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ABSTRACT: In this contribution,we describe the semisynthesis ofNaK, a bacterial nonselective cation channel. In the
semisynthesis, theNaKpolypeptide is assembled from a recombinantly expressed thioester peptide and a chemically
synthesized peptide using the native chemical ligation reaction. We describe a temporary tagging strategy for the
purification of the hydrophobic synthetic peptide and demonstrate the efficient ligation of the synthetic peptide with
the recombinant peptide thioester to form the semisynthetic NaK polypeptide. Following assembly, the NaK
polypeptide is folded in vitro to the native state using lipid vesicles. Functional characterization of the folded
semisyntheticNaKchannels indicates that it is functionally similar to thewild-type protein.Weused semisynthesis to
substitute aspartate 66 in the selectivity filter region of theNaK channel with the unnatural amino acids homoserine
and cysteine sulfonic acid. Functional analysis of these mutants suggests that the presence of a negatively charged
residue in the vicinity of the ion binding sites is necessary for optimal flux of ions through the NaK channel.

Ion channels are integral membrane proteins that provide
conduits for ions to pass through biological membranes (1). One
of the important functional characteristics of an ion channel is
selectivity. Selectivity refers to the phenomenon by which chan-
nels permit the passage of only specific ions (1). Ion channels
display varying levels of selectivity that range from the high level
of selectivity observed in Kþ channels to the low level of
selectivity observed in nonselective cation channels (1). Nonse-
lective cation channels, such as cyclic nucleotide gated ion
channels (CNG channels), are selective for cations over anions
but do not readily distinguish between different cations (2).

The first structural view of a nonselective cation channel was
provided by the high-resolution structure of the bacterial ion
channel, NaK (Figure 1A) (3, 4). The NaK channel, similar to
CNG channels, conducts Naþ, Kþ, Rbþ, and Ca2þ ions (3, 5).
The crystal structure shows that the overall structure of the NaK
channel is very similar to the pore domain of Kþ channels like
KcsA, KvAP, or Kv1.2 (6-8). The major differences between the
NaK channel and the Kþ channels are in the ion binding regions,
which are referred to as the “selectivity filters”. A significant
difference is that the selectivity filter of Kþ channels shows the
presence of four ion binding sites while the selectivity filter in the
NaK channel only shows the presence of two ion binding sites
(Figure 1B) (3, 4). The two ion binding sites in the NaK channel
are structurally similar to the third and fourth ion binding sites in
the selectivity filter of a Kþ channel (4). Even though the ion
binding sites in the NaK channel and the Kþ channels are
structurally similar, they exhibit different ion coordination
properties (4). Understanding the molecular basis for this differ-
ence in ion coordination properties exhibited by structurally
similar sites in the NaK channel and Kþ channels is of great

scientific interest. However, these investigations will require the
ability to manipulate the ion binding sites.

The ion binding sites in the NaK channel are built using the
backbone carbonyl oxygen atoms of residues Thr63 and Val64
along with the side chain hydroxyl of Thr63 (Figure 1B) (3, 4).
Due to the involvement of the protein backbone, traditional site-
directed mutagenesis methods cannot be used to manipulate the
ion binding sites. The protein backbone can be manipulated by
chemical synthesis. Therefore, chemical synthesis of the NaK
channel will allow us to manipulate the ion binding sites to
understand details of its function (9). In addition to modification
of the protein backbone, chemical synthesis also allows the
incorporation of a large number of unnatural amino acids,
thereby providing an almost limitless variety of modifications
that can be introduced into the NaK channel (9). The ability to
chemically synthesize the NaK channel will therefore be a great
asset in structure-function investigations.

In spite of the advantages, chemical synthesis has been
reported for only a few membrane proteins (10). Chemical
synthesis of membrane proteins is challenging due to the diffi-
culties in the synthesis and purification of peptides that encom-
pass transmembrane segments and the requirement for in vitro
folding of the synthetic membrane protein (11, 12). In this report,
we describe the chemical synthesis of the NaK channel. We
describe a semisynthetic approach in which the NaK channel is
assembled from a recombinant peptide thioester and a synthetic
peptide by native chemical ligation (NCL).1 Following assembly,
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we describe the in vitro folding of the NaK channel to the native
tetrameric state and the functional characterization of the folded
semisynthetic NaK channel. Further, we describe the use of
semisynthesis to investigate Asp66 in the selectivity filter of the
NaK channel. Our investigations demonstrate that the presence
of a negatively charged residue at position 66 is required for
optimal flux of ions through the NaK channel.

