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Background: Protein trans-splicing as a molecular design tool has been demonstrated for soluble but not yet for membrane

proteins.

Results: Two separate polypeptides have been spliced in vivo, yielding correctly folded and functional proteorhodopsin.
Conclusion: Trans-splicing of a-helical membrane proteins under native conditions is possible.
Significance: Our findings are important for the folding, assembly, and engineering of membrane proteins.

Protein trans-splicing using split inteins is well established as
a useful tool for protein engineering. Here we show, for the first
time, that this method can be applied to a membrane protein
under native conditions. We provide compelling evidence that
the heptahelical proteorhodopsin can be assembled from two
separate fragments consisting of helical bundles A and B and C,
D, E, F, and G via a splicing site located in the BC loop. The
procedure presented here is on the basis of dual expression and
ligation in vivo. Global fold, stability, and photodynamics were
analyzed in detergent by CD, stationary, as well as time-resolved
optical spectroscopy. The fold within lipid bilayers has been
probed by high field and dynamic nuclear polarization-en-
hanced solid-state NMR utilizing a '*C-labeled retinal cofactor
and extensively ">C-'>N-labeled protein. Our data show unam-
biguously that the ligation product is identical to its non-ligated
counterpart. Furthermore, our data highlight the effects of BC
loop modifications onto the photocycle kinetics of proteorho-
dopsin. Our data demonstrate that a correctly folded and func-
tionally intact protein can be produced in this artificial way. Our
findings are of high relevance for a general understanding of the
assembly of membrane proteins for elucidating intramolecular
interactions, and they offer the possibility of developing novel
labeling schemes for spectroscopic applications.

During the past years, protein trans-splicing (PTS)* and
related methods such as native chemical ligation or expressed
chemical ligation have been explored as useful tools for protein
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engineering (1, 2). Ligating a protein from separate fragments
offers the possibility of probing the structural and functional
assembly of multidomain proteins. Furthermore, it allows the
expression of proteins that would be toxic at full length (3), and
it has been used for fluorescence (4, 5) or segmental isotope
labeling (6, 7).

The most flexible approach to PTS is offered by split inteins,
which are naturally occurring proteins undergoing an autoca-
talytic process during which a peptide bond between their
flanking sequences (extein) is created, whereas the intein itself
is excised (8). PTS can take place in vivo with both precursors
encoded in two different vectors, which are induced separately,
or in vitro after separate precursor expression and purification
(6). The split intein DnaE from Nostoc punctiforme (Npu DnakE)
PCC 73102 has been the most popular so far because of its
robustness and high splicing rate compared with other inteins
(9, 10).

So far, mainly soluble proteins have been targeted. Only one
study recently demonstrated in vitro PTS of a small, insoluble
protein fibril under denaturing conditions (11). In contrast,
protein trans-splicing of membrane proteins has been rarely
studied. The only example reported until now focused on in
vitro splicing under denaturing conditions of the 3 barrel outer
membrane protein from Escherichia coli (12). Of course, the
possibility to splice a membrane protein from separate frag-
ments is rather tempting, but its general applicability would
require a first successful demonstration for an a-helical mem-
brane protein under native conditions, i.e. without the need of
additional unfolding/refolding steps. Such an endeavor, how-
ever, will lead directly to the fundamental question of whether a
functional membrane protein can be assembled from separate
fragments consisting of bundles of transmembrane « helices. A
first hint that such an approach could be indeed possible is
provided by the observation that proteolytically generated frag-
ments of bacteriorhodopsin spontaneously cluster non-cova-
lently into a retinal binding bundle in mixed micelles and lipid
vesicles (13—15).

Here we demonstrate that the heptahelical membrane pro-
tein proteorhodopsin can be assembled from two separately
expressed fragments using PTS on the basis of split inteins (Fig.
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1A). The observation made for bacteriorhodopsin mentioned
above led to our working hypothesis that proteorhodopsin (pR)
fragments also associate with each other, which would support
successful protein trans-splicing.

For a proof of concept, a retinal protein such as pR seems
ideal because its functional integrity can be assessed by optical
spectroscopy. Green-absorbing pR from Gamma-proteobacte-
rium EBAC31A08 is a heptahelical membrane protein (27 kDa)
functioning as light-driven proton pump (16). The pR protein
family can be divided into green- and blue-absorbing subgroups
(17). The backbone structure of green pR in detergent micelles
is known from solution-state NMR (18), whereas the structure
of blue pR was solved by x-ray crystallography (19). Further-
more, the functional mechanism of pR has been studied exten-
sively by optical and infrared spectroscopy, electrophysiology,
and solid-state NMR (20 —26).

