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Anionic Lipids Modulate the Activity of the Aquaglyceroporin GlpF
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ABSTRACT The structure and composition of a biological membrane can severely influence the activity of membrane-
embedded proteins. Here, we show that the E. coli aquaglyceroporin GIpF has only little activity in lipid bilayers formed from
native E. coli lipids. Thus, at first glance, GIpF appears to not be optimized for its natural membrane environment. In fact, we
found that GIpF activity was severely affected by negatively charged lipids regardless of the exact chemical nature of the lipid
headgroup, whereas GIpF was not sensitive to changes in the lateral membrane pressure. These observations illustrate a po-
tential mechanism by which the activity of an a-helical membrane protein is modulated by the negative charge density around the

protein.

INTRODUCTION

Membrane proteins fold, assemble, and are active in
lipid bilayers. Besides distinct protein-protein interactions,
nonspecific as well as specific interactions between bilayer
lipids and transmembrane (TM) proteins can modulate the
structure and activity of TM proteins (1). Certain lipid-pro-
tein interactions can be necessary for proper protein folding
and oligomerization (1-4). Some lipids are intrinsic parts of
TM protein structures, whereas others act as nonprotein mo-
lecular chaperones that are crucial for proper folding of a
polytopic TM protein (5,6). Furthermore, global bilayer
properties, such as the bilayer thickness and the intrinsic
lipid curvature, can nonspecifically influence a TM protein’s
structure and activity. The hydrophobic region of TM pro-
teins has to match the thickness of the hydrophobic bilayer
core (7), and although in some cases hydrophobic mismatch
can result in destabilization and inactivation of TM proteins
(8,9), in other cases the thickness of the membrane adjusts
locally to the thickness of the hydrophobic protein surface
(10-12).

All cellular membranes contain negatively charged lipids,
and TM proteins are frequently anchored in a membrane by
an electrostatic interaction of the negatively charged lipid
headgroups with positively charged residues of TM proteins
at the bilayer-water interface. Such electrostatic interactions
can also determine the orientation of a TM helix and
the overall protein topology (13—16). Furthermore, many
cellular membranes contain a large fraction of nonbilayer
lipids, such as phosphatidylethanolamine (PE), which alone
form inverted hexagonal (Hj) phases and significantly
affect the lateral pressure profile of membranes. Modulating
the elastic properties of a biological membrane by such
lipids was found to modulate the structure and activity of
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a TM protein in some cases (17). For example, the water
conductance of the E. coli aquaglyceroporin GIpF was
simulated to increase by ~20% in palmitoyloleoyl PE
(POPE) bilayers compared with palmitoyloleoyl phosphati-
dylcholine (POPC) (18,19). More specifically, the radius
of the GIpF water/glycerol channel was calculated to be
increased by 10% in POPC bilayers, and it was suggested
that during water translocation, the successive exchange of
hydrogen bonds is not as stringent in the translocation
pore because of its increased radius. This result suggests
that the activity of GlpF is modulated by changes in the lipid
composition of a membrane. Therefore, we systematically
investigated the effect of increasing acyl-chain lengths as
well as the impact of phospholipid headgroup chemistry
on the tetramer stability and activity of a TM protein. The
well-characterized E. coli aquaglyceroporin GIpF belongs
to the family of aquaporins (AQPs), which are polytopic
TM channels that selectively facilitate the flux of water
across cellular membranes in all domains of life (20,21).
More specifically, GIpF is a member of the aquaglycero-
porin subfamily, which additionally enables the diffusion
of small, polar solutes across cellular membranes. All
AQPs assemble as homotetramers in membranes (22,23),
and the oligomeric state of AQPs appears to affect channel
activity, with the tetramer being the most active state
(24,25). In vivo, GIpF is located in the inner E. coli mem-
brane, which contains three major phospholipid species
with different headgroups and various acyl-chain lengths.
The zwitterionic PE represents the major membrane lipid
(70-75%), and phosphatidylglycerol (PG) (15-20%) is the
major anionic phospholipid found in the E. coli inner mem-
brane. A minor constituent (representing ~5-10%) of the
cytoplasmic E. coli membrane is the double-negatively
charged lipid cardiolipin (CL) (26,27). The average length
of the E. coli lipid acyl-chains is 16 carbon atoms, and
approximately half of the acyl-chains are unsaturated (27).
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Inactivation of GIpF by Anionic Lipids

Since only little information about the activity of AQPs in
different lipid bilayer environments is currently available,
we decided to use GIpF to study how the activity of a com-
plex TM protein adjusts to a natural lipid bilayer environ-
ment. As no tightly associated lipids are found in the vast
majority of AQP structures, it is assumed that AQPs in gen-
eral do not have defined lipid-binding sites and do not
require specific lipids for activity (28).

Here, we show that the activity and stability of the GlpF
tetramer, as measured by SDS-induced unfolding, do not
depend on a specific lipid environment. Whereas the
lateral pressure in the acyl-chain region does not affect
GlpF channel function, electrostatic interactions between
GIpF and negatively charged lipid headgroups severely
influence the activity, but not the stability, of the GlpF
tetramer. In fact, the activity of GlpF was found to be signif-
icantly reduced in a lipid bilayer system, which most closely
mimics the natural E. coli membrane. The results of this
study demonstrate how the lipid environment and protein-
lipid interactions can directly modulate the activity of a
polytopic, oligomeric TM protein.

MATERIALS AND METHODS
Expression and purification of E. coli GIpF

Expression and purification of GlpF were performed as described in detail
previously (24). The protein concentration was determined by measuring
the absorption at 280 nm, using a calculated extinction coefficient of
37,930 M 'em™! (ExPasy, ProtParam tool).

