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Abstract One of the biggest challenges in solid-state NMR
studies of membrane proteins is to obtain a homogeneous
natively folded sample giving high spectral resolution suf-
ficient for structural studies. Eukaryotic membrane proteins
are especially difficult and expensive targets in this respect.
Methylotrophic yeast Pichia pastoris is a reliable producer
of eukaryotic membrane proteins for crystallography and a
promising economical source of isotopically labeled pro-
teins for NMR. We show that eukaryotic membrane protein
human aquaporin 1 can be doubly ('>C/'°N) isotopically
labeled in this system and functionally reconstituted into
phospholipids, giving excellent resolution of solid-state
magic angle spinning NMR spectra.

Keywords Eukaryotic membrane proteins - Solid-state
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It is a general consensus that, despite a number of recent
breakthroughs, the pace of progress in structural studies of
membrane proteins lags behind that of proteins in general
(White 2009). The need for new methodologies in this field
is obvious, and novel techniques of solution and solid-state
(SS) NMR are being applied to studies of structure and
dynamics of membrane proteins (Li et al. 2008; Barnes
et al. 2008; Kim et al. 2009; McDermott 2009; Renault
et al. 2010; Tapaneeyakorn et al. 2011; Marassi et al. 2011;

S. Emami - Y. Fan - R. Munro - V. Ladizhansky -

L. S. Brown (B<)

Departments of Physics, and Biophysics Interdepartmental
Group, University of Guelph, 50 Stone Road East, Guelph,
ON NIG 2W1, Canada

e-mail: lebrown@uoguelph.ca

Reckel et al. 2011; Gautier and Nietlispach 2012; Hong
et al. 2012; Qureshi and Goto 2012). The key prerequisite
of any successful NMR study is a production of natively
folded, isotopically labeled, structurally homogeneous
protein, which requires robust overexpression and func-
tional reconstitution into a membrane-like environment.
Eukaryotic membrane proteins are particularly challenging
targets, in view of the difficulties of achieving their high
expression levels in combination with the native fold and
post-translational modifications in heterologous systems.
Thus, much effort has been spent on experimentation with
various expression methods and suitable membrane mimics
(Kim et al. 2009; Takahashi and Shimada 2010; Goncalves
et al. 2010; Reckel et al. 2010; Warschawski et al. 2011;
Tapaneeyakorn et al. 2011).

Expression in Escherichia coli remains the easiest and
the cheapest method of production of eukaryotic membrane
proteins for NMR. Even though it yielded several struc-
tures (Hiller et al. 2008; Berardi et al. 2011; Verardi et al.
2011; Park et al. 2012) and some promising samples
(Berger et al. 2010), the problems of non-native fold or
poor expression are often encountered. The alternatives
such as cell-free expression, as well as mammalian and
insect cell cultures, used to be very costly, considering that
milligram quantities of uniformly labeled protein are
required, but the progress in these areas is obvious (Ratnala
2006; Makino et al. 2010; Egorova-Zachernyuk et al. 2011;
Isaksson et al. 2012). These techniques yet have to produce
full NMR structures of eukaryotic membrane proteins,
even though there are recent examples of backbone struc-
ture determination (Klammt et al. 2012) and experiments
based on specific labeling (Werner et al. 2008; Ahuja et al.
2009). An alternative, which has not yet been extensively
utilized for isotopic labeling of membrane proteins is
expression in yeast, especially the metylotrophic yeast
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Pichia pastoris (Pickford and O’Leary 2004; Sugiki et al.
2012), despite the fact that it has been actively explored for
production of eukaryotic membrane proteins for crystallo-
graphic studies (Lundstrom et al. 2006; Oberg et al. 2009;
Asada et al. 2011; Singh et al. 2012; Bornert et al. 2012).

Pichia pastoris is a promising candidate for isotopic
labeling of eukaryotic membrane proteins due to the
powerful combination of two factors. First, Pichia showed
its promise in NMR studies of soluble proteins, and the
protocols for their efficient and inexpensive isotopic
labeling are well developed (Wood and Komives 1999;
Morgan et al. 2000; Rodriguez and Krishna 2001; Pickford
and O’Leary 2004; Sugiki et al. 2012). Second, there is a
vast literature on crystallographic studies of Pichia-
expressed mammalian membrane proteins in their func-
tional forms, including a number of X-ray structures of
channels, transporters, and G-protein coupled receptors
(GPCRs) (Long et al. 2005; Horsefield et al. 2008; Tao
et al. 2009; Ho et al. 2009; Aller et al. 2009; Shimamura
et al. 2011; Hino et al. 2012). Even though it seems that
amalgamation of these two streams of knowledge should
have produced a number of membrane protein samples
suitable for high-resolution NMR, such examples are still
very rare.

