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Abstract Structure and membrane interaction of a 31
amino acid residue fragment of the membrane bound
FKBP-like protein twisted dwarf 1 (TWD1) from Ara-
bidopsis thaliana was investigated by solid-state NMR
spectroscopy. The studied peptide TWD1(335-365) con-
tained the putative membrane anchor of the protein
(residues 339-357) that was previously predicted by
sequence hydrophobicity analysis. The TWD1 peptide
was synthesized by standard solid phase peptide synthe-
sis and contained three uniformly *C- and *N-labelled
residues (Phe 340, Val 350, Ala 364). The peptide was
incorporated into either multilamellar vesicles or
oriented planar membranes composed of an equimolar
ternary phospholipid mixture (POPC, POPE, POPG),
where the POPC was sn-1 chain-deuterated. 3'P NMR
spectra of the membrane in the absence and in the pres-
ence of the peptide showed axially symmetric powder
patterns indicative of a lamellar bilayer phase. Further,
the addition of peptide caused a decrease in the lipid
hydrocarbon chain order as indicated by reduced quad-
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rupolar splittings in the 2H NMR spectra of the POPC in
the membrane. The conformation of TWD1(335-365)
was investigated by *C cross-polarization magic-angle
spinning NMR spectroscopy. At a temperature of
—30°C all peptide signals were resolved and could be
fully assigned in two-dimensional proton-driven *C
spin diffusion and *C single quantum/double quantum
correlation experiments. The isotropic chemical shift
values for Phe 340 and Val 350 exhibited the signature
of a regular a-helix. Chemical shifts typical for a ran-
dom coil conformation were observed for Ala 364
located close to the C-terminus of the peptide. Static
5N NMR spectra of TWD1(335-365) in mechanically
aligned lipid bilayers demonstrated that the helical
segment of TWD1(335-365) adopts an orientation
perpendicular to the membrane normal. At 30°C, the
peptide undergoes intermediate time scale motions.

Introduction

A number of important biological functions take
place at cellular membranes. These processes are
mediated by protein—protein interactions and bio-
chemical reactions. Membrane association of the
interaction partners dramatically increases the likeli-
hood of intermolecular contacts (Marshall 1993).
When membrane-associated, the protein diffusion is
restricted to two dimensions, which increases the effec-
tive protein concentration by about a factor of 1,000
compared to free diffusion in the cytosol (Murray et al.
1997). Nature has devised several ways for membrane
anchoring of proteins. Common structural motives
include transmembrane (TM) o-helices (White and
von Heijne 2005), covalently attached lipid alkyl
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chains (Casey 1995), and GPI-anchors (Ikezawa 2002).
Membrane anchors may be identified in the protein
primary structure by hydrophobicity analysis (White and
Wimley 1999) or by screening for specific recognition
sequences (Hancock et al. 1991).

TWD1 is a multidomain FKBP-like membrane pro-
tein from Arabidopsis thaliana. Mutants of Arabidopsis
that lack the TWD1 gene show a drastic pleiotropic
phenotype with reduced cell elongation, diminished
overall size, and disoriented growth of all organs (Geis-
ler et al. 2003; Geisler et al. 2004; Kamphausen et al.
2002). Gene analysis of TWD1 revealed one FKBP
domain, one TPR domain with three motives, a puta-
tive calmodulin binding domain, and a hydrophobic
C-terminal region (residues 339-357) that very likely
serves as membrane anchor (Kamphausen et al. 2002).
The predicted topology of TWD1 is given in Fig. 1.
Currently there are 29 annotated Arabidopsis genes
that code for FKBP-type PPlases. Among those only
the TWDI1 gene contains a sequence that codes for a
putative membrane anchor, consisting of a highly
hydrophobic stretch of 19 residues close to the C-ter-
minus (residues 339-357). In general there are only
very few FKBPs, for which a membrane anchor was
predicted by gene analysis. However, only in the case
of TWD1 the membrane location of the protein was
confirmed experimentally. First, immunogold-label-
ling of TWD1 followed by electron microscopy as well
as membrane separation techniques combined with
Western blotting analysis revealed a dual location of
TWD1, which was found to reside in plasma and vacu-
olar membranes (Geisler etal. 2003; Kamphausen
et al. 2002). Second, release of full length TWD1 from
microsomal membranes required harsh treatment with
membrane solubilizing concentrations of detergent
indicating a transmembrane rather than a peripheral
location (Geisler et al. 2003).

