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Abstract The human Y4 receptor, a class A G-protein
coupled receptor (GPCR) primarily targeted by the pan-
creatic polypeptide (PP), is involved in a large number of
physiologically important functions. This paper investi-
gates a Y4 receptor fragment (N-TM1-TM2) comprising
the N-terminal domain, the first two transmembrane (TM)
helices and the first extracellular loop followed by a (His)g
tag, and addresses synthetic problems encountered when
recombinantly producing such fragments from GPCRs in
Escherichia coli. Rigorous purification and usage of the
optimized detergent mixture 28 mM dodecylphosphocho-
line (DPC)/118 mM% 1-palmitoyl-2-hydroxy-sn-glycero-
3-[phospho-rac-(1-glycerol)] (LPPG) resulted in high
quality TROSY spectra indicating protein conformational
homogeneity. Almost complete assignment of the back-
bone, including all TM residue resonances was obtained.
Data on internal backbone dynamics revealed a high sec-
ondary structure content for N-TMI1-TM2. Secondary
chemical shifts and sequential amide proton nuclear
Overhauser effects defined the TM helices. Interestingly,
the properties of the N-terminal domain of this large
fragment are highly similar to those determined on the
isolated N-terminal domain in the presence of DPC
micelles.
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Introduction

Membrane proteins are the most abundant class of proteins
in prokaryotic and eukaryotic organisms and account for
20-30% of the total genome (Boyd et al. 1998; Stevens and
Arkin 2000). Amongst these, G-protein coupled receptors
(GPCRs) constitute the largest membrane protein family
(Foord 2002), accounting for 2% of the genome (Venter
et al. 2001). GPCRs play critical roles in molecular rec-
ognition and signal transduction and are among the most
pursued pharmaceutical targets (Jacoby et al. 2006).
Around 30% of all marketed prescription drugs act on
GPCRs, making this class of proteins a most successful
therapeutic target (Hopkins and Groom 2002).

Despite their prime biological importance surprisingly
little structural information is available due to the tre-
mendous difficulties encountered in producing GPCRs in
active form and the problems associated with their struc-
tural study by crystallography or NMR. Recent advances in
the expression and purification of membrane proteins have
been described for various expression hosts, for example:
Escherichia coli (Drew et al. 2003, 2005; Grisshammer
et al. 2005), yeast (Wedekind et al. 2006; Lee et al. 2007),
insect cells (Massotte 2003), mammalian cells (Yin et al.
2005; Werner et al. 2008) and cell-free systems (Klammt
et al. 2007). However, from approximately 1000 known
GPCRs, only five high-resolution 3-D structures of two
distinct receptor types have been reported: bovine rho-
dopsin (Palczewski et al. 2000) and opsin (Park et al.
2008), squid rhodopsin (Murakami and Kouyama 2008),
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the human f2-adrenergic receptor (Cherezov et al. 2007;
Rosenbaum et al. 2007) and the turkey f1-adrenergic
receptor (Warne et al. 2008).

As long as structural studies on intact GPCRs remain
complicated by technical difficulties, the study of frag-
ments of these receptors can deliver potentially valuable
insights into the structure and function of these molecules.
Studies on fragments may also help to establish methods
required to tackle more complex systems, in particular by
providing information concerning protein-lipid interac-
tions. While fragments of domains from soluble proteins
are often not stably folded, in integral membrane proteins
the additional stabilizing interactions that occur between
TM helices and the surrounding lipids can result in stret-
ches of the polypeptide that are conformationally defined
and can be studied on their own. In 1990 Popot proposed a
two-step model, the so-called partitioning-folding model,
to describe assembly of membrane proteins in vivo (Popot
and Engelman 1990, 2000), that was later extended by
White and Wimley (1999): Initially, partitioning of the
protein into the water-membrane interface results in for-
mation of secondary structure. Interactions of the
hydrophobic side chains with the surrounding lipid envi-
ronment then lead to insertion of the transmembrane
domains into the membrane interior. Finally, the functional
protein is assembled via formation of the proper helix-helix
contacts. According to this model the transmembrane
domains can be thought of as independent folding units and
be studied separately. A large body of literature supports
the basic assumption of the model: For example, proteol-
ysis of membrane proteins resulted in fragments containing
entire TM sequences (Huang et al. 1981), and chemically
or recombinantly synthesized TM peptides spontaneously
assembled thereby rescuing receptor activity (Kahn and
Engelman 1992; Ridge et al. 1995; Martin et al. 1999;
Wrubel et al. 1994). Finally, peptides corresponding to the
N and C terminus (Harmar 2001; O’Hara et al. 1993), loop
domains (Bennett et al. 2004; Katragadda et al. 2001a, b;
Yeagle et al. 2000) and transmembrane domains (Katrag-
adda et al. 2001a, b; Cohen et al. 2008; Zheng et al. 2006;
Musial-Siwek et al. 2008; Tian et al. 2007; Lau et al. 2008;
Mobley et al. 2007; Neumoin et al. 2007) from GPCRs
have been found to fold to distinct secondary structures
which in certain cases resembled the structures of the
corresponding regions of the intact receptor.

