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ABSTRACT. Transducin is a heterotrimer formed by a fatty acylatedubunit and a farnesylategly-

subunit. The role of these two covalent modifications and of adjacent hydrophobic and charged amino
acid residues in reversible anchoring at disk model membranes is investigated at different pH values, salt
concentrations, and lipid packing densities using the monolayer expansion technique and CD spectroscopy.
The heterotrimer only binds if the acetylatedsubunit is transformed into its surface-active form by
divalent cations. In the presence of salts #{&DP)-subunit, thgdy-complex, and the heterotrimer bind

to POPC monolayers at 30 mN/m, estimated to mimic the lateral packing density of disk membranes,
with apparent binding constants Kfy, = (1.1 + 0.3) x 10° M1 (reflecting the penetration of the fatty

acyl chain together with approximately three adjacent hydrophobic amino acid resiugsy, (3.5 +

0.5) x 10° M~! (reflecting the penetration of the farnesyl chain), aag, = (1.6 + 0.3) x 1° M
(reflecting a major contribution of the(GDP)-subunit with only a minor contribution from tifig’-com-

plex). The apparent binding constant of ta@&TP)-subunit is distinctly smaller than that of theGDP)-

subunit. Binding to negatively charged POPC/POPG (75/25 mole/mole) monolayers is reinforced by 2
cationic residues for th&y-complex. Thex-subunit shows no electrostatic attraction and the heterotrimer
shows even a slight electrostatic repulsion which becomes the dominating force in the absence of salts.

Heterotrimeric guanine nucleotide-binding proteins or Escherichia coliis missing the fatty acyl modification. &
G-proteins (G) act as universal transducers in membrane-of the endo-Lys-C-proteolyzeds is intact, but the three
bound signal transduction. Generally, the heterotrimer, C-terminal residues of GGand the farnesyl modification are
composed of thet-subunit (G) and the undissociablgy- missing. The present crystal structure includes residues
subunit complex (&), couples to seven-helix transmembrane 6—343 for Go/Giq1, residues 2340 for Gg, and 8-66 for
receptors at the cytoplasmic face of the plasma membrane Gy,.

Receptors activated by specific chemical or physical stimuli, ~ The nativea-subunit (39 kDa) of transducin is acylated
such as hormones or quanta of light, induce exchange ofat the N-terminal glycine via an amide linkage. The fatty
GTP for GDP on G and dissociation of Gfrom Gg,. Both acyl modification is heterogeneous, containing laurate (C12:
G,GTP and G, can interact with various effector molecules. 0), unsaturated C14:2 and C14:1 fatty acids, and only 5%
The intrinsic GTP hydrolytic activity of Gconverts it back  of myristate (C14:0) g, 6). Nevertheless we will refer to

to the GDP-bound resting state, which reassociates with G these hydrophobic modifications as myristate. Frgibunit