Functional reconstitution of GlpF

For GIpF reconstitution, the following A9-cis monounsaturated
lipids were purchased from Avanti Polar Lipids (Alabaster, AL) in chloro-
form solutions: 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (diC14:
1-PC),  1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine  (diC16:1-PC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (diC18:1-PC), 1,2-dieicosenoyl-
sn-glycero-3-phosphocholine (diC20:1-PC) and 1,2-dierucoyl-sn-glycero-3-
phosphocholine (diC22:1-PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (diC18:1-PE), 1-(9Z-octadecenyl)-sn-glycero-3-phosphocholine
(C18:1 LysoPC), and E. coli polar lipid (EPL) extract, as well as sodium salts
of the negatively charged lipids 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (diC18:1-PG), 1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-
glycerol (tetrC18:1-CL), and 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(diC18:1-PS). The purchased EPL extract consists of 67% PE, 23.2% PG,
and 9.8% CL (27). For functional reconstitution, a molar lipid/GIpF ratio of
400:1 was used. We added 5 mM of pure lipid or lipid mixtures dissolved in
chloroform to 1.5 mL polypropylene tubes (Sarstedt, Niimbrecht, Germany),
and removed the organic solvent under a gentle stream of nitrogen gas.
Any remaining traces of the organic solvent were removed by vacuum desic-
cation overnight. The lipid film was rehydrated at 37°C for 45 min in 30 mM
n-octyl B-D-glucopyranoside (OG) (Roth, Karlsruhe, Germany), 50 mM
MOPS (pH 7.5; Sigma-Aldrich, Munich, Germany), 150 mM N-methyl
D-glucamine (Acros Organics, Morris Plains, NJ), and 50 mM NaCl (Roth,
Karlsruhe, Germany) (29). GIpF (in 50 mM of OG, 50 mM phosphate,
300 mM NaCl, and 10% glycerol) was added to the rehydrated lipids at a final
concentration of 12 uM. The volume was then adjusted to 0.5 mL with 50 mM
MOPS (pH 7.5), 150 mM N-methyl D-glucamine, and 50 mM NaCl (dialysis
buffer). The final OG concentration was 30 mM. The GlpF/lipid mixture was
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dialyzed for at least 48 h at 4°C against 100 sample volumes of dialysis buffer
with three buffer exchanges (SpectraPor 12-14 kDa cutoff dialysis mem-
brane; Spectrumlabs, Breda, The Netherlands). The amount of liposome-inte-
grated protein was determined via a semi-native SDS-PAGE analysis. In
this analysis, no additional SDS is added to the sample buffer and the native
tetrameric oligomerization state of GIpF is preserved (23,30). For subsequent
analysis, proteoliposomes were incubated in SDS-free sample buffer (50 mM
Tris-HCI (pH 6.8; Roth, Karlsruhe, Germany), 10% (v/v) glycerol (Appli-
Chem, Darmstadt, Germany), and 0.04% (w/v) Bromphenol blue (Sigma-Al-
drich, Munich, Germany) for 15 min at room temperature and separated on a
10% SDS-PAGE gel. SDS-PAGE gels were stained with Coomassie blue and
the amount of liposome-incorporated GIpF (tetrameric, dimeric, and mono-
meric) was quantified using ImageJ software (31). The relative amount
of incorporated GIpF (cgiprre1.) Was calculated by normalizing the amount
of incorporated GIpF to the amount of GIpF incorporated into pure
diC18:1-PC liposomes.

GlpF activity measurements

GIpF activity was assessed by measuring the flux of the substrate ribitol
across the lipid bilayer of the liposomes. Activity measurements were per-
formed using a SX20 Stopped Flow Spectrometer (Applied Photophysics,
Leatherhead, UK). Proteoliposomes were rapidly mixed with an equal vol-
ume of dialysis buffer containing 600 mM ribitol (AlfaAesar, Heysham,
UK). Light scattering was followed at a wavelength of 600 nm at a 90°
angle at room temperature. The scattering intensity rose quickly due to wa-
ter efflux and then decayed due to the influx of ribitol. This decay was
analyzed using a double exponential decay function. To compare the decay
times under different conditions, a weighted rate constant (k,,) was calcu-
lated according to the following equation (32):

ky = AjJ(Ay +A;) X ki + A/(A+Ay) X k, (1)

where A; and A, are the amplitudes, and k; and k, are the respective rate
constants.

The weighted rate constants (k,,) were then normalized with respect to
the relative amount of incorporated protein (cgipkrel.) to obtain the relative
weighted rate constants (k). Moreover, to be able to properly compare
all conducted experiments, we calculated a normalized weighted rate con-
stant (kynorm.)- For this purpose, we additionally normalized the relative
weighted rate constant to the relative weighted rate constant of GIpF in
diC18:1-PC liposomes.

RESULTS
GIpF activity requires a minimal acyl-chain length

To evaluate how the lipid acyl-chain length might influence a
membrane protein’s oligomerization and activity, we incor-
porated GIpF into liposomes formed from A9-cis monoun-
saturated PC lipids of increasing acyl-chain length
(diC14:1-PC to diC22:1-PC). The thickness of the hydro-
phobic bilayer core increases in lipid bilayers from 29.6 to
455 A (dp.p) (Table S1 in the Supporting Material) (33),
and simultaneously with an increasing acyl-chain length,
lipid bilayer properties, such as fluidity and the bilayer
elastic bending modulus, are altered (34,35). We assessed
the impact of the phospholipid headgroup chemistry by
monitoring the influence of the lipids diC18:1-PE,
diC18:1-PG, tetrC18:1-CL, and diC18:1-PS on the oligo-
meric state and activity of GlpF. For comparison, GlpF
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was also incorporated into liposomes formed from EPL
extract and a ternary mixture of 70 mol % diC18:1-PE,
20 mol % diC18:1-PG, and 10 mol % tetrC18:1-CL (here-
after, this mixture is referred to as PE/PG/CL). Whereas
the EPL liposomes mimic the lipid headgroup as well
as the acyl-chain composition of the native E. coli mem-
brane, the PE/PG/CL ternary lipid mixture only mimics the
lipid headgroup composition of the native E. coli membrane,
because all lipids have identical acyl-chain lengths. The
average radius of all liposomes used in this study was
37 = 11 nm, as measured by dynamic light scattering (Zeta-
sizer-Nano-S, Malvern Instruments, Malvern, UK). Impor-
tantly, no relation between liposome size and the amount
of incorporated GIpF was found. After incorporation of
GIpF into the liposomes, the GIpF oligomeric state and
activity were analyzed. Analyzing the GlpF oligomeric state
provides information about the stability of GlpF in different
lipid environments, as GIpF assembles in vivo into stable
tetramers.