There is evidence for intimate molecular interaction
of the FKBP domain of TWD1 with multidrug resis-
tance-like ABC transporters A{PGP1 and AfPGP19,
which are located in the plasma membrane (Geisler
et al. 2003). A regulatory role of TWD1 on APGP1/
AfPGP19 transport activities and perhaps on polar
auxin transport has been suggested (Geisler et al.
2003). Very recently, an interaction between the TPR

FKBP TPR1 TPR2TPR3 CaM MA
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Fig.1 Schematic domain structure of the TWD1-protein: FKBP
FKBP-like domain, TPR tetratricopeptide repeat, CaM putative
calmodulin binding region, MA membrane anchor
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domain of TWD1 and the vacuolar ABC transporters
AMRP1 and AtMRP2 was demonstrated and a role of
TWD1 as modulator of vacuolar substrate uptake was
proposed (Geisler et al. 2004).

The C-terminal membrane anchor of TWD1 may
simply increase the probability of contacts between
TWDI1 and its membrane-based molecular targets by
reducing the dimensionality of TWD1 diffusion. Fur-
ther, TWD1 serves as a regulator of several different
transporters with individual substrate specificity that
are located on separate membranes. Restraining the
mobility of TWD1 to a membrane might serve as a
means to decouple regulation of transporters located
on different membranes.

A high-resolution structure of TWD1 would certainly
advance the understanding of the molecular interactions
of TWD1 with its known partners. Successful crystalliza-
tion and preliminary X-ray crystallographic analysis of
the N-terminal fragment TWD1(1-180) has been
reported (Eckhoff etal. 2005 1,773/id). Very recently,
the three-dimensional structure of the N-terminal
FKBP-like domain of TWD1 was solved (Weiergraber
et al. 2006). However, attempts to crystallize the full-
length multidomain protein TWD1 including the mem-
brane anchor have not been successful so far.

The determination of atomically resolved structures
of membrane proteins still remains a big challenge in
structural biology (Torres et al. 2003). Nevertheless,
solid-state NMR techniques have advanced consider-
ably over the last few years and allow now determina-
tion of structural models of membrane proteins even in
liquid-crystalline membranes (Davis and Auger 1999;
Huster 2005; Luca et al. 2003; Opella and Marassi 2004;
Thompson 2002). Solid-state NMR spectroscopy has
been particularly successful in the determination of
structures of small membrane proteins and of segments
from larger membrane proteins (Afonin et al. 2004;
Andronesi et al. 2005; Huster et al. 2003; Ketchem
etal. 1993; Reuther etal. 2006; Sharpe et al. 2006;
Smith et al. 2001; Wagner et al. 2004; Yang and Weliky
2003; Zhang et al. 2003). In addition solid-state NMR
investigations contributed significantly to the under-
standing of the membrane interaction of different anti-
microbial peptides (Bechinger 1999; Henzler-Wildman
et al. 2003; Porcelli et al. 2006).

Here, we investigate the structure and topology of
the putative membrane anchor of TWD1 to gain some
insight into the mechanism of membrane binding of the
whole protein. In addition to confirming the membrane
affinity of residues 339-357, we investigated the struc-
ture and topology of the membrane anchor of TWDI1.
Solid-state NMR results are reported that provide
insight into the interaction of a C-terminal fragment of
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TWD1 comprising amino acid residues 335-365 with a
phospholipid membrane. The data strongly support an
a-helical structure of the central and very hydrophobic
region of the peptide. TWD1(335-365) appears to be
located in the lipid water interface region of the mem-
brane and aligns with the long axis of the helix parallel
to the membrane surface.

Materials and methods
Materials

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-ds;-2-oleoyl-sn-glycero-
3-phosphocholine (POPC-d5;), 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)
(POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE) were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA) and
used without further purification. Uniformly *C- and
5N-labelled amino acids were purchased from Cam-
bridge Isotope Laboratories, Inc. (Andover, MA,
USA). The peptide TWD1(335-365) with the amino
acid sequence KSKSL FWLIVLWQWF VSLFSRI-
FRR HRVKAD, a protonated N- and an amidated
C-terminus was synthesized at the medical Faculty
(Charité) of the Humboldt University Berlin using
standard Fmoc peptide synthesis. The uniformly *C/"N-
labelled amino acids were introduced at positions Phe
340, Val 350 and Ala 364.

Sample preparation

Appropriate amounts of TWD1(335-365) and phos-
pholipids (molar ratio POPC-d;;/POPE/POPG 1:1:1)
were co-dissolved in a chloroform—methanol mixture.
The molar peptide-to-lipid ratio was 1:30. After solvent
evaporation the sample prepared for NMR measure-
ments on multilamellar vesicles was re-dissolved in
cyclohexane and lyophilized at high vacuum to obtain a
fluffy powder. After hydration with 35 wt% bulffer solu-
tion (10 mM HEPES, 10 mM NaCl, pH 7.4) the sample
was equilibrated by freeze—thaw cycles and gentle cen-
trifugation. The sample was transferred into a 4 mm
MAS rotor with Teflon inserts (50 pl volume) for NMR
measurements.