TM domains usually contain about 25 residues (Hessa
et al. 2005, 2007), therefore double-TM constructs in
phospholipid micelles should be applicable to high-reso-
Iution NMR study. Though much effort has been devoted
to the study of membrane proteins both by NMR and
crystallography, so far few membrane protein structures
have been determined by the former technique, amongst
these the F;,Fy-ATPase (Rastogi and Girvin 1999), the
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bacterial mercury transport membrane protein (Howell
et al. 2005) and the human glycine receptor (Ma et al.
2005), all of which comprise two TM domains. One reason
why there are still so few NMR studies of larger membrane
proteins published is due to the fact that sufficient quanti-
ties of labeled protein are often not available for the
required trials to optimize sample conditions. In the current
study we therefore tried to optimize expression of a double
transmembrane fragment of the NY-4 receptor. We con-
sider that the solutions to problems addressed in this work
might be generally applicable to researchers working on
polytopic membrane polypeptides.

X-ray diffraction analysis of integral membrane proteins
requires high quality single crystals. In contrast NMR in
solution and the solid state is independent of protein
crystallization and provides complementary information to
that obtained by X-ray investigations (Mackenzie et al.
1997; Getmanova et al. 2004, Klein-Seetharaman et al.
2002, 2004; Schubert et al. 2002, Oxenoid et al. 2004,
Tian et al. 2005). However, NMR studies on GPCRs or
large fragments of these integral membrane proteins
require isotopic enrichment. This requirement makes pro-
duction impossible in expression systems such as
mammalian hosts, because deuteration has not been
achieved to date. Moreover, membrane proteins must be
studied in a membrane-like environment such as detergent
micelles. The concomitant increase in molecular weight as
a consequence of micelle incorporation results in a dra-
matic decrease in spectral quality. In addition, slow
conformational exchange processes lead to additional line-
broadening. This has led to the frequently encountered
experience that signals from the TM regions of membrane
proteins remain invisible (Tian et al. 2005). The lack of
availability of fully deuterated detergents, compounds the
technical difficulty of obtaining high resolution spectra for
GPCRs or their fragments in micelles.

Herein, we report on the expression and purification of a
115-residue (121 residues with the His tag) fragment from
the neuropeptide Y4 GPCR containing the N terminus, the
first transmembrane domain (T1), the first intracellular loop
(I1), the second transmembrane domain (T2), and the first
extracellular loop (E1) followed by a (His)¢ tag. This
peptide (N-TM1-TM2) comprises about one third of the
total length of the receptor (Fig. 1) and was obtained in
multimilligram quantities. Importantly, the construct con-
tains no fusion that needs to be removed after expression,
and hence bypasses problems associated with chemical
cleavage in the presence of residues like Met, or the
enzymatic cleavage of hydrophobic sequences in the
presence of detergents. Spectra with good quality could
only be obtained when working under reducing conditions
which eliminated fragment oligomerization. Detergent
mixtures proved to be necessary to yield the high quality
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spectra required for our analyses. Using a 1-palmitoyl-2-
hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG)/
dodecyl-phosphocholine (DPC) mixture and uniform
2H,13C,15N labeling, TROSY-based 3D triple-resonance
spectra could be recorded that allowed almost complete
assignment of the backbone nuclei. The secondary chem-
ical shifts indicate that the peptide is largely helical except
for a mostly unfolded N-terminal domain.

Materials and methods
Plasmid construction

The forward primer CGCGCTCATATGATGAACACCT
CTCACCTCCTG, in which bold letters denote a Ndel
cleavage site and the backward primer AGCGCGGGAT
CCTCAGTGATGGTGATGGTGATGCTTGCAGAGGGT
CTCTCCAAA, in which bold letters denote a BamHI
cleavage site, italic letters the stop codon and underlined
letters the 6x His tag, were used to amplify the gene
encoding N-TM1-TM2 from the cDNA of the Y4 receptor
(University of Missouri-Rolla, USA). The amplified gene
was ligated into the plasmid pLCOl after both were
cleaved with Ndel and BamHI and purified from agarose
gel. The correctness of the recombinant DNA was con-
firmed by dideoxy sequencing (Synergene Biotech,
Switzerland).