EXPERIMENTAL PROCEDURES

Chemical Synthesis of NaK 54-110 (C-Peptide). The
peptide H2N-CYFSVVTLTT VGDGNFSPQT DFGKIFTILY
IFIGIGLVAG FIHKLAVNVQ LPSILSG-COOH was synthe-
sized by manual solid-phase peptide synthesis (SPPS) (0.5 mmol
scale) on a PAM resin using the in situ neutralization/2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate
(HBTU) activation protocol for Boc chemistry (13). All of the
β-branched amino acids in the sequence were double coupled
using HBTU in dimethyl sulfoxide (DMSO) (14). After chain
assembly, global deprotection and cleavage from the resin were
achieved by treatment with anhydrous hydrogen fluoride (HF)
containing 4% (v/v) p-cresol, 1 h at 0 �C.Following removal ofHF,
the crude peptide product was precipitated using cold anhydrous
diethyl ether, washed thoroughly with diethyl ether containing
5% β-mercaptoethanol, dissolved in 50% trifluoroethanol (TFE):
H2O containing 0.1% trifluoroacetic acid (TFA), and lyophilized.

The peptide used as a temporary solubilizing tag (TST,
RRRC-CONH2) was synthesized by manual SPPS (0.5 mmol
scale) on a 4-methylbenzylhydrylamine (MBHA) resin using the
in situ neutralization/HBTU activation protocol for Boc chem-
istry (13). Following global deprotection and cleavage from the
resin by anhydrous HF, the crude peptide product was precipi-
tated with diethyl ether, dissolved in 50% buffer B (9:1 MeCN:
H2O, 0.1% TFA), and lyophilized. The presence of the desired
peptide in the crude was confirmed by reversed-phase HPLC
(RP-HPLC) and electrospray mass spectrometry (ES-MS)
[observed mass=589.2 (M þ H), expected=589.7].

For purification of the C-peptide, an aliquot of the C-peptide
crude was dissolved in 50% TFE:H2O and 0.3 M HEPES, pH
8.0. An equal amount of the TST peptide was added and the
mixture incubated at room temperature for 1 h. The mixture was
then acidified by addition of TFA, and the C-peptide coupled to
TST was purified by RP-HPLC on a preparative C4 column
using a gradient of 60-100% buffer C (4.5:4.5:1 2-propanol:
MeCN:H2O, 0.1% TFA). Fractions containing the desired
peptide were identified by ES-MS, pooled, and lyophilized. The
purified peptide was characterized as the desired product by
ES-MS [observed mass=6847.0 ( 1 (þdinitrophenol, DNP),
expected=6847.8].

The Asp residue (underlined) was replaced by homoserine
(Hse) or cysteine sulfonic acid (Csa) to generate the Asp66fHse
or the Asp66 f Csa substituted C-peptides. The synthesis and
purification of these peptides were carried out similar to the wild-
type peptide. For these peptides, removal of the DNP protecting
group on the His residue was carried out using β-mercaptoetha-
nol (20% v/v) prior to HF cleavage. The purified peptides were
characterized as the desired product by ES-MS (Asp66 f Hse
C-peptide, observed mass= 6667.9 ( 0.7, expected= 6667.8;
Asp66fCsaC-peptide, observedmass=6717.6( 0.3, expected=
6717.8).
Expression andPurification of theNaK19-53Thioester

(N-Peptide). A dual fusion strategy was used for the expression

of the N-peptide thioester (14). The dual fusion consisted ofNaK
residues 19-53 sandwiched between glutathione S-transferase
(GST) at the N-terminus and the gyrA intein-chitin binding
domain at the C-terminus. A linker consisting of a thrombin site,
His6, and a factor Xa site was introduced between GST and the
NaK residues in the fusion. The fusion protein was expressed in
Escherichia coli BL21(DE3) cells.

