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Abstract

Chemical synthesis is a powerful method for precise modification of the structural and electronic

properties of proteins. The difficulties in the synthesis and purification of peptides containing
transmembrane segments have presented obstacles to the chemical synthesis of integral membrane
proteins. Here, we present a modular strategy for the semi-synthesis of integral membrane proteins
in which solid phase peptide synthesis is limited to the region of interest, while the rest of the protein
is obtained by recombinant means. This modular strategy considerably simplifies the synthesis and
purification steps that have previously hindered the chemical synthesis of integral membrane
proteins. We develop a sumo-fusion and proteolysis approach for obtaining the N-terminal cysteine
containing membrane spanning peptides required for the semi-synthesis. We demonstrate the
feasibility of the modular approach by the semi-synthesis of full-length KcsA K* channels in which
only regions of interest, such as the selectivity filter or the pore helix, are obtained by chemical
synthesis. The modular approach is used to investigate the hydrogen bond interactions of a tryptophan
residue in the pore helix, tryptophan 68, by substituting it with the iso-steric analog, pB-(3-
benzothienyl)-L-alanine (3BT). A functional analysis of the 3BT mutant channels indicates that the
K* conduction and selectivity of the 3BT mutant channels are similar to the wild type, but the mutant
channels show a three-fold increase in Rb* conduction. These results suggest that the hydrogen bond
interactions of tryptophan 68 are essential for optimizing the selectivity filter for K* conduction over
Rb* conduction.

Introduction

Understanding the relationship between the structure of a protein and its function requires the
ability to modify the protein structure. This is generally accomplished by traditional site
directed mutagenesis (SDM). The protein modifications that are possible using SDM are
however limited by the set of naturally occurring amino acids. Chemical synthesis of a protein,
on the other hand, permits the incorporation of a large number of unnatural amino acids and
peptide backbone modifications which enables us to generate precise modification of the
structural and electronic properties of the protein molecule.(1) Similar protein modifications
are not possible using SDM which makes chemical synthesis an important asset in structure-
function investigations.

The development of the native chemical ligation (NCL) methodology has made the chemical
synthesis of small to medium sized proteins technically feasible.(2) In the NCL reaction, a

peptide with a N-terminal Cys reacts with a peptide with a C-terminal thioester to link the two
peptides with a native peptide bond at the ligation site.(3) The NCL reaction therefore enables
assembly of the protein from synthetically accessible peptide building blocks. Most reports of
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chemical synthesis of proteins have however dealt with soluble proteins, while the application
of chemical synthesis to integral membrane proteins has been limited.(4) The major factor that
complicates the synthesis of an integral membrane protein is the synthesis and purification of
peptide segments that contain a transmembrane segment.(5,6) A "total-synthesis" approach in
which all the peptide building blocks required are generated using solid phase peptide synthesis
(SPPS) is therefore practical, only for the synthesis of relatively small membrane proteins.
(7-9)

Due to the limitations of a total-synthesis approach, we have pursued a semi-synthetic approach
in which the membrane protein is assembled from peptide building blocks obtained using both
SPPS and recombinant means. Our interests are focused on K* channels, integral membrane
proteins that allow the rapid and selective permeation of K* ions across biological membranes.
(10) We have previously reported the semi-synthesis of the K* channel, KcsA.(11,12) In this
semi-synthesis, a truncated form of the KcsA channel was obtained by the NCL reaction of a
chemically synthesized peptide and a recombinantly expressed peptide thioester followed by
in vitro folding to the native state. This semi-synthetic strategy was used for the modification
of the selectivity filter (the ion binding sites) using chemical synthesis.(13,14) However this
strategy suffers from the limitations that it does not provide the full-length KcsA channel and
more importantly, the strategy does not permit the use of SPPS for manipulating all regions of
interest in the KcsA channel. We were faced with this limitation in our investigations of the
pore helix of the KcsA channel.