Here pR has been reconstructed by covalently linking two
segments consisting of helices A and B and C, D, E, F, and G
using protein trans-splicing in vivo (6) (Fig. 1A). We favored
this approach over in vitro splicing to minimize the risk of
potential stabilization problems by separate solubilization and
purification steps of both segments. The ligation product
(pR; 1) could be purified at quantitative amounts, and its struc-
tural and photophysical characteristics were analyzed in deter-
gent micelles as well as in lipid bilayers using optical spectros-
copy and high-field as well as DNP-enhanced solid-state NMR.
For efficient protein trans-splicing, the splicing site in the BC
loop was slightly modified. Therefore, pR;;5 was compared
with a pR mutant (pRgcpng) With the same BC loop in addition
to wild-type pR (pRy, ). Our data show unambiguously that the
ligation product, pR; ¢, is identical to its non-ligated counter-
part, pRgcpngs in terms of photocycle characteristics, stability,
fold, and structure. Our data prove unambiguously that a large
a-helical membrane protein can be assembled correctly from
individual segments using the split intein approach under
native conditions. Furthermore, the role of the BC loop for the
photodynamics of pR will be discussed on the basis of the
observed differences between pRy, and pRgcpng together
with the relevance and significance of our findings in the con-
text of membrane protein folding and possible applications.

Experimental Procedures

Vector Design and Protein Expression—The N segment con-
taining the helices A and B of proteorhodopsin without its sig-
nal sequence (amino acids 1-20) and the DnaE Npuy, o, (Add-
gene, pSABAD219) were cloned in a pRSF vector (Invitrogen).
The C segment, constructed of an N-terminal Smt3 solubility
tag (UniProt, Q12306), helices C, D, E, F, and G of pR, Npu, s,
and a C-terminal HSV-His, tag for purification, were cloned
into a pBAD vector (Invitrogen). Both constructs have a C- or
N-terminal tag, respectively, to separate unligated segments
from the ligation product (Fig. 1B).

For expression, E. coli C43 (DE3) cells were cotransfected
with both vectors. The cells were plated on agar plates contain-
ing 100 pg/ml ampicillin and 35 pg/ml kanamycin. Expression
took place in 500-ml cultures in 2-liter flasks to provide enough
oxygen for optimal cell growth. Luria broth (LB) medium con-
taining the previously mentioned antibiotics was inoculated
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with 1% of an overnight LB preculture inoculated with a freshly
transformed clone. Cells were grown at 37 °C and 220 rpm until
an Ay, of 0.7—0.8 was reached. Cells were spun down, washed
with LB, and resuspended gently in 500 ml M9™ medium (6.78
g/liter K,HPO,, 3 g/liter KH,PO,, 1 g/liter NaCl, 0.25 g/liter
adenine, 0.325 g/liter guanosin, 0.1 g/liter cytosine, 0.1 g/liter
thymine, 0.25 g/liter uracil, 0.13 g/liter phenylalanine, 0.23 g/
liter leucine, 0.17 g/liter tyrosine, 0.23 g/liter valine, and 0.05
g/liter tryptophan) containing 4 g/liter glucose, 1 g/liter NH,Cl
(for labeled samples, >C-glucose and '""NH,CI), 0.01 mm
FeCl,, 2 mm MgSO,, 0.15 mg/ml vitamin mixture (Centrum),
and antibiotics. The cells were adapted for 1 h at 30 °C and
induced with 0.1% L-arabinose and 2.1 M retinal. After 3 h, the
temperature was reduced to 20 °C, and the second induction
with 0.2 mm isopropyl 1-thio-B-p-galactopyranoside took
place. Cells were grown for further 16—18 h.

Cells were harvested, resuspended in 300 mm NaCl, 50 mm
HEPES (pH 7.0) (containing MgCl,, protease inhibitor mixture
from Roche (1 tablet for each 50 ml), and DNase) and disrupted
using a Constant System cell disrupter at 1.85 kbar. The mem-
brane was pelleted by ultracentrifugation at 55,000 rpm for 1 h.
The membrane was homogenized in 300 mm NaCl, 50 mm
MES, and 5 mMm imidazole (pH 6) and solubilized overnight in
1.5% dodecyl-B-p-maltoside (DDM) at 4 °C. The next day,
unsolubilized material was spun down in an ultracentrifuge for
1 h. The supernatant was incubated with 1.5 ml nickel-nitrilo-
triacetic acid per liter of culture in the presence of 20 mm im-
idazole for several hours at 4 °C. The resin was washed with 10
column values of washing buffers with increasing imidazole
concentrations (300 mm NaCl, 50 mm MES (pH 6), and 0.15%
DDM) containing 20, 50, mM and 80 mwm imidazole, respec-
tively. Protein was eluted with 500 mMm imidazole and 0.05%
DDM (pH 7). Next the protein was concentrated in a Centricon
(50-kDa cutoff), and the pH value was adjusted to 8. The protein
was incubated overnight at 4 °C with ~0.5 ml Strep resin per
liter of culture. The flow through of the Strep purification con-
tains the purified ligation product. About 2-3 mg per liter of
ligated pR were obtained.

Expression, purification, and reconstitution into liposomes
of pRy,r were done as described previously (22). In addition,
the following mutations were introduced into the pRy, tem-
plate by site-directed mutagenesis using primers from Eurofins
MWG Operon: the single mutants pRyggs, PRsgocs and pRpogrs
the insertion mutant pR;, g, in which residues Asn and Gly
were inserted following Pro®%; and pRgcpne With residues
SCFNG replacing Asp®8-Ser®®-Pro®®. Mutated sequences were
verified by Eurofins MWG Operon. All mutants were
expressed, purified, and reconstituted as pRy, . Reconstitution
was carried out into 1,2-dimyristoyl-sn-glycero-3-phospho-
choline/1,2-dimyristoyl-su-glycero-3-phosphate (9:1 mol/mol)
liposomes at a lipid-to-protein ratio of 1:2 (w/w). Optical spec-
troscopy was applied to samples solubilized in 0.05% DDM. All
NMR experiments were carried out on proteoliposomes.