For purification, cells (from 1 L of culture) were resuspended
in 50mLof 50mMTris-HCl, pH 7.5, 0.2MNaCl, 1 mMMgCl2,
and DNase (5 μg/mL). Lysozyme (0.1 mg/mL) was added, and
the cells were incubated at room temperature with gentle stirring.
After 30 min, PMSFwas added to 1mM, and the cells were lysed
by sonication, 5� 30 s bursts using a Bransonmodel 450 sonifier
at maximum power. After cell lysis, Triton X-100 was added to
1% (v/v), and the cell lysate was incubated at room temperature
for 30 min. The soluble and insoluble fractions were separated by
centrifugation at 12000g for 10 min at room temperature. The
insoluble fraction, which contains the fusion protein, was washed
with 50 mM Tris, pH 7.5, 0.2 M NaCl, 1% Triton X-100 (v/v),
and 2M urea. The insoluble fraction obtained after the 2M urea
washwas solubilized in 50mLof 50mMTris-HCl, pH 7.5, 0.2M
NaCl, 1.0% N-laurylsarcosine, 1% Triton X-100 (v/v), and 6 M
urea. Any material still insoluble was removed by centrifugation
at 12000g for 10 min at room temperature.

The solubilized fusion protein was refolded by dialysis against
40 volumes of 50 mM Tris, pH 7.5, 0.2 M NaCl, and 1% Triton
X-100 (v/v) for 24 h. Following dialysis, cleavage of the gyrA
intein to generate the thioester at the C-terminus of theN-peptide
sequence was carried out by the addition of solid 2-mercap-
toethanesulfonic acid (MESNA) to 0.1 M. Almost complete
cleavage of the intein was observed after overnight incubation at
room temperature. The cleaved gyrA intein along with any
uncleaved fusion proteins was removed by passage through a
chitin resin column. The GST-N-peptide fusion protein thioester
obtained after passage through the chitin column was proteo-
lyzed using thrombin (0.5 unit/mg of fusion) to removeGST. The
N-peptide thioester that is released by proteolysis was purified
using RP-HPLC. Triton X-100 used in the purification steps
interferes with the RP-HPLC purification and was therefore
removed by trichloroacetic acid precipitation and acetone washes
as previously described (15). TheN-peptide thioester was purified
on a preparative C4 column using a gradient of 40-90% buffer
B. This protocol yielded ∼5 mg of the purified N-peptide
thioester, which was characterized as the desired product by
ES-MS (observed mass=5649.1 ( 0.5, expected=5648.5).
Unfolding and Refolding of Recombinant NaK Channel.

The NaK channel was expressed and purified as previously
described (3). For in vitro folding studies, the NaK channel was
unfolded by the addition of trichloroacetic acid to 10% (w/v).
The mixture was incubated at 4 �C for 30 min, and the protein
precipitate was collected by centrifugation at 3000g. The protein
precipitate was washed with ice-cold acetone, dissolved in 50%
TFE buffer A (H2O, 0.1% TFA), and then lyophilized. The
lyophilized proteinwas dissolved in 0.1M sodiumphosphate, pH
8.0, 0.1 M DTT, and 1% SDS. Complete unfolding of the NaK
channel was confirmed by SDS-PAGE. For refolding, the
unfolded protein was diluted (1f10) into soybean phosphati-
dylcholine vesicles (20 mg/mL in 50 mM 2-morpholinoethane-
sulfonic acid, pH 6.4, 0.3MKCl, 10mMDTT). Themixture was
sonicated in a water bath sonicator and then incubated at room
temperature. Refolding of the NaK channel was monitored by
the appearance of a tetramer band on SDS-PAGE.
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Assembly and Purification of Semisynthetic NaK Chan-
nel. The semisynthetic NaK polypeptide was assembled from the
N-peptide thioester and theC-peptide byNCL.We typically used
a 2-fold excess of the C-peptide over the N-peptide thioester.
Prior to setting up the NCL reaction, the peptides were colyo-
philized with dodecylphosphocholine [Fos-12, final concentra-
tion 1% (w/v)], which enables easy solubilization of the peptides
in the ligation buffer. The ligation reactionwas carried out in 0.1M
sodium phosphate, pH 7.4, and 20 mM tris(2-carboxyethyl)-
phosphine (TCEP, hydrochloride salt). Thiophenol was added to
2%, and the reactionwas carried out at 37 �Cwith gentle stirring.
SDS-PAGE was used to monitor the progress of the ligation
reaction. The ligation reactions were terminated by the addition
of DTT to 0.1 M.