The selectivity filter region in a K* channel is preceded by a short helix referred to as the pore
helix.(15) Residues in the pore helix have extensive hydrogen bond and van der Waal's
interactions with the selectivity filter. Mutations of pore helix residues affect conduction
properties and "C-type" inactivation, a gating process of the selectivity filter.(16—18) The pore
helix has only been investigated by conventional mutagenesis. The precise alterations that are
possible using chemical synthesis has the potential to provide additional insights into the exact
role of the pore helix in channel structure and function. The pore helix in the KcsA channel
comprises residues 62—74.(15) Using the previously reported semi-synthetic strategy to
manipulate the pore helix, will therefore require the chemical synthesis of a peptide ~70 amino
acids in length. The SPPS of peptides of this length, especially peptides that encompass a
transmembrane segment, is extremely challenging.

Here, we develop a modular approach for the semi-synthesis of the KcsA channel that provides
the full length channel and allows us to use chemical synthesis to manipulate all the functionally
important regions such as the selectivity filter or the pore helix. The modular approach therefore
eliminates the limitations of the previously described semi-synthesis. The modular approach
that we develop should find general applicability in the semi-synthesis of other integral
membrane proteins. We use the modular semi-synthesis to investigate the H-bond interactions
of a Trp residue in the pore helix of the KcsA channel. Our investigations demonstrate that the
H-bond interactions of Trp68 optimize the selectivity filter for K* conductions over Rb*
conduction through the channel.

Results and Discussion

The modular strategy for the semi-synthesis is based on the observation that regions of interest
(ROI) in the KcsA channel, such as the amino acids forming the ion binding sites in the
selectivity filter (residues 75-79) or the residues that comprise the pore helix (residues 62—74),
are contained within a short ~10-20 amino acid stretch. The synthesis and purification of
peptides of this size is relatively easy and can be carried out in high yields. In our synthetic
strategy, we divide the KcsA channel into three segments, a central peptide that corresponds
to the ROI and the protein segments N- and C-terminal to the ROI that we refer to as the N-
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peptide and the C-peptide respectively (Fig. 1). SPPS is used only for the central ROI while
the N and C-peptides are obtained by recombinant means. The use of SPPS for the ROl allows
us to take advantage of chemical synthesis to modify the ROl while the use of recombinant
means for obtaining the N- and C-peptides liberates us from the size limits of SPPS. An
advantage of using recombinant means for obtaining the N- and C-peptides is that the peptides
obtained by recombinant means are easier to purify compared to peptides obtained by SPPS.
(11) The KcsA polypeptide is then assembled by two sequential NCL reactions. For the NCL
reaction, the N-peptide has to bear a C-terminal thioester and the C-peptide has to carry an N-
terminal Cys (N-Cys) while the ROI peptide should possess both a C-terminal thioester and a
N-Cys. Following assembly, the KcsA polypeptide is folded to the native tetrameric state using
the lipid based folding protocol that we have previously established for the in vitro folding of
the KcsA channel.(19)

The first step in the semi-synthesis is to identify two positions flanking the ROl at which Cys
residues can be introduced to serve as the ligation sites. We identified residues 70 and 82, which
flank the selectivity filter, as positions at which Cys substitutions are well tolerated and were
therefore selected as the ligation sites when the ROl is the selectivity filter.(14,20) Similarly,
positions 54 and 70 were selected as the ligation sites when the ROl is the pore helix. A semi-
synthetic KcsA channel in which the selectivity filter is obtained by SPPS is referred to as
KcsA(70.82) while a semi-synthetic KcsA channel in which the pore helix is obtained by SPPS
is referred to as KcsAG470),

Our modular semi-synthetic strategy calls for a recombinant approach for generating
membrane spanning N-Cys peptides and peptide thioesters. The general approach that has
previously been used for obtaining an N-Cys peptide consists of appending a Factor X, or a
tobacco etch virus (TEV) protease cleavage site N-terminal to the Cys residue and generating
the N-Cys peptide by proteolysis.(21,22) However, these proteases have only been used for
obtaining N-Cys peptides corresponding to soluble proteins. Our tests of these proteases for
generating the membrane spanning N-Cys peptides required for the semi-synthesis of the KcsA
channel were not successful. We observed low levels of cleavage and subsequently obtained
only very low yields of the desired peptide (data not shown). We hypothesized that the lack of
successful cleavage is due to the hydrophobic nature (due to the presence of a transmembrane
segment) of the peptides which causes aggregation thereby preventing access of the protease
to the cleavage site. Attempts to improve accessibility of the protease to the cleavage sites, for
example, through the use of ionic detergents or refolding in the presence of the protease were
not successful.

