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Membrane trafficking is regulated by small Ras-like GDP/GTP
binding proteins of the Rab subfamily (Rab GTPases) that cycle
between membranes and cytosol depending on their nucleotide
state. The GDP dissociation inhibitor (GDI) solubilizes prenylated
Rab GTPases from and shuttles them between membranes in the
form of a soluble cytosolic complex. We use attenuated total re-
flection–Fourier transform infrared spectroscopy to directly ob-
serve extraction of Rab GTPases from model membranes by GDI.
In their native form, most Rab GTPases are doubly geranylgerany-
lated at the C terminus to achieve localization to the membrane.
We find that monogeranylgeranylated Rab35 and Rab1b revers-
ibly bind to a negatively charged model membrane. Correct fold-
ing and GTPase activity of the membrane-bound protein can be
evaluated. The dissociation kinetics depends on the C-terminal se-
quence and charge of the GTPases. The attenuated total reflection
experiments show that GDI genuinely accelerates the intrinsic Rab
membrane dissociation. The extraction process is characterized
and occurs in a nucleotide-dependent manner. Furthermore, we
find that phosphocholination of Rab35, which is catalyzed by the
Legionella pneumophila protein AnkX, interferes with the ability
of GDI to extract Rab35 from the membrane. The attenuated
total reflection–Fourier transform infrared spectroscopy approach
enables label-free investigation of the interaction between GDI
and Rab GTPases in a membrane environment. Thereby, GDI is
revealed to actively extract monogeranylgeranylated membrane-
bound Rab GTPases and, thus, is not merely a solubilization factor.
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Vesicular trafficking processes in eukaryotic cells are regu-
lated by Rab GTPases that constitute the largest family of

small GTPases (1). Rab GTPases cycle between the inactive
GDP-bound and the active GTP-bound state. Interaction with
various effectors takes place with the latter only. Exchange of
GDP to GTP is catalyzed by guanine nucleotide exchange factors
(GEFs) and hydrolysis of GTP to GDP is catalyzed by GTPase
activating proteins (GAPs). Their function as regulators of
membrane trafficking implies localization to and cycling between
membranes of different cellular compartments. Membrane lo-
calization is mediated by geranylgeranylation of two C-terminal
cysteine residues by Rab geranylgeranyl transferase (GGTase)
with assistance of Rab escort protein (REP) (2, 3). Rab recycling
is mediated by GDP dissociation inhibitor (GDI) that extracts
membrane-bound Rab GTPases to form a soluble cytosolic
complex. For over 60 Rab GTPases, there are five GDI isoforms
in mammals (only two isoforms in humans), which are assumed
to have a uniform mechanism (4). Certain mutations in GDI are
responsible for a form of familial mental retardation (5). Recent
evidence shows that the pathogenic bacterium Legionella pneu-
mophila specifically disrupts the interaction between certain Rab
GTPases and GDI by adenylylation or phosphocholination of
Rab GTPases (6–8).

GDI has been studied by X-ray crystallography in its apo-form
and in complex with Rab GTPases (9–11). Interactions with Rab
GTPases are mediated by the Rab binding platform, the C ter-
minus coordinating region, and the lipid binding pocket of GDI,
which bind to the G domain, the C terminus, and the prenyl
moieties of Rab, respectively. Nanomolar dissociation constants
(KD) for the interaction of GDI with Rab GTPases have been
determined by fluorescence titration experiments and by iso-
thermal titration calorimetry (ITC) (11–13). A fluorescence
readout was provided by using farnesyl–7-nitrobenzol[1,2,5]
oxodiazol (NBD) as the lipid anchor, and the ITC measure-
ments were performed using the soluble farnesylated form of
Rab proteins. However, all biophysical studies of the interaction
between GDI and Rab GTPases were conducted in the absence
of a lipid membrane, and therefore the extraction of Rab from
the membrane by GDI could not be characterized.
Attenuated total reflection–Fourier transform infrared spec-

troscopy (ATR-FTIR) is a valuable tool for detailed analysis of
membrane-attached proteins (14–17). Model membranes can be
formed by vesicle spreading on the internal reflection element,
such as a germanium crystal (18, 19). Various techniques exist
for the immobilization of proteins on the lipid bilayer, the most
natural for small GTPases being via lipid anchors attached to the
protein. The availability of lipidated Ras GTPase allowed in-
vestigation of the secondary structure and orientation of mem-
brane-bound Ras with ATR-FTIR spectroscopy, and recent
advances allow recording of difference spectra of protein activity,
such as GTP hydrolysis (15, 19, 20).
Here, we have applied ATR-FTIR spectroscopy to investigate