Recently, we adapted and optimized protocols devel-
oped for isotope labeling of soluble proteins in Pichia
(Rodriguez and Krishna 2001; Pickford and O’Leary 2004)
for eukaryotic seven-transmembrane-helical (7TM) pro-
tein, fungal rhodopsin from Leptosphaeria maculans (LR)
(Waschuk et al. 2005). Doubly (**C/'*N) isotopically
labeled LR was expressed in shake-flasks with the yield
exceeding 5 mg of purified protein per liter and, upon
functional reconstitution into synthetic lipids, gave high
spectral resolution in magic angle spinning (MAS)
SSNMR, comparable to that obtained for bacterial homo-
logs produced in E. coli (Fan et al. 2011). In the present
work, we extend this protocol to the double-isotope-
labeling and functional lipid reconstitution of mammalian
multi-spanning membrane protein, human aquaporin 1
(hAQP1), which yielded MAS SSNMR spectra of an
exceptional resolution amenable to the detailed structural
analysis.

Human aquaporin 1 is a tetrameric o-helical integral
membrane protein (with monomer molecular weight of
~28.5 kDa), which is expressed in multiple tissues and
mainly serves as a selective water channel, even though
other physiological functions have been suggested (Agre
et al. 2002; Yool 2007; Musa-Aziz et al. 2009). Upregu-
lation and mutations of hAQP1 have been implicated in
several human diseases and its pharmacology is being
actively explored (Yool et al. 2010; Seeliger et al. 2012).
Medium-resolution structure of hAQP1 is known from the
electron diffraction studies (Murata et al. 2000; Ren et al.
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2001; de Groot et al. 2001), and even higher resolution
X-ray structure of highly homologous bovine aquaporin is
available (Sui et al. 2001). Based on this structural infor-
mation and computational approaches (de Groot et al.
2003; Chen et al. 2007), the basic mechanisms of water
permeability and selectivity are well understood, while
regulation and pharmacology of hAQPI are less estab-
lished. SSNMR gives an opportunity to study these aspects
in the native-like lipid environment at non-cryogenic
temperatures, which provides the motivation for this iso-
tope-labeling trial.

Previously, expression of hAQP1 in P. pastoris was
shown to produce exceptionally high yields in shake-flasks
and especially in fermenters, and has been thoroughly
optimized (Nyblom et al. 2007; Oberg et al. 2011; Norden
et al. 2011). We used the expression plasmid developed
earlier elsewhere (Nyblom et al. 2007), while the isotope
labeling protocol for hAQP1 in P. pastoris mainly followed
our protocol developed for Leptosphaeria rhodopsin (LR)
(Fan et al. 2011) with some modifications. The modifica-
tions introduced for hAQP1 mainly relate to the protein
solubilization and reconstitution steps, similar to those
employed earlier (Nyblom et al. 2007).