As the commonly used strategies failed to provide the desired N-Cys peptide, we investigated
the sumo protease for this purpose. The sumo protease cleaves proteins that are fused to the
C-terminus of the sumo protein and the cleavage takes place following the Gly-Gly residues
at the C-terminus of sumo (Fig. 2A).(23) The cleavage is independent of the residue at the N-
terminus of the fusion protein (except Pro) and can therefore be used to obtain peptides with
a N-terminal Cys.(23) As the sumo protein is highly expressed and water soluble, we expected
that the fusion of the sumo protein to the membrane spanning polypeptide will increase the
expression and solubility of the fusion protein.(24)

We generated a fusion protein in which residues 82—-160 of KcsA with a Cys substitution at
position 82 were fused after the C-terminal Gly-Gly residues of the sumo protein. A Hisg tag
was introduced at the C-terminus of the fusion protein for easy purification. As anticipated,
high levels of expression of the fusion protein was observed. The fusion protein was purified
using immobilized metal affinity chromatography and cleavage of the purified protein by the
sumo protease was tested. Complete and rapid cleavage of the fusion protein (cleavage was
generally complete within 1 h) was observed resulting in the desired peptide (Fig. 2B). The
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82-160 N-Cys peptide released by proteolysis was purified using RP-HPLC and identity of
the peptide was confirmed by ES-MS (Fig. 2C). This procedure provided ~2 mg of the purified
82-160 N-Cys peptide per L of bacterial culture. The 70-160 N-Cys peptide required for the
semi-synthesis of KcsAG479) was also obtained using the same approach.

We have previously reported on a “sandwich-fusion” strategy for obtaining the N-peptide
thioester corresponding to residues 1-69 required for the semi-synthesis of KcsA(70.82) (11)
The sandwich fusion strategy also provided the N-peptide thioester (residues 1-53) required
for the semi-synthesis of KcsA®479) in good vyield.

The ROI peptides corresponding to the selectivity filter (residues 70-81, the filter peptide) or
the pore helix (residues 54-69, the helix peptide) were synthesized using SPPS. The ROI
peptides bear a thioester at the C-terminus and a protected Cys residue at the N-terminus. The
N-terminal Cys residue is protected to prevent cyclization and/or polymerization of the ROI
peptide during the first ligation reaction. The 1,3-thiazolidine-4-carboxo (Thz) group was
selected for protection of the N-Cys due to the ease with which the Cys residue can be de-
protected for use in the subsequent ligation step.(25) The small size of the ROI peptide enables
easy synthesis and purification of the filter and the pore peptides.

The KesA(70.82) or the KesA®G470) polypeptides were assembled in the C to N direction by two
sequential ligation reactions. In the first ligation reaction to assemble the KcsA(70.82)
polypeptide, the chemically synthesized pore peptide thioester (residues 70-81) was ligated to
the C-terminal peptide (residues 82-160) to form the intermediate peptide (residues 70-160).
A survey of reaction conditions indicated that rapid ligation took place in the presence of
detergents such as SDS (sodium dodecylsulfate) or Fos-12 (n-dodecylphosphocholine) (Fig.
3A). Fos-12 was selected as it does not interfere with the subsequent RP-HPLC purification
step. After the ligation reaction, the Thz protecting group at the N-Cys of the intermediate
peptide was removed by treatment with methoxylamine and the de-protected intermediate
peptide was purified by RP-HPLC and confirmed by ES-MS (Fig. 3B).