GDI-mediated membrane extraction of Rab35 and Rab1b.
Rab35 is involved in phagosome–lysosome fusion, whereas Rab1b
regulates endoplasmic reticulum to Golgi transport, and both
GTPases are targeted by posttranslational modifications as the
pathogen L. pneumophila hijacks or interferes with intracellular
vesicle trafficking during infection (1, 6, 8, 21). We have im-
proved existing preparation methods of monogeranylgeranylated
Rab35 and Rab1b [prenylated via a CAAX-box (2)] to achieve
binding to the membrane and verify the activity of bound pro-
tein. Finally, we have observed membrane extraction by GDI in
a nucleotide-dependent manner, and have furthermore shown
that phosphocholination of Rab35 directly interferes with
membrane extraction by GDI.
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Results
Lipid Bilayer Formation. Solid-supported lipid bilayers were formed
on germanium by in situ spreading of small unilamellar vesicles.
Our model membrane consisted of 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) and negatively charged 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPS) in a 9:1 ratio. We chose a negatively
charged model membrane because Rab35 naturally resides on the
plasma membrane and endosomes, which carry ∼10% negatively
charged lipids (22, 23). Time-resolved infrared spectra of vesicle
spreading were acquired with parallel and vertical polarized light,
and spreading kinetics as well as orientational parameters of the
bilayer were obtained.
Fig. 1A shows the kinetics of vesicle spreading monitored at

2,925 cm−1 [νas(CH2)]. The spreading was complete after 10 min.
The vesicles ruptured quickly upon adsorbing to the germanium
crystal because no overshoot kinetics was observed, which is
typical for the accumulation of intact vesicles at the surface (19).
This strong interaction between vesicles and germanium is
probably due to the negative charge introduced by DOPS be-
cause neutral vesicles show slower spreading kinetics with an
overshoot (19). A short wash step with water led to a slight ab-
sorbance decrease, probably by rupturing any incompletely fused
vesicles as has been observed on silica substrates as well (24).

Afterward, the bilayer remained stable for the duration of the ex-
periment. Layer completeness was verified with BSA as described
for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
layers (15).
Difference spectra of vesicle spreading (Fig. 1B) allow char-

acterization of the model membrane. Negative bands belong to
the displaced buffer layer; positive bands belong to the phos-
phate, carbonyl, and aliphatic groups of the lipids. The νas(CH2)
and ν(CO) bands at 2,925 and 1,733 cm−1 were used to de-
termine the surface concentration and molecular orientation of
the lipids from dichroic measurements (SI Materials and Meth-
ods). The surface concentration of 339 ± 46 pmol/cm2 is similar
to values for POPC films generated by vesicle spreading or the
Langmuir–Blodgett technique [404–448 pmol/cm2 (15, 25)]. The
lower value for DOPC/DOPS probably reflects a less dense
packing of the unsaturated acyl chains compared with mixed acyl
chains of POPC. Order parameters of the acyl chains (S = 0.23 ±
0.14) and the carbonyl group (S = −0.21 ± 0.08) are in good
agreement with literature values for POPC bilayers [0.2 for the
acyl chains, −0.18 to −0.26 for the carbonyl group (15, 26)], in-
dicating that a planar single lipid bilayer is present. All relevant
parameters are summarized in Table S1.

Membrane Binding of Geranylgeranylated Rab GTPases. Next, we
analyzed membrane-binding behavior of the used proteins and
identified optimal conditions for the GDI assay. In controls,
unprenylated Rab35 with a CAAX-box (Rab35CVIL) exhibited
nonspecific binding to the model membrane (Fig. S1A). In-
creasing the salt concentration to 300 mM NaCl inhibited non-
specific binding and ensured that prenylated Rab35 would
only be immobilized via its lipid anchor (Fig. S1 B and C).
RabGGTase β used as a chaperone to solubilize prenylated Rab
GTPases did not show any nonspecific binding even at low salt
conditions (Fig. S1 B and C). GDI showed strong nonspecific
binding that, however, was also eliminated with higher salt
concentrations, at least for a maximum GDI concentration of
1 μM (Fig. S1 B and C).
We used geranylgeranylated Rab35CVIL (termed Rab35_G)

