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ABSTRACT: Total chemical synthesis provides a unique approach for
the access to uncontaminated, monodisperse, and more importantly,
post-translationally modified membrane proteins. In the present study
we report a practical procedure for expedient and cost-effective
synthesis of small to medium-sized membrane proteins in multimilli-
gram scale through the use of automated Fmoc chemistry. The key
finding of our study is that after the attachment of a removable
arginine-tagged backbone modification group, the membrane protein
segments behave almost the same as ordinary water-soluble peptides in
terms of Fmoc solid-phase synthesis, ligation, purification, and mass
spectrometry characterization. The efficiency and practicality of the
new method is demonstrated by the successful preparation of Ser64-
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phosphorylated M2 proton channel from influenza A virus and the membrane-embedded domain of an inward rectifier K*
channel protein KirS.1. Functional characterizations of these chemically synthesized membrane proteins indicate that they
provide useful and otherwise-difficult-to-access materials for biochemistry and biophysics studies.

B INTRODUCTION

Membrane proteins (MPs) comprise 20—30% of the
proteomes of most organisms.' They perform many essential
physiological functions such as signal transduction and
molecule transportation.”® They are also the drug targets of
over 50% of modern pharmaceuticals."* Therefore MPs have
been intensively studied in structural, functional proteomics,
and pharmaceutical research.’~® A bottleneck in these studies is
that recombinant production of MPs often suffers from low
yield, cell toxicity, and incomplete post-translational modifica-
tions (PTMs).”'® Chemical protein synthesis'' offers an
important alternative route to the production of MPs. This
method may be particularly suitable for the studies on small to
medium-sized MPs or MP domains.'>"? Because chemical
synthesis can produce proteins with diverse predesigned
changes with atomic precision,'* it provides a unique tool for
the structural and functional studies of MPs bearin% PTMs such
as phosphorylation, lipidation or glycosylation."> Moreover,
chemical synthesis allows precise incorporation of specific labels
for advanced biophysical studies.'®™"*

Despite the promising value of chemical synthesis, only a
small number of MPs have been synthesized.'”'¥'>'%1¢ A
representative example showing the state of the art is the total
synthesis of membrane-embedded diacylglycerol kinase DAGK
(121 residues).” In the synthesis the segments of MPs are
prepared through solid-phase peptide synthesis (SPPS)" and
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then connected using native chemical ligation."" Extraordinary
difficulty in preparing and handling the transmembrane
segments was encountered, because such peptides are very
poorly soluble in almost any solvent. Although strategies such
as attachment of a solubilizing ta§20’21 or addition of various
organic cosolvents or detergents'"> have been tested, every
new preparation of MPs requires tedious and case-specific
optimizations.”> Moreover, due to the difficulty of using Fmoc
SPPS to prepare either hydrophobic peptides™ or peptide
thioesters,”* *® most of the previous MP syntheses relied on
the use of Boc SPPS, which unfortunately is not suitable for
making MPs carrying acid-sensitive PTMs (e.g, phosphor-
ylation and glycosylation).'”*’

Here we present the first Fmoc and potentially general
method for total chemical synthesis of small to medium-sized
MPs at multimilligram scale (Figure la). A critical feature of
this method is that we develop a practical removable Arg,-
tagged backbone modification group for MP peptides.
Remarkably, with such backbone modification the MP peptides
behave as if they are ordinary water-soluble peptides during
purification, ligation, as well as for mass spectrum character-
izations. This new method, combined with the use of peptide
hydrazides in native chemical ligation,”>*” allows expedient and
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Figure 1. Removable Arg-tagged backbone modification for chemical synthesis of membrane proteins. (a) General concept for the new Fmoc-based
method for total chemical synthesis of MPs. (b) The procedure for Fmoc-SPPS synthesis of peptides with removable Arg-tagged backbone

modification.

scalable synthesis, purification, and ligation of transmembrane
peptides to produce target MPs. Its practicality and usefulness
are demonstrated by the successful total synthesis and
functional characterizations of Ser64-phosphorylated M2
proton channel from influenza A virus and the membrane-
embedded domain of an inward rectifier K™ channel protein
KirS.1.