Protein expression and purification

The plasmid encoding the target protein was transformed
into BL21-AI cells for expression, which were previously
shown to result in higher expression levels compared to
other strains (Cohen et al. 2008). A freshly transformed
colony was used to inoculate 10 ml LB containing 100 mg/
ml ampicillin. This preculture was grown over night at
37°C and was then used to inoculate 1L LB (for the
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unlabeled sample) or M9 (with ]5NH4C1 and *C glucose as
sole nitrogen and carbon sources) media containing
100 mg/ml ampicillin and cultured at 37°C until the ODgy
reached 0.45-0.5. For induction the temperature was low-
ered to 20°C and 0.2% L-arabinose was added. Cells were
harvested after 12 h and stored at —20°C until further use.
To allow expression in deuterated water transformed
BL21-AI cells were plated on a D,O M9 agar plate, and
one colony was used to inoculate a LB preculture in 100%
D,0 containing 100 mg/ml ampicillin. The preculture was
grown at 37°C overnight and was then used to inoculate 1 1
95% D,O M9 containing 75 pg/ml ampicillin. After incu-
bation at 37°C overexpression was induced when the
ODggo had reached 0.45 by adding 0.2% L-arabinose at
20°C, and cells were harvested after 24 h.

The cell pellet from 1 L culture was resuspended in
GdHCl-containing buffer and the target protein purified
from inclusion bodies under denaturing conditions using
Ni-affinity chromatography. The protein was incubated
together with 100 mM DTT, 250 mM mercaptoethanol,
10 mM EDTA at 4°C over night to reduce any disulfide
bonds. The reduced eluant was purified by C4 reverse-
phase HPLC using a H,O/acetonitrile solvent system
containing 0.1% TFA. The correctness of the target peptide
was confirmed by MALDI-TOF (in case of unlabeled
sample: 13645, theoretical mass: 13647.9) as well as
western blotting with anti-His antibody and N-terminal
amino acid sequencing. The level of deuteration for the
sample that was used for the backbone assignment was
approx. 65% according to MS. Incomplete deuteration is
solely due to back-exchange from labile protons and pro-
tons picked up from the non-deuterated glucose.

NMR sample preparation
1.7 mg "N or *H,"*C,"’N uniformly labeled protein was

dissolved in 200 pl 90% H,0O/D,0 containing 2.5 mg DPC
by thorough sonication and shaking at 37°C for 30 min.
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15 mg LPPG were dissolved in 50 pl 0.2 mM phosphate
buffer (pH 6.0), after which the two detergent solutions
were mixed. The final concentration for each component in
the final solution was as follows: 0.5 mM protein, 1%
(28 mM) DPC, 6% (118 mM) LPPG, 10% D,O and
40 mM phosphate buffer (pH 6.0). The sample was stable
for more than 2 months at 4°C and more than 2 weeks
at 47°C.

NMR spectroscopy and backbone assignment

All data were recorded on Avance 600 and 700 MHz
Bruker spectrometers using triple-resonance cryoprobes at
47°C. Chemical shifts of protons were calibrated according
to the water line at 4.53 ppm at 47°C, from which the
carbon and nitrogen chemical shifts were referenced indi-
rectly using the conversions factors published on the
BMRB database. Sample optimization was conducted using
solely '’N-labeled samples and [°N,'H]-TROSY spec-
troscopy (Pervushin et al. 1997). For backbone assignments
standard Bruker experiments for the TROSY versions
(Salzmann et al. 1998, 1999) of the 3D HNCACB (Shan
et al. 1996; Wittekind and Mueller 1993), HN(CO)CACB
(Shan et al. 1996), HNCO (Yamazaki et al. 1994) and
HN(CA)CO (Yamazaki et al. 1994) and a 200 ms '°N-
NOESY were used. For the HNCACB or HN(CO)CACB
experiments 1024('H)*20('*N)*80('*C), for the HNCO or
HN(CA)CO experiments 1024("H)*20(">N)*32(**C), and
for the 3D !SN-resolved NOESY 1024('H)*20('>N)*
125('H) complex data points were acquired. Spectral
widths (and carrier positions) were 26 ppm (118.0 ppm) for
>N, 60 ppm for '*C in the experiments that label Ca and
Cp resonances with the carbon carrier at 39 ppm for Cof
and 54 ppm for Co. In the HNCO-type experiments
20 ppm were used for carbon, with the carrier set to
176 ppm. All experiments used pulsed field gradients for
water suppression (Keeler et al. 1994), and the Kay-Palmer
sensitivity enhancement trick (Kay et al. 1992) as incor-
porated into the TROSY sequences by Weigelt (Weigelt
1998). A proton-detected version of the steady-state
N{'H} heteronuclear Overhauser effect sequence was
used for measurement of the heteronuclear NOE using a
train of 120° proton pulses separated by 5 ms over a period
of 3 s to achieve saturation of amide protons (Noggle and
Schirmer 1971). '>N{'H}-NOEs were computed from the
ratio of integrals from signals in the presence to those in the
absence of amide proton irradiation.