Folding reactions for the semisynthetic NaK channels were
carried out on the ligation reaction mixture itself without further
purification. Folding of the semisynthetic polypeptides was
carried out as described for the unfolded recombinant protein
and was monitored by SDS-PAGE.

For purification, the folding reaction mixture was initially
dialyzed against 50 mM Tris-HCl, pH 7.5, and 0.3 M KCl for
removal of DTT. The lipid vesicles were solubilized by the
addition of 40 mM decyl maltoside (DM), and the proteins were
purified from the lipids using immobilized metal affinity chro-
matography. The folded semisynthetic NaK channels were then
separated from the unfolded (monomeric) proteins and the un-
ligated peptides by size exclusion chromatography on a Superdex
200 columnusing a running buffer consisting of 50mMTris-HCl,
pH 7.5, 150 mM KCl, 10 mM DM, and 2 mM DTT. Fractions
containing the folded tetrameric NaK channel were identified by
SDS-PAGE, pooled and stored at -80 �C until use. Protein
identity was confirmed by matrix-assisted laser desorption ioni-
zation mass spectrometry (MALDI-MS) that was carried out at
the Mass Spectrometry Laboratory, Oregon State University,
Corvallis, OR.

86Rbþ Flux Assay. For 86Rbþ flux assays, the semisynthetic
NaK channels were reconstituted into 1-palmitoyl-2-oleoyl-gly-
cero-3-phosphatidylethanolamine (POPE)/1-palmitoyl-2-oleoyl-
glycero-3-phosphatidylglycerol (POPG) (3:1) lipid vesicles at 10μg
of protein/mg of lipid. For reconstitution, the protein was added
to lipids solubilized in 10 mM HEPES-KOH, pH 7.5, 450 mM
KCl, and 10 mMDM, and lipid vesicles were formed by removal
of detergent using dialysis against 10 mM HEPES-KOH, pH
7.4, and 450 mMKCl. The 86Rbþ flux assays were carried out as
previously described (3, 16). The readings obtained in the flux
assays were normalized to the level of equilibrium 86Rbþ uptake
into all of the lipid vesicles present. For this purpose, valinomycin
was added to the reactionmixture at a final concentration of 1 μg/
mL and an aliquot measured for 86Rbþ uptake after further
incubation for 1-2 min. For the measurement of the Ca2þ block
of the 86Rbþ flux, Ca2þ was directly added into the flux buffer at
the desired final concentrations. Ion flux was allowed to proceed
for 10 min, and 86Rbþ uptake was measured (4).

RESULTS AND DISCUSSION

Synthetic Strategy. Our strategy for the synthesis of the
NaK channel consists of two steps: the assembly of the NaK
polypeptide and the in vitro folding of theNaKpolypeptide to the
native tetrameric state (Figure 1C). Each subunit of the NaK
channel is 110 amino acids long, which is beyond the limits of
SPPS (9). SPPS is only efficient for the synthesis of peptides

∼50-60 amino acids in length (9). The NaK subunit is therefore
assembled from two component peptides by NCL (17). In NCL,
a peptide with an N-terminal Cys (N-Cys) reacts with an
R-thioester peptide to link the two peptides with a native peptide
bond at the ligation site. Leu54 was selected as the ligation site as
biochemical analysis indicated that a Cys substitution at this
position, which is required for the NCL reaction, is well tolerated
(data not shown). The Leu54 ligation site is advantageous as the
residues that form the ion binding sites (Thr63-Gly67, the region
of interest in the NaK channel) are C-terminal to the ligation site
(Figure 1C). This allowed us to pursue a semisynthetic approach
in which the protein segment C-terminal to the ligation site that
contains the region of interest was obtained by chemical synthesis
while the protein segment N-terminal to the ligation site was
obtained by recombinant means. Prior analysis of the NaK
channel has indicated that the deletion of residues 1-19 at the
N-terminus and substitution of Phe92 with Ala increases channel
activity in 86Rbþ flux assays (3, 18). These modifications were
therefore incorporated into our semisynthetic construct for ease
of functional characterization. The semisynthesis of the NaK