B RESULTS AND DISCUSSION

Design of a Backbone Modification Group That Is
Removable by TFA. The difficulty revealed by the previous
strategies (e.g, C-terminal solublhzmg tag or addition of
organic cosolvents or detergents'>"*) led us to hypothesize that
a general approach to dissolve MP peptides may require the
breaking of their tendency to aggregate via formation of helices
or f-sheets. Indeed Kent et al. showed recently that backbone
N-methylation of an MP peptide can increase its solubility by
disrupting secondary structure formation.*® Unfortunately N-
methylation is irreversible, so that the current challenge is to
develop a practical approach for removable backbone
modification. Considering that a fully assembled MP would
be homogeneously soluble only in strong organic acids such as
trifluoroacetic acid (TFA),**! we hypothesized that TFA is the
best choice for backbone modification removal in the final step
of MP synthesis. This creates a demanding problem because
treatment with TFA is already conducted during Fmoc SPPS.
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To solve the dilemma we noticed a remarkable property of
Johnson’s N-(2-hydroxy-4-methoxy benzyl) (Hmb) group.*>
When attached to peptides, this group can be readily cleaved
using TFA. However, if the 2-OH group is acylated, the masked
Hmb group is stable toward TFA.>® We hypothesized that such
a subtle change of activity may be used for removable backbone
modification (Figure la). The Boc-N-methyl-N-[2-(methyl-
amino)-ethyl]-carbamoyl group can be attached to the 2-OH
group to prevent the cleavage by TFA during Fmoc SPPS.>* In
the process of peptide ligations at neutral pH, the N-methyl-N-
[2-(methylamino)ethyl]carbamoyl group will be autocleaved
via intramolecular cyclization.> Finally, with 2-OH group
unprotected, the ligated full-length peptide can be dissolved in
TFA to remove the tag and generate the final MP ready for in
vitro folding.

To test the hypothesis we synthesized the corresponding N-
tagged Gly residue (Scheme 1 in Supporting Information [SI]).
This amino acid can be readily used in automated Fmoc SPPS
to synthesize the MP segment (Figure 1b). Note that Gly is
one of the six most frequently occurring residues in
transmembrane sequences.***® Thus our strategy of backbone
modification at Gly residues should be general for MP
synthesis.

We next synthesized a model peptide Ac-AQFRG"®™SLA-
NH, (1, Figure 2a and Scheme 2 in SI). G®® denotes the Gly
with the removable backbone modification. An Arg, tag was

dx.doi.org/10.1021/ja500222u | J. Am. Chem. Soc. 2014, 136, 3695—3704



Journal of the American Chemical Society

a)
| (Arg)s_O OH
(Argly O~ O N _~ - (Arg)s_O._~_OH TFA @
T H Auto- H,0/
05 cyclization o TIPS 4
+
Ac-AlaGinPheArg” " Asorieu Alam/ NH, PH7.2  pc miaGinphearg- " e LeuAIaTr NH, H O
1 o 2 o Ac-AlaGin PheArg/NJJ\SerLeuAla NH,
3 s

10
Retention time (min)

L)
15
Retention time (min)

Figure 2. Two-step conversion of a peptide with removable Arg-tagged backbone modification to the native peptide. (a) Conversion of peptide 1 to
the native peptide. (b) Analytical RP-HPLC trace for the autocyclization of 1 in the ligation buffer (pH 7.2) at room temperature. (c) Analytical RP-
HPLC trace for the removal of the modification group in TFA cocktails at room temperature.

attached to the modification group during Fmoc SPPS (Figure
1b). This peptide was obtained after the treatment with
standard TFA cocktail (TFA/TIPS/H,0). ESI-MS analysis
confirmed that 2-OH was capped by the N-methyl-N-[2-
(methyl amino)ethyl]carbamoyl group (Figure 1 in SI).

We dissolved 1 in the neutral aqueous phosphate solution
commonly used for native chemical ligation (pH 7.2). A clean
conversion of 1 to 2 was observed on analytical RP-HPLC.
Peptide 2 possessed a free 2-OH group according to ESI-MS.
Over 95% of 1 was converted to 2 after 5 h at room
temperature, while the conversion was almost quantitative after
12 h. Moreover, we did not observe any decomposition of 2
after it stayed in the ligation buffer for one week (Figure 2b and
Figure 2 in SI). Finally, we dissolved 2 in the TFA/TIPS/H,0O
cocktail. RP-HPLC analysis showed that 2 was quantitatively
converted to 3 in 3 h.