For the >N NMR measurements the chloroform—
methanol solution of TWD1(335-365) and phospholipids
was spread onto glass plates (7 mm x 10 mm, 0.04 mg/
mm?) and slowly dried overnight at 500 mbar (Seul and
Sammon 1990). The samples were hydrated for at least
24 h via the vapor phase of a saturated CaSO, solution

providing a relative humidity of 98%. The glass plates
were stacked, wrapped in parafilm, and sealed in an
air-tight plastic bag. The crystalline reference sample
was prepared from approximately 15mg of dry
TWD1(335-365).

Static ?H and *'P NMR spectroscopy

Static >'P NMR spectra of membrane phospholipids
were acquired at 30°C on a Bruker DRX 600 NMR
spectrometer (Bruker Biospin, Rheinstetten, Ger-
many) operating at a °'P resonance frequency of
2429 MHz using a spin echo pulse sequence (Hahn
1950). A 3'P 90° pulse length of 7 ps, a spin echo delay
time of 50 ps, a spectral width of 100 kHz, and a recycle
delay of 2 s were used. Continuous-wave proton decou-
pling was applied during signal acquisition. The experi-
mental spectra were simulated using a program written
in Mathcad 2001 (MathSoft, Inc., Cambridge, MA,
USA) to obtain the chemical shift anisotropy (CSA).

Static ’H NMR spectra were recorded at 30°C on a
Bruker Avance 400 NMR spectrometer operating at a
’H resonance frequency of 61.2MHz. A dual reso-
nance solids probe with a 5 mm solenoid coil was used.
The “H NMR spectra were acquired at a spectral width
of 500 kHz using a phase-cycled quadrupolar echo
sequence (Davis et al. 1976) comprised of two 3 us 90°
pulses that were separated by a 60 ps delay. The relaxa-
tion delay between scans was 500 ms. The ’H NMR
spectra were dePaked and analysed as described in
detail in (Huster et al. 1998). Smoothed chain order
parameter profiles were calculated using the standard
procedure (Lafleur et al. 1989).

3C MAS NMR experiments

All ®C MAS NMR experiments were carried out on a
Bruker Avance 750 NMR spectrometer operating at a
resonance frequency of 749.7MHz for 'H and
188.5 MHz for *C. A double-resonance MAS probe
equipped with a 4 mm spinning module was used. The
3C 90° pulse length was typically 5-6 ps. CP MAS
spectra were acquired with a 'H 90° pulse length of 4 s
and a CP contact time of 700 us. The 'H radio-fre-
quency field strength during heteronuclear decoupling
using TPPM (Bennett et al. 1995) was ~65 kHz. 13C
chemical shifts were referenced with respect to exter-
nal standards: the '*C=0 signal of *C-labelled Gly at
176.45 ppm and the adamantane signals at 38.48 and
29.46 ppm. All ppm values are relative to TMS (Mor-
combe and Zilm 2003).

Two-dimensional (2D) *C-13C correlation spectra
were obtained using a proton-driven spin diffusion mixing
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scheme (Szeverenyi etal. 1982) at a mixing time of
100 ms. The '*C single quantum *C double quantum
correlation spectrum of the INADEQUATE type
(Incredible Natural Abundance Double Quantum
Transfer) was acquired using the SPC-5 recoupling
sequence (Hohwy etal. 1999) for double quantum
excitation and reconversion (set to 0.48 ms). The 2D
experiments were conducted at temperatures of —30 or
30°C and the MAS frequency was 7,000 or 8,333 Hz.

Static >N CP NMR experiments on oriented
and powder samples

Static I’N' CP NMR experiments were performed on
the Bruker Avance 750 spectrometer. The >N reso-
nance frequency on this instrument was 76.0 MHz. A
double channel flat coil probe with a coil cross-section
of 3mm x 8§ mm and a length of 10 mm was used. The
typical 90° >N pulse length was 10 ps. N chemical
shifts were referenced based on the N-t-BOC-Gly reso-
nance at 81 ppm. For heteronuclear TPPM decoupling
'"H radio-frequency field strength of ~60kHz was
applied. The glass plates were oriented with the normal
parallel to the external magnetic field. The powder-type
samples were investigated in a dual channel 4-mm MAS
probe at no spinning using similar parameters. All N
NMR spectra were recorded at a temperature of 30°C.

Results

Phase state and lipid packing of TWD1(335-365)
containing membranes

The POPC-d;;/POPE/POPG (1:1:1 molar ratio) lipid
mixture was chosen to mimic the typical phospholipid
composition of the plasma membrane of A. thaliana
(Berczi and Horvath 2003; Uemura et al. 1995). Static
3P NMR spectra of the membrane lipids in the pres-
ence and in the absence of TWD1(335-365) exhibited
very similar axially symmetric powder pattern line
shapes revealing that the samples were in a lamellar
liquid-crystalline phase state (Fig.2a, b). The spectra
could be simulated using a superposition of two axially
symmetric powder spectra at an intensity ratio of 1:2,
where the larger 'P CSA was attributed to POPC-d5,
and the smaller to POPE and POPG (Huster et al.
2002). Upon addition of TWD1(335-365) the ¥'P CSA
span values increased from 41.5 to 43.0 ppm for POPC-
d;; and from 355 to 36.4ppm for POPE/POPG,
respectively. This result indicates only a minor influ-
ence of TWD1(335-365) on the lipid head groups given
the experimental uncertainty of +1 ppm.