Signal transduction in the retinal rod is one of the best- (8 kDa), tightly associated to th®subunit (36 kDa) agy-
characterized G-protein-coupled signaling systems (for re- complex (Gg,), is farnesylated (¢) via a thioether bond
view, see ref3). The crystal structure of a modified and reversiblya-carboxyl methylated at the C-terminal
heterotrimeric transducin, the G-protein coupling to rhodop- cysteine residue?y.
sin (G), has recently been determined).(The modified The hydrophobic modifications have been shown to play
heterotrimeric complex consists of a./&i.! chimera, and  a role in membrane targeting of G-proteins in general and
an endo-Lys-C-proteolyzed 5. Gw/Gia1, expressed in  may also affect proteinprotein interactions (cf. re8). In
solution neither N-acylation of g&GDP nor farnesylation of
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the membrane9) or whether only the myristoyl moiety 32 mN/m. The binding isotherms are analyzed in terms of
penetrates, while the farnesyl moiety interacts with the hydrophobic and electrostatic interactions. (iii) The secondary
a-subunit (L4), is not yet fully clarified. structure of transducin in solution and bound to lipid vesicles
In addition to hydrophobic interactions, electrostatic is investigated by means of circular dichroism (CD) spec-
interactions {4) were shown to play a role in binding of troscopy and is then compared to the crystal structdye (
Gy, to negatively charged membranes. In this context the to test experimentally whether the crystal structure can be
early observation that the heterotrimer in its inactive, GDP- used as an approximate model for the membrane-bound
binding form can be easily extracted from disk membranes protein as suggested earli@5. This combined approach
at low ionic strength5) suggests a special role of ions for provides the molecular determinants responsible for revers-
disk membrane binding which is not yet understood. ible membrane anchoring of transducin and allows one to
Disk membranes are unusual in their high content of lipids propose a model for the membrane-binding region, which
with polyunsaturated acyl chains in the-2 position. These  is essentially missing in the crystal structure.
lipids exhibit a relatively large cross-sectional area, and as
a consequence, their lateral packing density is lower than MATERIALS AND METHODS
that of lipids with monounsaturated acyl chains in #me2
position. The latter was determined previously as432 Purification of TransducinBovine G was purified as
mN/m (16) in the absence and as 35 1 mN/m in the described by Heck and HOfmanﬁ70. Purification of G
presence of cholesterdl 7). In contrast to cholesterol, which ~ Subunits was carried out essentially as described by Yamaza-
strongly increases acyl chain ordering in membranes, trans-Ki et al. (28) on a blue sepharose column (HiTrap Blue, 1
membrane proteins reduce it, but only to a small extent ML, Pharmacia). Aliquots were stored in 10 mM Hepes (pH
(~10%) (for review, see refs8, 19). To a first approximation ~ 7-5) containing 100 mM NacCl, 5 mM Mggland ImM DTT
the lateral packing density in the presence or absence ofat —80 °C.
transmembrane proteins can therefore be assumed to be Gy, concentration was determined by the method of
similar. On the basis of X-ray amtH NMR measurements ~ Bradford @9) using bovine serum albumin as the standard.
(20), the lateral packing density in disk membranes at the Active G and G, concentrations were determined by
tip of the rod outer segments is estimated as 30 mN/m. Thefluorimetric titration using GTPS (30).
fact that G-protein activation increases progressively with ~ Buffers. For monolayer-binding measurements 10 mM
decreasing levels of cholesterol and increasing levels of acylHepes (pH 7.6-:8.0) or 10 mM MES (pH 5.56.5), contain-
chain unsaturation2(l) points to an important role of the ing 1 mM MgCk, 100 mM NaCl, and 1 mM DTT, was used
lipid packing density. The packing density of membranes if not otherwise specified. For CD measurements 10 mM
may also change in the course of an activation cycle as aTris (neutral and basic pH) or MES was used. Concentrations
result of phospholipase action (cf. r29). of monovalent and divalent salts were identical to that above
Proper membrane association of molecules involved in if not otherwise mentioned, but NaCl which absorbs strongly
G-protein-coupled signal transduction is thought to be a atlow wavelength{ < 200 nm) was replaced by NaF. This
decisive factor in terms of precision and fidelity of signal €xchange had, however, no influence on the spectral shape
transduction 23, 24). Unraveling the disk membranre  of the protein. When present with 1 mM Kig NaF
transducin interaction on a molecular level may therefore transforms Ginto an at least partially active conformation
be a prerequisite for understanding how the interaction of (ref 31, see below).
transducin with photoactivated rhodopsin is initiated (cf., e.g.,  Lipids and Lipid Vesicle PreparatiolPOPC and POPG
ref 25). were purchased from Avanti Polar Lipids (Birmingham,
The aim of the present investigation is to provide for the Alabama) and were used without further purification. Lipid
first time quantitative membrane-binding data for transducin vesicles were prepared as described ear8&). (
and its subunits. Since pH and ionic composition may change Circular Dichroism Measurement<Circular dichroism
in the course of an activation cycle, binding measurements (CD) spectra were measured with a Jasco J720 spectropo-
are performed at different pH values and different ion larimeter at ambient temperature as described earBg&r (
concentrations. As model systems we use small unilamellarResults were plotted as mean residue elliptioily,in units
vesicles and lipid monolayers which can be easily varied in of deg cni dmolt. Estimations of the percentage of
their lateral packing density and thus allow the simulation secondary structures were obtained from a computer simula-
of the potential surface pressure variations in disk mem- tion based on the reference spectra of Yang et3d). CD
branes. Model membranes are composed either of electricallyspectroscopy was used to ensure that the secondary structure
neutral 1-palmitoyl-2-oleoysnglycero-3-phosphocholine  of the protein was essentially unchanged under the conditions
(POPC) or of a mixture of POPC and negatively charged of these measurements.
1-palmitoyl-2-oleoylsn-glycero-3-phosphoglycerol (POPG) Monolayer Measurement® round Teflon trough de-
(75/25 mole/mole), which mimics the negative surface signed by FromherZ§) (type RCM 2-T, Mayer Feintechnik,
potential of the cytoplasmic side of disk membranes (cf. ref Géttingen, Germany) with a total area of 362 %rdivided
26). The following experiments are conducted: (i) The cross- into eight compartments was used. To keep humidity
section of the membrane penetrating moieties @f Gy, constant, we filled compartments, which were not used for
and G is determined by means of monolayer expansion measurements, with water and covered the trough with a
measurements at constant surface pressure. (i) MembranePlexiglas hood. The surface pressures yo — y, wherey,
binding constants of GDP, G.GTP, Gg,, and G are is the surface tension of the pure buffer gndhe surface
estimated by measuring binding isotherms for electrically tension of the peptide solution, was monitored by means of
neutral and negatively charged monolayers at both 30 anda Whatman No. 1 filter paper, connected to a Wilhelmy
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balance. Measurements were performed at ambient temper- Measurement of the Penetration Area of the Pratdio
ature 23+ 1 °C. penetrate into a lipid monolayer with a lateral pressutey

For penetration experiments generally two compartments protein molecule has to perform the waokiV = 77Ap, where
of the trough were used, containing together 40 mL of the penetration aredp, is the area which the molecule
solution. The monolayer was formed by depositing a drop occupies in the lipid monolayer. The free energy of penetra-
of lipid dissolved in hexane/ethanol (9:1, v/v) on the buffer tion will therefore vary with the monolayer surface pressure,
surface between a fixed and a movable barrier and was thenr. According to Boguslavsky et al36) the variation of the
left to stabilize for about 15 min. The initial ared, of the partition coefficientKapp With the surface pressure is given
lipid monolayer was typically around 50 érand contained by
n. lipid molecules. Protein dissolved in buffer<85 M)
was injected with a Hamilton syringe into the buffer subphase K. = Koe—ﬂAp/kT (5)
which was stirred continuously by a magnetic stirring bar. app
During equilibration time the surface pressuwgwas kept

constant by means of an electronic feedback system. The decng dt:rr:'gg o??rmse %elgg\(je zrgfliﬁir;he Zur;?%%nggifure
penetration ofir protein molecules with an penetration area, P ’

Ap, into the monolayer thus gave rise to an area expansion,Ceq under the assumption of a constant penetration &,