To investigate the role of the lipid environment, we as-
sessed the GlpF oligomeric state by conducting a semi-native
SDS-PAGE analysis. During such an analysis, the tetrameric
state of GIpF remains intact (23,24,30). This remarkable
feature of GIpF was utilized to assess the stability of the
tetrameric GIpF complex in different lipid environments, as
determined by SDS-induced unfolding of the tetramer to
monomeric, dimeric, and potentially trimeric GlpF (23).
Although the semi-native SDS-PAGE analysis does not visu-
alize the oligomeric state in the bilayer of the liposomes, it
nicely reflects the stability of the GIpF tetramer (23).

Moreover, the SDS-PAGE analysis enabled us to evaluate
the efficiency of GIpF incorporation into liposomes with
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different lipid compositions, since only the incorporated
and nonaggregated protein exhibited the distinct migration
behavior characteristic of the monomeric, dimeric, and
tetrameric GIpF states. GlpF incorporation was determined
to allow the ribitol flux rate constants to be corrected, as out-
lined further below.

Based on the SDS-PAGE analysis, GIpF incorporates
only with very low efficiencies into diC14:1-PC and
diC16:1-PC liposomes, i.e., into liposomes with a thin lipid
bilayer (Figs. 1 A and S1 A). In the liposomes formed
from A9-cis monounsaturated PC lipids, incorporation was
most efficient when diC18:1-PC liposomes were used, and
decreased again when liposomes were formed from
diC20:1-PC and diC22:1-PC. Whereas in diC14:1-PC and
diC16:1-PC the proportion of monomeric and dimeric
GIpF exceeded the amount of tetrameric GlpF, in diC18:1-
PC liposomes and liposomes with even longer acyl-chains,
the amount of tetrameric GIpF exceeded the amount of
monomeric and dimeric GlpF (diC18:1-PC: 0.78, diC20:1-
PC: 0.77, and diC22:1-PC: 0.65) (Figs. S1 A and S2 A).
Thus, whereas the GIpF native tetrameric state is well stabi-
lized in EPL and PE/PG/CL liposomes (proportion of
tetramer: 0.77 and 0.8, respectively), which most closely
mimic the native E. coli membrane, the GIpF tetramer is
also stable in nonphysiological PC lipid environments
when the lipids have a sufficient chain length.

We evaluated the activity of liposome-incorporated GlpF
by measuring the flux of a substrate across the lipid bilayer.
Although the rates of glycerol and ribitol conductance via
GIpF are similar, membranes have a higher intrinsic perme-
ability for glycerol compared with ribitol (22). Thus, to
minimize the background of the measurements, we chose
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FIGURE 1 GIpF incorporation and activity in liposomes of increasing bilayer thickness. (A) GIpF incorporation in the liposomes was monitored via semi-

native SDS-PAGE analysis. Bars show GIpF incorporation relative to its incorporation into diC18:1-PC liposomes (cgipEe1.)- Error bars: SD (N = 3-5). (B)
GIpF activities in the various lipid liposomes were assessed by measuring the flux of the substrate ribitol across the lipid bilayer. Each curve is the average of
five measurements. Representative light-scattering curves of GIpF activity measurements in liposomes of increasing acyl-chain length and EPL extract are
depicted: diC14:1-PC (red), diC16:1-PC (green), diC18:1-PC (black), diC20:1-PC (light gray), diC22:1-PC (blue), EPL extract (dark gray), and ternary
mixture PE/PG/CL (70 mol % diC18:1-PE, 20 mol % diC18:1-PG, 10 mol % tetrC18:1-CL) (purple). (C) Normalized weighted rate constant of ribitol
conductance in the different lipid environments. The weighted rate constants (k) of ribitol flux via GlpF were normalized to the amount of incorporated
GIpF relative to the amount of GIpF incorporated into diC18:1-PC liposomes. The obtained relative weighted rate constants (ky ;) were additionally normal-
ized to the relative weighted rate constant in diC18:1-PC liposomes to obtain the normalized weighted rate constant (ky, norm.)- The SD of GIpF activity in
diC18:1-PC liposomes was calculated from the relative weighted rate constants (ky,re1.), and the SD of GIpF activity in the other liposomal systems was
calculated from the normalized weighted rate constants (kg norm.)- Error bars: SD (N = 3-5).
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to use the linear polyalcohol ribitol as the substrate in our
measurements. In this assay, proteoliposomes were mixed
rapidly with a hypertonic ribitol solution, which causes an
immediate water efflux, resulting in liposome shrinkage.
When ribitol subsequently diffuses into the liposomes via
GIpF, water flows back into the liposomes, resulting in re-
swelling of the liposomes. It is worth mentioning that, in
the kinetic measurements, the substrate ribitol was present
in large excess (300 mM) compared with GIpF (<12.5
uM), and under the condition of substrate excess, the ribitol
influx does not depend on the GIpF orientation within the
lipid bilayer (19,36). We monitored the accompanying
changes in the liposome size by following light scattering
over time. To exclude the possibility that any OG that re-
mained in the liposomal membranes after dialysis might
somehow affect the activity measurements, we also assessed
the influence of increasing OG concentrations in the lipo-
somal membrane on GIpF activity, on the background flux
in GlpF-free liposomes, and on the stability of the GlpF
tetramer. For further details, see Figs. S3—S5 and the Sup-
porting Discussion. These controls revealed that neither
the GIpF activity nor the stability of the GIpF tetramer
against SDS-induced unfolding was affected by any poten-
tially remaining trace amounts of OG.