FIGURE 1: Semisynthesis of NaK. (A) Structure of NaK. Two oppo-
site subunits of the tetrameric NaK channel are shown (PDB: 2ahy).
The selectivity filter sequence, residues 63-67, is colored red. (B) Close-
up view of the selectivity filter. Residues 63-67 are depicted in stick
representation. Naþ ions bound to the filter sites are depicted as
magenta spheres. (C) Strategy for the semisynthesis of the NaK
channel. The NaK polypeptide was synthesized by the native
chemical ligation of a recombinant N-peptide thioester (residues
19-53, red) and a synthetic C-peptide (residues 54-110, blue). The
NaK polypeptide (residues 19-110) obtained by the ligation reac-
tion is folded to the native tetrameric state. Two subunits of the
NaK tetramer are shown, and the ligation site, residue 54, is
depicted in space-fill.
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channel therefore calls for the generation of a recombinant
N-terminal peptide thioester corresponding to residues 19-53
(N-peptide) and a synthetic C-terminal peptide with an N-Cys
corresponding to residues 54-110 (C-peptide).
Synthesis andPurification of theC-Peptide.The 57 amino

acid C-peptide was synthesized by manual SPPS using Boc
protection and in situ neutralization/HBTU activation (13).
Following synthesis, global deprotection and cleavage from the
resin was carried out using anhydrous HF. The peptide crude
obtained after HF cleavage was soluble in 50% TFE:buffer A.
ES-MS of the peptide crude showed the presence of the desired
peptide, indicating a successful synthesis. However, purification
of the C-peptide was not possible as the peptide crude could not
be resolved using RP-HPLC (Figure 2A). An inspection of the
sequence of the C-peptide suggested that the difficulties in
purification might arise from a paucity of positively charged
residues (19). To circumvent this problem, we designed a puri-
fication strategy for the C-peptide that involves a temporary
introduction of positively charged residues. Our strategy was
based on previous reports of the temporary introduction of Arg
residues for the purification of membrane-spanning thioester
fragments required for the chemical synthesis of membrane
proteins. In these cases, five to six Arg residues were appended
to the peptide through the thioester linkage (20, 21). The
C-peptide is not a thioester peptide but an N-Cys peptide;
therefore, a thioester linkage could not be used for appending
the Arg residues. Instead, the thiol side chain of the N-Cys was
used as the site of attachment, and theArg residueswere linked to

the side chain through a disulfide bond. Following purification,
the Arg residues can be released from the C-peptide by cleaving
the disulfide linkage by reducing agents, and therefore the Arg
residues that are temporarily introduced to enable purification
are not present in the final product, the semisynthetic NaK
channel.

To test this strategy, we synthesized a temporary solubilizing
tag peptide (TST) with the sequence RRRC. To modify the
C-peptide with the TST, we incubated the C-peptide crude with
the TST in 50% TFE at pH 8.0. RP-HPLC analysis showed
the presence of a new peak which was identified by ES-MS as the
C-peptide linked to TST (Figure 2B). Using the TST strategy,
we obtained ∼2 mg of the purified C-peptide from 90 mg of
the peptide crude (Figure 2C,D). The TST strategy used for the
purification of the C-peptide should have general applicability in
the purification of membrane-spanning N-Cys peptide segments
required for the synthesis of integral membrane proteins.
Recombinant Expression of the N-Peptide Thioester. To

introduce the R-thioester group, the N-peptide sequence was
fused to the gyrA intein (22).We used a dual-fusion approach for
the expression of the N-peptide-intein fusion as expression of
membrane-spanning peptides fused to an intein results in cell
lethality (Figure 3A) (14). In the dual-fusion approach, GST is
appended to the N-terminus of the NaK-intein fusion. The
N-terminal GST directs expression of the fusion protein to
inclusion bodies, thereby avoiding cell lethality (23). Following
expression as inclusion bodies, the dual-fusion protein was
purified, solubilized using urea, and then folded in vitro. The