AA. The mole fraction of protein in the monolayer is defined and a constant lipid ared in the following:
asX, = ny/n., and can be evaluated from the relative area AT AT
increase AA/A, provided thatA_ and As are known (see ANA= (AJA)KCe ~ (const)e (6)
below) (16).
The penetration aredy, was determined from the slope
X, = n/n_ = (AAA) (A 1Ap) 1) of the IN(AAVA) vs T curve. In the case of biphasic I/
_ N o A) vsr curves the two aready; andAp,, are assumed to be
Evaluation of Partition Coefficients The monolayer  constant for the given surface pressure interval. The assump-

expansion method provides the possibility to measure bindingtjon of constant area can be made to a first approximation
isotherms in the nanomolar concentration range. At thesesinceAL andAp change by at most 15% in a given surface
low concentrations the penetration of the protein into the pressure interval.
lipid monolayer can be described by a simple partition = gror petermination.For monolayer insertion measure-

equilibriun® ments each data point corresponds to an experiment per-
X=K. C @) formed with a fresh lipid monolayer. For o@eNA vs r or
b~ Tapp-eq AAJA vs Cgq curve, protein from different preparations was
used (exceptions are mentioned). The scatter thus reflects
the error in protein concentration as well as in monolayer
manipulation. The errors i, andKappwere determined from
the standard deviations of the measured curves.
Cor — (Cy+ Cogd (3) Molecular Modeling.Structural data4) were obtained
from the SBX Brookhaven data bank.

where Ky is the partition coefficient or apparent binding
constant andq the equilibrium concentration of the protein
in solution. The latter is calculated according to

Ceq=
where Cy is the total concentration of protei, is the
concentration of protein bound to the lipid monolay@?)( RESULTS
andC,qsis the concentration adsorbed to the Teflon trough.
Adsorption to the Teflon surface was found to be distinctly
smaller than that to the lipid monolayer. For simplicity we
used a constant valu€,qs= 2 nM for G; as well as for its
subunits.

Kapp Was determined from a Scatchard plot at low
concentrations (nM). This simple model was found to be
appropriate previously for hisactophilin binding to lipid
monolayers 33).

However, at high concentrations a saturation behavior is
observed, indicating a complete coverage of the available
lipid monolayer with the protein. The experimental/A
vs Cgq curves (Figure 3) were therefore fitted with a
Langmuir adsorption isotherm of the form

Penetration of G, Gy,, and G into Lipid Monolayers as
a Function of the Surface Pressurlipid monolayer with
an areaA, was spread on buffer containing 1 mM MgClI
and 100 mM NaCl and was set to a desired surface pressure
(7r), which was kept constant during the penetration experi-
ment. The surface pressure of the lipid monolayer was always
distinctly higher than the surface pressure of the protein in
solution. The protein was injected into the subphase to a final
concentration ofCy,; = 20 NnM and gave rise to an area
increase AA) due to penetration into the lipid layer.
Monolayers in the presence ofG Gyg,, and G were
extremely stable. The equilibration times were of2h.
The rate-limiting step is the diffusion of the protein to the
_ monolayer surface. Figure 1 summarizes the penetration
ANA= (AIA)KapCed (1 (NCedSapd) - (4) measurements of G Gys,, and Ginto POPC/POPG (75/25
whereKppis the apparent binding constant (cf. above) and mole/mole) monolayers as a function of surface pressure.

nis the number of lipids covered by one protein molecule. ~ FOr GaGDP (Figure 1A) the semilogarithmic plot 6A/A
vsur at pH 7.5 is linear in the surface pressure range oef 23

2 Effects due to steric hindrance of large protein moleculgsvhich 29 mN/m. In the small surface pressure intervairak 29—

play a role in thexM concentration range can be neglected at these 31 MN/m, a steep _ sigmoidal decrease OofAlA(A) is
low concentrations. observed. From the linear slope of theA#{(A) vs & curve
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Ficure 1: Relative area increasAA/A, due to protein Gyt = 20

nM) penetration into POPC/POPG (75/25 mole/mole) monolayers
as a function of the monolayer surface pressute(A) GGDP

at pH 7.5 @) and pH 5.5 {) and G,GTPyS at pH 5.5 ¥); (B)

Gy, atpH 7.5 ®); (C) G at pH 7.0 @), pH 8.0 ®#), and pH 5.5

(*). Each experimental point represents a new lipid monolayer with
a preset surface pressurg, kept constant during the penetration
experiment.

(23—29 mN/m) the cross-sectional area of,GDP in the
lipid monolayer is determined according to eq 6%as= 65
+ 10 A2

Penetration of GGTPyS into POPC/POPG (75/25 mole/
mole) monolayers at pH 7.5 (not shown) is practically
identical to that of GDP at low surface pressure. However,
the sigmoidal drop of the IZNA/A) vs T curve occurs already
in a lower surface pressure range {Z& mN/m). At pH
5.5 the InAA/A) vs zr curve of G,GTPyS (Figure 1A) is
superimposable to that of f&TPyS and GGDP (pH 7.5)
at low surface pressure but remains linear in the whole
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high surface pressures & 30 mN/m) the variation is small.
The penetration areas derived from the two different slopes
of the curve (cf. Methods) ar@s; = 280+ 20 A% and Ap,
=80+ 20 A2in the low and the high surface pressure range,
respectively.