Whereas the decay in light scattering was basically absent
when liposomes were formed from diC14:1-PC and
diC16:1-PC, GIpF incorporated into diC18:1-PC, diC20:
1-PC, and diC22:1-PC liposomes was highly active
(Fig. 1 B). To quantitatively compare the rate of ribitol flux
for different lipid compositions, the amount of incorporated
GIpF was quantified and the relative weighted rate constants
(ky.re1) were determined and normalized to ky, ¢, in diC18:1-
PC liposomes to obtain the normalized weighted rate con-
stant (kwnorm.). The underlying linear correlation between
the incorporated amount of GlpF and GIpF activity is shown
in Fig. S6. It is worth mentioning that, the background flux in
the absence of GIpF was extremely low compared with the
GlpF-specific ribitol flux and could not be fitted exponen-
tially. Plotting these normalized rate constants as a function
of the acyl-chain length revealed that GIpF is inactive in
diC14:1-PC and diC16:-PC liposomes and that GlpF activity
increases constantly from diC18:1-PC to diC22:1-PC lipo-
somes (Fig. 1 C). Importantly, GIpF was remarkably tolerant
toward the non-E. coli lipid PC, as both the native tetrameric
state and the GIpF activity were well preserved. Thus, the re-
sults indicate that GIpF might not require the specific lipid
headgroup environment found in the native E. coli mem-
brane. In fact, GIpF activity was even strongly impaired
in EPL liposomes, which most closely mimic the native
E. coli membrane lipid composition.

Since both the lipid headgroups and the acyl-chains of the
phospholipid species vary significantly in the EPL extract,
the observed differences may simply be due to the heteroge-
neity of the fatty acids. However, GIpF activity was also
strongly impaired in the PE/PG/CL ternary mixture, as
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was observed in EPL liposomes before (Fig. 1, B and C).
Since the GIpF activity was significantly reduced in both
EPL and PE/PG/CL lipid bilayers, we can exclude the pos-
sibility that GIpF is inactivated solely by a heterogeneous
acyl-chain composition, and particularly the presence of
fully saturated acyl-chains.

Different phospholipids have been shown to modulate the
activity of certain membrane proteins (17,37,38), and GlpF
was found to be significantly less active in EPL and PE/PG/
CL liposomes compared with PC liposomes. To understand
the basis of the decreased GlpF activity in E. coli membrane
lipids, we next analyzed the influence of the lipid head-
groups, which naturally occur in the E. coli inner mem-
brane, on the oligomeric structure and activity of GlpF. By
gradually adding PE, PG, and CL to PC liposomes, which
were used as the basic lipid system, we were able to analyze
the effect of each E. coli phospholipid on GIpF activity and
tetramerization. Importantly, the total concentration of
lipids was kept constant. Since incorporation of GIpF was
most efficient in diC18:1-PC liposomes and GIpF activity
was only moderate in those liposomes, we used diC18:1
acyl-chain-containing lipids in all further experiments,
which allowed us to monitor potential activity decreases
as well as increases.

GlIpF activity is not altered by changes in the
lateral membrane pressure in the acyl-chain
region

GIpF was found to have a reduced activity in EPL and PE/
PG/CL liposomes compared with PC liposomes of the
appropriate acyl-chain length. Therefore, we first deter-
mined the effect of PE, the major lipid in the E. coli mem-
brane, on the GIpF tetrameric state and activity. Whereas PC
and the major E. coli lipid, PE, are both zwitterionic, the PE
headgroup is smaller in size than the PC headgroup. In PE,
the cross-sectional area of the headgroup is smaller than the
cross-sectional area of the acyl-chains, and thus it is a
nonbilayer-forming lipid that causes intrinsic membrane
negative curvature stress (39,40). In fact, pure PE forms in-
verted hexagonal phases (Hjy) rather than lamellar bilayer
structures in aqueous environments (41), and integration
of PE into lipid bilayers will induce an elastic stress in the
bilayer by increasing the lateral pressure in the lipid acyl-
chain region of the membrane (42-44). Thus, the reduced
GIpF activity in EPL and PE/PG/CL membranes might be
due to the increased lateral pressure in the acyl-chain region
in these membranes.

The efficiency of GlpF incorporation into liposomes with
a diC18:1-PC background and increasing diC18:1-PE con-
centrations decreased continuously (Figs. 2 A and S1 B).
Up to a concentration of 50 mol % PE, the tetramer level
was maintained at ~0.80, whereas PE contents higher than
50 mol % caused a decrease in the proportion of tetrameric
GIpF (60 mol % PE: 0.62; 70 mol % PE: 0.54) (Figs. S1 B
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FIGURE 2 GIpF incorporation and activity in diC18:1-PC liposomes with increasing diC18:1-PE content. (A) Relative GlpF incorporation. Error bars: SD
(N = 6). (B) Representative light-scattering curves of GIpF activity measurements at O (black), 40 (light gray), and 60 (gray) mol % diC18:1-PE. Each curve
is the average of five measurements. (C) Normalized weighted rate constants of ribitol flux in liposomes of increasing mol % diC18:1-PE. Error bars: SD
(N = 6). The SD of GIpF activity in diC18:1-PC liposomes was calculated from the relative weighted rate constants (ky ), and the SD of GIpF activity
in the other liposomes was calculated from the normalized weighted rate constants (ky norm.).- The PE concentration in the native E. coli inner membrane

is ~70-75%.

and S2 B). The changes in the proportion of tetrameric GlpF
were associated with an increase in the proportion of mono-
meric/dimeric GlpF (Fig. S2 B). Although the GIpF activity
decreased constantly with an increasing PE content in the li-
posomes (Fig. 2 B), this could be attributed to the reduced
incorporation efficiency, since the rate constants relative to
the incorporated protein remained unaffected by the PE con-
tent (Fig. 2 C). Therefore, no relation between the GlpF
activity and the oligomeric state, as determined via semi-
native SDS-PAGE analysis, was found in diC18:1-PE-con-
taining diC18:1-PC liposomes. Thus, the major E. coli lipid,
PE, does not appear to affect GIpF activity in lipid bilayers,
and therefore changes in the lateral membrane pressure in
the acyl-chain region do not influence the GIpF channel
activity. It is worth mentioning that addition of up to
16 mol % 1-(9Z-octadecenyl)-sn-glycero-3-phosphocholine
(C18:1 LysoPC), which in contrast to PE lowers the lateral
pressure in the acyl-chain region, as it causes a positive
intrinsic membrane curvature stress, also did not affect
GIpF tetramerization or activity (data not shown).