In the second ligation reaction, the intermediate peptide (residues 70-160) was ligated to the
N-peptide thioester (residues 1-69) to obtain the full length KcsA polypeptide. Analysis of
commonly used ligation reaction conditions indicated a very low extent of reaction, even in
the presence of detergents such as SDS or Fos-12 that were beneficial for the first ligation step.
Based on published reports that the ligation reaction between membrane spanning peptides is
enhanced in the presence of lipid vesicles, we tested the ligation reaction after incorporating
the N-peptide thioester and the intermediate peptide into POPC (1-Palmitoyl-2-Oleoyl-3-
Glycreo-Phosphatidylcholine) lipid vesicles.(26,27) In POPC vesicles, we observed a rapid
ligation reaction that proceeded to around 50% completion (Fig. 3C). The lipid vesicle
enhanced ligation strategy was therefore used for the second ligation reaction between the
intermediate peptide and the N-peptide thioester to obtain the KcsA(70:82) polypeptide.

The final step of the semi-synthesis is the in vitro folding of the KcsA polypeptide to the native
state. We used the lipid based procedure for the in vitro folding reaction.(11,19) The folding
reaction was carried out on the reaction mixture itself without purification of the KcsA
polypeptide from the reaction mixture. The reduced yield of the folding reaction obtained using
the reaction mixture was offset by the losses that were encountered during the purification of
the KcsA polypeptide prior to the folding reaction. Folding was confirmed by the identification
of a tetrameric protein band on SDS-PAGE (Fig. 3D). The presence of a Hisg tag at the C-
terminus enabled the separation of the folded and the unfolded proteins from the lipid vesicles
using immobilized metal affinity chromatography. The folded tetrameric protein was then
separated from the unfolded molecules and the un-reacted peptides by size-exclusion
chromatography. Starting with 4 mg of the C-peptide, the first ligation step followed by de-
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protection and RP-HPLC purification gave ~1.5 mg of the intermediate peptide, which after
the second ligation step, in vitro folding and purification provided 0.1 mg of the folded semi-
synthetic KcsA(70:82) channel.

The semi-synthetic KcsA®470) channel was assembled using the recombinantly expressed N-
peptide thioester (residues 1-53) and C-peptide (residues 70-160) along with a chemically
synthesized helix peptide (residues 54-69). The assembly, in vitro folding and purification of
the KcsAG470) channel were carried out using the same protocols that were used for generating
the semi-synthetic KcsA(7082) channel.

For functional analysis, the purified semi-synthetic KcsA channels were incorporated into
planar lipid bilayers as previously described.(19) Channel activity for the semi-synthetic KcsA
channels was readily detected. Representative single channel traces for the wild-type channel
and the semi-synthetic channels are shown in Fig. 4. The chord conductance for the semi-
synthetic channels measured at +150 mV is similar to the chord conductance for the wild-type
channel (802 pS for KcsA(70.82), 81410 pS for KesAG470) and 85+9 pS for wild-type KcsA).

The modular semi-synthesis approach was used to investigate H-bond interactions of Trp68 in
the pore helix. The crystal structure of the KcsA channel indicates that Trp68 forms H-bonds
interactions with Thr72 at the base of the pore helix of the same subunit and Tyr78 in the
selectivity filter of the adjacent subunit (Fig 5A).(28) To investigate the H-bond interactions
of Trp68, we replaced it with B-(3-benzothienyl)-L-alanine (3BT). The 3BT side chain is iso-
steric to the Trp side chain but the indole N-H in the Trp side chain, which participates in H-
bond interactions, is replaced by a sulfur atom in the 3BT side chain (Fig. 5A). Thus with the
Trp68—3BT substitution, the H-bond interactions are disrupted while the perturbation of the
VDW interactions of the side chain are expected to be minimal. This is in contrast to the natural
aromatic amino acid substitutions of Tyr or Phe that perturb both the H-bond and the VDW
interactions of the side chain. The 3BT substitution therefore provides us with a precise method
to evaluate the role of the H-bond interactions of Trp side chain.