Figure 1C shows the INNA/A) vs i plot for G, measured
at pH 7.0, 8.0, and 5.5. The curves at pH 7.0 and 8.0 are
identical within experimental error and exhibit a biphasic
behavior similar to that of ¢z,. The corresponding penetra-
tion areas arép, = 264+ 20 A2 andAs, = 60 + 10 A2. At
pH 5.5 a similar biphasic behavior is observed, but the
relative area increase is distinctly higher in the whole surface
pressure range measured. The penetration areal-are
300 + 20 A2 andAp, = 58 + 10 A2

The InAA/A) vs  curve of G for electrically neutral
POPC monolayers (not shown) is comparable to thatof G
for POPC/POPG monolayers at low surface pressure but
remains linear in the surface pressure range 25mN/m.
From the slope of the linear curve the penetration afga,
= 73 + 20 A?is determined.

Binding Isotherms of (5, Gy,, and G. Protein binding to
POPC/POPG (75/25 mole/mole) and POPC monolayers was
measured by monitoring the relative area increAg€A, as
a function of the equilibrium concentratio@, The AA/A
vs Cgq curves can be transformed into true binding isotherms
according to eq 1 since the area of the lipids,(37), and
the penetration area of the proteiAs, at membrane packing
densities are known (cf. Tablel). Binding isotherms were
measured both at 30 and at 32 mN/m. Typical binding
isotherms of GGDP, Gg,, and G measured for POPC/
POPG (75/25 mole/mole) and POPC monolayers at 30 mN/m
(pH 7.5) are displayed in Figure 2. Binding isotherms were
also measured at pH 5.5 both at 30 and 32 mN/m. Partition
coefficients were determined according to eqs 1 and 2 and
are summarized in Table 1.

At high concentrations of @and its subunits, a saturation
behavior is observed indicating a complete coverage of the
available lipid monolayer with the protein. For lipid mono-
layers at 30 mN/m, in the absence of electrostatic attraction
between proteins and the monolayer surface, the number of
lipids covered by one protein molecule was evaluated
according to eq 4 as = 15 + 4 for G (POPC/POPG) as
well as for G, (POPC/POPG) and & (POPC). This
suggests an area requirement of 182@70 A2 per protein
molecule’

The Influence of lonic Strength and pH on Protein
Penetration A POPC/POPG (75/25 mole/mole) monolayer
was spread on buffer solution at pH 7.5 in the absence of
MgCl, and NaCl at a surface pressure of 25 mN/m. No area
increase was observed after injection qf @&1d G into the
subphase. Penetration was only triggered by injecting MgCl
Increasing the concentration of MgQkad to increasing
penetration of the proteins as exemplified fori® Figure
3A. CaC} had almost the same effect. However, NaCl at
the same concentration was about twenty times less effective.

3 For negatively charged monolayers (POPC/POPG) the number of

surface pressure range measured. The same seems to be trugid molecules covered by oneyG molecule appears to be larger (

for G,GDP at pH 5.5.

For Gg, (Figure 1B) the INAA/A) vs & plot shows a
biphasic behavior. At low surface pressures{28 mN/m)
the relative area increase varies strongly withwhile at

= 32 + 2.4) than for neutral monolayers. However, this may be an
artifact. Due to electrostatic attraction the concentration @f & the
negatively charged monolayer surface is high (cf. discussion). At
elevated bulk concentrations binding may therefore be reduced as a
result of steric hindrance.
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Table 1: Parameters for Transducin and Its Subunits Derived from Monolayer-Binding Expefiments

pH ot [MN/m] G.GDP G.GTP,S Gyy G
Ap1 (PCIPG) [&] 7.5 <30 65+ 10 65 280+ 20 264+ 20
Ap2 (PCIPG) [K] 7.5 >30 65+ 10 nm 80+ 20 60+ 10
A, (PC) [A9 7.5 <30 nd nd nd 73t 20
Ap1 (PCIPG) [R] 5.5 <30 65+ 10 65 nd 300Gt 20
Ay (PCIPG) [K] 5.5 >30 65+ 10 65 nd 58+ 10
Kapp (PC/IPG) [M] 7.5 32 nd nd nd (8.4 2) 10
Kapp (PC) [M7Y] 7.5 32 (4.9+1) 1¢ nd 1.1+ 0.4) 10 (4.8+1) 10
Kapp (PC/IPG)Kapp (PC) 7.5 32 nd nd nd 0.2
Kapp (PC/PG) [M] 7.5 30 (1.1+£0.4) 10 <1x 10 (3.5+1.0) 16 (1.6+£0.4) 16
Kapp (PC) [M7Y] 7.5 30 ~(1.1+0.4) 106 nd (1.2+0.3) 1C (2.5+0.6) 10
Kapp (PC/PG)Kapp (PC) 7.5 30 1 nd 29 0.6
charge zess 7.5 30 ~0 nd 2.# 0.5~
amino acid residues 7.5 30 E8, E9, K10 (H11) nd K61, K65, K68 E8, E9, K10 (H11)
Kapp (PC/PG) [MY] 5.5 32 nd nd nd (9.5 3) 1¢
Kapp (PC/PG) [M] 5.5 30 (1.0£0.5) 10 nd <35x 10° (5.0+£0.7) 10
influence of MgC} 7.5 25 strong nd weak strong

anm: not measurable at a protein concentration of 20 nM. nd: not determined.
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0037 FIGURE 3: (A) G (Cot = 20 NM) penetration into POPC/POPG
0.024 . (75/25 mole/mole) monolayers at 25 mN/m (10 mM buffer pH 7.5,
] no NacCl) as a function of the Mgg&toncentration. (B) Surface
0.01 C pressureg, of Gy (2), Gy, (O), and G (O) in solution (same buffer,
1 no lipids, Ciot = 20 nM) as a function of the Mggkoncentration.
0.00 Experimental points are fit to a Langmuir adsorption isotherm (A)

