scenarios (such as in disease) those con-202

clusions may not always hold.203

Additionally, we hope that this new perspective in considering the control of204

G proteins will lead to novel approaches for the control of G protein systems.205

GEFs have previously been suggested as potential therapeutic targets (Bos et al.206

2007). Our results extend this to a novel, and seemingly paradoxical, mecha-207

nism by which over-expression of an activator could lead to the inhibition of208

its substrate. This may have implications in G protein systems with diminished209

GTPase activity, for example constitutively active transforming mutations in210

Ras common in cancers (Stephen et al. 2014), where additional GAP activity211

would have no effect but where sequestration of active G protein by a GEF may212

be useful alternative.213

The mathematical underpinning to our results mean that they should hold for214

any G proteins:GEF system so long as the mechanism is consistent with that215

studied here (Figure 1A), and under the reasonable assumption that the ma-216

jority of its functional signalling is due to the steady-state behaviour. The pre-217

cise tradeoffs for any system (equilibrium ratios, total rates, and scale of inhi-218

bition) will depend on the specific kinetic rates for the GEF and the strength of219

GTPase activity, but the overall qualitative characteristics should remain consis-220

tent across all such systems. Conclusions based on alternative mechanisms, for221

instance systems with an implicit G protein·GEF·GAP complex (Berstein et al.222

1992), would require further analysis.223

Methods224

The following mathematical analysis uses the notation:225

• G protein without nucleotide bound→ G226
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• G protein with GDP bound→ GGDP227

• G protein with GTP bound→ GGTP228

• GEF→ E229

The volume concentration of a species S will be denoted by [S].230

Mass-action model231

A deterministic ordinary differential equation (ODE) model of the GEF mecha-232

nism (Figure 1B) was derived using the law of mass-action:233

d[E]
dt

=− [E](k1[GGDP] + k5[GGTP]) + k2[E · GGDP] + k6[E · GGTP]

d[E · GGDP]
dt

=− (k2 + k3)[E · GGDP] + k1[GGDP][E] + k4[E · G][GDP]
d[E · GGTP]

dt
=− (k6 + k7)[E · GGTP] + k5[GGTP][E] + k8[E · G][GTP]

d[E · G]

dt
=− (k4[GDP] + k8[GTP])[E · G] + k3[E · GGDP] + k7[E · GGTP]

d[GGDP]
dt

=− k1[E][GGDP] + k2[E · GGDP] + fGTPase

d[GGTP]
dt

=− k5[E][GGTP] + k6[E · GGTP]− fGTPase

We assume: for systems with no GTPase activity, fGTPase = 0; for systems234

with intrinsic GTPase activity, fGTPase = kase[GGTP]; and for systems with GAP-235

mediated GTPase activity, fGTPase = kase[GGTP] f0
Km+[GGTP]

where f0 is the total concentra-236

tion of GAP.237

There is an equation for the conservation of mass of GEF:238

e0 = [E] + [E · GGDP] + [E · GGTP] + [E · G] (1)

And an equation for the conservation of mass of G protein:239

g0 = [GGDP] + [GGTP] + [E · GGDP] + [E · GGTP] + [E · G] (2)

Simulation of the mass-action model240

The parameters used for the simulations in Figure 2 are summarised in Table241

S1. Wherever possible, parameters measured for the Ran:RCC1 system were242
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used (Klebe et al. 1995). The irreversible model was generated by setting k7 = 0.243

(Alternative irreversible models could be generated by setting any one or more244

of the reverse reaction rates to zero.)245

All simulations were started from steady-state and generated by numerical in-246

tegration of the mass-action equations, with the exception of free enzyme con-247

centration [E] which was calculated from the total mass of enzyme equation (1)248

with:249

• e0 = 0.05 during 0 ≤ t < 2250

• e0 = 0.2 during 2 ≤ t < 4251

• and free GEF (E) removed from the simulation until e0 = 0.05 during t ≥ 4252

Quasi-steady-state model253

Quasi-steady-state solutions for the intermediate enzyme complexes of the GEF254

mechanism (Figure 1B) were derived using the framework of Gunawardena255

(2012) (Figure S1):256

[E] =
(

K0

K0 + K1[GGDP] + K2[GGTP]