To substitute Trp68 with 3BT, a helix peptide (residues 54-69) thioester with the desired
substitution was synthesized. The Trp68—3BT substituted helix peptide was used to assemble
the mutant KcsA channels using the modular semi-synthetic approach. Functional analysis of
the Trp68—3BT KcsA channel in planar lipid bilayers indicated that the mutant channels were
functional (Fig. 5B). Comparison to the wild-type channel indicates that the conductance for
the mutant channels (at +150 mV in 150 mM K*) is similar to the wild-type channel with a
conductance of 766 pS for the mutant channels. The K* conductance-concentration profile
for the mutant channel is also similar to the wild-type channel (Fig. 5C) except that the
conductance of the mutant channel is slightly lower at higher K* concentrations. Reversal
potential measurements were used to determine the effect of the 3BT substitution on K*/Na*
selectivity.(29) With 150 mM K* in the internal solution and 130 mM Na* and 20 mM K™ in
the external solutions, the current reverses at —48.3+2.2 mV which is very near the calculated
Nernst potential of —51 mV for the K* gradient (Fig. 5D). This indicates that the Trp68—3BT
KcsA channel is selective for K* over Na* and we can therefore conclude that the H-bond
interactions of the Trp68 side chain are not essential for K* over Na* discrimination.

K* channels also conduct the slightly larger Rb* ions but at lower rates than K*, and the Rb*
conductance of the wild-type KcsA channel is lower than the K* conductance.(30,31) Further,
the Rb* conductance-concentration profile shows no appreciable increase with Rb*
concentration for concentrations > 100 mM, which is different from the profile observed for
K*.(30,31) These observations suggest that the selectivity filter of K* channels is optimized
for conduction of K* over Rb*. Crystallographic analysis of ion binding to the selectivity filter
of the KcsA channel have revealed differences in the occupancy of K* and Rb* ions in the
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selectivity filter. K* ions show equal occupancy at the four ion binding sites while Rb* ions
only occupy sites 1,3 and 4 with negligible occupancy at site 2.(28,30) The structural reason
for the differences in the binding of K* and Rb* ions to the selectivity filter or the permeation
properties of these ions is presently not clear.

A single channel trace for the Trp68—3BT channel in 150 mM Rb* is shown in Fig. 6A.
Comparison to the wild-type indicates that the single channel conductance for the 3BT mutant
channel is ~3 fold higher with a chord conductance of 49+3 pS at +150 mV in 150 mM Rb*
for the 3BT mutant channels compared to 14+2 pS for the wild-type channel. The conductance-
concentration profile for the 3BT mutant in Rb* shows an increase in conductance with
concentration in contrast to the wild-type protein (Fig. 6B). These observations indicate that
the Trp68—3BT substitution, while essentially silent for K* conduction, increases the rate of
Rb™* conduction through the selectivity filter. Based on these results, we can conclude that (in
the wild-type channel) the H-bond interactions of the Trp68 side chain serve to limit Rb*
conduction through the selectivity filter. lon conduction through the selectivity filter is a multi-
step process involving the binding of ions to the selectivity filter, transit through and the release
of ions from the selectivity filter. While we cannot presently attribute the effect of the
Trp68—3BT substitution to a specific step in the conduction process, we speculate that the
disruption of the H-bonds of Trp68 mainly affects the process of transit of Rb* ions through
the selectivity filter.

In conclusion, we have developed a modular approach for the semi-synthesis of the KcsA
K* channel in which the region of interest is obtained by SPPS while the rest of the protein is
obtained by recombinant means. We have developed a sumo fusion strategy for obtaining the
membrane spanning N-Cys peptides and used a sandwich fusion strategy for obtaining the
membrane spanning thioester peptides required for the semi-synthesis. We have used the
modular strategy to assemble semi-synthetic KcsA channels in which either the selectivity
filter or the pore helix was obtained by SPPS.

Using this modular approach, we substituted Trp68 in the pore helix of KcsA with 3BT to
disrupt the H-bond interactions of the side chain. Functional analysis of the Trp68—3BT
mutant demonstrated an increased rate of Rb* conduction but only a marginal effect on K*
conduction. This result indicates that the H-bond interactions of Trp68 optimize the selectivity
filter for K* conduction over Rb*. This study provides a specific example of how the
interactions between the residues forming ion binding sites and the surrounding protein
residues modulate ion conduction through the selectivity filter. We expect that the modular
semi-synthetic approach developed herein will be useful in future investigations to understand
the structural and functional roles of the other non-covalent interactions of residues in the

K* selectivity filter and the pore helix. Further, we anticipate that the modular approach
described will also be applicable to the semi-synthesis of other integral membrane proteins.