Performance with Transmembrane Peptides. We
chose the fourth transmembrane domain (23-mer) of signal
peptide peptidase (SPP, an intramembrane-cleaving protease)>’
to examine the solubilizing effect of the removable backbone
modification. Seven peptides (SPP4-1 to SPP4-7) were
synthesized and labeled by fluorescein isothiocyanate (FITC)
to measure the solubility (Figure 3a). The native sequence
(SPP4-1) was poorly soluble in 50% aqueous CH;CN
containing 0.1% TFA (Figure 3). Addition of an N-terminal
Arg, tag increased the solubility only by 2-fold (SPP4-2),
whereas the removable backbone modification group (without
any Arg tag yet) increased the solubility by S-fold (SPP4-3).
When an Arg, ¢ tag was added to the backbone modification
group, the solubility (SPP4-4, SPP4-S, and SPP4-6) was
further increased. Arg, provided the best compromise between
the solubilizing effect and synthetic cost, leading to an overall
increase of solubility by 45-fold (SPP4-5). Finally, when the
removable backbone modification group was placed on a
different Gly residue (SPP4-7), we observed a similar
magnitude of solubilizing effect.
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We next measured the solubility of the above peptides in
neutral ligation buffer (pH 7.4, 6 M guanidinium-HCI (Gn-
HCI), no detergent) after they were dissolved overnight. The N-
methyl-N-[2-(methyl amino)ethyl]carbamoyl group was re-
moved under these conditions, and the resulting peptides were
denoted as SPP4-1" to SPP4-7’. The solubility of SPP4-1" was
measured to be 0.05 mM, which is too low for the ligation
reaction (which usually requires 1 mM). N-terminal Arg,-
tagged SPP4-2’ showed improved solubility (0.37 mM),
whereas backbone-modified SPP4-3’ was soluble to 0.93
mM. Addition of an Arg, tag to the backbone modification
group again proved critical (SPP4-4’ to SPP4-7'). With Arg,
the solubility of SPP4-S’ or SPP4-7' was about S mM,
corresponding to an increase by ~100 fold over SPP4-1'
(Figure 3a).

The above data showed that with the Arg,-tagged backbone
modification, the MP peptides behaved as if they are regular
water-soluble protein segments with regard to elution on RP-
HPLC, solubility under the ligation conditions, and ionization
in mass spectrometry (Figures S—7 in SI). Backbone
modification was necessary for disrupting the secondary
structure formation as revealed by the circular dichroism
(CD) analysis (Figure 8 in SI). In the CD experiment, SPP4-2
showed a secondary structure similar to that of SPP4-1,
whereas SPP4-5 and SPP4-7 exhibited different spectra.
Furthermore, during the experiment we observed the
aggregation of SPP4-2 when its solution was allowed to
stand for 15—30 min. On the other hand, we did not observe
any aggregation of SPP4-S and SPP4-7 after 24 h.

Finally, the ability of the backbone modification group to
disrupt secondary structure formation was also advantageous
for Fmoc SPPS. As shown in Figure 3c, in the crude SPPS
products SPP4-5 was identified as the major component
(isolated yield = 15%), whereas SPP4-2 was generated in a
much lower yield (isolated yield <5%).

dx.doi.org/10.1021/ja500222u | J. Am. Chem. Soc. 2014, 136, 3695—3704



Journal of the American Chemical Society

a) Cytosol
O Yy o~
8 =

Solubility of FITC-labeled model
peptides SPP4-1 and analogues.

NH, ) ] Solubility/mM
FITC- SPP4; STG(‘;‘]LLGGLFIYDVFWVFGTNVM\\/‘T\VAKS-NHZ 50% CH3CN (0.1% TFA) | 6M Gn-HCI*
SPP4-1: FITC-B-Ala-STGCILLGGLFIYDVFWVFGTNVMVTVAKS-NH, 0.19° 0.05"
SPP4-2: FITC-B-Ala-RRRR-STGCILLGGLFIYDVFWVFGTNVMVTVAKS-NH, 0.63 0.37
SPP4-3: Ac-STGCILLGGLFIYDVFWVFGRBM(FITC-B-Ala) TNVMVTVAKS-NH, 1.23 0.93
SPP4-4; Ac-STGCILLGGLFIYDVFWVFGRBM(FITC-B-Ala-RR) TNVMVTVAKS-NH, 2.22 1.89
SPP4-5: Ac-STGCILLGGLFIYDVFWVFGRBM(FITC-B-Ala-RRRR) TNVMVTVAKS-NH, 6.83 5.65
SPP4-6: Ac-STGCILLGGLFIYDVFWVFGRBM(FITC-B-Ala-RRRRRR) TNVMVTVAKS-NH, 7.57 6.09
SPP4-7: Ac-STGCILLGGRBM(FITC-B-AIa-RRRR)LFIYDVFWVFGTNVMVTVAKS-NH2 6.20 4.89