GIpF activity is modulated by negatively charged
lipids

Next, we analyzed the influence of the anionic E. coli lipids
PG and CL on GIpF activity. The efficiency of GlpF incor-
poration into liposomes containing increasing amounts of
the negatively charged lipids followed a bell-shaped profile
(Figs. 3, A and D, and S1, C and D).

Maximal GIpF incorporation was achieved at 40 mol %
PG and 20 mol % CL, respectively. Strikingly, the best incor-
poration was reached when the same amount of negative
lipid charges were present on the liposomes. However, the
relative increase of incorporated protein differed between
PC/PG and PC/CL lipid mixtures. Whereas in mixed PC/
PG liposomes the maximal amount of incorporated
GIpF was increased by a factor of 1.3 compared with pure
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PC liposomes (Fig. 3 A), in PC/CL liposomes the incorpora-
tion efficiency increased by a factor of 3.2 relative to pure PC
liposomes (Fig. 3 D). Importantly, the GIpF tetramer was
quite stable in all tested PC/PG and PC/CL lipid mixtures.
However, a slight increase of monomeric and dimeric
GIpF from ~0.18 to 0.35 was detected at high PG contents
(=70 mol %; Figs. S1 C and S2 C) and the stability of tetra-
meric GIpF appeared to increase slightly at CL concentra-
tions of >4 mol % (Figs. S1 D and S2 D), associated with
a decrease of monomeric/dimeric GlpF. Nevertheless, these
minor changes cannot explain the rather drastic effect of
low mol % CL on the GIpF activity (Fig. 3 F). In general,
GIpF activity was highest in the absence or at very low con-
centrations of negatively charged lipids. The highest rates of
substrate flux per relative amount of incorporated protein
were measured at 10 mol % PG and 2 mol % CL
(Fig. 3, B, C, E, and F). It is worth mentioning that these
levels are below the PG and CL concentrations found in
native E. coli membranes. With increasing PG and CL con-
tents, the ribitol flux across the liposomal membrane
decreased significantly, and thus the channel activity was
severely impaired by negatively charged lipid headgroups.
To test whether negatively charged lipids per se influence
GIpF oligomerization and activity, we additionally analyzed
the impact of the negatively charged lipid phosphatidylserine
(PS), which is not a major E. coli membrane constituent.
In liposomes containing increasing amounts of diC18:1-
PS, up to a concentration of 90 mol %, no influence on the
incorporation of GlpF was detected within the range of the
standard deviation (SD) (Figs. 4 A, S1 E, and S2 E). How-
ever, in pure diC18:1-PS liposomes, the amount of incorpo-
rated GIpF was slightly decreased. The influence of PS
on the GlpF activity was found to be similar to that observed
in liposomes containing PG and CL.: the relative GlpF activ-
ity was highest at low mol % PS and drastically decreased
thereafter, starting at a PS concentration of 20 mol %
(Fig. 4, B and C). Based on these findings, it can be
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FIGURE 3 GIpF incorporation and activity in diC18:1-PC liposomes with increasing amounts of negatively charged lipids. (A and D) Relative GlpF incor-
poration into liposomes with increasing mol % diC18:1-PG (error bars: SD, N = 3) or tetrC18:1-CL (error bars: SD, N = 6), respectively. (B) Representative
light-scattering curves of GIpF activity measurements at O (black), 10 (light gray), 20 (gray), and 100 (dark gray) mol % diC18:1-PG. Each curve is the
average of five measurements. (C and F) Normalized weighted rate constants of ribitol flux in liposomes with increasing mol % diC18:1-PG (error bars:
SD, N = 3) and tetrC18:1-CL (error bars: SD, N = 6), respectively. (E) Representative light-scattering curves of GIpF activity measurements at mole fractions
of 0 (black), 2 (light gray), 20 (gray), and 30 (dark gray) mol % tetrC18:1-CL. Each curve is the average of five measurements. The SD of GIpF activity in
diC18:1-PC liposomes was calculated from the relative weighted rate constants (ky .1.), and the SD of GIpF activity in the other liposomes was calculated
from the normalized weighted rate constants (ky norm.)- The PG and CL concentrations in the native E. coli inner membrane are ~15-20% and ~5-10%,
respectively.

concluded that the negative charge itself, and not the PG and
CL headgroup chemistry, had caused inactivation of GlpF.

detail (1,37). Recently, it was suggested that accommoda-
tion of defined lipid species in the vicinity of a membrane
protein might allow the activity of the protein to be
controlled (45). This is an intriguing concept, as in many
cases it is not yet clear how cells regulate the activity of

DISCUSSION

The lipid environment and lipid bilayer properties can affect
the structure and function of membrane-integrated proteins;
however, only a few studies have analyzed this in great

certain membrane proteins in vivo. In this study, we demon-
strate that the lipid acyl-chain length and the lipid head-
group charge, but not the lateral membrane pressure,
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FIGURE 4 GIpF incorporation and activity in diC18:1-PC liposomes containing increasing amounts of diC18:1-PS. (A) Relative GlpF incorporation. Error
bars: SD (N = 3). (B) Representative light-scattering curves of GIpF activity measurements at 0 (black), 10 (light gray), 40 (gray), and 100 (dark gray) mol %
diC18:1-PS. Each curve is the average of five measurements. (C) Normalized weighted rate constants of ribitol flux in liposomes of increasing mol %
diC18:1-PS. Error bars: SD (N = 3). The SD of GIpF activity in diC18:1-PC liposomes was calculated from the relative weighted rate constants (ky, i),
and the SD of GIpF activity in the other liposomes was calculated from the normalized weighted rate constants (ky norm.)-

Biophysical Journal 109(4) 722—-731



728

modulate the activity of GIpF, a polytopic, oligomeric TM
channel protein.