Spectra were processed within the Bruker spectrometer
software Topspin 2.0. Backbone assignment was accom-
plished within the software CARA (Keller 2004).
Preferences for secondary structure based on 13Coc, 13Cﬁ,
3CO and "N chemical shifts were computed with the
program TALOS (Cornilescu et al. 1999).
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Circular dichroism spectroscopy

CD spectra were recorded on Jasco model J-810 using
50 uM protein in 40 mM phosphate buffer (pH 6.0) in a
mixture of 1% DPC and 6% LPPG in a quartz cuvette with
a path length of 1 mm. All spectra were averaged from 3
consecutive measurements in the range between 190 and
250 nm at 47°C with a slit width of 1 nm and a scanning
rate of 5 nm/min. The blank sample was recorded under
identical conditions and subtracted from the sample spec-
tra. The final CD intensity is expressed as the mean residue
ellipticity (deg cm? dmol™").

Results
Optimization of protein expression

In order to obtain maximum expression of N-TM1-TM2
four different strains, BL21(DE3), C41(DE3) (Miroux
and Walker 1996), BL21-Al and BL21-pLys(DE3), were
evaluated. Amongst these BL21(DE3) is the most widely
used expression host, while the other strains have been
developed to express toxic proteins. Expression was tes-
ted for each strain at 37°C and 20°C. As shown in Fig. 2
temperature has a dramatic effect on the expression level
of the target protein, which is significantly higher at 20°C
than at 37°C. Although BL21(DE3) expresses the target
protein at 20°C, the reduced levels in comparison to the
other strains that we tested indicates that the target pro-
tein may be toxic to this strain. Considering the perfect
control of leakage expression, BL21-Al was chosen as
the host for large-scale expression; nevertheless the dif-
ference in comparison to strains C41 or BL21pLys(DE3)
is small.

The chosen construct comprises six cysteine residues,
some of which will spontaneously form disulfide bonds, in
particular in the presence of the divalent cation Ni*™.
Protein preparations in both reducing and non-reducing
sample buffer were analyzed by SDS-PAGE. It was
observed that dimers, trimers and other oligomeric forms
are observed in the non-reducing sample. Furthermore, we
noticed the presence of a smear in the gel suggesting the
occurrence of non-specific aggregation. Upon addition of
100 mM DTT to the sample buffer the smearing disap-
peared and the oligomerization was dramatically reduced
indicating that disulfide bond formation was responsible for
aggregation.

Optimization of purification and detergent

The protein recovered after Ni affinity chromatography and
treatment with DTT was fairly homogeneous as judged by
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Fig. 2 Selection of strain and BL21

—
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SDS-PAGE. Nevertheless, the [ISN,lH]—TROSY spectrum
still displayed too few peaks, and peak intensities varied
considerably. The latter characteristic is most likely due to
conformational exchange processes. We reasoned that lipid
components from the cell membrane or other hydrophobic
impurities that co-elute with N-TM1-TM2 from the affinity
column may result in a conformationally heterogeneous
interaction/integration into the phospholipid micelles.
Using this protein preparation we were unable to identify
detergents that resulted in better spectra (vide infra).
Accordingly the eluant from the Ni affinity column was
subjected to C4 reverse-phase HPLC. The detrimental
effects on spectral quality of contaminants remaining after
Ni affinity chromatography have also been recently dis-
cussed by Page et al. (2006). The overall yield from a 11
MO culture of transformed BL-21AI cells after this addi-
tional step of chromatography was approximately 6 mg.
We also noticed to our surprise that after lyophilization the
solubility of the HPLC-purified protein in certain deter-
gents had completely changed.