@ Springer
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Fig. 2 Influence of TWD1(335-365) incorporation on the lipid
membrane. Left column Proton-decoupled 242.9 MHz *'P NMR
spectra of multilamellar POPC-d;,/POPE/POPG vesicles (molar
ratio 1:1:1) in the absence (a) and in the presence (b) of 3.2 mol%
TWD1(335-365). Numerical simulations of the spectra are shown
as dashed lines. Right column 61.2 MHz *H NMR spectra of
POPC-d;; in equimolar POPC-d;;/POPE/POPG vesicles in the
absence (c¢) and in the presence (d) of 3.2 mol% TWD1(335-365).
Measurements were performed in 35 wt% buffer (10 mM NaCl,
10 mM Hepes, pH 7.4) at 30°C

Next we investigated the influence of TWD1(335-
365) on lipid chain order and packing in mixed POPC-
d5,/POPE/POPG membranes by “H NMR spectroscopy.
Lipid order was reported from the perdeuterated sn-1
chain of POPC-dy;. The ’H NMR spectra showed the
typical superposition of Pake doublets of acyl chain
methylene and methyl groups (Fig. 2c, d). Addition of
TWD1(335-365) reduced the individual quadrupolar
splittings by ~2 to 5 kHz depending on the carbon
position.

The peptide-induced differences in lipid order are
best seen in plots of the order parameters versus chain
segment position shown in Fig. 3. In the presence of
TWD1(335-365) the chain order parameters are sig-
nificantly decreased. The average order parameter of
POPC-d;; in the mixed membrane drops from 0.179 to
0.154 after addition of TWD1(335-365). The decrease
in order is more pronounced in the lower half of the
palmitoyl chain of POPC. This can be best appreciated
from the normalized order parameter difference,
AS(n)/S(n),.s, of the order parameter profiles obtained
with and without peptide present, which is shown in
the inset of Fig. 3 (Henzler-Wildman et al. 2004). The
most pronounced decrease in chain order occurs
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around carbon position 11. The smaller effect of pep-
tide incorporation on the order parameters of carbon
segments beyond position 11 results simply from the
permanently low order at the methyl end of the chain.

Conformation of TWD1(335-365) in a membrane
environment

Typical 3C MAS NMR spectra of specifically °C-
labelled TWD1(335-365) in a phospholipid membrane
environment are shown in Fig. 4. Narrow peaks refer
to natural abundance °C signals of the lipids, while
broader signals correspond to peptide resonances. At a
temperature of 30°C most of the peptide signals are
poorly resolved in the *C CP MAS spectrum (Fig. 4a)
as well as in the directly polarized dipolar-decoupled
BC MAS spectrum (Fig.4b). Only one peak at
49.9 ppm shows significant intensity in the directly
polarized '*C spectrum, but is hardly observable in the
CP spectrum. Based on isotropic chemical shift, this
peak could be the Ca signal of Ala 364. The different
appearance of the peak in directly and cross-polarized
13C NMR spectra suggests that the site undergoes large
amplitude motions on a fast time scale. Other peptide
signals are largely absent in both types of spectra. Such
difficulties in the detection of membrane-associated
peptides have been reported previously and were
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Fig. 3 Influence of the TWD1(335-365) peptide on lipid hydro-
carbon chain order at 30°C. Smoothed 2H NMR chain order
parameter profiles and normalized difference order parameter
profile AS(n)/S,.¢(n) (inset) of POPC-d5;/POPE/POPG (molar ra-
tio 1:1:1) membranes obtained in the absence (filled square) and
in the presence (filled circle) of 3.2 mol% TWD1(335-365) are
presented. The vertical scale on the right shows the measured
quadrupolar splittings, Avy(n). The normalized order parameter
difference indicates the fractional change in order parameter at
each position along the acyl chain upon addition of TWD1(335-
365). The values are positive, indicating that the presence of
TWD1(335-365) induces a decrease in the chain order of the
membrane
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Fig. 4 1885MHz '3C MAS NMR spectra of 3.2mol%
TWD1(335-365) in POPC-d;;/POPE/POPG membranes (1:1:1,
mol/mol/mol) containing 35 wt% buffer. The CP MAS spectrum
(a) and the directly polarized MAS spectrum (b) were recorded
at 30°C and 7,000 Hz MAS frequency. The CP MAS spectrum be-
low (c¢) was obtained at —30°C and 8,333 Hz. Assigned peptide
resonances are annotated. Lipid signals are denoted by “L”

attributed to microsecond time scale motions (Saitd
et al. 2000; Smith et al. 1987; Warschawski et al. 1998).