Recent molecular-dynamics simulations indicated higher
GlpF activity in a POPE bilayer compared with a POPC
bilayer (18,19). A 10% decreased channel radius was calcu-
lated when GIpF was embedded in a POPE bilayer
compared with a POPC bilayer. Based on this observation,
it was suggested that the successive exchange of hydrogen
bonds during water translocation might be less stringent in
a translocation pore with an increased radius. Whereas in
the previous simulations GIpF was incorporated into a
POPE bilayer with one saturated (C16:0) and one unsatu-
rated (C18:1) acyl-chain, in this study we increased the
lateral membrane pressure in the acyl-chain region using
DOPE containing two unsaturated acyl-chains (C18:1).
Although shortening and, more importantly, increasing the
saturation of the acyl-chains will increase the temperature
at which the lipid bilayer changes from a lamellar crystal-
line to the hexagonal Hjy phase (46), both DOPE and
POPE exert a negative curvature when incorporated into a
lipid bilayer system (the spontaneous curvature (J™) of
DOPE and POPE is —0.399 and —0.316, respectively)
(47), and thus will increase the lateral pressure in the
acyl-chain region. Therefore, the different lipids used here
and in the simulations cannot explain the discrepancy be-
tween the simulation and experimental results.

In contrast to the simulations, our study demonstrates that
increasing amounts of PE do not affect the GIpF channel
function at all, and thus the GIpF activity appears to be resis-
tant to changes in the lateral membrane pressure (Fig. 2 C).
This finding supports the assumption that tetrameric GIpF
and, most likely, AQPs in general have a rather rigid protein
structure. As the AQP channel activity does not involve ma-
jor conformational changes of the protein structure, the
functional properties of these rigid structures are unlikely
to be affected by changes in the lateral pressure in the
acyl-chain region. The resistance of GIpF to major changes
in the lipid composition implies an enormous structural sta-
bility, as previously discussed for AQPO (48). This observa-
tion additionally helps to explain the remarkably high
activity of GIpF in the nonphysiological PC bilayer:
whereas the lateral pressure in the acyl-chain region will
be higher in native E. coli membranes than in a PC bilayer,
due to the high abundance of PE, the activity of GlpF is not
sensitive to changes in the lateral pressure in the acyl-chain
region and thus is well preserved in PC bilayers. However,
this cannot explain the considerably higher GIpF activity
in PC bilayers compared with EPL and PE/PG/CL lipo-
somes (Fig. 1, B and C). An interrelation between the
acyl-chain composition and the lipid headgroup composi-
tion was recently described for the lactose permease
(LacY) of E. coli (49), as LacY’s energy-dependent uphill
transport of lactose was only supported in the presence of
unsaturated acyl-chains (49). However, our data rule out a
significant impact of the heterogeneous acyl-chain composi-
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tion, since we also found significantly decreased channel ac-
tivity in the ternary PE/PC/CL mixture with completely
monounsaturated acyl-chains (Fig. 1).

Although GlpF activity was unaffected by changes in the
membrane lateral pressure profile, it was found to be highly
sensitive to the negative charge density of the surrounding
lipid bilayer (Figs. 3, C and F, and 4 C). Low PG and CL
contents initially caused an increased GlpF activity, whereas
we observed a decreased GIpF activity at higher negative
charge levels. Stabilizing effects of small amounts of
anionic lipids on the configuration of TM helices that are
flanked by cationic residues were previously described for
both PG and PS (50). This effect on GIpF activity, however,
seems to be lipid-headgroup specific, as PS did not increase
the GIpF activity. Thus, low mol % of PG and CL stabi-
lizes an active GIpF structure, possibly via direct, head-
group-specific interactions. Similarly, it was recently
reported that negatively charged lipids have different abili-
ties to stabilize the native tetrameric state of the E. coli
AQP AqpZ, and especially CL appeared to stabilize the
AqpZ tetrameric state well (45). However, in our study, a
further increase in the amount of negatively charged lipids
resulted in a severely reduced GIpF function in all three
analyzed lipid systems, regardless of the lipid headgroup
chemistry. The decreased GIpF activity observed in lipid bi-
layers with a negative surface charge also explains the rather
low GIpF activity observed in EPL and PE/PG/CL lipo-
somes compared with pure PC liposomes. The significantly
decreased GIpF activity in liposomes from the EPL extract
is most likely due to the negative surface charge density
and not to the chemical nature of the lipids. In this study,
the GIpF activity was already decreased at 20 mol % PG/
PS or at 5 mol % CL. With concentrations of ~20 mol %
PG and ~10 mol % CL (27), the negative charge level of
the EPL and PE/PG/CL liposomes was even higher.

But how could the negative lipid headgroups affect the
GIpF channel activity? A direct interference of the nega-
tively charged lipids with substrate conduction seems
unlikely, as the amino acids interacting with the permeating
substrate do not interact with the surrounding lipids (Fig. 5).
Previous in silico analyses indicated a voltage-dependent
regulation of AQP1 and AQP4 (51). The conformation of
the arginine residue in the selectivity filter of AQP1 and
AQP4 differed depending on the membrane potential. The
respective arginine is highly conserved within the AQP fam-
ily and plays a key role in substrate conduction. When a
negative membrane potential was applied (i.e., with an
increased anion concentration on the intracellular side of
AQPI1 and AQP4), the arginine residue of the AQP selec-
tivity filter was found to be in an orientation that reduced
single-channel water permeability. In contrast, in the pres-
ence of a positive membrane potential, the different orienta-
tion of arginine appeared to facilitate rapid water flux.
Direct electrostatic interactions have been proposed to cause
the conformational change of arginine in the selectivity
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FIGURE 5 GIpF crystal structure. A periplasmic view of the native tetra-
meric GIpF structure (PDB ID: 1FX8) (22) is shown. Amino acids interact-
ing with glycerol are indicated in green, and those suggested by molecular-
dynamics simulations to interact with lipid headgroups are shown in red.
The residues that interact frequently with lipid headgroups are localized
at the lipid-exposed surface of the monomeric GIpF unit (58), whereas
the residues that interact with glycerol are found at the periplasmic vesti-
bule and in the channel interior (59). To see this figure in color, go online.

filter, and therefore a direct influence of negative lipid head-
group charges on the orientation of the arginine side chain
seems possible. However, in the in silico studies, free diffu-
sion of the anions was allowed in solution, whereas in our
experiments the negative charges were localized at the lipid
headgroups. This most likely constrains (or even abolishes)
the possibility of direct interactions with arginine in the
selectivity filter located within the GlpF channel pore.