The expression vector pPICZB-hAQPI1-Myc-His6
(kindly provided by Frederick Oberg and Kristina Hedfalk,
Goteborg University, Sweden) encodes full-length hAQP1
with a C-terminal Myc and 6xHis tags and allows for
selection of the transformants based on resistance to zeocin.
The plasmid was linearized using Pmel (New England
Biolabs), desalted by the QIAquick nucleotide removal kit
(Qiagen), and transformed into protease-deficient P. pastoris
strain SMD1168H (Invitrogen) by electroporation (Micro-
Pulser, Bio-Rad) as described previously (Fan et al. 2011).
The transformants were grown on yeast peptone dextrose
sorbitol (YPDS) plates containing two different concentra-
tions of zeocin (Cedarlane, 100 and 500 pg/ml). To screen
the transformants for the highest level of hAQP1 production,
eight colonies were selected for small-scale growth. The
colonies were inoculated in 5 mL buffered minimal dextrose
(BMD) media and grown in shake-flasks at 300 rpm and
30 °C overnight. An additional 20 mL of BMD media was
added to the cultures when ODgqg exceeded 2 and the cul-
tures were shaken at 300 rpm and 30 °C for 24 h, or until
ODgo reached 10. The cells were collected by centrifugation
at1,500x g, 4 °Cfor 10 min, resuspended in 25 mL buffered
minimal methanol (BMM) media in 250 mL flasks, and
grown for 24 h at 240 rpm and 28 °C. The cells were har-
vested and resuspended in cell resuspension buffer (CRB)
containing 20 mM Tris-HCl, pH 7.6, 100 mM NaCl,
0.5 mM EDTA, and 5 % (w/v) glycerol (Nyblom et al.
2007). To digest the cell walls, 15 mg of lyticase (from
Arthrobacter luteus, Sigma) were added to the pellets and
incubated with slow shaking for 3 h at room temperature.
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The cells were centrifuged at 1,500x g for 5 min at4 °C, and
immediately resuspended in one pellet volume of CRB
buffer, the same volume of ice-cold acid-washed glass beads
(Fisher, 420-600 pum diameter) was added, and the cells
were disrupted using vigorous vortex mixing. The cell debris
were removed by centrifugation at 700x g for 5 min at 4 °C
and the cell lysate was collected. Vortexing and centrifuga-
tion were repeated 8 times to achieve complete breakage of
the cells. All cell supernatants containing the membrane
fraction were combined and centrifuged at 40,000xg for
30 min at 4 °C. The relative hAQP1 content of these mem-
branes was monitored by immunoblotting (using anti-Hisg
primary antibody, Clontech and anti-mouse IgG HRP Con-
jugate secondary antibody, Bio-Rad) and the colony giving
the most intense band corresponding to the His-tagged pro-
tein (MW about 30 kDa) was chosen for the large-scale
growth and isotope labeling. Before proceeding with the
large-scale expression, we performed additional optimiza-
tion of the post-induction growth length (the time between
transfer to BMM and harvesting) in the small-scale cultures,
using a colony with the highest level of hAQP1 expression.
The cells were harvested after 6, 12, 24, 36, and 44 h after the
induction (additional 0.5 % methanol was added after 24 h)
and the level of expression was monitored by immunoblot-
ting. As a result of this screening, we found that the best time
for harvesting the cells is 24 h. Longer incubation did not
produce appreciable increase in the hAQPI yield but
required the addition of extra methanol. In fact, the amount
of hAQP1 substantially decreased upon prolonged induction
(barely detectable at 44 h). Similar trends were observed
earlier for puroindoline-a (Issaly et al. 2001) and for LR, but
the peak yield for LR was shifted to about 40 h (Fan et al.
2011), stressing the need for thorough individual screening
for each protein.

For the large-scale expression and isotope labeling of
hAQPI, the best producing colony was used to inoculate
50 mL of '*C,'>N-BMD containing 0.8 % ('°NH,),SO, and
0.5 % "°C glucose (Cambridge Isotope Laboratories) in a
250 mL baffled flask. The cells were grown at 300 rpm and
30 °C for 18-24 h and transferred to a 2 L baffled flask with
an additional 200 mL of isotope-labeled BMD. The cells
were then shaken at 275 rpm and 29 °C for 18-24 h before
being spun down at 1,500x g at 4 °C for 10 min. The cells
were resuspended in 1 L of *C,'”>’N-BMM (0.5 % '*C-
methanol (Cambridge Isotope Laboratories) and 0.8 %
('NH,),S0,) in a sterile 2.8 L flask and grown for 24 h at
240 rpm and 28 °C. The cells were collected by centrifu-
gation at 1,500x g, 4 °C for 10 min and washed twice with
MilliQ water before storing the pellet at —20 °C for later
use. The cells were broken and the membrane fraction was
collected as described above, and the total protein concen-
tration was determined by Bradford assay with bovine
serum albumin standard (Bio-Rad DC Protein assay).