\
|=|T<:-HN/\)kRRRR HNNO\@; b \/\NH

GRBM(FITC-B-Ala-RRRR)

b)
SPP4-1

c)
SPP4-5

SPP4-2

" Crude peptide for measurement

# Peptides were dissolved in 6 M Gn-HClI
containing 0.2 M phosphate buffer at pH
7.4 overnight at room temperature for
further measurements

SPP4-2—» Crude SPP4-5
M,MA\,/\-/\’,\’\Crude SPP4-2

10 mg/mL crude peptide in 50%
CH3CN aqueous containing 0.1% TFA

Retenswn time (min)

Figure 3. The solubility of FITC-labeled peptides SPP4-1 to SPP4-7. (a) The structures of SPP4 derivatives. (b) The photograph for solubility of
crude peptides SPP4-1, SPP4-2 and SPP4-5. (c) RP-HPLC elution profile of crude SPP4-2 and SPP4-5 analogues with a C4 column with a gradient

of 30—50% buffer B in buffer A over 40 min.

Total Synthesis of Wild-Type and Ser64-Phosphory-
lated M2. The M2 proton channel of influenza A virus is a 97-
residue homotetrameric integral membrane protein essential for
mediating transport of protons across the viral envelope. It has
been the subject of numerous structural and functional
studies,”” ™>° but some details regarding the role of M2 in
virus replication still remain unclear. For instance, M2 carries a
number of modifications 1nclud1ng palmitoylation, fatty
acylation, and phosphorylation,** whose roles in the function,
membrane localization, or assembly of M2 remain to be
elucidated.*' In this context chemical synthesis of modified M2
provides useful research reagents.

Kochendoerfer et al. previously used the Boc method to
prepare M2.** Here we used the new strategy to synthesize
both wild-type and Ser64-phosphorylated M2 through Fmoc
chemistry (Figure 4a). The 2-Cl-Trt-NHNH, resin was used to
prepare M2[1—49, 4Arg-Tag]-NHNH, (5) by using automated
Fmoc SPPS. In this segment Gly34 was modified with the Arg,-
tagged removable modification group. We then used the Nova-
PEG Wang resin to prepare M2[50—97] (6) also by automated
Fmoc SPPS, in which Fmoc-Ser(HPO;Bzl)—OH was used to
install pSer64. Both M2[1—49, 4Arg-Tag]-NHNH, and
M2[50-97] (bearing either Ser64 (6) or pSer64 (p6)) were
produced as readily soluble peptides (isolated yields = 12%,
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20%, 15%) amenable to routine RP-HPLC purification and
ESI-MS characterizations (Figure 9 in SI).

The native chemical ligation of M2[1—49, 4Arg-Tag]-
NHNH, 5§ and M2[50—97] 6 was conducted using the in
situ NaNO, activation/thiolysis protocol.>**® The reaction
proceeded smoothly in aqueous Gn-HCl (6 M) without any
organic cosolvent or detergent to yield the full-length polypeptide
in 39% (for Ser64, 7) or 36% (for pSer64, p7) yield (Figure
4a). 7 or p7 was purified through RP-HPLC and treated with
TFA/TIPS/H,0 to remove the backbone modification group
in S h. The final wild-type (8) or Ser64-phosphorylated M2
(p8) was obtained through a further RP-HPLC separation in
26% (for Ser64) and 17% (for pSer64) yield. Characterizations
of 7 and 8 by ESI-MS and SDS-PAGE are shown in Figure 4b,c.
Both wild-type and Ser64-phosphorylated M2’s were incorpo-
rated into dodecylphosphocholine (DPC) vesicles. The CD
spectra of the M2-containing vesicles exhibited evidence of
significant a-helical structures with characteristic negative bands
at 208 and 222 nm (Figure 4d), suggesting the successful
generation of correctly folded M2.