In biological membranes, the ratio of negatively charged
lipids and neutral lipids is carefully regulated, and positively
charged amino acids are significantly overrepresented in
TM proteins at the membrane-water interface region (52).
Electrostatic interactions between positively charged amino
acid side chains and negatively charged lipid headgroups
help to anchor and position TM proteins within lipid bila-
yers, and they can determine the topology of membrane in-
tegral proteins (15,16). A dramatic destabilization of a TM
helix bundle structure, caused by electrostatic interactions
between positively charged amino acids and negative lipid
headgroups, was recently observed in a simple TM helix
dimer of human glycophorin A (53-55). Nevertheless, in
contrast to this observation, it appears that electrostatic
interactions between negatively charged lipid headgroups
and GIpF do not dramatically destabilize the GlpF tetramer
structure against SDS-induced unfolding, but rather inacti-
vate the protein.

Most likely, interactions of negatively charged lipids with
positively charged amino acids subtly affect the structure of
GIpF, resulting in protein inactivation. An influence of the
negative lipid headgroup charges on the dipole moment of
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the two AQP characteristic half-helices would potentially
also result in an altered channel activity. However, these as-
sumptions remain speculative, and determining the exact
molecular mechanism by which GIpF is inactivated will
likely require high-resolution structures in the presence of
negatively charged lipids.

CONCLUSIONS

GIpF has a very high structural stability, which renders the
protein resistant to major changes in the lateral membrane
pressure. However, we found that GIpF activity was greatly
influenced by negatively charged lipid headgroups, although
the observed effects arose from negative surface charges and
not from the specific headgroup chemistry. Most likely,
electrostatic interactions between basic amino acids and
the negative headgroup charge induce subtle conformational
changes in the GlpF TM domain, which affect the GlpF
channel function. In a living cell, membrane-binding mole-
cules (e.g., peripheral proteins and sugars) modulate the
surface chemistry and also the surface charge density of a
membrane (56,57). Thus, shielding lipid headgroup charges
by membrane-binding components might guarantee proper
GIpF activity in vivo, in living E. coli cells. On the other
hand, if the activity of GIpF is regulated in E. coli, the selec-
tive enrichment of negatively charged lipids in the direct
vicinity of GIpF might allow a cell to reversibly control
the activity of the glycerol channel. Thus, our work illus-
trates a mechanism by which a cell could control the activity
of an a-helical membrane protein merely by varying the
negative charge density around the protein.
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SUPPORTING DISCUSSION

The activity of GlpF is not affected by eventually remaining trace amounts of OG

To determine, whether varying amounts of OG remaining after detergent dialysis could affect
the GlpF activity and tetramer stability, we have analyzed the influence of different OG
concentrations on the GlpF activity in proteoliposomes and also on the background flux in
GlpF-free diC18:1-PC liposomes.

To do so, GlpF was reconstituted into diC18:1-PC liposomes. After reconstitution, the
liposomes were incubated for 1h at room temperature with OG concentrations varying
between 0-7.5 mM. The liposomes were further incubated with 50 mM OG to test, if OG
indeed incorporates into the liposomes (Fig. S3A, orange curve). As no signal characteristic
for liposomes was detected at 50 mM OG, the liposomes were lyzed by OG, showing that OG
incorporates into the diC18:1-PC liposomes. Whereas no influence on the GIpF activity was
detected (Fig. S3A), we found a significant impact of increasing OG concentrations on the
background ribitol flux (assessed in liposomes without GlpF) (Fig. S3B). Already after
incubation of the liposomes with 0.2 mM OG an effect on the light scattering curve can be
seen, and at OG concentrations of 0.5 mM (dark blue curve in Fig. S3B) and higher a light
scattering signal similar to a signal obtained with a functional GlpF channel (compare purple
curve in Fig. S3B) was observed.

However, in all our measurements with GlpF-free liposomes, we never observed a signal
indicating functional GIpF, regardless of the respective lipid compositions. Thus, it is very
unlikely that any potentially remaining amounts of OG affect the determined GlpF activities.
In Fig. S3C light scattering curves of proteoliposomes and the corresponding GlpF-free
liposomes are shown, as an example. Neither in the negative control, corresponding to
proteoliposomes with highly active GlpF (pure diC18:1-PC liposomes), nor in the negative
control, corresponding to proteoliposomes with inactive GlpF (pure diC18:1-PG liposomes), a
signal indicating GIpF activity was observed, which could be caused by high OG contents.
The light scattering signal of the GlpF-free liposomes stayed nearly constant. We can
therefore exclude an influence of different amounts of remaining OG concentrations on the
activity measurements.

To study, if varying amounts of remaining OG affect the stability of the GlpF tetramer, a
semi-native SDS-PAGE analysis of proteoliposomes incubated with increasing OG
concentrations was performed (Fig. S4). This SDS-PAGE analysis did not reveal an influence
of OG on the tetramer stability upon an OG concentration of 0.5 mM. However, the
remaining OG concentration in the liposomes is lower as concluded from the absence of a fast
decay of the light scattering signal of the GlpF free liposomes.



Next, we quantified the remaining amount of OG in diC18:1-PC liposomes at various time
points during formation of proteoliposomes (Fig. S5). After detergent dialysis, remaining OG
concentrations of 9.0 x 10 and 1.8 x 102 mM were determined for the diC18:1-PC liposomes
and proteoliposomes, respectively (Fig. S5B). As expected from the measurements with
GlpF-free liposomes, those concentrations below 0.2 mM OG, as no drastic influence on the
light scattering signal was observed.