hAQPI1 was solubilized by resuspending the membrane
fraction from 1 L culture in 60 mL of solubilization buffer
(20 mM Tris—HCI pH 8.0, 100 mM NaCl, 20 % glycerol,
10 mM imidazole, protease inhibitor cocktail (for general
use, Sigma), and 5 % n-octyl-B-D-glucopyranoside (B-OG,
Fisher)) (Nyblom et al. 2007). The mixture was stirred at
4 °C for 2 h and unsolubilized material was removed by
centrifugation at 160,000xg for 30 min at 4 °C. The
supernatant containing solubilized hAQP1 was incubated
with 2 mL of Ni*"-NTA resin (Qiagen) for 3 h at 4 °C.
The resin was placed in a column and washed with washing
buffer (30 mM imidazole, 20 mM Tris—-HCl pH 8.0,
100 mM NaCl, 20 % glycerol, protease inhibitor cocktail,
1 % B-OG). Next, hAQP1 was eluted using elution buffer
with increasing concentrations of imidazole (150 mM,
250 mM, or 500 mM in 20 mM Tris—HCI pH 8.0, 100 mM
NaCl, 20 % glycerol, protease inhibitor cocktail, 1 %
B-OG) (Nyblom et al. 2007). Immunoblotting was used to
verify hAQP1 presence throughout the purification process
and the completeness of binding to the resin. The final
yield of purified hAQP1 was estimated by Bradford assay
as well as by UV—Vis spectroscopy (Cary 50, Varian) after
the removal of imidazole, using estimated absorbance of
0.1 % (=1 g/L) hAQP1 of 0.944 (PROTPARAM), as well
as by the amplitudes of FTIR and NMR signals after lipid
reconstitution (see below). The total yield of ~6 mg of
isotope-labeled protein per liter of culture is similar to that
obtained for LR (Fan et al. 2011) and represents very
economical protocol, considering that no second addition
of '*C-methanol was required. The purity of the final
preparation was assessed by Coumassie SDS-PAGE and
MALDI TOF mass spectrometry (University of Guelph
Advanced Analysis Centre). Mass spectra contained two
peaks corresponding to approximate molecular weights of
31,257 and 28,468 Da. The main peak at 31,257 £ 10 Da
is close to that expected for sodium adduct of non-gly-
cosylated natural abundance His- and Myc- tagged hAQP1
(MW of 31,205 Da estimated from PROTPARAM). This
suggests that hAQP1 expressed in P. pastoris does not
undergo appreciable glycosylation, consistent with the lack
of sugar signals in carbon NMR spectra (see below), and
similar to the situation with fungal rhodopsins (Fan et al.
2011). It should be noted that hAQPI expressed in
Saccharomyces cerevisiae was not glycosylated either,
unlike the native protein from erythrocytes (Laize et al.
1997). An additional minor mass peak of 28,468 Da most
probably corresponds to the post-translationally N-termi-
nally truncated species. The corresponding band could be
also observed on Western blots, but only if high concen-
trations of hAQP1 were used (not shown), and was also
noted before (Nyblom et al. 2007; Oberg et al. 2009).

To perform lipid reconstitution of hAQP1 for solid-state
NMR, the lipid stock (egg PC:brain PS = 9:1 w/w, Avanti
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lipids) was prepared as described earlier (Fan et al. 2011),
in 50 mM KH,PO,, 100 mM NaCl, pH 7.5, at
~ 11 mg/mL. Purified hAQPI1 in 30 mL of elution buffer
at 0.2 mg/mL concentration was concentrated to 5 mL
volume with concurrent removal of imidazole (Amicon
centrifugal concentrator, 10 kDa cut-off, Fisher) and mixed
with the lipid stock at the protein/lipid ratio of 2 (w/w) (the
molar ratio of ~1:20). After 2 h of incubation with slow
stirring at 4 °C, the sample was placed into the dialysis bag
(12-14 kDa cutoff, Spectra/Por, VWR) in a container with
10 mL of buffer (50 mM KH,POy,, 300 mM NaCl, pH 7.5)
and 8 g of Bio-beads SM-2 (Biorad). The sample was
dialyzed for 7 days at 4 °C, changing the buffer every
24 h. The proteoliposome suspension was withdrawn from
the dialysis bag and the proteoliposomes were collected by
centrifugation at 300,000x g for 1 h at 4 °C. The pellet was
washed several times by centrifugation at 300,000xg for
1 hat4 °Cin 10 mM NaCl, 25 mM Tris—HCIL, pH 7, and
the proteoliposomes were finally concentrated by ultra-
centrifugation at 900,000x g for 9 h. The pellet obtained
this way was ready for SSNMR rotor packing and kept at
—20 °C until further use.