chaperoned in complex with the β-subunit of RabGGTase
(Rab35_G:β-su) for membrane-binding studies. Here, RabGG-
Tase β functions solely as a chaperone to prevent aggregation of
geranylgeranylated Rab and is washed away after membrane
binding of Rab35_G. The chaperone was shown to be a weak
binder and stabilizer of the lipid moiety of prenylated Rab
GTPases and not to interfere significantly with other binding
partners such as GDI or REP (12). ATR-FTIR enabled the
evaluation of the secondary structure of membrane-bound Rab35,
which proved to be a crucial advantage. Binding of Rab35_G to
the DOPC/DOPS bilayer in control experiments at low salt con-
ditions was affected by nonspecific interactions. Two fractions of
Rab35 were identified, one being obviously denatured, as in-
dicated by a broader amide I band (Fig. S2A). These two com-
ponents were kinetically separated, the denatured fraction binding
more slowly than the correctly folded protein (Fig. S1A). Raising
the salt concentration in the buffer eliminated the slower binding
phase, so that only the fast binding phase remained (Fig. S1A).
Thus, Rab35_G bound to the DOPC/DOPS lipid bilayer specifi-
cally with an apparent rate constant of 1.7 min−1 at a Rab35_G:β-
su concentration of 2 μM.
The difference spectrum of Rab35_G immobilization is shown

in Fig. 2. Negative bands belong to the displaced buffer, whereas
positive bands arise from the immobilized Rab35_G. The area of
the amide II band (green) was used to monitor the kinetics of
extraction by GDI in subsequent experiments. Also, the surface
concentration of Rab35_G was calculated with the help of
dichroic measurements to be 5 pmol/cm2. Compared with
the reported surface concentration of 13 pmol/cm2 (78% surface
coverage) for lipidated N-Ras monolayers on POPC (15), this
shows that Rab35_G is present at the model membrane as
a loosely packed monolayer, leaving sufficient space for in-
teraction with binding partners such as GDI.

Fig. 1. Formation of the solid-supported lipid bilayer containing DOPC/
DOPS in a 9:1 ratio. (A) A typical time course of vesicle spreading monitored
at 2,925 cm−1 [νas(CH2)] with parallel polarized light. (B) Difference spectra of
single bilayer formation with parallel (termed pp, blue) and vertical (termed
vp, red) polarized light. Positive bands belong to the methylene (yellow),
carbonyl (red), and phosphate (orange) groups of DOPC/DOPS. Negative
bands belong to displaced water (light blue). A CO2 artifact is present at
2,361/2,341 cm−1.
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To achieve membrane extraction of Rab proteins by GDI, we
had to ensure that the membrane-bound proteins were in a na-
tive, GDI-binding competent state. The shape of the amide I
band is determined by the secondary structure of the protein,
and thus reflects its fold (14, 19). The amide I band of mem-
brane-bound Rab35_G is very similar to that of lipidated N-Ras
immobilized on a POPC bilayer (20) as demonstrated in Fig.
S2B. Given that Ras and Rab proteins possess the same G-do-
main fold, this indicates that membrane-bound Rab35_G is
correctly folded. Interestingly, the conditions in the in vitro
prenylation assay had an impact on the folding state of mem-
brane-bound protein. Our prenylation method relies on de-
tergent for solubilization of the geranylgeranylated Rab protein,
which necessitates subsequent detergent removal and in-
troduction of RabGGTase β as a chaperone. In principle, pre-
nylation in the presence of RabGGTase β instead of detergent
leads to a seemingly identical product as judged by mass spec-
trometry. However, protein prenylated without detergent was
found to be denatured in the ATR experiment as opposed to
protein prenylated in presence of detergent, shown for the ex-
ample of Rab1b_G in Fig. S2B. Notably, the protein found to be
denatured in the ATR experiment was in the GDP-bound state
after the prenylation, as judged by HPLC analysis, and could thus
be assumed to have a partly functional G domain.
An additional advantage of ATR-FTIR is that the molecular

switch function of membrane-bound GTPases can be probed by
difference spectroscopy with beryllium trifluoride anion, which is
a γ-phosphate analog (15, 27). Difference spectra of the BeF3

−-
induced “off” to “on” transition in membrane-bound Rab35_G
was obtained and were comparable to difference spectra
obtained with N-Ras elsewhere (28), further indicating that the
protein bound to the membrane was active in the sense that the
G domain was functional (Fig. S3). Only correctly folded, active
protein, obtained by detergent-assisted prenylation, could be
extracted from the membrane by GDI, as will be outlined below.