Chemically synthesized full-length M2 proteins were then
incorporated into POPC/POPG (POPC: 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine; POPG: 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphor-(1'-rac-glycerol)) bilayers in the presence
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Figure 4. Chemical synthesis and characterizations of wild-type and Ser64-phosphorylated M2. (a) Left: Strategy for chemical synthesis. Right:
Analytical data. (b) Analytical data for ligation product Arg-tagged M2-pS64 p7 and the final M2-pS64 p8. Up: RP-HPLC of the purified ligation

product Arg-tagged M2-pS64 p7 with a C4 column (4.6 mm X 150 mm
operated at elevated temperatures to facilitate the elution of a membrane
Down: RP-HPLC of the purified native M2-pS64 p8 with a C4 column

) at 56 °C. According to the previous work, the HPLC analysis should be
peptide from the HPLC column.'**° Inset shows MALDI-TOF-MS of p7.
(4.6 mm X 150 mm) at 56 °C. Inset shows MALDI-TOF-MS of p8. (c)

SDS-PAGE/Ag staining analysis: lane left, the ligation product Arg-tagged M2-pS64 p7; lane right, M2-pS64 p8. (d) CD analysis of reconstituted
M2-pS64 p8 (S uM, in a 1 mm quartz cell) in DPC micelles. (e) Single-channel currents of chemical synthetic native and Ser64-phosphorylated M2
protein channels after reconstitution in POPE/POPG (3:1) lipid vesicles. The traces were recorded at various membrane potentials in S mM Tris-
MOPS, 150 mM NaCl, pH 5.0 both inside and outside. Solid line: opening (O); dotted line: closure (C).

of symmetrical solutions under acidic conditions (5 mM
tris(hydroxymethyl)aminomethane (Tris) and 3-morpholino-
propanesulfonic acid (MOPS), pH S5.0). Single-channel
currents were measured in response to different applied
voltages (=60, —40, —20, 0, 20, 40, and 60 mV) (Figure 4e).
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Represented traces in Figure 4e show that the channel opens at
positive voltages as well as negative ones. Nonetheless,
relatively low signal-to-noise ratio was observed in the M2
channel conductance traces, similar to previous reports of
reconstituted M2 channels in lipid bilayers, probably due to

dx.doi.org/10.1021/ja500222u | J. Am. Chem. Soc. 2014, 136, 3695—3704
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Figure 5. Synthesis of inward rectifier K* channel KirS.1{64—179]. (a) KirS.1[64—179] monomer (116 amino acids) is divided into four segments:
KirS.1[64—89]-NHNH, 9, Kir5.1[90—116]-NHNH, 10, KirS.1{117—137]-NHNH, 11, and Kir5.1[138—179]—OH 12. These four segments were
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X 150 mm) at 56 °C. Inset shows MALDI-TOF-MS of 15. (c) ESI-MS of 15. The observed baseline shift always occurs (also with blank injections).
(d) SDS-PAGE/Ag staining analysis: lane i, the final product Kir5.1[64—179] 16 by TFA cocktails; lane ii, reconstituted tetrameric KirS.1[64—179]

in POPC/POPG liposomes.

disturbance of lipid bilayer integrity under acidic conditions or
in nonuniform oligomeric states.*> Then, the channel activity at
relatively low potentials (—20, 0, and 20 mV) was not obvious.
Meanwhile, control experiments without addition of M2 did
not produce any channel activity under the same conditions. To
determine the effect of amantadine (an anti-influenza drug
through blocking the M2 channel) on chemically synthesized
M2, the channel activity was recorded in the absence of
amantadine at first. Then aliquots of amantadine solution were
added to both chambers to a final concentration of 20 uM.
After stirring for about 10 min, the channel activity was
measured again. As shown in Figure 4e, the almost total
channel blockage in the presence of 20 yM amantadine was
observed at a holding potential of +60 mV.

Collectively our results demonstrated that chemically
synthesized M2, when incorporated into planar lipid bilayers,
can produce single-channel activity after spontaneous fusion at
low pH. Comparing the current results of wild-type and Ser64-
phosphorylated M2 (Figure 4e), it seemed likely that Ser64-
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phosphorylation caused little influence on both the channel
activity and the amantadine inhibition effect.