SUPPORTING FIGURES
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Figure S1: Stability of the GlpF tetramers against SDS-induced unfolding determined in
different bilayer environments. GIpF incorporation as well as GIpF oligomeric state in the
different lipid composition was monitored via semi-native SDS-PAGE analysis. In an SDS-
PAGE analysis, where no SDS is present in the sample buffer, the native tetrameric state of
GIpF is preserved. Tetrameric (T), dimeric (D) and monomeric (M) GlpF are indicated.
Representative Coomassie Blue-stained SDS-PAGE gels of GIpF incorporated into
liposomes. (A) GlpF incorporation into liposomes having increasing PC chain lengths
(diC14:1-PC - diC22:1-PC), as well as into liposomes prepared from EPL extract and the
ternary PE/PG/CL lipid mixture (70 mol% diC18:1-PE, 20 mol% diC18:1-PG and 10 mol%
tetrC18:1-CL). (B-E) GlpF incorporation into diC18:1-PC liposomes with increasing mole
fractions of (B) diC18:1-PE, (C) diC18:1-PG, (D) diC18:1-CL, or (E) diC18:1-PS.



Figure S2
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Figure S2: Relative fraction of tetrameric vs. monomeric/dimeric GIpF incorporated in
liposomes. The amount of tetrameric GIpF is depicted in dark gray and the amount of
incorporated proteins as monomer/dimer is illustrated in light grey. For comparison, the
horizontal dashed line (at 0.8) visualizes the fraction of tetrameric GlpF incorporated into
liposomes formed using the ternary PE/PG/CL lipid mixture. (A) Relative fraction of
tetrameric vs. monomeric/dimeric GlpF in liposomes having increasing PC chain lengths
(diC14:1-PC - diC22:1-PC), as well as in liposomes prepared from EPL extract and the
ternary PE/PG/CL lipid mixture (70 mol% diC18:1-PE, 20 mol% diC18:1-PG and 10 mol%
tetrC18:1-CL). (B-E) Relative fraction of tetrameric and monomeric/dimeric GlpF in
liposomes with a diC18:1-PC background and increasing mole fractions of (B) diC18:1-PE,
(C) diC18:1-PG, (D) diC18:1-CL and (E) diC18:1-PS.



Figure S3
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Figure S3: Influence of varying OG amounts on the ribitol conductance of GlpF. (A) To
assess the influence of various OG concentrations on the GlpF activity, diC18:1-PC
proteoliposomes were incubated with OG concentrations between 0 and 7.5 mM OG as well
as with 50 mM OG, and the GlpF activity was determined as described. (B) Influence of
varying OG concentrations on the ribitol conductance of GlpF-free diC18:1-PC liposomes
(0 mM OG (back), 0.1 mM OG (red), 0.2 mM OG (green), 0.5 mM OG (dark blue), 1.0 mM
OG (light blue). After incubation of 2.5 mM diC18:1-PC liposomes with OG concentrations
of >0.5 mM (dark blue curve), the observed liposom shrinking and reswelling kinetics look
very similar to a GlpF-characteristic ribitol flux (purple curve). (C) Representative light
scattering curves monitored at O (black), 50 (red) and 100 (green) mol% diC18:1-PG. The
corresponding negative controls, i.e. GlpF-free liposomes, are also depicted at O (dark blue),
50 (light blue) and 100 (purple) mol% diC18:1-PG. These data indicate that any potentially
remaining trace amounts of OG do not affect the measured GIpF channel activity.



Figure S4

Cos [MM]

QQQQ SN R
 BREEERLENIIRG
D ‘ T &l & i el
M B s s el B

Figure S4: Influence of increasing OG concentrations on the stability of the GlpF tetramer
against SDS-induced unfolding. As deduced from the SDS-gel, OG does not influence the
tetramer stability up to OG concentrations of 0.5 mM.
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Figure S5: Determination of potentially in proteollposomes remaining OG traces.

(A) Calibration curve for the determination of the remaining OG concentration in diC18:1-PC
liposomes. The calibration curve was recorded with OG concentrations ranging between 0 and
2mM OG. (B) Quantification of OG concentrations remaining in the liposomes after
reconstitution as well as after the individual buffer exchanges during sample dialysis. For
quantification of the OG concentrations, a colorimetric based method for glyosidic detergents
was employed. For the colorimetric determination 150 puL of the liposome suspension were
centrifuged for 40 min at 140,000 g and 4 °C and the supernatant was discarded. The
liposomes were then resuspended in 50 pL dialysis buffer containing 1% TritonX-100
(Sigma-Aldrich, Minchen, Germany). Afterwards the OG concentration was determined via a
colorimetric based method by addition of 250 pL 5% phenol (Roth, Karlsruhe, Germany) and
600 uL concentrated sulphuric acid (Roth, Karlsruhe, Germany) (1). Via this reaction a p-
semiquinonoid chromogen is formed with an absorbance maximum at 490 nm (1). After the
samples were allowed to cool to room temperature, they were centrifuged for 10 min at
20,420 g and the absorbance was measured at 490 nm.



Figure S6

R*=0.9868

00 02 04 06 08 1.0

CGIpF,reI.

Figure S6: Linear correlation between the amount of liposomal GlpF and the GlpF activity.
Increasing GIpF concentrations (3-15 pM) were incorporated into liposomes prepared from
EPL extract, while the lipid concentration was kept constant at 5 mM. From SDS-PAGE
analyses the amount of incorporated GlpF was determined (Cgipr, re1) and plotted versus the
rate constants (kw [s™]).

SUPPORTING TABLE

Table S1: Hydrophobic thickness of PC bilayers

dp_p [A]* dC:O—CZO [A] !

diC14:1-PC  29.6 20.0
diC16:1-PC  32.1 23.5
diC18:1-PC  36.8 27.0
diC20:1-PC  38.9 30.5
diC22:1-PC 455 34

" Values were obtained from (2)
"Values were obtained from (3)
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