In order to obtain resolved TROSY spectra with sharp
peaks a number of detergents were screened, including
anionic (SDS, sarcosyl, LPPG, LMPG), zwitterionic (DPC,
DHPC, LDAO) and non-ionic (OGP, DDM) detergents,
and proton-nitrogen correlation spectroscopy was used to
assess the suitability of the resulting samples for structural
studies. As shown in Fig. 3 different detergents resulted in
vastly different spectra. In some detergents tested the target
protein was insoluble. Spectra measured in most detergents
that dissolved the protein were of poor quality in that most
of the expected peaks were missing and that some lines
were very broad (Fig. 3g, h). Spectra recorded in the
presence of SDS micelles resulted in too many peaks albeit
that they were very sharp (Fig. 3f). In addition, measure-
ments of the '>’N{'H}-NOE indicated that the protein was
highly flexible.

While the protein after elution from the Ni affinity
column was nicely soluble in 200 mM LPPG solution, it
turned out to be largely insoluble in the same detergent
after the additional HPLC step. In contrast, it was now well
soluble in DPC solution, a detergent in which the eluant
from the Ni-affinity column was insoluble. Since it was

expression conditions shown for
BL21 and C41 (left) and for
BL21-AI and BL21 pLys
(right). B denotes “before
induction”, 37 denotes
“induction at 37°C” and 20
denotes “induction at 20°C”
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observed that low-concentration samples prepared in LPPG
resulted in good spectra, and considering the fact that DPC
can solublize the protein well, we tested mixtures of these
two detergents to exploit the individual advantages of both.
First the minimal concentration of DPC required to dis-
solve at least 0.5 mM protein was determined. Then
increasing amounts of LPPG were added to DPC until a
good-quality spectrum was obtained, and no further
chemical shift changes upon addition of more LPPG
occurred. The final detergent mixture consisted of 6%
LPPG and 1% DPC and was used in all subsequent studies.
The TROSY spectra recorded on such a sample displayed
rather uniform linewidths. In addition, the '>N{'H}-NOE
data indicated that the backbone is rather rigid and that
secondary structures are likely formed (see Fig. 6). Esti-
mation of the overall correlation time derived from the >N
R2/R1 ratio resulted in a value of 11.4 ns at 47°C.

Spectroscopy and backbone assignment

Considering the rather large molecular weight of the
N-TM1-TM2/DPC/LPPG mixed micelle deuteration of the
peptide was essential to yield spectra of sufficient quality.
For backbone assignment a threefold strategy was pursued:
(i) matching of amide moieties via common Cuaff reso-
nances in the HNCACB and HN(CO)CACB experiment,
(i1) matching via common CO frequencies in the HNCO
and HN(CA)CO experiments, and (iii) NOEs between
sequential amide protons. Approx. 70% deuteration and the
comparably narrow amide lines allowed for efficient
TROSY-type triple resonance experiments. Alpha helical
transmembrane proteins have intrinsically less signal dis-
persion and only constant-time '*C and '°N evolution in
combination with mirror-image linear prediction provided
sufficient resolution. Correlations in the triple-resonance
HNCA and HNCACSB spectra were observed for more than
80% of all residues. In the HNCO/HN(CA)CO pair cor-
relations were almost always present. Representative strips
from the assignment process are depicted in Fig. 4.
Matching strips could be confirmed in the '*N-resolved
NOESY for all residues within the helical region with
sufficient resolution in the proton frequency. In the end all
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HY, N, Co and Cp nuclei could be assigned except for
residues number 2 and 5, which are located in the flexible
N terminal domain. Chemical shifts have been deposited in
the BMRB database under accession code 15921.

Secondary structure

The CD spectrum of N-TM1-TM2 in DPC/LPPG mixed
micelles is depicted in Fig. 5. For technical reasons, 50 uM
polypeptide was used in comparison to 0.5 mM in the
NMR sample. However based on the NMR spectra no
aggregation occurred at the higher concentration and we
believe the data obtained from the CD and NMR study are
comparable. The CD spectrum clearly shows the presence
of minima at 208 and 222 nm, typical for predominantly
alpha helical conformations. In addition, deconvolution of

@ Springer

100 9.5 9.0 8.5 8.0 7.5 7.0 6.5
IH [ppm]

the CD spectrum into contributions from the different
secondary structural elements using the program K2D
(http://www.embl-heidelberg.de/ ~ andrade/k2d/) allowed
estimating the content in o-helix to be around 57%. The
CD analysis indicates that secondary structure under these
conditions is properly formed.