FIGURE 2: Purification of the C-peptide. (A) RP-HPLCof the C-peptide crude. (B) RP-HPLCof the C-peptide crude after modificationwith the
temporary solubilizing tag (TST). The peak corresponding to the TST-modified C-peptide is indicated. (C) RP-HPLC of the purified TST-C-
peptide. (D) ES-MS of the purified TST-C-peptide (inset, reconstructed spectrum, expected mass = 6847.8). In all of the panels, RP-HPLC
analysis is carried out on a C4 column using a gradient of 60-100% buffer C.
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gyrA intein was cleaved using MESNA to generate the GST-N-
peptide thioester. GST was then removed by proteolysis to
generate theN-peptide thioester, whichwas purified byRP-HPLC
and confirmed using ES-MS (Figure 3B). Using this proce-
dure, we obtained∼5mgof theN-peptide thioester/Lof bacterial
culture.
Assembly of Semisynthetic NaK Channels. The NaK

polypeptide was assembled from the N-peptide thioester and
the synthetic C-peptide using theNCL reaction. TheNCL reaction
was carried out in the presence of detergents, which were required
to keep the peptides soluble during the course of the reaction.
A survey of detergents indicated that the NCL reaction pro-
ceeded readily when the peptides were solubilized inFos-12. Prior
to the NCL reaction, we unmasked the Cys residue at the
N-terminus of the C-peptide by cleaving the disulfide bond to
the TST peptide using 10 mM TCEP. The ligation reaction was
initiated by the addition of thiophenol to 2% and monitored by
SDS-PAGE. The ligation reaction was ∼80% complete after
24 h (Figure 4A). MALDI-MS of the ligated material indicated
that it has a mass consistent with the expected product (observed
mass=11600.6, expected=11600) (Figure 4B).

A key requirement of the semisynthesis is the in vitro folding of
the NaK polypeptide to the native state. As in vitro folding of the
NaK channel had not been previously reported, we initially
investigated conditions for in vitro folding of the NaK channel.
These experiments were carried out using the unfolded recombinant
protein. The NaK channel can be unfolded by heating in the pre-
sence of SDS or by precipitation with acid/organic solvents. The
native NaK channel migrates as a partial tetramer on SDS-PAGE

while the unfolded NaK polypeptide migrates as a monomer
(Figure 5A). SDS-PAGE, therefore, provides an easy means to
determine the folded state of the NaK channel. Our analysis
indicated that refolding of the NaK channel was observed on
incorporation of the unfolded polypeptide into lipid vesicles. The
refolding of the NaK channel was indicated by the appearance of
a tetrameric band on SDS-PAGE of the folding reaction
(Figure 5A).

Folding of the semisynthetic NaK polypeptide was carried out
on the ligation reaction mixture itself without further purifica-
tion. For folding, the ligation reaction mixture was diluted into
lipid vesicles. Folding of the semisynthetic NaK channel was
detected by the appearance of a tetrameric band on SDS-PAGE
(Figure 5B). The semisynthetic NaK channels carry a His6 tag at
the N-terminus, which facilitated a two-step purification of the
folded channels. An initial metal affinity chromatography step
was used to separate the folded and unfoldedNaK channels from
the lipid vesicles, which was followed by a size exclusion
chromatography step to separate the folded NaK channels from
the unfolded molecules and the unreacted peptides. In a typical
semisynthesis, 0.3 mg of the folded semisynthetic NaK channel
was obtained starting with 1.5 mg of the N-peptide thioester and
3 mg of the C-peptide.

The semisynthetic NaK channels were incorporated into lipid
vesicles for functional characterization. Activity of the NaK
channel was determined using 86Rbþ flux assays (3). Robust
uptake of 86Rbþ was observed for lipid vesicles containing the
semisynthetic NaK channels, indicating that the semisynthetic
channels were functional (Figure 5C). The NaK channels also
conduct Ca2þ ions but do so at a slower rate than Rbþ. Ca2þ

therefore acts as a blocker of 86Rbþ flux through the NaK
channel (4, 5). The semisynthetic NaK channels showed similar
levels of Ca2þ block of 86Rbþ flux compared to the recombinant
wild-type channel (Figure 5D). These results indicate the func-
tional similarity of the semisynthetic NaK channels to the wild-
type channels.
Substitutions of Asp66 Using Semisynthesis. The NaK

channel has an acidic residue, Asp66, in the selectivity filter
instead of the highly conserved aromatic residue (Tyr or Phe) that
is observed in the selectivity filter of Kþ channels (Figure 1B) (5).
To investigate the role of Asp66 in NaK channel function, we
used semisynthesis to substitute Asp66 with the unnatural amino
acids homoserine (Hse) and cysteine sulfonic acid (Csa). These

FIGURE 3: Purification of the N-peptide thioester. (A) The dual
fusion strategy used for the recombinant expression and purification
of the N-peptide thioester. (B) ES-MS of the purified N-peptide
thioester (inset, reconstructed spectrum, expected mass = 5648.5).