T T T T T T T T 1
0.0 5.0x108 1.0x107 1.5x107 2.0x107 and to the Szyszkowski equation (cf. &f) (B).
Equilibrium Concentration Ceq M

FiGure 2: Relative area increasaA/A, of POPC/POPG (75/25 Penetra’uo_n of G, into the lipid monolayer W.as also
mole/mole) (solid symbols) and POPC (open symbols) monolayers 0Pserved in the absence of salts, however, to a slightly lower
at 7 = 30 mN/m, respectively, as a function of the equilibrium extent. For comparison Figure 3B displays the surface
concentrationCeqat pH 7.5: (A) G.GDP (a, 2); (B) Gy, (®,00);  pressure of Gand its subunits in buffer solution (in the

(C) G (@, O). The experimental points are fit to a Langmuir ahsence of lipids) as a function of the Mg@bncentration.
adsorption isotherm. The parameters used for fitting are the apparen

partition coefficients, Kyp, determined independently at low bt“ shows a Stl_’ong, o a weak, a_nd Gan intermediate
concentrations and the number of lipid molecules covered by one Surface activity increase as a function of the Mg@incen-
protein moleculen. tration. In contrast to (3, and G, G, is not surface-active
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2.5+ The Secondary Structure of &d Its Subunits in Solution

] and in the Presence of Lipid Vesicles as Monitored by Means
of CD Spectroscopylhe CD spectra of (g, Gg,, and G, at
pH 7.5 in buffer solution (no salts) are shown in Figure-5A
C. For comparison the three spectra were simulated with the
structural data obtained by X-ray analysis for the inactive
GDP-bound forrt (4) by using the reference CD spectra of
1.04 Yang et al. 84). The following percentages ak-helix,
fB-sheet, ang-turns plus random coil were used: 49%, 12%,
0.5 and 37% for G; 14%, 39%, and 47% for {g; and 30%,

] 27%, and 47% for G Figure 5A-C reveals a good

agreement between the simulated and the experimental
spectra. The shape of the spectra did not change in the pH
1 T T T T range 7.55.5. The secondary structure thus appears to be
similar in solution and in the crystal.

A further decrease of the pH leads to a small ellipticity
increase for Garound 217 nm (not shown). The maximum
increase in ellipticity (12%) is reached at pH 4.1. The
apparent ionization constant derived from this titrationKs p
= 4.7 and thus suggests that the ellipticity increase is due to
glutamic acid protonation (J. Pellaud, M. Heck, K. P.
Hofmann, and A. Seelig, manuscript in preparation). Even
at pH 2.5 no increase in random coil conformation is
observed. This high acid stability of;@& unusual. Many
other proteins, for example, hisactophilins, denature at pH
< 4 (33).

— T In the presence of salts (1 mM MgGind 100 mM NaF),
: : ' : : which are required for membrane penetration, the spectra
pH of G, Gigy, and Gat pH 7.5 show the same shape as in the

FiGure 4. (A) Relative area increasedA/A, due to protein absence of salts, but their intensity is lower as exemplified

pe’\'}f"aﬂon ir;to Pt.OPC/fPOF'T G (35/256“0'3/“("‘3) monolagelrs) at 3d2for G (Figure 5D). The intensity reduction results from the
MN/m as a tunction or pH In the absence (open symbols) an . . .
presence (solid symbols) of salts (100 mM NaCl, 1 mM MgCl formation of small aggregates or micelles and is due to

(A) Gy, (20 nM) (a, &), solid lines drawn to guide the eye. (B) G optical flattening 88). At pH 5.5 the spectra of GFigure
(49.5 nM) @, O), solid lines represent titration curves. (Fischer et 5D) and G, but not of Gg, (not shown) exhibit a further
al., 1998) intensity reduction, especially at low wavelength which is
) ) ) _typical for light-scattering effects and suggests the formation
in the absence of salts, not even at high protein concentrationsf |arger aggregates. A further acidification leads to increas-
(200 nMm). _ _ ing protein aggregation.

The influence of pH on the penetration of.GDP into Addition of small unilamellar POPC/POPG (75/25 mole/
POPC/POPG (75/25 m0|e/m0|e) mOﬂOlayerS at 32 mN/m mOle) vesicles in the presence or absence of 1 mM MgCI

was investigated in the presence and absence of Mg@ 554 100 mM NaF induces practically no spectral change for
NaCl (Figure 4A). In the presence of salts, no penetration is Gu, Gy, (not shown), and G(Figure 5D) at pH 7.5.

observed in the range of pH 7@.0. However, with o yever, at pH 5.5 the light-scattering effects observed for

decreas[ng pH penetration increases. In the absence of salt&m and G in solution disappear upon addition of lipid

penetration starts only below pH 6.0. » vesicles, and the spectra become superimposable to those
The penetration behavior ofi@nder similar conditions - aasured at pH 7.5 (for.Gspectra +4 in Figure 5D). This

is shown in Figure 4B. In the absence of salts no penetrationjg consistent with aggregate dissociation upon protein binding
is observed in the range of pH 78.0, whereas at acidic lipid vesicles.

pH penetration also occurs in the absence of salts. Penetration
in the presence of salts is again higher. In the case ti€c  p|SCUSSION
lack of cations can be compensated by protons.