In order to verify the results from the CD analysis, we
have evaluated the '>’N{'H}-NOE to derive information on
the rigidity at residue resolution. The data are depicted in
Fig. 6 and compared to structural and dynamical properties
of the isolated N-terminal domain from the Y4 receptor
recently determined by us in the presence of pure DPC
micelles at pH 5.6 (Zou et al. 2008). The latter structural
studies revealed the presence of a short o-helical stretch
comprising residues 5-10, followed by a longer flexible
loop in the segment between residues 11 and 25.
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Interestingly, the data on the construct described in this
work indicated the presence of this flexible loop even when
the N-terminal domain was fused to the first two helices.
Otherwise the data indicate that with the exception of the
N-terminal domain the protein is highly structured. Sur-
prisingly, little difference in rigidity is observed between
residues from the putative TM helices and the loops. In
addition the long first extracellular loop (E1), that in our
construct lacks its native connection to the third TM, is
rather rigid. Amide hydrogen exchange as measured in a
["°N,'H]-HSQC experiment with and without presaturation
of the water resonance revealed accelerated exchange only

for the N-terminus, for the long unstructured loop in the
N-terminal domain (data not shown) and in vicinity to the
charged residue within TM1. Surprisingly, even in the I1 or
El loop, hydrogen exchange is relatively slow indicating
that these segments are reasonably folded and/or protected
from solvent access.

Sidechain assignment is presently in progress, which
will help establishing secondary structure based on char-
acteristic medium-range NOEs. However, backbone ISN,
Co, CB and C’ shifts have already been assigned and hence
the location and type of secondary structure can be pre-
dicted based on secondary chemical shifts (Wishart and
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Fig. 5 CD spectrum of 50 pM N-TM1-TM2 recorded at 47°C in
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Fig. 6 Comparison of the '>N{'H}-NOE values for N-TM1-TM2
(black spheres) described in this work and the isolated N-terminal
domain from the Y4 receptor (N-Y4, red diamonds). All values were
measured on the 600 MHz spectrometer. Data of N-Y4 are taken from
Zou et al. (2008)

Sykes 1994; Wishart et al. 1991). The output of the pro-
gram TALOS (Cornilescu et al. 1999) is depicted in Fig. 7.
It predicts 74% of the 77 residue C-terminal fragment (the
2 TM helices plus the loops) to be helical. Interestingly, in
both TM helices TALOS predictions indicate the TM
helices to be destabilized adjacent to the internal polar
residues Glu51 and Thr52 in TM1 or Ser86 and Asp87 in
TM2. Accordingly, no predictions were made for these
regions. The locations of helical segments were also probed
using proton,proton NOEs. In helices comparably short
distances occur between sequential amide protons.
Figure 4 shows contacts within the segment encompassing
residues Val54-Cys61 that are consistent with such short
distances. Comparably strong NOEs between sequential
amide protons occur through most of the residues in the
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TMI1/TM2 segments. Additionally they are observed for
most of the residues from the I1 and EI loops.

Discussion

Considering the tremendous difficulties encountered during
expression, purification, reconstitution and the spectro-
scopic evaluation of entire GPCRs, new strategies to derive
useful structural information are highly desired. Accord-
ingly, in this work we developed synthetic approaches for a
double-TM construct that additionally contains the N-ter-
minal domain and the first extracellular loop.

To our knowledge despite the success reported on the
expression of polytopic bacterial membrane proteins (Page
et al. 2006), most multiple-TM polypeptides from higher
organisms have been expressed as fusion proteins followed
by either enzymatic or chemical cleavage from their fusion
partners. Enzymes used to release the hydrophobic mem-
brane peptides are often deactivated by the detergents that
are required to solubilize the expressed fusion proteins.
Thus yields are poor and much material is wasted. Cyan-
ogen bromide (CNBr) is usually the chosen reagent for
chemical cleavage, but is incompatible with the occurrence
of internal methionine residues, limiting its general usage.
In this study a relatively long double-TM domain (approx.
one third of the sequence of the entire receptor) from a
human receptor was expressed without a fusion partner.
This approach allowed expression of the wild-type protein
sequence, eliminated the cleavage step, simplified purifi-
cation and resulted in a final yield of 6 mg/l of culture. It
should be noted that expression of entire GPCRs has been
accomplished in various hosts, as fusion proteins as well as
directly, and work in this area has been reviewed (Sar-
ramegna et al. 2003, 2006).