SDS-PAGE and Western Blot Analysis—At several time
points during expression, samples of the culture were taken,
and the reaction was stopped by adding SDS buffer. Samples
were diluted to an optical density of ~1 and boiled for 10 min at
95 °C before loading on precast gels from Expedeon. The gels
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ran for about 35 min at 180 V, followed by staining with Coo-
massie Brilliant Blue. For immunodetection, proteins were
blotted on PVDF membranes using a wet blotting system.
Membranes were blocked with 3% BSA and incubated with
anti-Strep or anti-His antibody in TBS or TBS-TT (Tris-buff-
ered saline, pH 7.5, 0.2% Tween 20, 0.05% Triton X-100),
respectively, containing 0.3% BSA. Signals were detected by
chemiluminescence.

Preparation of 14,15-'>C All-trans-retinal Proteorhodopsin
Samples for DNP-enhanced NMR—All-trans-retinal '*>C-la-
beled at positions 14 and 15 was synthesized as described pre-
viously and was provided by Prof. Richard Brown (University of
Southampton) (22). Retinal was added directly to the E. coli
cultures for incorporation into proteo-opsin. For DNP
enhancement, the reconstituted samples were incubated with
10% H,O, 30% dg-glycerol, 60% D,O, and 20 mm TOTAPOL
(27) overnight at 4 °C as described before (22). The solution was
removed completely before the sample was packed into a
3.2-mm ZrO, rotor.

CD Spectroscopy—Circular dichroism was measured with a
J-815 spectrometer (Jasco) using a protein concentration of
7-15 uM in a buffer containing 2 mm NaCl, 2 mm HEPES, and
0.05% DDM (pH 7). CD spectra were measured from 190 -250
nm. Melting curves were recorded at 222 nm from 20-110 °C.

pH Titration of \,,,.—The protein was titrated from pH 4 to
11 using 50 mM sodium acetate, MES, HEPES, Tris, or K,HPO,
as buffer. For each pH value, an absorption spectrum from
250-600 nm was recorded. The wavelength of the bound reti-
nal was plotted against the pH values, and the resulting curves
were fit using a Boltzmann function.

Time-resolved Optical Spectroscopy—The flash photolysis
experiments were performed with an Nd:YAG laser (Spitlight
600, Innolas Laser GmbH) as the pump source. We used a
Xenon flash lamp generating microsecond white light pulses of
low intensity for probing the absorbance of the sample. For
detection, an intensified charge-coupled device camera (PI-
MAX 3, Princeton Instruments) was deployed.

DNP-enhanced MAS NMR—DNP-enhanced '*C spectra
were recorded on a Bruker 400 DNP system consisting of a
400-MHz wide bore Avance II NMR spectrometer, a 263-GHz
Gyrotron as the microwave source, and a 3.2-mm HCN cryo-
MAS probe. All experiments were conducted with a sample
rotation rate of 8 kHz and microwave power at the probe of 10.5
W. During DNP experiments, the temperature was kept at
around 110 K. For all experiments, 100-kHz decoupling using
SPINAL-64 (28) was applied during acquisition. **C magneti-
zation was created by a ramped cross-polarization step with
0.8-ms contact time. '*C-double quantum filter experiments
were obtained using the POST-C7 (29) sequence for double
quantum excitation and reconversion.

High-field MAS NMR—High-field spectra were recorded
using a Bruker Avance III 850 MHz spectrometer equipped
with a triple-resonance DVT 3.2-mm HCN probe. All spectra
were recorded with a MAS rate of 14 kHz at 270 K. Chemical
shift referencing was carried out with respect to 4,4-dimethyl-
4-silapentane-1-sulfonic acid through alanine (179.85 ppm).
For all experiments, 83.3-kHz decoupling using SPINAL-64
(28) was applied during evolution and acquisition. '"H and '*C
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90° pulses were set to 3 and 4 us, respectively. >N CP MAS
NMR spectra were recorded using a contact time of 1 ms and an
acquisition time of 15 ms. The initial **C CP step for the pro-
ton-driven spin diffusion experiment was achieved using a con-
tact time of 1.5 ms. A mixing time of 20 ms was used, and a
recycle delay of 3 ms was applied. In the indirect dimension, an
acquisition time of 6 ms, 600 increments, and 128 scans/incre-
ment were used. In case of the NCA experiments, a CP contact
time of 1.25 ms for the first H-N CP transfer step and 3.5 ms for
the second N-C CP transfer were applied. In the indirect
dimension, an acquisition time of 10 ms, 80 increments, and
128 scans/increment were used. Spectra were recorded at pH 9
with ~6 mg of pR; ;5 and 10 mg of pRy, 1 and pRgcpne-