To estimate whether the increase in membrane penetration Binding of transducin and its subunits to disk membrane
observed for Gis due to an increase in surface activity of mimicking systems is analyzed. The information gained from
the protein in solution or to a change in the charge of the penetration areas and from hydrophobic and electrostatic
membrane contact region (cf. discussion), we measured thebinding energies will in the following be discussed in terms
surface activity of G(20 nM) in the presence of salts as a 0f molecular moieties involved. It will be shown that the
function of pH in the range 5:59.5 (not shown). A surface  region of contact between the proteins and the lipid
pressure minimum was observed around pH 7.5=(15.5 membrane is small and comprises the elements missing in
+ 0.5 mN/m). It was~20% lower than the maxima at pH the crystal structure. Together with the crystal structdje (
5.5 and 8.0, respectively. The surface pressure minimum
corresponds to the solubility maximum of the protein and is 4 he inactive form is similar in its secondary structure to the active
due to a maximum number of ionized residues at pH 7.5. form (2).

it
>

Relative Area Increase AA/A [%)]

Relative Area Increase AA/A {%]
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Ficure 5: CD spectra of G (0.9 uM) (A), Gy, (2.0uM) (B), and G (2.75uM) (C), measured in 10 mM buffer at pH 7.5 (without
additional salts). Dotted lines represent the spectra simulated on the basis of the crystal s#cisirg (the reference spectra of Yang
et al. (1986). (D) CD spectra of & uM) measured in 10 mM buffer at pH 7.5, containing 100 mM NaF and 1 mM Md€the absence
and presence of POPC/POPG (75/25 mole/mole) vesicles (0, 0.1, 0.2, 0.4 mM]) &hd at pH 5.5 (4.kM) in the absence of lipid
vesicles (5).

shown to be essentially preserved at the membrane surfacesomewhat higher than the partition coefficient of small
a molecular model of the membrane recognition region of myristoylated model peptides binding to electrically neutral
transducin and its subunits will be proposed. lipid bilayers K = 1 x 10* M%) (39) and distinctly larger

Gw. and Gg, Are Anchored at the Membrane with Their than the partition coefficient of model acetylated proteins
Myristoyl and Farnesyl Extensions, Respeely. Monolayer (40). For Gg, the partition coefficient idapp = 1.1 x 10°
expansion measurements allow the determination of theM~2, which is close to that of a farnesyldiphosphate=
extent of protein penetration into the lipid layer. The 1.2 x 10®° M™% (41). It can thus be concluded that the
penetration area of & measured for POPC/POPG (75/25) interaction of each of the two subunits with neutral mem-
monolayers at a lateral packing density corresponding to thatbranes is essentially due to the penetration of the hydrophobic
of lipid bilayers (L6) is Ap = 80 + 20 A2 That of G, could extensions, with a small possible contribution from hydro-
only be measured at < 30 mN/m and isA» = 65+ 10 A2, phobic amino acid residues which is in agreement with
It was assumed to be similar at higher surface pressures. Theonclusions drawn from penetration areas.
penetration areas of the two subunits are thus larger than G; Anchoring Is Due to ¢ with a Small Contribution of
those of the myristic acyl chain (2 2 A2 and the farnesyl  Gy,. The penetration area of;@r POPC monolayers i»
chain (33 £ 2 A? in their extended conformation as = 73 + 20 A? independent of the lateral packing density
determined by molecular modeling and therefore suggest(25—32 mN/m) which is in reasonable agreement with the
some contributions from amino acids adjacent to the penetration areads = 60 & 10 A2 determined for POPC/
hydrophobic moieties. POPG (75/25) monolayers at> 30 mN/m. It is thus not

The hydrophobic binding constants of the two subunits the sum of the penetration areas of the two subunits, but
were determined by measuring the area increase due taather corresponds to that of a single subunit. A penetration
protein penetration into electrically neutral monolayers at the area of 60+ 10 A? is, however, still large enough to
lateral packing densities of both 32 and 30 mN/m. At low accommodate a myristoyl chain and a farnesyl chain in a
protein concentrations penetration of the hydrophobic regionsextended conformation. Further information is therefore
into the lipid monolayers is a simple partitioning process. required to obtain an unambiguous answer.
For neutral POPC monolayers at 32 mN/m the partition  The partition coefficient of Gfor neutral POPC mono-
coefficient of Gq is Kapp = (4.9 + 1) x 10* M~L This is layers at 32 mN/m iKapp = (4.8 + 1) x 1® ML This is
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larger than the sum of the binding constants ef &hd Gg, contribution Ky) corresponds &z, (POPC)

(Table 1), but it is by far not as large as the product of the

two binding constants~10° M~1) which is expected for a  Ke = KypfPOPC/POPGH,,,{PC) =

synergistic interaction between the two hydrophobic modi- exp(—z¥,F/RT) (8)
fications.

At 30 mN/m the cooperativity is even lower. A decrease wherezy is the effective signed charge of the membrane
in the lateral packing density of the POPC monolayer from contact region of the proteinl, is the membrane surface
32 to 30 mN/m leads to an increase in the hydrophobic potential,F, is the Faraday constant, aRT is the thermal
binding constant of ¢ by more than an order of magnitude. energy. The effective charge of the protein in contact with
This could be due to a deeper penetration of the myristoyl the membrane was estimatedzas= +2.7 for Gg,, Zetr ~
moiety, most probably together with some adjacent hy- 0 for G, andzss = —0.5 for G using a surface potential,
drophobic amino acid residues (-Gllas-Gly*-Ala®>-Sef- ¥, = —30 mV for POPC/POPG (75/25 mole/mole) mono-
Ala’-). The number of amino acids involved can be roughly layers, and taking into account the intrinsic lipid-binding
estimated from the difference in binding enthalpies at 30 and constants of Na (Ko = 0.6 M%) and of C&" (Ko =18 M%)