Total Synthesis of Core Transmembrane Domain of
Kir5.1. The inward rectifier family of potassium (Kir) channels
plays pivotal roles in controlling the excitability of various
cells.**™* Kir5.1, a typical Kir channel that is widely expressed
in brain and kidney, has been implicated in many physiological
and pathological processes such as the modulation of brainstem
neurons and the SeSAME/EAST syndrome.*” It has been long
believed that Kir5.1 formed no functional channel when
expressed alone. Yet a functional homomeric Kir5.1 was
reported in a rare case, when it was expressed in HEK293T
cells with the help of PSD-95, a member of the membrane-
associated guanylate kinase (MAGUK) family which can help
ion channels to locate on plasma membrane.** This largely
overlooked finding raised a hypothesis that the failure to detect
functional homomeric Kir5.1 may be due to the lack of ability
to locate on the plasma membrane.

To investigate whether pure KirS.1 can form a functional
channel, we synthesized its core transmembrane domain (64—

dx.doi.org/10.1021/ja500222u | J. Am. Chem. Soc. 2014, 136, 3695—3704
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Kir5.1[64—179] channels (~10 uM, in a 1 mm quartz cell). (b) Representative channel activity of the Kir5.1[64—179] channels after reconstitution
in POPE/POPG (3:1) lipid vesciles. The traces were recorded at —100 mV in S mM HEPES/150 mM KCl (pH 8.0) both inside and outside. A
zoom-in of the gating behavior is shown beneath. C: level of channel closure; O1: level 1 of channel opening; O2: level 2 of channel opening. (c)
Single-channel conductance of KirS.1[64—179] in planar lipid bilayers. Left: Single-channel currents were recorded at various membrane potentials.
Right: Single-channel conductance was calculated from the current—voltage plot, with the slope conductance of 45 pS. The traces were recorded at
—100 mV in $ mM HEPES/150 mM KCI (pH 8.0) both inside and outside.

179, 116 amino acids) containing two transmembrane helices
and a membrane-embedded P-loop. The target protein was
divided into four segments, Kir5.1[64—89]-NHNH,,
Kir5.1[90—116]-NHNH,, KirS.1[117—137, 4Arg-Tag]-
NHNH,, and Kir5.1[138—179] (Scheme 4 in SI). Three
segments (ie., Kir5.1[64—89]-NHNH,, Kir5.1[90—116]-
NHNH,, and Kir5.1[138—179]) could be directly prepared in
15%, 20%, and 12% isolated yields. Nonetheless, the P-loop
segment Kir5.1{117—137]-NHNH, could not be prepared by
Fmoc SPPS as the crude peptide was a complex mixture of
poorly soluble materials. Only after the Arg4-tagged removable
backbone modification group was added at Gly133, could this
segment be obtained through automated Fmoc SPPS in 18%
isolated yield. The purified peptide was well soluble (Figure 11
in SI).

The four segments were condensed by N-to-C sequential
ligation in aqueous Gn-HCI solutions (isolated yields = 57%,
29%, 45%), producing KirS.1[64—179] with the Arg,-tagged
backbone modification group in 7.5% overall isolated yield
(Figures 12—14 in SI). This molecule was well soluble in
aqueous CH;CN and could be readily isolated by RP-HPLC to
>95% purity (Figure Sb,c). The purified, backbone-modified
KirS5.1[64—179] powder was then dissolved into TFA/TIS/
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H,O for S h at room temperature. The solution was
concentrated by N, blowing, and the final target protein was
obtained through precipitation from cold diethyl ether. The
final Kir5.1{64—179] could not be eluted from RP-HPLC.
Nonetheless, SDS-PAGE analysis indicated that the final
product was the desired protein (Figure Sd).