Purity and homogeneity are critical factors affecting the
quality of NMR spectra. Considering that '>N-NH,CI is
comparably cheap and that ['°N,"H]-TROSY spectra deli-
ver a wealth of information on the state of the protein, we
decided to monitor each step of purification using '°N,"H-
correlation spectroscopy using only '*N-labeled protein.
We noticed a number of interesting points: (1) The Ni-
NTA affinity chromatography seemed to result in pure
protein as visualized by SDS-PAGE, however the spectral
quality from such samples was clearly insufficient (Fig. 3);
(2) due to the presence of 6 cysteines, the protein was
prone to forming aggregates that result in severe line
broadening, and work-up under strongly reducing condi-
tions was mandatory (Fig.3); (3) the dramatic
improvement after HPLC purification indicated the pres-
ence of non-proteinaceous contaminants, which cannot be
readily removed by affinity chromatography. The chemical
nature of the contaminants has not been identified so far,
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but we suspect them to be molecules that strongly associate
with the protein so that they are not stripped off during the
hydrophilic elution conditions of the affinity chromatog-
raphy. This result suggests that they may be lipids or other
hydrophobic components of the plasma membrane, that
possibly also associate with the receptor in its natural
environment. Another possibility is that they are proteins
that bind to the metal affinity column. The presence of such
contaminants apparently leads to heterogeneity in the
microenvironment of the protein chains, in particular in the
vicinity of the TM segments. This could affect the con-
formational exchange processes leading to the observed
line-broadening. While HPLC purification is a standard
technique for peptide chemists, it is often not used by
protein biochemists because the solvent conditions dena-
ture most globular proteins. The possible presence of
associating non-proteinaceous or proteinaceous contami-
nants is relevant to crystallographers who usually judge
protein purity from SDS-PAGE gels. Perhaps screening of
sample purity by "°N,"H NMR, at least for some of the
smaller membrane proteins systems, could prove useful
prior to embarking on crystallization attempts. We are
aware that the proposed procedure requires a refolding
step. In the context of entire GPCRs such refolding may not
be achieved easily. However, in literature precedents that
such refolding is possible can be found (Baneres et al.
2003, 2005; Kiefer et al. 1996).

Membrane proteins can only properly exert their func-
tion when inserted in the membrane. Natural membranes,
however, are characterized by the following features: they
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are indicated by squares, and by triangles with the top to the left or
right for those residues that only display contact to predecessors or
successor, respectively. All segments with degeneracy of proton
chemical shifts that does not allow identification of NOE cross peaks
are indicated by crosses

are patchy, with segregated regions of different chemical
composition, variable thickness and distinct function
(Engelman 2005). To mimic this environment various
media have been developed such as detergent micelles
(Kriiger-Koplin et al. 2004), bicelles (Glover et al. 2001;
Vold et al. 1997; Poget and Girvin 2007) amphipols (Go-
hon et al. 2008; Zoonens et al. 2005), and very recently
nanoscale bilayers (Lyukmanova et al. 2008) (for a general
review on the usage of detergents in NMR studies of
membrane proteins see Sanders et al. 2004; Sanders and
Oxenoid 2000; Sanders and Sonnichsen 2006). For reasons
of simplicity micelles have been frequently employed for
NMR studies. In our study a wide range of detergents have
been tested: Sarcosyl, LDAO, and DDM did not solubilize
N-TM1-TM2. LPPG and LMPG only dissolved it to a very
low extent, and others including DPC, OGP and DHPC
dissolved the protein, but resulted in extremely broad
spectra. Based on heteronuclear NOE analyses SDS
resulted in a non-uniquely structured protein, an observa-
tion frequently also reported by other groups (Kriiger-
Koplin et al. 2004). The result of the detergent screening
conducted in this study indicated that it may be useful to
consider detergent mixtures when optimizing membrane
protein solubility and integration into micelles. In the case
of N-TM1-TM2 neither LPPG nor DPC gave satisfactory
results, but the combination of these detergents resulted in
a high-quality ['°N,'"H]-TROSY spectrum, in which 107
out of the expected 109 (without counting residues from
the His-tag) peaks were observed. The final composition
exhibited long-term stability and allowed us to run all of
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the three dimensional experiments required for a structural
analysis. Natural membranes are heterogeneous mixtures
of a variety of lipids and proteins. We suspect that various
detergents can play different roles in solubilizing the pep-
tide, aiding its integration into the lipid-like environment
and forming a relatively stable composition. In the present
example the LPPG head group is likely a much better
mimic of head groups of naturally occurring lipids than
DPC because the central glycerol component is retained.
For reasons that are unclear to us at the moment, LPPG’s
capability to spontaneously allow insertion of the N-TM1-
TM2 protein is low and it does not solubilize the purified
polypeptide. In contrast DPC micelles readily integrate the
membrane protein but give extremely broad lines in the
HSQC spectra, possibly reflecting the presence of confor-
mational exchange. The ratio between DPC and LPPG was,
therefore, chosen to represent the minimal amount of DPC
required to dissolve the protein. The optimized composi-
tion gave a highly resolved HSQC spectrum perhaps
indicating that LPPG-peptide contacts are maximized in
the TM region resulting in a relatively homogeneous
microenvironment that led to good spectroscopic proper-
ties. By using a combination of detergents the number of
membrane mimetic environments can be greatly increased
and the possibility for trials that can exploit the synergistic
contributions of different head groups and hydrophobic
matches is maximized. It is important to note that protein
detergent complexes are not idealized micelles and the
insertion of detergents with different chain lengths at var-
ious positions in an asymmetric composition might, from a
thermodynamic perspective, be predicted to lead to an
optimally packed protein-lipid.