In order to verify the native fold, desired protein/lipid
ratio, amount, and isotope labeling of hAQP1 in reconsti-
tuted samples, Fourier-transform infrared (FTIR) spec-
troscopy was employed. The proteoliposome pellets
corresponding to ~0.05-0.2 mg of hAQP1 (taken before
900,000x g centrifugation step to avoid excessive aggre-
gation) were resuspended in MilliQ water and dried on a
CaF, window (Harrick). The dry film was covered by
another CaF, window with a 6 micron Teflon spacer and
placed in Bruker IFS66vs machine with a temperature-
controlled sample holder (Harrick). Absorbance spectra
were averages of 100 scans at 2 cm™ ! resolution, with the
spectra of two empty windows as a reference, the baseline
distortions were corrected by OPUS software (Bruker).
Figure 1 shows a representative FTIR spectrum of natural
abundance hAQP1 taken in the mid-infrared range, con-
taining protein backbone amide bands and lipid esters
vibrations. The typical position and narrow linewidth of the
Amide I band (at 1,657 cm™") agrees well with mainly
a-helical structure of the protein, as previously determined
by FTIR (Cabiaux et al. 1997) and crystallography (Murata
et al. 2000; Ren et al. 2001; Sui et al. 2001). The ratio of
the amplitudes of the Amide I band and the band corre-
sponding to the lipid ester vibrations (at 1,738 cm™')
(daCosta and Baenziger 2003) is consistent with the low
lipid content (1/3 by weight) employed at the reconstitution
step and suggests that no significant amount of yeast lipids
was retained during purification. Upon isotope labeling,
significant isotope shifts of the Amide I (upon '*C labeling)
and Amide II (upon *C and '°N labeling) bands were
observed (not shown).
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To verify the functionality of hAQP1 in the lipids chosen
for NMR experiments, we employed water permeability
essays (Laize et al. 1997; Nyblom et al. 2007), mostly
following the protocol for S. cerevisiae-expressed hAQP1
(Laize et al. 1997). As it is known that high protein content
can make proteoliposomes leaky (Pitard et al. 1996b), the
water permeability experiments had to be conducted at a
substantially lower protein/lipid ratio (1/10 w/w) than that
used for NMR experiments (2/1 w/w). Egg PC/Brain PS
liposomes (9/1 molar ratio) were prepared by reverse-phase
evaporation (Rigaud et al. 1983) and extruded through
polycarbonate Isopore filters (0.4 and 0.2 microns) con-
secutively. The resulting liposome stock (15 mg/mL of
lipids) was mixed with 0.2 mg/mL solution of purified
hAQP1 in the imidazole-free elution buffer (1 % OG) to
produce lipid/protein ratio of 10 (w/w), with addition of
0.8 % of Triton X-100 and 0.56 % of OG (Pitard et al.
1996a). After 2 h of incubation with slow stirring in 4 °C,
the sample was placed in the dialysis bag in a container with
10 mL of buffer (150 mM KCl, 1 mM KH,PO,, pH 6.8)
and 8 g of Bio-beads SM-2, and dialyzed for 48 h at 4 °C.
As a control, the identical procedure was performed with
protein-free liposomes, where addition of hAQP1 was
replaced by the same volume of the buffer with 1 % OG.
The proteoliposomes (and protein-free liposomes) were
collected by centrifugation at 300,000xg for 1 h at 4 °C
and resuspended in liposome buffer (20 mM Tris—HCI,
pH 8.0, 150 mM NaCl) at 0.2 mg lipid/mL. Average
diameter of the liposomes (170 nm) and proteoliposomes
(179 nm) was estimated by Dynamic Light Scattering
(Malvern Zetasizer). Water permeability measurements
were performed using a stopped-flow spectrophotometer
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Fig. 1 FTIR absorbance spectrum of a dry film of natural abundance
hAQP1 reconstituted in PC/PS liposomes at the protein/lipid ratio of
2 (w/w). Characteristic bands are labeled (see text for details)
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(SX20, Applied Photophysics), by following kinetics of the
increase in light scattering (at 480 nm) upon vesicles
shrinking induced by hypertonic shock (180 mM sucrose at
22 °C), which reports on the rate of water efflux. The
observed trends (Fig. 2) are very similar to those reported
earlier (Laize et al. 1997; Nyblom et al. 2007), where
hAQPI proteoliposomes demonstrated much faster shrink-
ing compared to the liposome controls. After the correction
for the baseline drift (verified by mixing with isotonic
solution lacking sucrose), the kinetics of water efflux from
protein-free liposomes could be fitted by a single expo-
nential with a characteristic time of 141 &+ 3 ms, while that
for the proteoliposomes was markedly biphasic (the major
phase 23 + 1 ms, 76 % of the amplitude, and the minor
phase 197 = 13 ms). Such a biphasic character for hAQP1
proteoliposomes was observed before and the slow kinetic
phase was interpreted as corresponding to the protein-free
population (Nyblom et al. 2007). An additional control was
performed using specific inhibition of hAQP1 (achieved by
a 15-min preincubation with 0.1 mM HgCl,), which
showed very significant suppression of the efflux (a single
exponential with a characteristic time of 103 4+ 1 ms). Such
suppression was not observed upon the incubation of pro-
tein-free liposomes with HgCl, (not shown). Taken toge-
ther, these data indicate that hAQP1 is functional in the
PC/PS mixture employed in our study.