Synthetic Kir5.1[64—179] was used in the channel
reconstitution in unilamellar liposome vesicles with POPC/
POPG lipids. Kir5.1[64—179] successfully formed a homoge-
neous tetramer according to SDS-PAGE (Figure 5d). The CD
spectrum of the KirS.1{64—179]-containing lipids (Figure 6a)
showed two minima at 208 and 222 nm, indicating the
formation of a well-structured a-helical protein. Channel
conductance in the planar lipid bilayer was examined using
the proteoliposomes (KirS.1[64—179] in POPC/POPG), and
the single-channel activity was measured at various voltages.
Shown in Figure 6b is a 4-s train of recorded current amplitudes
with —100 mV voltage applied on the cis side. Uniform current
amplitudes of 20 pA or 0 pA were observed with the alternating
channel opening or closing. Fast switching between channel
opening and closing was also demonstrated in the zoom-in in
Figure 6c.
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To measure the channel conductance, current amplitudes of
Kir5.1[64—179] in the planar lipid bilayer were recorded in
duration of 1 s at various voltages (—60, —40, —20, 0, 20, 40,
and 60 mV) (Figure 6¢c). More than one channel was identified
in the preparation of KirS.1[64—179] in the planar lipid bilayer
of POPC/POPG. Therefore, the measured current amplitudes
exhibited stepwise addition of multiple channels during their
openings. Different steps of current amplitudes were estimated
from the stepwise sets of data, referring to the predefined
baseline. The lowest amplitude level was extracted as the single-
channel current amplitude value. For example, two sets of
current amplitudes (1.1 and 2.2 pA) were recorded at a voltage
of 20 mV, demonstrating a 1.1 pA single-channel current
amplitude at 20 mV. The extracted single-channel current
amplitudes were plotted against different voltages. The
current—voltage was in linear relationship. Slope of the
regressed line was 45 pS, representing the single-channel
conductance of Kir5.1[64—179] in the planar lipid bilayer of
POPC/POPG.

Taken together, the successful channel conductance
measurement of synthetic Kir5.1[64—179] indicated that
Kir5.1 can form functional homomeric K* channels. This
finding supported the previous hypothesis that trafficking and
membrane insertion are important limiting steps for channel
conductance function, especially using traditionally in situ
patch-clamp techniques. Our work also indicated that chemical
synthesis and reconstitutive refolding provide an effective way
to analyze the functions of channel proteins, especially those
that cannot be obtained by traditional biological methods or
those that exhibit no function in situ.

B CONCLUSION

The growing research interest in membrane proteins demands
a toolbox of approaches for their production. Total chemical
synthesis provides a unique technique to the arsenal for the
generation of pure, monodisperse, and modified MP samples
required for structural and biochemical studies. We showed
that, with the removable backbone modification group, the MP
peptides behaved almost the same as the peptide segments of
water-soluble proteins in terms of Fmoc SPPS, solubility,
HPLC elution, and mass characterization. With this method
and the technology of using peptide hydrazides as thioester
surrogates, small- to middle-sized MPs comprising more than
one transmembrane domain can be prepared readily through
the use of automated Fmoc chemistry. The efficiency and
practicality of the new method was demonstrated by the
multimilligram-scale synthesis of the M2 proton channel from
influenza A virus and the core transmembrane domain of
Kir5.1. These synthetic proteins were free of contamination by
other channel-forming proteins derived from cell membranes in
recombinant expressions. As a result they provided unique
materials for in vitro study of MP’s biophysical and biochemical
properties.

B EXPERIMENTAL SECTION

Detailed experimental procedures for the synthesis of compounds,
peptides and proteins, their characterization data, and the electro-
physiology experiments are given in the Supporting Information.
Synthesis of Gly *B-Containing Peptides. The peptide-chain
assembly was performed using standard Fmoc-SPPS protocols except
for Gly"™™® and the amino acids immediately after Gly"®°. Gly*M®°
residue was coupled using Fmoc-Gly*™—OH (2 equiv), HATU (2
equiv), HOAt (2 equiv) and DIEA (4 equiv) for 1.5 h, and then
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capped with Ac,O/DIEA/DMF (1/1/8, v/v/v). After deprotection of
Fmoc, the peptide was treated with a double or triple coupling step for
the next amino acid and an Ac,O capping step. After completion of the
peptides assembly, Pd(PPh;),/PhSiH; in CH,CL,/DMF (1/1, v/v)
was added to remove the Alloc group. The deprotection step was
repeated once. The Arg-Tag was then coupled by using standard
Fmoc-SPPS protocols. The peptide was cleaved from the resin with
TFA/PhOH/TIPS/H,0 cocktails.