Membrane Extraction of Rab GTPases by GDI. After establishing
binding of Rab35_G to the lipid bilayer and confirming protein
activity, we studied membrane dissociation of Rab35_G in the ab-
sence and presence of GDI. A washing step was performed to
remove excess Rab35_G:β-su from the sample cell. We found that
Rab35_G quickly dissociated from the membrane during the
washing step with an apparent rate constant of 0.042 min−1 at a flow
rate of 1 mL/min. Therefore, the washing step was kept as short as
possible and the system was switched into a circulating mode, in
which the solution with dissociated Rab35_G was retained in the

sample cell. Under these conditions, bound Rab35_G dissociated
until equilibrium between the circulating solution and the mem-
brane was reached (Fig. 3A). The observed fast membrane binding
and dissociation is in agreement with the behavior of monopreny-
lated peptides studied by fluorescence (29).
Addition of 1 μM GDI to the system led to rapid extraction of

membrane-bound Rab35_G (Fig. 3A). This effect was seen more
clearly by keeping the circulation phase short (Fig. 3B). The
kinetics of GDI-mediated membrane extraction could not be
determined because the rate of the process was limited by mixing
kinetics of the sample cell, so that the rate constant was at least
0.5 min−1. For comparison with the spontaneous intrinsic
membrane dissociation of Rab35_G, rebinding effects need to be
considered. The plot of the apparent dissociation rate koff against
the flow rate shows that koff moves toward saturation at higher
flow rates (Fig. S4), as rebinding (occurring with the apparent
association rate constant kon) is reduced. However, the observed
extraction rate constant of GDI is approximately one order ofFig. 2. Difference spectrum of the immobilization of Rab35_G. For clarity,

only the spectrum measured with parallel polarized light is shown. Positive
bands are due to the immobilized protein, and negative bands are due to
the displaced buffer. The area of the amide II band (green) was used to
determine the surface concentration and also for the kinetics of protein
immobilization and extraction.

Fig. 3. Time course of the immobilization of Rab35_G on a lipid bilayer and
subsequent extraction by GDI. The experiment consisted of protein binding
in a circulating system (black), wash (green), a circulation phase (blue), ad-
dition of GDI to the system (red), and a final wash step (magenta). The data
points represent the normalized area of the amide II band. (A) An experi-
ment with a prolonged circulation phase. Bound Rab35_G dissociates until
equilibrium between the circulating solution and the membrane is reached.
Addition of GDI leads to a rapid extraction of the remaining membrane-
bound Rab35_G. (B) The same experiment with a short circulation phase. The
extraction by GDI is seen more clearly by keeping the circulation phase short.
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magnitude greater (Fig. S4). Therefore, the effect of GDI is not
due to capturing of free Rab, but to an increase of koff.
A subsequent wash led to no further dissociation, indicating

that Rab35_G had been completely extracted from the mem-
brane by 1 μMGDI. A small amount of protein (6–8%) remained
irreversibly bound to the membrane and might represent the
fraction of inactive or nonspecifically bound Rab35_G.
We also examined membrane extraction of Rab1b_G by GDI

(Fig. 4A). Notably, spontaneous membrane dissociation of
Rab1b_G was faster than that of Rab35_G. This can be attrib-
uted to the C terminus of Rab35 that possesses a polybasic
stretch and a polar polyglutamine stretch, leading to a higher
affinity toward the negatively charged membrane. Chimeric
Rab1b with the C terminus of Rab35 behaves exactly like Rab35,
proving that the nature of the C terminus is responsible for the
different dissociation kinetics (Fig. 4A). Also, the amount of ir-
reversibly bound protein was smallest with Rab1b, indicating that
the charged C terminus of Rab35 contributes to nonspecific
binding. However, all proteins were effectively extracted from
the membrane by GDI in the same manner.
Because the affinity of GDI to Rab GTPases is significantly