Inspection of NOEs between sequential amide protons,
and restraints from chemical shifts delivered by TALOS
allowed the derivation of the first low-resolution picture of
secondary structure in the N-TMI-TM2 polypeptide.
Stretches of the putative TM helices are predominantly
helical (see Fig. 7). However, in the regions proximal to
polar residues in the TMs (E and D in TM1 and TM2,
respectively) the helices are destabilized, as judged by the
reduction in the heteronuclear NOEs, by the TALOS pre-
dictions, by enhanced amide proton exchange and by the
absence of contacts between sequential amide protons.
Buried glutamic acid and aspartic acid residues are rarely
found in TM domains of integral membrane proteins, and
we have noted such increased flexibility on another isolated
TM domain in DPC micelles(Neumoin et al. 2007). The
biological significance of these findings will be subject to
future work. A particularly interesting finding is, that the I1
and E1 loops are predominantly helical. The sequence of
the beginning of the Il loop is amphiphilic, and may
possibly form a surface-associated helix. The sequence of
the E1 loop is also amphiphilic in nature. In addition, it is
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rich in aromatic residues that are expected to position it in
the interfacial compartment. Given the strong energetic
driving force to place El in the interface compartment it is
unlikely that E1 forms a flexible loop that diffuses into bulk
solution. In the published crystal structures from rhodopsin
(Palczewski et al. 2000) and the f-adrenergic receptors
(Rosenbaum et al. 2007; Warne et al. 2008), the long E2
loop contained elements of secondary structure; in the case
of rhodopsin a short f-sheet, in the case of the f1- and f52-
adrenergic receptors a-helices. However, the I1 and the E1
loops were devoid of regular secondary structure. Whether
the helical nature of the E1 and I1 domains of N-TM1-TM2
is biologically relevant awaits additional studies on larger
Y4 receptor fragments. At present it is also unclear how the
Il and EIl helices would connect the TM helices and
reinsert smoothly into the membrane. However, in GPCR
structures published to date we note that the length of the
TM helices is not generally conserved—the TMS5 and TM6
of squid rhodopsin were surprisingly deeply penetrating
into the cytosol (Murakami and Kouyama 2008).

Previously, we reported the conformational preferences
of the isolated N-terminal domain in the presence of DPC
micelles (Zou etal. 2008). The comparison of the
dynamics data indicate that the latter and the corresponding
fragment from the N-TM1-TM2 protein are highly similar
in that they contain a short helix comprising residues 5-10,
followed by a long and unstructured loop between residues
11 and 30. The segment that connects that loop to the first
TM (residues 31 to 40) is rather flexible in the isolated
N-Y4 peptide, but mostly helical in N-TM1-TM2. The
amphiphilic sequence of the N-terminal region of N-TM1-
TM?2 is compatible with the presence of a surface-associ-
ated helix. Such a helix was also observed by us on a
similar construct from the Ste2p receptor, a family D
GPCR from yeast (unpublished results).

Conclusions

To conclude we have developed a synthetic route for
directly expressing and isolating double-domain mamma-
lian GPCR fragment in isotopically-labelled form in good
yield. Rigorous purification using a combination of affinity
chromatography and reversed-phase HPLC resulted in a
sample with dramatically altered biophysical properties. A
rational method for NMR sample optimization is intro-
duced that relies on mixtures of detergents. The
methodology allowed the collection of good-quality 3D
NMR spectra, and preliminary results indicated the protein
to be highly structured in the LPPG/DPC mixed micelles.
Future work will be aimed at fully establishing the sec-
ondary and tertiary structure of this important domain of
human N-Y4. We believe that the presented methodology
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may also be useful in the studies of even larger fragments
or entire receptors.
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