)
e0

[E · GGDP] =

(
Kd

1 [GGDP] + Kd
2 [GGTP]

K0 + K1[GGDP] + K2[GGTP]

)
e0

[E · GGTP] =
(

Kt
1[GGDP] + Kt

2[GGTP]
K0 + K1[GGDP] + K2[GGTP]

)
e0

[E · G] =

(
Kg

1 [GGDP] + Kg
2 [GGTP]

K0 + K1[GGDP] + K2[GGTP]

)
e0

where the Kx
i and the Ki are summary parameters (defined in Table S1).257

These quasi-steady-state solutions were substituted into the equation for the258

rate of change of [GGTP] given in themass-actionmodel, to obtain a quasi-steady-259

state model for a generic GEF acting on a generic G protein:260

d[GGTP]
dt

=
kcat([GGDP]− κ[GGTP])e0

K0 + K1[GGDP] + K2[GGTP]
− fGTPase (3)

where kcat is the forward catalytic rate; κ is the ratio of the backwards to the261

forwards kinetic rates, multiplied by the ratio of GDP to GTP.262

This equation does not consider mass held in G protein·GEF intermediate com-263

plexes and so is only a good approximation when e0 ≪ g0. Note that with264
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fGTPase = 0 this model reduces to the Michaelis-Menten equation when y = 0,265

and is equivalent to the equation used by Randazzo et al. (2013) when the con-266

centration of GTP is absorbed into the summary paramters.267

Steady-state ratio of inactive to active G protein268

At steady-state with fGTPase = 0, equation (3) implies:269

[GGDP] = κ[GGTP] (4)

Assuming that e0 ≪ g0, equation (2) simplifies to g0 = [GGDP] + [GGTP], into270

which equation (4) can be substituted to obtain:271

[GGTP]
g0

=
1

κ + 1

This is the maximum steady-state proportion of active G protein.272

ActiveGprotein as a function ofGEF concentration (withoutGTPase activity)273

The effect of increasing the concentration of GEF on the steady-state concen-274

tration of active G protein in the absence of GTPase activity ( fGTPase = 0) was275

investigated.276

The quasi-steady-state solutions for the intermediate enzyme complexes and277

equation (4) were substituted into equation (2) to obtain:278

0 = (κ + 1)[GGTP]2 + 2b[GGTP]− Ksg0

where b = 1
2 (e0 − g0 + (κ + 1)Ks) and Ks =

K0
(K1κ+K2)

.279

This quadratic equation has one positive solution:280

[GGTP] =
1

κ + 1

(
−b +

√
b2 + (κ + 1)Ksg0

)
Alternatively, the proportion of active G protein is:281

[GGTP]
g0

=
1

g0(κ + 1)

(
−b +

√
b2 + (κ + 1)Ksg0

)
(5)
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We are interested in the rate of change of [GGTP] with respect to e0, the total282

concentration of GEF. As b (and only b) is a function of e0, we can examine:283

d[GGTP]
db

=
1

κ + 1

(
b√

b2 + (κ + 1)Ksg0
− 1

)
< 0

As this equation is always negative, the concentration of active G protein must284

decrease as the concentration of GEF is increased (and vice-versa).285

Active G protein as a function of GEF concentration (with GTPase activity)286

The effect of increasing the concentration of GEF on the steady-state concentra-287

tion of active G protein with GTPase activity ( fGTPase = kase[GGTP]) was investi-288

gated.289

At steady-state d[GGTP]
dt = 0 implies:290

[GGDP] =
K2y2 + (K0 + κκ̂)[GGTP]

κ̂ − K1[GGTP]
(6)

where κ̂ = kcate0
kase .291

Again assuming that e0 ≪ g0, equation (2) simplifies to g0 = [GGDP] + [GGTP],292

into which equation (6) can be substituted to obtain:293

0 = (K2 − K1)[GGTP]2 + 2b̂[GGTP]− κ̂g0e0

where b̂ = 1
2 (K0 + K1g0 + (κ + 1)κ̂e0).294

This quadratic equation has one solution that lies in the region 0 ≤ [GGTP] ≤ g0:295