lowered in the GTP-state (13), we performed an experiment with
Rab35·GTP_G. For this, nucleotide exchange was performed
using the GEF Connecdenn before the ATR-FTIR experiment,
which was then done in the same manner as before. Indeed,
addition of GDI did not lead to a significant acceleration of
membrane dissociation as opposed to previous experiments with
Rab35·GDP_G (Fig. 4B). A minor effect was still observed,
which may be due to incomplete nucleotide exchange. Addition
of the GAP TBC1D20 initiated GTP hydrolysis, and the typical
rapid extraction of membrane-bound Rab35_G was observed
(Fig. 4B), proving the specificity of the interaction between
Rab35 and GDI. Titration of membrane-bound Rab35_G with
GDI revealed an EC50 value of 165 ± 5 nM for the membrane
extraction of Rab35_G in the GDP-bound state (Fig. S5). For
the GTP-bound state, the titration confirms that a fraction of
Rab35_G is present in the GDP-bound state, whereas the EC50
value for the GTP-bound state is >5 μM, but could not be pre-
cisely determined due to nonspecific binding of GDI to the
membrane at high concentrations (Fig. S5).

Influence of Phosphocholination on the GDI-Mediated Membrane
Extraction. Phosphocholination is used by the pathogenic bacte-
rium L. pneumophila during infection to interfere with vesicular
transport (8, 30). We used the ATR assay to directly observe the
effect of phosphocholination on the ability of GDI to extract
modified Rab35 from the membrane. Phosphocholinated wild-
type Rab35 was used for titration experiments, but the Rab1b-
like mutant Rab35T76S was used for the dephosphocholination
with Lem3 because Lem3 naturally acts upon Rab1b, but not
Rab35. Rab35 was first phosphocholinated, and then ger-
anylgeranylated (Rab35-PC_G) and bound to the model mem-
brane in the same manner as unmodified Rab35. However, 1 μM
GDI was unable to completely extract Rab35-PC_G from the
membrane, indicating an affinity decrease compared with un-
modified Rab35 (Fig. 5A). Because GDI is circulating over the
membrane, phosphocholinated Rab is only removed from the
membrane until equilibrium between membrane-bound and
GDI-bound Rab is reached. The dephosphocholinase Lem3 was
able to restore the interaction between GDI and Rab35T76S,
showing that the effect was specifically due to phosphocholina-
tion. Then, we quantified this effect by titrating membrane-
bound Rab35_G and Rab35-PC-_G with GDI and determining
the respective EC50 values for the extraction (Fig. 5B). Phos-
phocholination led to an increase of the EC50 value from 165 ± 5
nM to 1.05 ± 0.05 μM and thus markedly inhibited extraction of
Rab35 from the membrane. The phosphocholinated residue
Thr76 is situated in the interface between GDI and Rab35 (31),
and therefore phosphocholination is expected to disturb this
interaction. The relevant kinetic and thermodynamic parameters
are summarized in Table S2.

Discussion
The interaction between GDI and Rab GTPases occurs on cel-
lular membranes and involves many components, such as GDI
and the GTPase themselves, the membrane, nucleotide, and the
lipid anchor. This complexity poses challenges for the analysis