FIGURE 4: Assembly of NaK by native chemical ligation. (A) SDS-
PAGE gel of the native chemical ligation reaction at 0 min (lane 1)
and 24 h (lane 2) showing the C-peptide (C), N-peptide (N), and the
ligation product (L). The faint bands observed, which are higher than
the ligation product, correspond to aggregates of the N- or the
C-peptide. (B) MALDI-MS of the ligation product (expected mass =
11600).
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unnatural amino acids are structurally similar to Asp except that
the Hse side chain is neutral while the Csa side chain is charged
(Figure 6A). These unnatural amino acid substitutions therefore
test the requirement of a negative charge on residue 66 for
channel function.

To assemble the mutant NaK channels, we synthesized
C-peptides carrying the desired substitutions. The C-peptides
were purified using TST strategy and ligated to the N-peptide
thioester to generate the Asp66-substituted NaK polypeptides.
MALDI-MS of the ligated materials indicated masses consistent
with the expected products [for NaK(Asp66 f Hse), observed
mass=11587.2, expected=11586.4; for NaK(Asp66fCsa), ob-
served mass=11637.7, expected=11636.4]. We observed similar
levels of in vitro folding for the Hse and the Csa mutants,
compared to the wild type, indicating that both of the substitu-
tions were structurally well tolerated. The Hse and Csa mutants

were purified by an initial metal affinity chromatography step to
separate the folded and unfolded NaK channels from the lipid
vesicles, followed by a size exclusion chromatography step to
separate the folded channels from the unfoldedmolecules and the
unreacted peptides. For functional comparison, the folded Hse
and theCsamutant channels were reconstituted into lipid vesicles
at a protein to lipid ratio of 1:100. The effect of the Asp66
substitutions on channel activity was tested using 86Rbþ flux
assays (Figure 6B). Flux activity was observed for both the Hse
and the Csa mutants albeit at different levels; low levels of 86Rbþ

flux were observed for the Hse mutant while flux activity slightly
lower than that of the wild-type protein was observed for the Csa
mutant. The Hse mutant and the Csa mutant showed similar
levels of Ca2þ block of 86Rbþ flux compared to the wild-type
protein, which suggests that the Hse and the Csa substitutions do
not significantly alter the structure of the selectivity filter
(Figure 6C). The reduction in the 86Rbþ flux activity of the
Hse mutant could arise either due to a reduction in the single
channel conductance or due to a reduction in the channel open
probability. We cannot differentiate between these possibilities
using the 86Rbþ flux assays, and therefore we cannot attribute a
specific role for the negative charge on residue 66 on NaK

FIGURE 5: In vitro folding of the NaK channel. (A) SDS-PAGE gel
showing the unfolding and refolding of the recombinant NaK
channel: native recombinant NaK (lane 1), unfolded NaK (lane 2),
and refoldedNaK channel (lane 3). (B) SDS-PAGEgel showing the
folding of semisynthetic NaK channel by lipids. In panels A and B,
the folded tetrameric NaK channel (T) and the unfolded monomeric
NaK polypeptide (M) are indicated. (C) 86Rbþ flux assay for the
semisynthetic NaK channel function. The folded semisynthetic NaK
channelswere purified bymetal affinity chromatography followed by
size exclusion chromatography and reconstituted into lipid vesicles.
Time course for 86Rbþ uptake into lipid vesicles loadedwith 450mM
KCl reconstituted with semisynthetic NaK channel (O) and the
control lipid vesicleswithout protein ([). Theobserved 86Rbþ uptake
was normalized to the extent of valinomycin-induced uptake in the
same vesicles. (D) Ca2þ block of Rbþ flux into lipid vesicles recon-
stituted with the semisynthetic NaK channel.