[GGTP] =
1

K2 − K1

(
−b̂ +

√
b̂2 + (K2 − K1)κ̂g0e0

)
Alternatively, the proportion of active G protein is:296

[GGTP]
g0

=
1

g0(K2 − K1)

(
−b̂ +

√
b̂2 + (K2 − K1)κ̂g0e0

)
(7)

This equation describes the steady-state concentration of active G protein as a297

function of κ̂, the ratio of the rate of forwards GEF-mediate nucleotide exchange298

to the rate of GTPase activity.299
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Figure captions411

Figure 1. The activation ofGproteins is regulated byGEFs andGTPase412

activity.413

A G proteins are controlled by GEFs which catalyse the sequential release and414

binding of guanine nucleotides, and byGTPase activity (both intrinsic andGAP-415

mediated) which hydrolyses the bound GTP to form GDP. The red circle high-416

lights that the GEF mechanism is completely reversible.417

B The reversible mechanism by which a GEF catalyses guanine nucleotide ex-418

change on a G protein proceeds through a series of GEF·G protein complexes419

(Bos et al. 2007). Parameters ki are kinetic rates which are unique to each G420

protein:GEF system. Associated species (free GEF, GTP, GDP) have not been421

drawn. The grey arrow identifies forwards nucleotide exchange, catalysing the422

activation of theGprotein. The ref arrow identifies reverse nucleotide exchange,423

catalysing the inactivation of the G protein.424

Figure 2. Apparent activation of G proteins via GEFs is only observed425

when GTPase activity is present.426

Simulation of mass-action models, using parameters described in Table S1, and427

where GGXP denotes GXP-bound G protein. Where indicated as present, intrin-428

sic GTPase activity was modelled as exponential decay, GAP-mediated GTPase429

activity by the Michaelis-Menten equation. The shaded region denotes stim-430

ulation of the system through increasing the active GEF 4-fold from its basal431

concentration. For all simulations, steady-state concentrations were used as the432

initial conditions. Mass corresponding toGEF·Gprotein complexes has not been433

drawn.434

A, B, C An artificial irreversible model, constructed by assuming the rate of re-435

lease of GTP from the active G protein·GEF complex is zero.436

D, E, F The reversible GEF mechanism (Figure 1B).437

Figure 3. GTPase activity restores the ability of GEFs to positively reg-438

ulate a G protein by moving the system away from equilibrium.439

The relationship between the concentration of GEF and the steady-state propor-440

tion of active G protein (equation (5), equation (7)) illustrated using parameters441

described for the Ran:RCC1 system (Klebe et al. 1995) and unit concentration442
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of G protein. The activation cannot be increased above a theoretical maximum443

equilibrium value derived from the ratio of the total forwards and backwards444

catalytic rates of the GEF (κ). The shaded region denotes the region which is445

most likely to be physiologically relevant.446

A In the absence of GTPase activity (equation (5)), increasing the GEF concentra-447

tion can only decrease the steady-state concentration of active G protein, instead448

producing irrelevant GEF·G protein complexes.449

B In the presence of GTPase activity (equation (7)), the steady-state concentra-450

tion of active G protein is suppressed. Increasing the (relative) concentration of451

GEF acts to counter this suppression, driving the activation state back towards452

the maximum equilibrium value.453

Figure S1. Application of the framework of Gunawardena (2012) to454

the mechanism for the GEF mediated release and binding of guanine455

nucleotides to G proteins.456

A The graph on the enzyme complexes with complexes as vertices and edges457

representing reactions labelled by rates and partner species.458

B All possible directed spanning trees of the graph on the enzyme complexes.459

The red vertex denotes the root of each spanning tree.460

C The basis element, ρ, generated from the each spanning trees: the sum over461

each root vertex, of the products of the labels of each spanning tree. Every462

steady-state of the original system X = ([E], [E · GGDP], [E · GGTP], [E · G])T is463

a solution to the equation X = λρ where λ is a constant. We manipulate this464

equation to obtain Xi =
ρi

∑i ρi
× ∑i Xi.465

Table S1.466

Concentrations, kinetic parameters, and summary parameters used for Figures467

2 and 3. Where applicable, the definitions of the summary parameters in terms468

of the individual kinetic parameters are stated.469

Value obtained from (Klebe et al. 1995).470
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Figure 3
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Figure S1
A