Fig. 4. Influence of the C terminus on the dissociation rate and of the nu-
cleotide state on the extraction by GDI. (A) Time course of the immobiliza-
tion of Rab35_G (black), Rab1b_G (orange), and chimeric Rab1b with the
C terminus of Rab35 (Rab1brab35cterm_G, ochre) on a lipid bilayer and
subsequent extraction by GDI. The phases of the experiment correspond to
those in Fig. 3 and are labeled accordingly. The sequences of the C termini of
Rab1b and Rab35 are compared below the diagram (positively charged
residues marked in red, polar uncharged residues marked in green). The
positively charged C terminus of Rab35 results in slower dissociation from
the negatively charged membrane compared with Rab1b. The chimeric
protein behaves similarly to Rab35 as the electrostatic interaction between
the C terminus and the membrane is enabled in the construct. Notably,
Rab1b exhibits the smallest degree of nonspecific binding to the mem-
brane, which can be due to the less charged C terminus. (B) Time course of
a control experiment with Rab35_G in the GTP-bound state. The data
points represent the normalized area of the amide II band with color
coding according to Fig. 3. Additionally, the GAP TBC1D20 was added after
GDI (ochre). Dissociation of Rab35·GTP_G is only insignificantly accelerated
by GDI. The slight effect may be due to a fraction of Rab35_G being in the
GDP-bound state. TBC1D20 catalyzes GTP hydrolysis and enables in-
teraction of Rab35_G with GDI.
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and understanding of this process in vitro using biophysical
methods. Insight into the interaction has been gained from
studies performed in solution without a membrane involved (11–
13). In many cases farnesyl-NBD, an artificial fluorescent probe,
was used to provide a readout. Our advance allows investigation
of the interaction with a label-free geranylgeranyl moiety and,
most importantly, on a membrane instead of unnaturally in so-
lution. Fig. 6 summarizes the processes and interactions that we
were able to observe with the ATR-FTIR setup. Geranylger-
anylated Rab35 solubilized with RabGGTase β was bound to
a solid-supported model lipid bilayer. Although a label-free de-
tection of membrane binding is also possible with surface plas-
mon resonance (SPR), ATR-FTIR additionally provides full
spectral information. This crucial advantage allows confirmation
of the GTPase activity of membrane-bound protein. The protein
folding and the GTPase activity can be assessed by means of
difference spectroscopy. For Rab GTPases studied here, this
proved to be an invaluable tool because the GTPase activity of

membrane-bound Rabs and their ability to be extracted by GDI
strongly depended on sample preparation and experimental
conditions, i.e., Rab proteins without GTPase activity could not
be extracted. Thus, lack of information on correct folding and
activity of a protein might lead to wrong conclusions especially
when dealing with protein–protein interactions.
Following membrane binding, spontaneous membrane disso-

ciation and the process of membrane extraction by GDI were
directly observed in a label-free manner. We showed dependency
of the dissociation on the properties of the C terminus, and GTP/
GDP-state dependency of the GDI-mediated membrane ex-
traction. The ability of Rab35_G to spontaneously dissociate
from the membrane raises the question of the mechanism of
GDI. Possibly, GDI could tightly bind spontaneously dissociated
Rab and thereby passively remove Rab from the membrane. The
alternative would be that GDI actively extracts membrane-bound
Rab. Notably, GDI was able to significantly accelerate mem-
brane dissociation of Rab GTPases. This means that GDI not
only shifts the equilibrium through its thermodynamically fa-
vorable interaction with prenylated Rab GTPases, but also
genuinely accelerates dissociation of the GTPase from the
membrane. Previous indirect evidence suggested that Hsp90
plays a role in GDI-mediated membrane extraction (32). How-
ever, we show here that GDI does not need additional factors for
the extraction process. Possible intermediate states of the ex-
traction process, such as GDI interacting with membrane-bound
Rab, would probably not be observed in this flow cell because of
their transient nature. The highly dynamic interaction of
monogeranylgeranylated Rab GTPases with the membrane is in
agreement with results obtained with monogeranylgeranylated
peptides (29). It has to be considered that most Rab GTPases are
doubly geranylgeranylated in vivo. Doubly geranylgeranylated
peptides were found to bind to membranes more tightly (33).
Therefore, monogeranylgeranylated Rab GTPases are likely to
be more readily extracted than the doubly prenylated form. Al-
though a number of Rab GTPases such as Rab8 or Rab23 are
naturally monogeranylgeranylated (31), it remains to be seen
whether GDI is able to accelerate membrane dissociation of
doubly geranylgeranylated Rab GTPases in the same manner.
Finally, we used our method to study the effect of phos-

phocholination, a posttranslational modification introduced by

Fig. 5. Effect of phosphocholination of Rab35_G on the GDI-mediated
membrane extraction. (A) Time course of an extraction experiment analo-
gous to that in Fig. 3. GDI is unable to extract Rab35_PC_G completely. The
dephosphocholinase Lem3 specifically restores the interaction (orange data
points, the Rab1b-like mutant Rab35T76S was used because Lem3 naturally
acts upon Rab1b, but not Rab35). (B) Titration of membrane-bound Rab35_G
with GDI. The data were fitted with a logistic hyperbolic function (SI
Materials and Methods) and yielded EC50 values of 165 nM and 1.05 μM for
wild-type (black) and phosphocholinated (red) Rab35, respectively.