These problems can be overcome by freezing the
sample to —30°C. At this temperature all peptide
motions except for the fast methyl group rotations are
frozen out, leading to the '>C CP MAS spectrum shown
in Fig. 4c. Now the peptide peaks dominate the NMR
spectrum due to the isotopic enrichment. In particular
the three Ca signals of the peptide are clearly visible. It
is interesting to note that the chemical shift values of
those peptide signals that could be observed at 30°C
did not shift upon freezing indicating that the peptide
conformation has not changed either.

@ Springer



398

Eur Biophys J (2007) 36:393-404

Resonance assignment is a prerequisite for any
structural investigation by NMR. 2D *C-13C correla-
tion spectra were acquired to detect the connectivities
within the spin system of the labelled amino acids. A
contour plot of a proton-driven *C spin diffusion spec-
trum at —30°C with a mixing time of 100 ms is shown
in Fig. 5a. Correlations between 'C spins over up to
three bonds are visible. This allows identification of all
3C peptide signals of the three labelled amino acids of
TWD1(335-365), while all natural abundance signals
do not show correlation peaks. Alternatively, correla-
tion spectra devoid of diagonal peaks can be acquired
using single quantum/double quantum correlation
techniques of the INADEQUATE type (Fig. 5b), pro-
viding simple and easy to analyse NMR spectra.

Isotropic chemical shifts are sensitive markers of
protein secondary structure (Igumenova et al. 2004;
Luca etal. 2001; Saitdé 1986; Spera and Bax 1991;
Wishart and Sykes 1994). Co. and CO '*C resonances
exhibit a downfield shift relative to random coil values
in a-helices and an upfield shift in B-sheets. Cp chemi-
cal shifts move in the opposite direction upon second-
ary structure formation. The isotropic chemical shifts
of the three labelled amino acids of TWD1(335-365)
obtained from '*C MAS NMR are shown in Table 1.
Referencing of chemical shifts is still challenging in
solid-state NMR due to the lack of internal standards
(Morcombe and Zilm 2003). Therefore, we also report
the Ca—CP chemical shift differences, which are inde-
pendent of referencing (Luca et al. 2001). Comparison
of the isotropic chemical shift of Phe 340 and Val 350
with secondary structure specific ranges strongly sug-
gests an a-helical structure of these two residues and
supports an ao-helical conformation of the central part
of TWD1(335-365), while Ala 364 at the C-terminal end
of the TWD1-peptide is random coil based on the isotro-
pic chemical shifts and has a relatively high mobility.

Membrane topology of TWD1(335-365)

Static >N NMR spectra of TWD1(335-365) peptide in
macroscopically oriented membranes with the same
phospholipids composition as above were recorded to
study helix orientation relative to the membrane. The
degree of orientation of the phospholipid bilayers
aligned between stacked glass plates was checked by
3P NMR at orientations of 0° and 90° between the
membrane normal and the magnetic field (data not
shown). A high degree of membrane orientation was
confirmed. During the "N NMR measurements the
lipid bilayers were oriented with their normal parallel
to the external magnetic flied.

@ Springer
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Table 1 Isotropic 1*C chemical shift values (in ppm relative to TMS) of TWD1(335-365) residues in a membrane environment deter-

mined from 3C-13C correlation spectra

13ch 13CB lSCo(_ISCB 13CO
Phe 340? 585 +0.3 36.1 £0.3 224 £0.6 173.5£0.3
Val 350° 63.9+0.2 285+04 354+ 0.6 175.5+£03
Ala 364° 499 +£0.2 16.4 £ 0.2 335+04 175.5+£03

@ Average 13C chemical shifts for Phe in o-helix structures are 58.6, 36.7, and 174.9 ppm for Ca, CB, and CO, respectively

® Average *C chemical shifts for Val in a-helix structures are 63.0, 29.9, and 175.8 ppm for Ca, CB, and CO, respectively

© Average 13 C chemical shifts for Ala in coil structures are 50.1, 17.3, and 174.8 ppm for Ca, CpB, and CO, respectively

The N NMR spectrum of TWD1(335-365) in
oriented lipid membranes is shown in Fig. 6¢c. For
comparison, the >N NMR spectra of crystalline
TWD1(335-365) and "“N-labelled TWD1(335-365)
in multilamellar POPC/POPE/POPG vesicles are
presented in Fig. 6a, b, respectively. The ’N NMR spec-
trum of crystalline TWD1(335-365) was simulated using
an PN chemical shift anisotropy of Ac = 163.5 ppm and
an asymmetry parameter of n = 0.21.