E

E ⋅ G

E ⋅ GGDP E ⋅ GGTP

k1[GGDP]k1[GGDP] k5[GGTP]k5[GGTP]

k8[GTP]k8[GTP]k4[GDP]k4[GDP]

k3k3

k2k2

k7k7

k6k6

C

ρ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

K0

K
d
1[GGDP] + K

d
2[GGTP]

Kt
1[GGDP] + Kt

2[GGTP]
K
g
1[GGDP] + K

g
2[GGTP]

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

B
•

•

• •

k8[GTP]k8[GTP]

k2k2 k6k6

•

•

• •

k8[GTP]k8[GTP]
k3k3

k6k6

•

•

• •

k4[GDP]k4[GDP]

k2k2 k6k6

•

•

• •

k4[GDP]k4[GDP]

k2k2

k7k7

•

•

• •
k1[GGDP]k1[GGDP]

k4[GDP]k4[GDP]

k6k6

•

•

• •
k1[GGDP]k1[GGDP]

k4[GDP]k4[GDP]
k7k7

•

•

• •
k5[GGTP]k5[GGTP]

k4[GDP]k4[GDP]
k7k7

•

•

• •
k1[GGDP]k1[GGDP]

k8[GTP]k8[GTP]

k6k6

•

•

• •
k5[GGTP]k5[GGTP]

k8[GTP]k8[GTP]

k2k2

•

•

• •
k5[GGTP]k5[GGTP]

k8[GTP]k8[GTP]
k3k3

•

•

• •
k1[GGDP]k1[GGDP]

k8[GTP]k8[GTP]
k3k3

•

•

• •
k5[GGTP]k5[GGTP]

k4[GDP]k4[GDP]

k2k2

•

•

• •
k1[GGDP]k1[GGDP]

k3k3

k6k6

•

•

• •
k1[GGDP]k1[GGDP]

k3k3 k7k7

•

•

• •
k5[GGTP]k5[GGTP]

k3k3 k7k7

•

•

• •
k5[GGTP]k5[GGTP]

k2k2

k7k7

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 23, 2015. ; https://doi.org/10.1101/032607doi: bioRxiv preprint 

https://doi.org/10.1101/032607


Table S1

Rate Reversible model Irreversible model Definition
f0 1 1
[GTP] 10 10
[GDP] 1 1
k1 * 7.4 × 107 7.4 × 107

k2 * 55 55
k3 * 21 21
k4 * 1.1 × 107 1.1 × 107

k5 * 1.0 × 108 1.0 × 108

k6 * 55 55
k7 * 19 0
k8 * 0.6 × 106 0.6 × 106

k_ase 4 4
K_m 0.7 0.7
K_ic 100 100
Kd

1 8.466 × 1016 6.919 × 1016 k1(k6k8[GTP] + k4(k6 + k7)[GDP])
Kd

2 2.090 × 1016 0 k4k5k7[GDP]
Kg

1 1.150 × 1011 8.547 × 1010 k1k3(k6 + k7)

Kg
2 1.444 × 1011 0 k5k7(k2 + k3)

Kt
1 9.324 × 1015 9.324 × 1015 k1k3k8[GTP]

Kt
2 1.061 × 1017 1.061 × 1017 k5(k8(k2 + k3)[GTP] + k2k4[GDP])

K0 6.985 × 1010 5.836 × 1010 k6k8(k2 + k3)[GTP] + k2k4(k6 + k7)[GDP]
K1 9.398 × 1016 7.851 × 1016 Kd

1 + Kg
1 + Kt

1

K2 1.270 × 1017 1.061 × 1017 Kd
2 + Kg

2 + Kt
2

kcat 5.128 × 1017 5.128 × 1017 k1k3k6k8[GTP]
κ 2.242 0 k2k4k5k7[GDP]

k1k3k6k8[GTP]
Ks 2.069 × 107 5.500 × 10−7 K0

(K1κ+K2)
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