Results

In Vivo Protein Trans-splicing—Proteorhodopsin was divided
into an N-terminal segment consisting of helices A and B and a
C-terminal segment containing helices C, D, E, F and G. The
first 102 amino acids of the Npu DnaE intein were fused to the
C terminus of the N segment. This construct is hereafter
referred to as the N precursor. Consequently, the C precursor
consists of the last 36 C-terminal intein residues followed by the
C segment of pR (Fig. 1B). Ideally, the location of the splicing
site should have only minimal effects on protein structure or
function. We therefore selected the BC loop because no distinct
functional role was known so far, and only a small 8 turn in
contrast to the full B sheet, as in bacteriorhodopsin, has been
observed (18, 19, 30, 31). Other regions, such as the EF loop, are
known to affect color and protein stability (22, 32), none of
which has been reported for the BC loop. For an effective splic-
ing reaction, the amino acid sequence of the protein segments
flanking the inteins has been modified according to the native
extein sequence, as described previously (9). Therefore, resi-
dues Asp®®-Ser®”-Pro® in the BC loop of pRy are replaced by
SCENG in the ligated protein pR; ;5 (Fig. 1C). For comparison,
a mutant pRgcpng With the same BC loop was prepared.

For dual expression of both segments, E. coli C43 cells were
cotransfected with one vector coding for the N and a second for
the C precursor, controlled by a 77 and an araBAD promoter,
respectively. The design of our constructs had to be optimized
to achieve efficient in vivo trans-splicing. First, expression at
high concentration is necessary because the splicing efficiency
depends on a sufficient concentration of both precursors. Sec-
ond, the precursor expressed first has to be stable enough to last
in the cytoplasm until the second precursor is available for
splicing. Third, we assumed that the splicing reaction might be
more efficient in the cytosol because both intein segments
might have a higher degree of freedom, which would be bene-
ficial to achieve the best orientation with respect to each other.
We therefore tried to reduce insertion of the precursors into
the membrane directly after translation. After trans-splicing,
the ligated full-length proteorhodopsin, pR;;s5, was obtained
(Fig. 1B).

To optimize expression, precursors were tested indepen-
dently and screened for best expression temperature and
inductor concentration. The C precursor showed the highest
expression rates and was therefore cloned in the pBAD vector
to be induced first. To further enhance expression and stability,
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FIGURE 1. A, in vivo protein trans-splicing of two a-helical fragments of pR on the basis of split inteins. B, design of the pR-intein segments. The N-terminal
precursor contains helices A and B of pR, followed by DnaEy, o, and a Strep tag. The C-terminal precursor consists of a Strep tag, an Smt3 solubility tag, Npu 5,
and helices C, D, E, F, and G of pR, followed by an HSV-His, tag. By protein trans-splicing, the solubility and both Strep tags are excised, resulting in full-length
HSV-Hisg-tagged pR (pR¢). C, topology plot of pRyrand pR,,c/PRscene- TO €nsure an efficient splicing reaction, the BC loop amino acid sequence was modified

as depicted. pSB, protonated Schiff base.

a Smt3 solubility tag was added (33). To inhibit fast membrane
insertion of the N precursor, the signal peptide of pRy, was
omitted. Nevertheless, both precursors insert into the mem-
brane, as judged by Western blot analysis of the membrane
fraction (data not shown). For purification of the ligated pro-
tein, an HSV-His, tag, as for pRy,1, was added at the C termi-
nus. To separate the unligated precursors from the ligated pR
after the splicing reaction, a second Strep tag at both precursors
was introduced (Fig. 1B).

To follow the ongoing splicing reaction producing pR; g,
expression levels were analyzed by SDS-PAGE and Western
blotting at certain time points after the first induction with
L-arabinose (Fig. 2). After 4 h, the C precursor (37.3 kDa) was
detected by anti-Strep as well as anti-His Western blotting
(Figs. 2, A and B). Induction with isopropyl 1-thio-3-p-galacto-
pyranoside took place after 3 h, resulting in detection of the N
precursor (20.8 kDa) 1 h later by the anti-Strep antibody (Fig.
2A). The amount of both precursors increased with time, and
PR} ;g (30.5 kDa) started to appear after 4 h (Fig. 2B). After 20 h,
two further bands were observed in the anti-His blot at ~20
kDa and in the anti-Strep blot at ~10 kDa. The first band is
most likely the result of a C-terminal cleavage product in which
the Smt3 tag is also degraded (anti-His blot). The second band
could be an excised intein without the Smt3 tag (anti-Strep
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blot). After 24 h, precursors and ligated protein were also
detectable in SDS-PAGE (Fig. 2C).

The ligation product pR| ;5 was purified by two affinity chro-
matography steps. pR; ;5 was first separated from other pro-
teins cosolubilized from the E. coli membrane via its His, tag,
and non-spliced precursors were removed via their Strep tag.
With the protocol introduced here, up to 3 mg/liter of ligated
protein could be produced, which amounts to almost 20% of
conventional pR expression (15-20 mg/liter), enabling a com-
prehensive biophysical analysis as described below. All three
proteins were studied solubilized in 0.05% DDM and L-a-
dimyristoylphosphatidylcholine/1,2-dimyristoyl-sxn-glycero-3-
phosphate proteoliposomes with a lipid-to-protein ratio of 1:2
(w/w).