The >N NMR spectrum of TWD1(335-365) in ori-
ented membranes exhibits a relatively broad peak at
~80 ppm. The backbone N-H bond vectors in an o-
helix are approximately parallel to both the helix axis
and the main axis of the almost axially symmetric SN
chemical shift tensor. Such an N spectrum of
TWD1(335-365) in oriented membranes is indicative
of an orientation of the a-helix perpendicular to the
magnetic field and to the membrane normal (Hashimoto
etal. 1999; Lee et al. 1999; Marassi et al. 1999). The
small downfield shoulder in Fig. 6¢ can be most likely
assigned to Ala 364, which is not part of the a-helix
based on *C chemical shift data. Because of the higher
flexibility and mobility of this part of the peptide the
5N chemical shift of this residue is shifted to more iso-
tropic values.

The line width of ~32 ppm (without the downfield
shoulder) in the N NMR spectrum of oriented
TWD1(335-365) is a bit larger compared to the litera-
ture values of well-oriented membrane proteins, which
typically exhibit line widths of ~10 to 20 ppm (Bechin-
ger et al. 2004; Ramamoorthy et al. 2004). One contri-
bution to the increased line width could be a slightly
different membrane orientation of Val 350 and Phe 340
in the o-helix. While the former should be located in
the centre of the a-helix, Phe 340 is situated at the
beginning of the helix and might therefore not exhibit
perfect helical geometry. The second contribution are
very likely motions on the microsecond time scale that
had already been suspected from the 3C MAS NMR
spectra at 30°C. This supposition was confirmed by the
NMR spectrum of TWD1(335-365) in multilamellar
lipid vesicles (Fig. 6b). The low signal-to-noise ratio

and complicated spectral line shape are typical features
of the presence of intermediate timescale peptide
motions (Wasniewski et al. 2004). Nevertheless, com-
parison of the oriented and powder >N NMR spectra
of TWD1(335-365) in membrane environment clearly
rules out that the oriented spectrum has contributions
from unaligned peptides.

Discussion

The current manuscript addresses the membrane struc-
ture and topology of the C-terminal fragment (residues
335-365) of the protein TWDI1 from A. thaliana.
Advanced software tools allow prediction of TM heli-
ces from protein amino acid sequence with high fidelity
based on combinations of diverse TM helix signals
including hydrophobicity, charge bias, helix length, and
the correct order of typical membrane protein domains
(Krogh et al. 2001). Analysis of the TWD1 sequence
indicates a strong tendency of the amino acid stretch
from residue 338 or 339 to residue 357 to form a TM
helix and it was speculated that the C-terminus of
TWD1 might serve as membrane anchor (Kamphausen
et al. 2002).

Our solid-state NMR results confirm membrane
association of peptide TWD1(335-365) and suggest
formation of an a-helix in the central hydrophobic
region of the peptide. However, in contrast to first intu-
ition the long axis of the helix is oriented parallel to the
lipid water interface rather than being transmembrane.
In what follows we discuss the peptide amino acid
sequence for signs regarding its membrane topology.

White and Wimley established two experiment-
based hydrophobicity scales, which allow estimation of
the free energy cost/gain of transferring a peptide from
buffer to a membrane or a membrane interface (White
and Wimley 1998; Wimley and White 1996). The
whole-residue free energy of transfer of non-hydrogen-
bonded amino acid residues from water to the interface
of a POPC membrane is specified by the interface-
scale. The other scale is based on amino acid side chain
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Fig. 6 Static >N NMR spectra (solid lines) of non-oriented
crystalline TWD1(335-365) (a), 3.2 mol% TWD1(335-365) in
multilamellar POPC/POPE/POPG vesicles (1:1:1, mol/mol/mol)
hydrated with 35 wt% buffer (b), and of 3.2 mol% TWD1(335-
365) in oriented POPC/POPE/POPG bilayers (1:1:1, mol/mol/
mol) hydrated at 98% relative humidity and oriented with the
membrane normal parallel to the field of the NMR magnet (c).
Spectra were measured at 30°C. The powder spectrum of crystal-
line TWD1(335-365) was simulated using the parameters
a1, =53.3 ppm, 0,5, = 74.4 ppm and o33 = 216.8 ppm (dashed line
in a)

contributions determined from water—octanol partition
coeflicients and a uniform backbone contribution that
accounts for the transfer of a hydrogen-bonded peptide
bond from water to a non-polar environment. These
experimental hydrophobicity scales have proven
extremely useful for the understanding of peptide
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Fig. 7 Summary of the structural data obtained in this work. a
Helical wheel representation of the central hydrophobic residues
339-357. Charged residues are underlined and the polar amino
acids are italicised. The direction of the hydrophobic moment of
the a-helix is given by an arrow. b The cartoon summarizes our
structural model of TWD1(335-365) in a lipid membrane. The
positions of the isotopically labelled and charged amino acids
are highlighted

partitioning into membranes. For instance, the octanol-
scale was successfully used for close to 100% correct
identification of TM helices in a large sample of mem-
brane proteins with known crystal structures (Jayasinghe
et al. 2001).