FIGURE 6: Asp66 mutants of the NaK channel. (A) Structures of the
unnatural amino acids cysteine sulfonic acid (Csa) and homoserine
(Hse). (B) Time course for 86Rbþ uptake into lipid vesicles loaded
with 450mMKCl reconstitutedwith the semisyntheticNaKchannels
and the control lipid vesicles without protein ([). The observed
86Rbþ uptake was normalized to the extent of valinomycin-induced
uptake in the same vesicles. (C) Ca2þ block of Rbþ flux into lipid
vesicles reconstituted with the semisynthetic NaK channels. For
panels B and C, wild-type (Asp66) semisynthetic NaK channel (O),
the Asp66f Csa mutant (9), and the Asp66f Hse mutant (Δ).



4456 Biochemistry, Vol. 49, No. 21, 2010 Linn et al.

channel function. Our results however do indicate that the
negative charge on residue 66 is required for optimal ion flux
through the NaK channel.

CONCLUSION

We have developed a semisynthesis for the nonselective cation
channel, NaK. In the semisynthesis, the NaK polypeptide is
assembled from a recombinantly expressed peptide thioester and
a chemically synthesized N-Cys peptide using the NCL reaction.
We have developed a purification strategy for the N-Cys peptide
in which N-Cys peptide is temporarily tagged with Arg residues
to enable purification. We demonstrate the efficient ligation of
the recombinant peptide thioester and the chemically synthesized
N-Cys peptide to form the semisynthetic polypeptide. We demon-
strate that the semisynthetic NaK polypeptide can be folded in
vitro using lipid vesicles. Characterization of the semisynthetic
NaK channels indicates that they are functionally similar to the
recombinant channels. As the protein segments that form the ion
binding sites are contained within the chemically synthesized
peptide, the semisynthesis enables the use of chemical synthesis to
investigate the ion binding sites in the NaK channel. We
demonstrate the facile introduction of unnatural amino acids
into the NaK channel by substituting Asp66 in the selectivity
filter region with unnatural amino acids. Our functional analysis
indicates that the negative charge of the Asp66 residue is
important for optimal flux of ions through the NaK channel.

A limitation of the current approach is the yield of the
semisynthetic NaK channel obtained. The yield obtained using
the current approach is sufficient for functional studies, but it is
not sufficient for structural studies on the semisynthetic channels
using X-ray crystallography. The limiting step in the current
approach is the purification of the C-peptide. We envision two
approaches to improving the yields of the C-peptide. The first
approach would be to optimize the TST, for example, by
increasing the number of positively charges in the TST. The
alternate approach would be to assemble the C-peptide from two
component peptides usingNCL. In this approach, we expect that
the shorter size of the component peptides would lead to easier
purification and thereby higher yields of the C-peptide. We also
anticipate that the three segment approach would be beneficial in
the incorporation of synthetically challenging substitutions (for
example, peptide backbone substitutions) into the NaK channel.
We are presently investigating these approaches.

In conclusion, we have developed a semisynthesis for the NaK
channel. We anticipate that the procedures used in this semi-
synthesis will also find application in the semisynthesis of other
membrane proteins of interest.

ACKNOWLEDGMENT

We thank Drs. Jeffrey Karpen and Alexander Komarov for
critical comments on the manuscript.

REFERENCES

1. Hille, B. (2001) Ion Channels of Excitable Membranes, 3rd ed.,
pp 2-22, Sinauer Associates, Sunderland, MA.

2. Craven, K. B., and Zagotta, W. N. (2006) CNG and HCN channels:
two peas, one pod. Annu. Rev. Physiol. 68, 375–401.

3. Shi, N., Ye, S., Alam, A., Chen, L. P., and Jiang, Y. (2006) Atomic
structure of aNaþ- andKþ-conducting channel.Nature 440, 570–574.

4. Alam, A., and Jiang, Y. (2009) Structural analysis of ion selectivity in
the NaK channel. Nat. Struct. Mol. Biol. 16, 35–41.

5. Alam, A., Shi, N., and Jiang, Y. (2007) Structural insight into Ca2þ

specificity in tetrameric cation channels. Proc. Natl. Acad. Sci. U.S.A.
104, 15334–15339.

6. Zhou, Y., Morais-Cabral, J., Kaufman, A., and MacKinnon, R.
(2001) Chemistry of ion coordination and hydration revealed by a
Kþ channel-Fab complex at 2.0 Å resolution. Nature 414, 43–48.
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