Chemical Ligation Using Peptide Hydrazides As Thioester
Surrogates. Peptide hydrazides were dissolved using 0.2 M
phosphate solution containing 6 M Gn-HCl (pH 3.0-3.1) in a
Eppendorf reaction tube. The reaction tube was placed in a —15 °C
ice—salt bath and the solution was gently agitated by magnetic stirring.
0.5 M NaNO, (10—15 equiv) was added, and the solution was gently
agitated for 15 min at —15 °C to oxidize the peptide hydrazide to the
azide. Subsequently, the phosphate solution containing MPAA (4-
mercaptophenylacetic acid, ~100 equiv) and N-terminal Cys-peptide
(0.7—1.6 equiv) was added to the reaction mixture to convert the
peptide azide to the thioester for native chemical ligation. The tube
was removed from the ice—salt bath and warmed to room
temperature. The pH of the ligation reaction at the pH to 6.5—-7.4
was monitored using a micro pH probe. The ligation was monitored
by analytical HPLC and ESI-MS. Note that the autocyclization
procedure was performed for 3—5 h under pH 7.4 at ~25-30 °C to
completely liberate the phenol group. After completion of ligation, 0.1
M neutral TCEP solution (~100 equiv) was added for 20 min to
reduce the ligation system.

Removal of the Backbone Modification by TFA Cocktails.
Arg-tagged protein was dissolved in TFA cocktails (TFA/TIPS/H,0,
95/2.5/2.5, v/v/v). The native protein can be obtained quantitatively
for 5 h with TFA. After the cleavage, the reaction mixture was
concentrated and precipitated with Et,O to yield the final product.

Reconstitution in Unilamellar Liposome Vesicles. All lipids
used were obtained from Avanti Polar Lipids (Alabaster, AL, USA).
Chemically synthesized protein was centrifuged at 14,000 rpm for 10
min to recover the sample that sticks to the tube wall. Into the tube
was added 200 uL reconstitution buffer (0.1% SDS, 20 mM Tris, 200
mM NaCl, pH 8.0). The sample was completely dissolved and
uniformly dispersed using pipettes. POPC (1.5 mg/mL) and POPG
(0.5 mg/mL) were mixed and well dispersed in reconstitution buffer
(0.1% SDS, 20 mM Tris, 200 mM NaCl, pH 8.0) through five cycles of
liquid nitrogen freezing and thawing at rt. The protein solution was
added into the liposome solution to a final molar ratio of 1/600
(protein/lipid). The mixture was rotated at 4 °C for 1 h, and dialyzed
for 3 days at 25 °C in Tris buffer (20 mM Tris, 200 mM NaCl, pH
8.0) to completely remove the detergent. To prepare unilamellar
liposome vesicles, samples were extruded using a 400 nm
polycarbonate membrane by the Avanti Mini-Extruder (Alabaster,
AL). Final concentration of protein sample was ~40 pg/mL.

Single-Channel Conductance Measurement in Planar Lipid
Bilayer. Channel conductance measurements in planar lipid bilayer
were conducted using Ionovation Compact (Osnabriick, Germany).
Two polycarbonate compartments in volume of 1.2 mL were separated
by a TEFLON foil with 25 ym thickness and 50—100 pm aperture
diameter. The premixed liposome (POPC/POPG 3/1) was
employed to paint the aperture. Planar lipid bilayer formation was
monitored optically or by capacitance measurements. After successful
formation of a stable bilayer in the aperture, proteoliposomes (protein
sample in POPC/ POPG) were added to the cis chamber next to the
bilayer. Fusion of protein and planar lipid bilayer was detected through
observation of channel conductance. Working solution (S mM 4-(2-
hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES), 150 mM
KCl, pH 8.0) was present in both cis- and trans chambers.

Different DC voltage was used to measure channel conductance
using an EPC-10 amplifier (HEKA Elektronik). Currents were
measured with a 2 kHz low-pass filter at 10 kHz sampling rate. Data
was analyzed using the pPCLAMP 10.0 software (Axon Instruments).
In each measurement at various voltages, current amplitudes were
recorded referring to a predefined baseline, based on 50% threshold
crossing methods. Current—voltage (I—V) relationship was plotted
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with the measured current amplitudes against different applied
voltages. The I-V plot was regressed to a linear line with the slope
representing channel conductance of the membrane protein in the
planar lipid bilayer.
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