The favourable free energy of transferring the
hydrophobic fragment of TWD1 comprising residues
339-357 yields AG = —74.5 and —46.4 kJ/mol for the
octanol- and interface-scale, respectively. These AG
values are among the most negative on the Wimley
White scale that have been reported for known TM
and interfacial helices (Jayasinghe et al. 2001; White
and Wimley 1999). Apparently the hydrophobic effect
is a major driving force for partitioning this peptide
into the membrane. Folding would further increase the
free energy gain of peptide transfer into the interface
by approximately —1.7 kJ/mol per H-bonded residue
(Ladokhin and White 1999). Hydrophobicity analysis
alone cannot unambiguously distinguish between TM
and interfacial peptide deposition in the membrane.
For example, electrostatic interactions of the peptide
with charged lipids are not considered, the influence of
peptide insertion on the free energy of the lipid bilayer
is reflected to some extend in the interface but not
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explicitly in the octanol-scale. Environmental condi-
tions like pH, ionic strength, or temperature may
modify the actual AG as well. Nevertheless, the hydro-
phobicity scale based analysis indicates that embedding
the peptide fragment 339-357 in the membrane is ther-
modynamically extremely favourable.

Statistical analysis of TM helices reveals preferred
positions of some amino acids along the membrane
normal (Ulmschneider et al. 2005; Wallin et al. 1997,
White and Wimley 1999). The central part of a TM
helix contains predominantly aliphatic and phenylala-
nine residues while amidated and charged residues are
restraint to helix-flanking and solvent exposed regions.
The polar aromatic residues show a clear preference
for the membrane interface (Schiffer et al. 1992; Yau
et al. 1998). The fragment TWD1(339-357) would per-
fectly span the hydrophobic core of the membrane with
the exception that three polar residues (Trp 346, Gln
347, Trp 348) would reside in the centre of the TM
helix.

The tendency of an o-helix to assume a preferred
orientation at the interface between a polar and an
apolar medium is related to helix amphipathicity
(Eisenberg et al. 1982). The helical wheel representa-
tion of the helical fragment TWD1(339-357) is shown
in Fig. 7a. The charged Arg 355 and most of the polar
residues (Gln 347, Ser 351/354, Trp 341/348) are
located on one side of the wheel while aliphatic resi-
dues dominate the opposite side. A more quantitative
analysis can be based on the sequence hydrophobic
moment, iy, which is the sum of the projections of the
hydrophobicity vectors of the amino acid residues in a
plane perpendicular to the helix axis (Eisenberg et al.
1984). The 19 residue fragment TWD1(339-357) has
considerable amphipathicity ({ug) = 1.57 kJ/mol). In
the hydrophobic moment plot (Eisenberg et al. 1989) it
is situated at the boundary separating the clusters of
TM and surface exposed helices.

Clearly, only experimental data can provide unam-
biguous information about the structure and topology
of the membrane anchor of TWD1. Here we have
used static and MAS solid-state NMR techniques to
determine a structural model of membrane bound
TWD1(335-365).

The 3C isotropic chemical shift data strongly sug-
gest an ao-helical conformation of Phe 340 and Val 350
in the central part of TWD1(335-365). Formation of a
hydrogen-bonded o-helix reduces the polarity of this
peptide domain and enhances the probability for pep-
tide interaction with the phospholipid membrane
(White and Wimley 1998). The multiple charged C-ter-
minus is most likely unstructured. The '*C chemical
shift of Ala 364 is indicative of a random coil. Forma-

tion of secondary structure in this region is most likely
inhibited by electrostatic interactions of the four posi-
tively charged amino acids.

Binding of the peptide to the membrane causes only
moderate changes of membrane structure. The static
3P NMR measurements reveal no alterations of lipid
headgroup structure due to association of TWD1(335-
365) with the membrane.

The *H NMR results are compatible with both a
transmembrane and a surface orientation of the
TWD1(335-365) a-helix. In the first case, the thickness
of the hydrophobic bilayer core may need adjustment
(by increasing or decreasing the lipid chain order) to
the length of the membrane spanning hydrophobic seg-
ment of the TM a-helix to account for hydrophobic
mismatch (Killian 1998; Mouritsen and Bloom 1984).
The observed decrease of lipid chain 2H NMR order
parameters in the presence of TWD1(335-365) would
indicate membrane thinning. In the second case, the
decrease of order parameters (particularly in the lower
chain region) would be due to embedding the amphi-
pathic a-helix in the lipid water interface region of the
membrane. Molecular crowding at the interface modi-
fies the lateral lipid organization. Additional space
opens up further down the chains, which is occupied by
larger amplitudes of motion in the membrane centre
resulting in lower order parameters (Barré et al. 2003;
Koenig et al. 1999). A similar model was recently sug-
gested for the amphipathic o-helical peptides LL-37
and MSI-78, which are also located in the membrane
interface (Henzler-Wildman et al. 2004; Mecke et al.
2005). In these studies also a decrease in the 2H NMR
lipid order parameter was observed upon peptide bind-
ing. In addition, a membrane thinning effect was found
by AFM measurements for MSI-78 in agreement with
the lower order parameters induced by peptide binding
to the membrane interface (Mecke et al. 2005).