Stationary Optical and CD Spectroscopy of Ligated
Proteorhodopsin—The optical absorption spectrum of pRisa
sensitive indicator for its correct fold because of the character-
istic opsin shift of the retinal cofactor. The protein pR; ;5 cre-
ated here by protein trans-splicing shows the expected absorp-
tion maxima at 280 and 522 nm at pH 7 (Fig. 3A). The ratio of
A,golAsyo of 1.9 is close to the value expected from the molar
extinction coefficients (€,4, = 75,860 M~ 'cm ™!, €5,, = 44,500
M~ 'ecm™"), indicating high sample purity. The retinal absorp-
tion, A, at pH 7 is almost identical for pR; ;s (522 nm) and
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FIGURE 2. A-C, Western blots (A and B) and SDS-PAGE (C) of the protein trans-splicing reaction. 4 h after the firstand 1 h after the second induction, the presence
of N and C precursors as well as ligated protein, pR, g, was detected in the anti-Strep (A) and anti-Hisg blot (B). After 20 h, a C-terminal cleavage product
(C-precursorASmt3) and the excised intein (inteinASmt3) became visible. After 24 h, precursors and pR, ,; were also detectable in SDS-PAGE (C).

PRscpng (523 nm), but both are slightly blue-shifted with
respect to pRyt (529 nm). Comparing the pH dependence of
Aoy further corroborates the similarity between pR; ;g and
PRsceng (Fig. 3B). Both curves are blue-shifted but less sigmoi-
dal with respect to pRyr and show a smaller total change in
Amaxe The pK, of the primary proton acceptor Asp”’, as derived
from the inflection point of these curves, is similar in all three
cases and agrees with earlier reports (22).

The similar pH dependence of A, of pR; ;5 and pRgcpng
and their difference to pRy.r indicates that not the protein
trans-splicing process but the modified BC loop affects the
photophysical properties of pR. To rationalize this assumption,
we created an insertion mutant, pRy, g, containing residues
Asn and Gly after position 90 as well as the single mutants
PRpssss PRssocs and pRpgor. The pH dependence of A .
of pR;,.ng (Fig. 3B) shows similar characteristics as pR; ;g and
PRgceng, demonstrating that extending the BC loop by both
residues, asparagine and glycine, is sufficient to cause the
observed effect. The curve is even less sigmoidal and shows an
almost linear slope. Interestingly, each of the single point muta-
tions, D88S, S89C, and PI0F, of the three preceding residues
shifts the pK, of Asp®” in different directions (Fig. 3C). We
therefore conclude that the opposite effects of these mutations
cancel each other when all of them are present simultaneously
as in pRy ;g and pRgcpne:

The stability and fold of pRy ; was analyzed by CD spectros-
copy. Spectra were recorded from 190 —240 nm and compared
with the data of pRgcpng and pRyr. All three CD spectra
showed the characteristics of a predominately a-helical fold
with minima at 208 and 222 nm for all samples (34) (Fig. 44).
The temperature dependence of the a-helical bands was fol-
lowed at 222 nm. The melting curves of both PR, ;5 and
PR showed a rather similar behavior, with transition tem-
peratures of ~80 °C and 88 °C, respectively. A slightly more
sigmoidal behavior was observed for pRy,r, with a transition
temperature of 100 °C (Fig. 4B).

Photodynamics Determined by Time-resolved Optical
Spectroscopy—The photoactivity of the ligated protein was
characterized by optical flash photolysis experiments in the
microsecond to second time range. Transient absorption
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changes recorded at three characteristic wavelengths were
compared for pR; 5, PRy and pRgcpng (Fig. 5). The transient
absorption at 500 nm describes the photodynamics of the
ground-state bleach and the decay of the K intermediate. The
accumulation of the late intermediates was detected at 590 nm,
and the formation and decay of the M state were monitored at
400 nm. In all three cases, a full photocycle was observed. The
transients for pR; ;g and pRgcpng Were almost indistinguish-
able from each other, illustrating that both proteins are func-
tionally identical. In comparison to pRy,, the kinetics of the K
and M intermediates are slightly slower, and the accumulation
of M and the late N/O intermediates is decreased significantly
and they return faster to the ground state. These observations
lead to the conclusion that protein trans-splicing does not alter
the activity of pR but also indicate that the BC loop affects the
photodynamics.

Solid-state NMR on pR; - Reconstituted in Lipid Bilayers—
Optical spectroscopy, as described above for all three proteins
solubilized in detergent micelles, has shown a high functional
similarity between pR;;s; and its non-ligated counterpart,
PRgceng- For a deeper structural analysis, solid-state NMR has
been applied, which enabled us to probe key features of pR
directly within the lipid bilayer.