Fig. 6. A scheme of the interactions observed in the ATR experiments.
Monogeranylgeranylated Rab35 solubilized with RabGGTase β is reversibly
bound to a lipid bilayer (the red bar represents the lipid anchor). GDI
mediates membrane extraction of Rab35, which can be inhibited by phos-
phocholination of Rab35 by AnkX. This effect is reversed by action of the
dephosphocholinase Lem3.
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the pathogen L. pneumophila. We observed that phosphocholi-
nation directly interferes with membrane extraction by disturbing
the interaction with GDI. This result is in agreement with pre-
vious works that used a fluorescent farnesyl-NBD lipid anchor
instead of geranylgeranyl for interaction studies with GDI, but
were conducted in solution only, lacking the Rab-membrane
interaction (6, 7). It has been recently proposed that phos-
phocholination passively displaces GDI from the cytosolic Rab:
GDI complex by inhibiting rebinding of GDI, and thus recruits
Rab proteins to membranes and traps them in the inactive GDP
state (6, 7). Evidence from in vivo experiments (34) suggests that
the same principle is used to tackle the natural problem of Rab
membrane targeting: GEF-mediated nucleotide exchange dis-
places GDI and leads to recruitment of Rab proteins to specific
membranes. Therefore, not only the mechanism of membrane
extraction but also that of GDI displacement and membrane
delivery of Rab GTPases presents an interesting target for future
biochemical and biophysical investigations. ATR-FTIR is
an excellent method for the investigation of such membrane-
dependent processes, providing detailed chemical information
invaluable for the interpretation of results, which other methods,
such as SPR, cannot provide.

Materials and Methods
Protein Expression and Purification. The procedures for the preparation of
GDI-1, Connecdenn 1, Rab35, Rab1b, AnkX, GGTase I, RabGGTase β, TBC1D20,
and yeast GDI are described elsewhere (6, 7, 12, 31, 35) and in detail in
SI Materials and Methods.

Preparative Geranylgeranylation. Five milligrams of Rab with 5 mol% of
GGTase I and 165 μM geranylgeranyl pyrophosphate were incubated over-
night at 8 °C in 50 mM Hepes, pH 7.5, 50 mM NaCl, 2 mM MgCl2, 2.5 mM
dithioerythreitol, 20 μM GDP, 2% (wt/vol) CHAPS, 10% (wt/vol) glycerol, and
10 μM ZnSO4. Details of purification are given in SI Materials and Methods.

The prenylated protein was analyzed by MALDI-MS to verify the prenylation
(Fig. S6A).

Preparative Phosphocholination. Seven milligrams of Rab35 were incubated
with 2 mol% AnkX and 2 mM CDP-choline (Sigma-Aldrich) for 3 h at room
temperature in 50 mM Hepes, pH 7.5, 200 mM NaCl, 2 mM MgCl2, 2.5 mM
dithioerythreitol, 20 μM GDP, and 5% (vol/vol) glycerol. Products were sep-
arated by gel filtration and phosphocholination was verified by electrospray
ionization-MS (Fig. S6B).

ATR-FTIR Measurements. ATR-FTIR measurements were performed with
a Vertex 80V spectrometer (Bruker Optik), using a vertical ATRmultireflection
unit (Specac) and trapezoidal germanium plates (ACM or Korth Kristalle) in
a home-built flow cell. The preparation of the lipid bilayer (19, 20) is de-
scribed in SI Materials and Methods. For protein binding, 2.5 μM ger-
anylgeranylated Rab in complex with RabGGTase β (Rab_G:β-su) were added
in a total volume of 2 mL. Unbound protein was washed out of the system.
For titrations with GDI, the system was switched from a flow-through to
a circulating mode and allowed to reach equilibrium between membrane-
bound and dissociated Rab. Then, GDI was added at increasing concen-
trations. We used bovine GDI-1 for all titrations (Fig. 5 and Figs. S4 and S7),
but yeast GDI from Saccharomyces cerevisiae was found to have an even
smaller EC50 value for membrane extraction of Rab35 (Fig. S7) and therefore
also is a good model. Experiments shown in Figs. 3, 4, and 5A were per-
formed with yeast GDI. Instrumental parameters, data analysis, and further
experimental details are described in SI Materials and Methods.
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