The static >N NMR measurements clearly indicate
that TWD1(335-365) adopts an orientation perpendicular
to the bilayer normal. The reduced 2H NMR chain
order parameters are due to incorporation of the
amphipathic peptide in the lipid water interface region
with the helix axis aligned parallel to the membrane
surface and aliphatic side chains penetrating deeper
into the membrane. The Trp fluorescence signal of
TWD1(335-365) in membranes exhibits a blue shift
also indicating that these residues reside in an apolar
environment (unpublished results).

The large line width of the >N NMR spectra and
the inefficient polarization transfer via CP at 30°C,
particularly for Phe 340 and Val 350, which are part of
the o-helix, suggest motions of this peptide segment
in the microsecond time window. This was confirmed
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by the low signal to noise ratio and the specific line
shape of the >N NMR spectra of TWD1(335-365) in
multilamellar lipid vesicles. Interference between the
molecular dynamics of the peptide and the applied
coherent manipulations of nuclear magnetization (both
by radiofrequency pulses and mechanical sample rota-
tion) contributes to line broadening and prevents detec-
tion of 1>*C NMR signals. Such motions are particularly
frequent for transmembrane o-helices (Warschawski
et al. 1998) but have also been observed for segments of
larger membrane proteins such as bacteriorhodopsin
(Sait6 et al. 2000) and rhodopsin (Smith et al. 1987).
However, we are not yet in a position to suggest a par-
ticular mode of microsecond time scale motion of
membrane bound TWD1(335-365) based on the lim-
ited set of data determined in this study. Cooling the
sample to —30°C abolishes the intermediate time scale
motions and leads to efficient CP magnetization trans-
fer and fully resolved NMR signals of the three *C-
labelled amino acids of TWD1(335-365). Ala 364 at
the unstructured C-terminal end of TWD1(335-365) is
subject to a different dynamic regime involving faster
motions with large amplitude. The high molecular
dynamics of the peptide in the membrane also strongly
argues against peptide oligomerization.

Our data suggest that TWD1(335-365) adopts an
amphipathic a-helical structure, which is located in the
lipid water interface of the membrane. The cartoon
shown in Fig. 7b summarizes the structural model for
membrane bound TWD1(335-365). The hydrophobic
effect is the major driving force for helix association
with the membrane. Formation of a hydrogen-bonded
a-helix in the central hydrophobic region of the pep-
tide (amino acids 339-357) lowers the free energy cost
of placing polar peptide bonds in an environment of
reduced polarity. Electrostatic interactions between
the positively charged amino acids at both ends of the
TWD1(335-365) sequence and the negatively charged
headgroups of the phospholipid molecules provide
additional contributions to the binding energy.

To the best of our knowledge, a lipid water inter-
face-associated amphipathic helix alone is insufficient
for permanent membrane anchoring of a protein. Very
likely, additional factors must strengthen association of
full-length TWD1 with the membrane. In the recent lit-
erature, a C-terminal GPI anchor has been discussed
for TWD1 (Geisler and Murphy 2006), which could
provide the permanent membrane anchor for the pro-
tein. However, so far there is no experimental proof for
such a modification of TWD1.

But there are also alternative ways to explain the
preference of TWDI1 for the membrane. There are
strong indications that TWD1 functions as part of
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multi-protein complexes where it plays a regulatory
role in polar auxin transport (Geisler et al. 2003; Geis-
ler and Murphy 2006). Specific interactions of TWD1
with membrane spanning ABC transporters or with
other components of the complex could very well
account for the reported association of TWD1 with
membranes. Experimentally tractable models reduce
the complexity of a biological system. By their very
nature they lack some components of the molecular
machinery of a living cell, which may have an impact
on the processes studied. Understanding of translocon-
mediated insertion of polypeptide chains emerging
from the ribosome has dramatically improved over the
past few years (White and von Heijne 2005). Interest-
ingly, the biological code used by the translocon to
select amino acid stretches for deposition into the
membrane is closely related to the thermodynamic
hydrophobicity scales of Wimley and White (Hessa
et al. 2005). The very large mean hydrophobicity of
residues 339-357 of TWD1 makes this stretch a good
candidate for translocon-guided membrane insertion.
Clearly, biochemical experiments would be necessary
to evaluate this hypothesis.
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