For the SSNMR measurements, the proteoliposomes were
hydrated with 10 mM NaCl, 25 mM Tris—Cl, pH 7.0. The
spectra were recorded on Bruker Avance III spectrometer
operating at 800.23 MHz equipped with 3.2 mm E-free
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Fig. 2 Kinetics of the light scattering changes of PC/PS liposome
suspensions upon hypertonic shock produced in the stopped-flow
apparatus. Proteoliposomes reconstituted with hAQP1 (lipid/protein
ratio of 10 w/w) are compared with protein-free liposomes and
mercury-inhibited proteoliposomes. Each trace is an average of at
least ten measurements. The exponential fits are shown with black
thin lines (see text for details)

'"H-"*C-">N probe (Bruker), the MAS frequency was
14.3 kHz. Hydrated proteoliposomes containing 6 mg of
hAQP1 were center-packed in a thin-wall 3.2 mm rotor, and
the sample temperature was maintained at 5 °C in all exper-
iments. The obtained one-dimensional (1D) (Fig. 3) and two-
dimensional (2D) (Figs. 4, 5) spectra show very good dis-
persion and excellent resolution (linewidths of ~0.5 ppm for
carbon and ~0.5 ppm for nitrogen), which exceeds that
demonstrated for microbial rhodopsins expressed both in
E. coli and P. pastoris (Shi etal. 2009a, 2011; Fanetal. 2011).
A large number of well-resolved narrow peaks belonging to
side-chain and backbone atoms of various types of amino
acids are identifiable in the spectra, which suggests that a very
high level of chemical shift assignments should be possible
from the future three-dimensional experiments, as recently
demonstrated for Anabaena sensory rhodopsin (Wang et al.
2012). The sharpness of NMR peaks also suggests good
sample homogeneity and, combined with the results of the
functional assays (see above), gives hope that Pichia-
expressed hAQP1 is fit for structural and functional studies by
MAS SSNMR in the native-like lipid environment.
One-dimensional >N spectrum (Fig. 3a) shows a very
good dispersion of the backbone signals, and also shows
many peaks of Lys, Arg, and His side-chain atoms. One-
dimensional '*C spectrum (Fig. 3b) has equally high res-
olution and confirms the lack of glycosylation of hAQPI,
as no sugar signals are observed in the 70-80 ppm range.
Both '*C-'°C (Fig. 4a) and NCA (Fig. 5) spectra allow
identification of groups of peaks corresponding to intra-
residue correlations of several amino acid types, such as
Ala, Ser, and Thr in the former and Gly and Pro in the
latter. It is possible to estimate the spectral coverage by
counting well-resolved peaks of one type and estimating
integrated intensity of the unresolved peaks. From our
previous experience with microbial rhodopsins, we can
expect that the peaks from residues in the transmembrane
helices should be mostly visible, while those in the loops
and tails may be weak (or even invisible) due to the
unfavorable dynamics (Shi et al. 2009b; Fan et al. 2011).
For example, we estimate that at least 18 Ala (out of the
expected 22 TM and 8 extramembrane residues) and 20
Gly (out of the expected 18 TM and 9 extramembrane
residues) are visible. Four Pro peaks are identifiable from
the NCA spectra (there are 4 TM prolines), which should
include the prolines of the functionally important con-
served NPA motives in the water pore (Sui et al. 2001; Ren
et al. 2001). As all of these Pro CA signals are found above
65 ppm, they must originate from the TM helices. Another
interesting observation is that some peaks clearly corre-
spond to non-helical conformations (Wang and Jardetzky
2002), such as those boxed in Fig. 4b, c for Ala and Ser/Thr,
respectively. The CA/CB Ala resonances at around
(51-52)/21 ppm (Fig. 4b) have chemical shifts close to
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Fig. 3 One-dimensional 5N (a) and *C (b) MAS NMR spectra of
13C,15N-labeled hAQP1 reconstituted in PC/PS liposomes recorded at
800 MHz, at 5 °C, and at a spinning rate of 14.3 kHz. '>N spectrum