32 mN/m AG = — 1.8 kcal/mol). Assuming a contribution  (43) the latter being similar to that of Mg (44). Inspection

of AG = — 0.6 kcal/mol per hydrophobic amino acid side of the molecular model (Figure 6) allows a tentative
chain @2), three hydrophobic amino acid residues may be correlation between the chargey, and the amino acid
involved in anchoring G at 30 mN/m. residues in contact with the membrane as summarized in

The low synergistic interaction between the two hydro- Table 1 (cf. also Figure 6).
phobic modifications may be explained by different mod- At pH 5.5 binding constants ofand G (but not of Gg,)
els: (i) The acyl and the farnesyl extension of the hetero- are larger than at pH 7.5. The increase in binding constants
trimer might penetrate in tight association. Considering the is partially due to an increase in surface activity of the two
two extensions as bars, to a first approximation, each sideproteins with decreasing pH and, in addition, most probably

contributes a factoy/K,,,, to the binding constant. In atight {0 the protonation of Hi$ in the N-terminus of G. This
association the hydrophobic contributions of the hidden sides Points again to the importance of:Gor membrane binding
are lost. The partition coefficient of the myristoyl-farnesyl 0f Gt

complex estimated on this basis using the partition coefficient ~Divalent Cations Are Required for Hydrophobic Interac-
of the acyl 89) and farnesyl extensior{), respectively, is  tions of G, and G with MembranesDespite the fact that
Kapp ~ 5.6 x 10° M~ This is still higher by an order of ~Giw and G, are comparable in their number of charged
magnitude than the measured binding constant. (i) Only the residues (105 and 110) and their net chargeQ and—12),
myristoyl extension could penetrate as suggested earlier bythe latter is surface-active in buffer solution at neutral pH
Matsuda et al. X4). At first sight this model is in broad (i the absence of salts), while the former is not. To transform
agreement with the experimental resultsy, @nd G share ~ Guw into its surface-active form Mg or C&* ions are
similar hydrophobic binding constants at 30 mN/m, they both required. G as well as @penetration into negatively charged
lack electrostatic attraction to negatively charged membranes,and electrically neutral lipid monolayers depends on the
and their binding is strongly modulated by divalent cations Presence of divalent cations in a concentration-dependent
and pH in contrast to that of & (cf. below). However, a ~ manner (0.+1 mM). The fact that Gonly inserts into
closer look at the experimental details of the pH dependencemembranes if ¢ is activated by divalent cations further
of Gy, and Ginsertion (Figures 4) points to a more complex supports the important role of thesubunit for binding of
mechanism. On a thermodynamic basis the results could bethe heterotrimer. This finding is in agreement with the early
best explained by a partial insertion of the farnesyl moiety observation 15) that G can be dissociated from the
or by a contribution of thex-carboxymethyl group of the =~ membrane in low ionic strength buffers.

C-terminal CygL The role of divalent cations is thus not only to modulate
Binding of G, to Negatbely Charged Lipids Is Reinforced ~ the electrostatic repulsion between, @nd the negatively
by an Electrostatic Contribution, but Not That of,Gand charged membrane surface, possibly by complex formation

G In the case of G the apparent binding constark.{,) with the N-terminal sequence -GhGIu®-Lys™ (cf. ref 45),

for negatively charged POPC/POPG (75/25 mole/mole) butalso to induce the possibility for hydrophobic interactions
monolayers is almost identical to that for electrically neutral of G and G with the lipid membranes in general. In the
POPC monolayers. For@e situation is similar; however, case of recoverin4) Ca* was shown to induce the
the binding constant for negatively charged monolayers is Protrusion of the myristoyl moiety hidden in a hydrophobic
even slightly lower than that for electrically neutral mono- Pocket of the protein in the absence of?Ca _
layers. In the case of & the binding constant for negatively A myristoyl chain hidden in the absence of divalent cations
charged lipid monolayers is, in contrast, higher by a factor could explain the high solubility of  its lack of surface

of ~30 than the binding constant for electrically neutral lipid activity, and its inability to insert into lipid monolayers. It
monolayers. This suggests that the apparent binding constantakes photoactivated rhodopsin in disk membranes and excess
results from a synergistic interaction (cf. r88) between Gy, (47) to transfer recombinant &lacking the myristoyl

hydrophobic and electrostatic contributions to the membrane, suggesting that the main task of the
myristoyl modification is membrane targeting.
KapdPOPC/POPGF KK, (7) The Secondary Structures of (B Solution and at the

Membrane Surface Are SimilaFhe agreement between the
The electrostatic contributiork¢) can be experimentally  CD spectra of G, Gy,, and G measured at pH 7.5 in the
determined under the assumption that the hydrophobicabsence of salts and those simulated on the basis of the X-ray
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Ficure 6: Molecular determinants responsible for membrane anchoring aficGits subunits as determined from binding experiments. (A)

G in its crystal structure4) at the membrane surface. (B) Membrane-binding region0ff&e 4 N-terminal residues of&and the 5
C-terminal residues of {3 missing in the crystal structure, are added in an arbitrary (random) conformation, and a myristoyl chain (M) is
attached at GR/(G,). The farnesyl chain attached at Cy$G;,) (*) is not shown, since its orientation in;@®annot be determined, in
contrast to its orientation in & (C). The two horizontal lines represent the position of the interface between the hydrocarbon and the
headgroup region of a lipid membrane with a lateral packing density, 30 mN/m andr = 32 mN/m, respectively. (GDP provides the
essential but not exclusive hydrophobic membrane anchor (cf. Discussion) consisting of the myristoyl chain, with (at 30 mN/m) and without
(at 32 mN/m) approximately three N-terminal amino acid residues (or alternatively A3, A5, A7, not shown). The anionic residues E7, E8
(red) and residues K9 (cationic), H10 (cationic only at acidic pH) (blue) may constitutéab@aling site in the presence of negatively
charged lipid membranes. Residues K61, K65, and K68gf @ not contribute to the binding ofGpossibly due to a larger distance to

the membrane as compared to that ig,@ndicated by stippled line (C). A slight tilt of Go the right-hand side could further increase this
distance. (C) C-terminal sequence of;,Gvith a farnesyl chain (F) attached at C71. Sequence-&®B is modeled as an-helix with

residues K61, K65, and K68 oriented toward the negatively charged membrane surface and E59, D60, and E66 oriented toward the cationic
residues, R46, R48, and R49, ofsGTlhe figure was generated using DINO, a "Visualization System for Structural Data”. A. Philippsen
(1998) http: /lwww.bioz.unibas.ckkray/dino.