First, the retinal itself was investigated to verify whether it
assumes the same configuration in pR; g as in pRy,y. There-
fore, samples containing 14,15-'*C-all-trans retinal were pre-
pared (Fig. 6A). Using double quantum filter experiments, both
13C resonances could be detected at 120.2 and 161.9 ppm for
Cl4-and C15in pRy ;, which is almost identical to the chemical
shifts of 120.2 and 161.1 ppm observed for pRy, (Fig. 6B).
Because no significant difference between pR; ;5 and pRy,+ was
detected, additional experiments on pRgcpng Were omitted.
These data show that the chromophore remains in a 100% all-
trans configuration and is not affected by the splicing proce-
dure. Because of the small number of spins and the small
amount of labeled retinal available, signal enhancement on the
basis of DNP was applied. Using TOTAPOL (27) as a polarizing
agent, a 20-fold signal enhancement was achieved, as reported
previously (21, 22).
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FIGURE 3. A, stationary light absorption spectrum of pR, ¢ at pH 7. The ratio of
the absorption at 280 nm was twice as strong compared with 520 nm, dem-
onstrating high sample purity. The values of A, of pRscrng @and pR, g were
nearly identical, but they were blue-shifted by 5 nm with respect to pRy- a.u.,
arbitrary units. B, pH titration of ., for pR, g, PRscengs PRwt: @nd pRipsng in the
range of pH 4-11. The pK, values of the primary proton acceptor Asp®” for
each sample were determined from the inflections points of the curve. C, pH
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FIGURE 4. A, CD spectra of pRy, PRscene @and PR g showing similarly shaped
spectra, indicating a primarily a-helical fold. B, the temperature dependence
of the a-helical band was followed at 222 nm. A melting temperature of
100 °C was determined for pRy, which is slightly lower for pRsceng (88 °C)
and pR, ¢ (80 °Q).

Next, the N resonances of the protonated Schiff base and of
residue His”® were compared. The Schiff base chemical shift is
a sensitive indicator for altered Schiff base-counterion interac-
tions or alterations in the H-bonding network within the chro-
mophore binding pocket. Residue His”®, located in helix B, has
been shown to interact with Asp®” in helix C and should there-
fore be sensitive to the interaction between both helices (23,
35). The "N spectrum of [U-'*N]pRy,+ showed both reso-
nances at 182 ppm (protonated Schiff base) and 162 ppm (Ne2,
His”®), as reported previously (23, 36) (Fig. 6C). The spectra of
PRscpng and pR; ;g were almost identical with respect to each
other, but their line shapes were different in comparison with
pRyr- The Schiff base resonance was broadened but remained
at 182 ppm, which was in line with the almost unaltered retinal
chemical shifts, but the His”® resonance appeared to be shifted
to 172 ppm. Their assignment was confirmed by a selectively
'>Ne Lys-labeled sample of pRgcpng- To identify which of the

titration of A, for pRpgss, PRsgoc, and PRpgor- The pK, of Asp®” increases
upon introduction of D88S and P90F but is reduced with the S89C mutation.
The observation that the pK, is not altered in pR,,g and pRsceng Might be
explained by compensating effects when replacing the residue triplet Asp®®-
Ser®®-Pro®® with Ser®8-Cys®*-Phe.
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FIGURE 5. Flash photolysis experiments on pR,,s, PRsceng @and pRyr. The
formation and decay of the M state were monitored at 400 nm, the ground-
state bleach at 500 nm, and the decay of the K state and buildup of late
intermediates were observed at 590 nm. pR ¢ and pR¢cen are indistinguish-
able from each other but show an accelerated photocycle compared with
pRwr- a.u., arbitrary units.

introduced mutations are responsible for these effects, spectra
of U-"°N labeled samples of the single mutants pRgge and
PRpoor as well as for pR;, g were recorded (Fig. 6C). Because
the D88S mutation had been shown to affect the absorption
characteristics of pR only very little (Fig. 3C), this mutant was
notinvestigated further. We found that both the P9OF mutation
and the insertion of two additional amino acids in the BC loop
cause the broadening of the Schiff base signal and the shift of
the His”” signal observed in the spectra of pR; ;¢ and pRgcpne-
In contrast, the S89C mutation had no effect.

To assess the fold of ligated pR within the lipid bilayer in
comparison with a non-spliced sample, NCA and CC correla-
tion spectra, which represent a structural protein fingerprint,
were recorded for pRyyr, pRscpngs and pRy ;g (Fig. 7). Resolu-
tion and line width were comparable between all three samples,
and the majority of cross peaks overlapped. This demonstrates
that producing pR from two separately expressed fragments via
protein trans-splicing results in a membrane protein of correct
fold and structure. Upon closer inspection, using the known
resonance assignment (31), a high degree of overlap between
PRy PRy 1o and pRgcpng could be confirmed as highlighted
for some exemplarily residues in Fig. 7, but also some differ-
ences could be identified with respect to pRyr. As expected,
cross-peaks of residues Asp®®, Ser®®, and Pro”® were missing in
PR} and pRgcpng because of the required alteration of the BC
loop. The absence or shifting of the signals of Thr®®, Gly*”, and
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Thr! is therefore not surprising because they are located
directly before or behind the mutation site. Further effects have
been observed for residues Thr*?, Asp®’, Glu'*?, Lys'”?, Asn***,
and Asp>*’, which are further away from the BC loop.

Discussion

Successful in Vivo Protein Trans-splicing of a Membrane
Protein under Native Conditions—We demonstrated that an
a-helical membrane protein can be covalently assembled
from two separate segments via protein trans-splicing using
split inteins.

One might expect that the application of protein trans-splic-
ing to membrane proteins leads to misfolded or partially folded
products, which is not the case, as demonstrated here. It is,
however, important to disentangle whether potential modifica-
tions in structure and function arise from the protein trans-
splicing procedure itself, i.e. by altered helix-helix interactions
within the protein or from mutations, which are introduced to
achieve a high trans-splicing efficiency. We therefore com-
pared pR; ;g with both pRy,t and pRgceng. CD spectroscopy
confirmed a global «-helical fold of pR, s (Fig. 44). Melting
curves further demonstrate the stability of the protein (Fig.
4B). Correct folding and integrity of the ligated protein was
further characterized by CC and NCA correlation spectra,
which overlap with those of pRgcpng. Some differences are
observed compared with pRy,r that are, however, directly
related to the mutations in the BC loop and are not caused by
the trans-splicing reaction.