(a)

13C Chemical Shift (ppm)
was collected with 400 scans, and '*C spectrum was averaged over 96

scans. SPINAL64 decoupling of 83 kHz was used during detection
(Fung et al. 2000)

(b)
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Fig. 4 a Two-dimensional '*C—'3C DARR (Takegoshi et al. 2001)
(dipolar assisted rotational resonance, also known as radiofrequency
assisted diffusion (RAD) (Morcombe et al. 2004)) chemical shift
correlation spectrum of 13¢,'>N-hAQP1 proteoliposomes at 800 MHz,
at a spinning frequency of 14.3 kHz and at 5 °C. b Enlarged Ala Co/Cf
region of the same spectrum. Residues showing non-helical conforma-
tions are boxed. ¢ Enlarged Thr and Ser Co/CP regions. Residues
showing non-helical and helical conformations are boxed. The 2D

those typical for B-strands, as do Ser resonances at (56-58)/
(63-64) ppm and Thr resonances at (61-62)/70 ppm
(Fig. 4c). As the available structures of human and bovine
AQP do not show any B-strands, it is likely that these
signals belong to the residues in B-turns, present according
to FTIR (Cabiaux et al. 1997) and crystallographic studies
(Murata et al. 2000; Ren et al. 2001; Sui et al. 2001; de
Groot et al. 2001). In agreement with this, the Amide I
band in the FTIR spectrum of hAQP1 shown in Fig. 1
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70 60

spectrum was collected with 14.95 ms of the indirect t; acquisition with
TPPI (time-proportional phase incrementation) (Marion and Wuthrich
1983) phase-sensitive detection, and 20.53 ms of the direct t, acqui-
sition. 8 scans per point were collected with arecycle delay of 1.7 s. The
total experimental time was 11 h. Data were processed with 40 Hz of
Lorentzian line narrowing and 80 Hz of Gaussian line broadening in
both dimensions. The first contour level is cut at 6 x o, with each
additional level multiplied by 1.1

displays a shoulder at 1,682 cm™" (clearly seen as a peak
in the second derivative of the spectrum, not shown). In
the absence of the corresponding strong shoulder at
~1,630 cm ™" (signature of B-strands), this spectral feature
can be safely interpreted as belonging to PB-turns (Vass
et al. 2003).

In summary, we demonstrated that expression and isotope
labeling in P. pastoris, combined with functional reconstitu-
tion in native-like lipids, can produce samples of relatively
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Fig. 5 Two-dimensional NCA spectrum of '°C,'’N- hAQP1 prote-
oliposomes recorded at 800 MHz, at a spinning rate of 14.3 kHz, and
at 5 °C. Glycine resonances are shown in the box. 2D spectrum was
collected with 14.95 ms of the indirect t; acquisition with TPPI
phase-sensitive detection, and with 20.53 ms of the direct t,
acquisition. 24 scans per point were recorded with a recycle delay
of 1.7 s. The total experiment time was 4 h. Data were processed with
40 Hz of Lorentzian line narrowing and 80 Hz of Gaussian line
broadening in the CA direct dimension, and with 24 Hz of Lorentzian
line narrowing and 40 Hz of Gaussian line broadening in the '°N
indirect dimension. The first contour is cut at 5 x o, with each
additional level multiplied by 1.2

large o-helical human membrane proteins suitable for multi-
dimensional MAS SSNMR spectroscopy. These samples
represent perfect targets for the in-depth structural and func-
tional analyses, including those for mechanisms of interac-
tions with pharmacological agents and other modulators.
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