structure 4) provides evidence for a close similarity between binding. Our monolayer insertion measurements show in
the secondary structure in solution and that in the crystal asaddition that at most about 5% of the total amino acid
shown previously for another myristoylated, cytosolic protein residues located in the N-terminus of,@nd the C-terminus
(33). In contrast, a large difference between the two structuresof G, are involved in membrane binding (cf. Figure 6).
was observed for the transforming growth fag@(48). The difference between a local and an overall effectin G
The influence of salts (100 mM NaCl (or NaF) and 1 mM is best illustrated by a comparison of the process of
MgCl,), which have been shown to transform the highly membrane binding with that of glutamic acid (6% of the
water soluble @ into a surface-active compound and to total amino acid residues) protonation. The latter process
increase the surface activity of,@& observed in CD spectra leads to an ellipticity increase of 12% at 217 nm which is
in terms of optical flattening38) and light-scattering effects.  due to the fact that the glutamic acid residues are distributed
They indicate protein association or micelle formation which all over the protein.
has been observed previously for acetylated model proteins The lack of an overall conformational change upon
by means of light-scattering measuremeiS).( membrane binding allows one to use the crystal structure of
The lack of spectral changes upon binding ef@sPOPC/ the modified G (4) as a model for the membrane-bound
POPG (75/25 mole/mole) vesicles (in the presence andnative G (Figure 6A). The amino acid residues in the
absence of salts) at pH 7.5 shows that no large or overallmembrane-binding region that are missing in the crystal
change of secondary structure occurs upon membranestructure were added to the model, and the molecular
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determinants of Gand its subunits experimentally shown suggests the possibility of an occlusion of the myristoyl chain
to be responsible for membrane recognition and anchoringin a hydrophobic groove of the protein in the absence of
are indicated in Figure 6B,C. salts and might enhance this effect.

The different dependencies on monovalent and divalent
ions, on pH, and on the lateral packing density of the
membrane observed for the heterotrimer and its subunits,

Divalent cations {1 mM) are required to transform£ GwGDP, G,GTP, and G, provide the basis for highly
GDP into its surface-active, membrane-binding form. At 30 sensitive and specific modulation mechanisms in the course

CONCLUSION

mN/m, G,GDP is anchored by the myristoyl extension, most of signal transduction.

probably with a contribution of about three hydrophobic
amino acid residues. At 32 mN/m&DP seems to be
anchored by the myristoyl extension only. Anchoring @f-G
GDP at negatively charged lipid monolayers shows an

physiologically relevant lateral packing density range of-29
31 mN/m. A similar behavior is observed forGTPyS;
however, the sigmoidal decrease occurs already between 26
and 27 mN/m. @GTP binding at bilayer packing densities

is thus unmeasurably low, which is indeed known for disk
membranesi).

Gy, is surface-active even in the absence of salts,
suggesting a permanent exposure of the farnesyl extension
to water. Anchoring at monolayers mimicking the negative
surface density of disk membranes is due to the penetration
of the farnesyl modification and is reinforced by 2 cationic
charges which most likely correspond to the C-terminal
lysine residues. Farnesyl anchoring shows little surface
pressure dependence in the physiologically relevant range
of membrane packing densities.

Gt anchoring at monolayers mimicking the negative surface
charge density of disk membranes is primarily due to the
hydrophobic anchor of  with only a small hydrophobic
contribution from G,. Whether the hydrophobic contribution
of Gy, arises from a partial insertion of the farnesyl
modification or from the insertion of the carboxymethyl
group of Cys! cannot be decided on the basis of the present
experiments. The latter mechanism would free the farnesyl
chain for possible protein interactions. For example, it was
recently shown that the farnesylated C-terminal peptide of
Gy interacts with the active receptor, rhodopsi®)(

The charged residues ofgzdo not contribute to binding
of G.. Shielding of the charged residues could be simply due
to a larger distance between the lysine residues in the
heterotrimer and the membrane surface (Figure 6B). G
exhibits a small electrostatic repulsive interaction, most
probably arising from the N-terminal Gl8residues of G.

In the absence of salts;@epulsion from the membrane
surface can thus be expected, which is in agreement with
the early observation of reif5.

In summary, we have shown that the membrane recogni-
tion region of G contains the characteristic elements, required
for reversible membrane binding by means of a myristoyl-
electrostatic switch (cf. reb0). A simple version of a
myristoyl-electrostatic switch triggered by minute pH changes
around pH 7.0 was found previously for myristoylated
hisactophilin 83). For G the situation is much more
complex. The hydrophobic anchor basically consisting of a
fatty acyl modification seems to be reinforced by hydropho-
bic amino acid residues ofi@Gand a hydrophobic component
of Gy,. The electrostatic element most probably consists of
(GIu®9 and is triggered by divalent cations. The lack of
surface activity of G in the absence of divalent cations
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