The absorption color of retinal proteins is very tightly regu-
lated by the conformation and orientation of the chromophore
and residues in the retinal-binding pocket (37, 38), making the
absorption characteristics a sensitive indicator for a correct
functional fold. Here the absorption of pR; ;g over a wide pH
range was found to be identical to PRycpyg, Whereas a small
blue shift compared with pRy, was observed (Fig. 3B), which,
again, underlines that the observed differences are caused by
the BC loop mutations alone. Most importantly, the pK, of the
primary proton acceptor Asp®’ is almost unaffected. Previous
studies have shown that the protonation of Asp®” in helix C is
stabilized by an interaction with His”* in helix B (23, 35). In our
case, helices B and C belong to two separately expressed frag-
ments that are connected through the trans-splicing reaction.
The identical pK,, value of Asp®” indicates that both helices are
oriented correctly with respect to each other within the ligation
product. Further evidence for a correctly folded retinal binding
pocket comes from the retinal and Schiff base chemical shifts,
which are identical for pR; ;c, PRy and pRgcpng (Fig. 5). The
increased line width and altered "N chemical shift of His”” is
directly connected to the BC loop mutation, as all other differ-
ences observed here. Our flash photolysis data show that pR; ;5
undergoes a complete photocycle identical to pRgcpng, but
mutation-induced differences are observed compared with
pRy1, which are discussed separately below.

Although its yield is lower compared with wild-type prote-
orhodopsin, the possibility to record multidimensional MAS
NMR spectra of a membrane protein prepared by trans-splic-
ing demonstrates that quantitative protein amounts can be pre-
pared. The actual yield is affected by different factors, such as
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FIGURE 6. A, isotope labeling of the retinal-Schiff base complex. B, DNP-enhanced '*C MAS NMR spectrum of 14,15-"3C-all-trans-retinal bound to pRy,r
and pR| . The natural abundance of '3C signals was suppressed by a double quantum filter so that only signals C14 and C15 of the retinal cofactor
remained. The chemical shift of resonances in pR,,c was identical to pRyr. C, "°N MAS NMR spectra of [U-">NIpRyr, PRscene and pRyg as well as of
["*N-Lys]pRsceng and of the mutants [U-">N]pRsgoc, PRpoors and PRinone- The signal of His”® was shifted from 162 ppm in pRyy; to 172 ppm in pR ¢ and
PRsceng The signal of the protonated Schiff base (pSB) was broadened but not shifted in comparison with pRyr. The spectrum of ['*N-LysIpRsceng
confirmed the assignment of both Schiff base and His”> resonances. The spectrum of the pRsgoc mutant was identical to that of pRy;. In contrast, the
P9OF mutant also showed a broad peak at 182 ppm and two broad peaks at 172 and 162 ppm. The spectrum of pR, g Was very similar to the ligation
product. It also showed two broad peaks at 182 and 172 ppm. The spectra in A were recorded at 400 MHz/263 GHz at 115 K. The spectra in B were
acquired at 850 MHz at 275 K. The proteins were reconstituted into L-a-dimyristoylphosphatidylcholine/1,2-dimyristoyl-sn-glycero-3-phosphate lipid

bilayers. The pH was adjusted to 9.

the trans-splicing efficiency of duration of expression.
Although it takes no longer than for the wild-type, three steps
instead of two are needed (expression of fragment 1, expression
of fragment 2, and ligation). In addition, two inductions instead
of one cause addition stress to the cells, which also decreases
the protein yield.

The trans-splicing efficiency is determined to a great extent
by the probability of both segments coming into close spatial
proximity at the right orientation with respect to each other.
Whether the reaction takes place at or within the membrane or
within the cytosol cannot be directly concluded from our data.
On one hand, both precursors insert into the membrane. On
the other hand, increasing the solubility of the C precursor by
omitting the signal peptide and by adding a solubility tag
increases ligation efficiency, which indicates that this reaction
takes place, at least partially, in the cytosol. As shown in Fig. 2,
sufficient amounts of each precursor are produced, but only a
part of these seems to assemble into the ligated protein. This
could be caused by a generally low efficiency of the intein trans-
splicing or by an unfavorable spatial separation of both frag-
ments because the splicing reaction itself is known to be very
fast and efficient (9, 10). Therefore, it seems more likely that
only a fraction of the fragments are close enough to each other
to ligate.
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In summary, functional and structural data clearly prove that
a correctly folded and active a-helical membrane protein,
PR} s can be assembled from separate fragments via protein
trans-splicing and that the resulting ligation product is indis-
tinguishable from its non-ligated counterpart, pRgcpng. Our
data show unambiguously that all differences to pRy, are
related to the mutations in the BC loop alone.

Data in the Context of Folding and Assembly of a-helical
Membrane Proteins—The observation that pR; 4 is assembled
correctly via a ligation site in the BC loop indicates important
helix-helix interactions between both fragments. In fact, helix-
helix interactions within a-helical membrane proteins are
essential for folding, stability, and function (39, 40). Evidence
for their importance along other folding constraints imposed
by loop-helix and helix-lipid interactions comes from a number
of studies in which a-helical fragments of integral membrane
proteins have been observed to cluster spontaneously within
the membrane to form complexes functionally related to the
original protein. This has been shown first for proteolytically
generated fragments of bacteriorhodopsin (13—15) as well as in
a number of other cases (41, 42—44). In the absence of struc-
tural data, these studies concluded a dominant role of helix-
helix interactions within the membrane on the basis of the
observation of partially recovered ligand binding upon frag-
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FIGURE 7. A and B, comparison of (4) "°N-"3C (NCA) and (B) "*C-"3C (proton-
driven spin diffusion) correlation spectra of pRyt, PRsceng @nd PR . Resolu-
tion and line width were comparable between all three samples. Most peak
positions were conserved, as shown for some selected resonances, illustrat-
ing that assembling a membrane protein via protein trans-splicing does not
alter its structure. Because of the alteration in the BC loop, some resonances
disappearedin pR,,c and pRscrng cOmpared with pRy, (Asp®in Aii/Bi, Ser®®in
Aii, and Pro in Bii). A few other peaks in pR\Q,T were shifted or broadened in
PRscene and pR g (Thr?®, Thre®, Asp?’, Glu'?, Lys'’?, Asn®?*, and an unas-
signed cross peak (asterisk)). The signal-to-noise ratio for the pR g spectra
was slightly reduced because of the lower amount of available protein. As for
Fig. 6C, spectra were acquired at 850 MHz at 270 K. The proteins were recon-
stituted into L-a-dimyristoylphosphatidylcholine/1,2-dimyristoyl-sn-glycero-
3-phosphate lipid bilayers. The pH was adjusted to 9.

ment clustering. Here we go two steps further and demonstrate
full recovery of functional activity as well as the correct struc-
ture of proteorhodopsin upon assembly.

The Role of the BC Loop—The BC loop was initially selected
as a ligation site because no effects on structure and function
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were known. However, our data show that replacing Asp®®-
Ser®”-Pro” in the BC loop with SCFNG causes a slight blue
shift, renders the pH dependence of A, less sigmoidal, mod-
ifies the kinetics of the photocycle, and causes some subtle dif-
ferences in the NMR spectra. To identify the individual muta-
tions that are responsible for the observed effects, spectral data
for pRpgss PRsgocr PRpoors and pRy, g Were determined (Figs.
3 and 6C). Interestingly, the insertion of two additional residues
in the BC loop causes the same pH dependence of A, as
observed for pR; ;5 and pRgcpye, Whereas all other mutations
show different pK, values but sigmoidal curves (Fig. 3C). The
elongation of the BC loop seems to result in a smoother, less
cooperative transition from the protonated to the unproto-
nated state of the primary proton acceptor and causes less well
defined photocycle intermediates (Fig. 5). The most likely
explanation is an altered interplay between the primary proton
acceptor in helix C and His”” in helix B. It has been shown that
a pH-dependent hydrogen bond between both residues stabi-
lizes the high pK, of the primary proton acceptor (23). A weak-
ening of this interaction might explain the less pronounced pH
sensitivity of pR; ;g and pRgcpng- This conclusion is also sup-
ported by the altered '°N chemical shift of His”> upon modifi-
cation of the BC loop, which indicates protonated His-Ne2 (23)
and break of the H-bond (Fig. 6C).

Structural data of pR (18, 19, 31) indicate a B turn motifin the
BC loop. Although different studies suggest contradictory data
for the exact position of this 8 turn (Trp**-Gly®” (19) and Gly*’-
Pro®° (18)), the introduced mutations are in or next to the turn,
respectively. We hypothesize that mutating the amino acids
forming this secondary structure perturbs or even disrupts the
B turn. Together with the elongations of the loop, this might
lead to increased flexibility, which affects the His-Asp cluster
formed between helices B and C. The observed blue shift of
Amax could be caused by alteration of the B-ionine ring orienta-
tion induced by neighboring helices B or C.

Conclusion and Outlook—In this study, we show unambigu-
ously that protein trans-splicing with split inteins in vivo can be
applied to a membrane protein without losing secondary struc-
ture, stability, or function. The ligated protein behaves exactly
the same as its non-ligated counterpart (pRgcpng). All major
differences observed in comparison with the wild type are due
to the mutations introduced in the BC loop. NMR spectra are
fully comparable in terms of dispersion, line width, and peak
positions. Our data also reveal an unexpected effect of extend-
ing the BC loop by just two residues onto the photophysical
properties of pR, which has not been reported before. Our
observations support the previously discussed importance of
interactions between transmembrane helices within mem-
brane proteins and will trigger further developments toward
segmental labeling for spectroscopic applications. It is worth
mentioning that a high splicing efficiency does not exclusively
depend on the native extein sequence used here, which might
eventually enable protein trans-splicing with significantly less
modified splicing sites (45). Proteorhodopsin is a typical a-hel-
ical membrane protein in terms of fold and size. Therefore,
optimism seems justified that PTS can also be applied to many
other membrane proteins.
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