Experimental Methods

Expression and purification of N-Cys peptides

The sumo fusion proteins consisted of KcsA channel residues (82—160 with Tyr82—Cys or
residues 70-160 with Val70—Cys) after the Gly98 of the yeast sumo protein.(23) The fusion
proteins also contained the Ala98—Gly substitution which increases the open probability of
the KcsA channel.(12) A thrombin site followed by a Hisg purification tag was introduced
following the KcsA channel sequences. The protein construct was expressed in Escherichia
coli BL21(DE3) cells. For protein purification, the cells were lysed by sonication and the fusion
protein was solubilized by the addition of N-lauryl-sarcosine to 1% (w/v). Triton-X-100 was
then added to 2% (v/v) and the sumo fusion protein was purified using a Co?* affinity column
(Clontech). The purified protein was cleaved using a 1/50 ratio of the sumo protease in the
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presence of 2 mM DTT. The sumo protease used was expressed and purified as previously
described.(32) The N-Cys peptides that were liberated by the sumo protease were purified by
RP-HPLC and confirmed by ES-MS [observed mass for 82—160 N-Cys peptide =10218.5+3.6,
expected = 10220.6; observed mass for 70-160 N-Cys peptide = 11490.4+1.6, expected =
11491.9].

Expression and purification of N-peptide thioesters

A sandwich fusion strategy was used for expression of the N-peptide thioesters.(11) The fusion
proteins consisted of glutathione-S-transferase at the N-terminus followed by a thrombin site,
a strep tag, KcsA channel residues 1-69 or 1-53 followed by the gyrA intein-chitin binding
domain. Expression of the fusion protein in inclusion bodies was carried out in Escherichia
coli BL21(DE3) cells as previously described.(14) Isolation of the N-peptide thioester from
the inclusion bodies was carried out as previously described.(14) The N-peptide thioester was
purified by RP-HPLC and confirmed by ES-MS [observed mass for 1-69 thioester peptide =
8554.4+1.9, expected = 8555.2; observed mass for 1-53 thioester peptide = 6871.1+0.7,
expected = 6871.2].

Chemical Synthesis of ROI peptides

The sequence of the filter peptide is Thz-CETATTVGYGDL-COSR. The sequence of the helix
peptide is Thz-CPGAALISYPDALWWA-COSR. The Trp residue underline was substituted
with 3-BT to generate the Trp68—3BT helix peptide. Synthetic peptide thioesters were
assembled by manual solid phase peptide synthesis on a S-propylamide derivatized 4-
methylbenzylhydralamine (MBHA) resin according to the in situ neutralization/2-(1H-benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) activation protocol for
Boc-solid phase peptide synthesis.(33,34) Following synthesis, the peptides were globally de-
protected and cleaved from the resin using anhydrous HF at 4 °C as previously described. All
the peptides were purified by RP-HPLC and confirmed by ES-MS [observed mass for the filter
peptide = 1328.3 (M+H), expected = 1328.5 (M+H); observed mass for helix peptide = 1833.6
(M+H), expected = 1832.8 (M+H); observed mass for Trp68—3BT helix peptide = 1849.8 (M
+H), expected = 1849.8 (M+H)].

Assembly of the semi-synthetic KcsA channels

Semi-synthesis of the KcsA channel involved the assembly of the polypeptide by two
sequential native chemical ligation reactions followed by in vitro folding of the KcsA
polypeptide to the native state. The first ligation reaction was carried out between the C-peptide
and the ROI thioester peptide. A 10-fold molar excess of the thioester peptide was used and
the ligation reaction was carried out in 0.1 M sodium phosphate buffer, pH 7.4, 1% Fos-12.
The reaction was initiated by the addition of thiophenol to 2% and incubated at 37 °C. The
reaction was monitored by SDS-PAGE and was usually complete (~90%) in 24 hours. The
intermediate peptide that is formed carries a Thz protected Cys residue at the N-terminus. The
N-Cys was de-protected by treatment with 0.25 M methoxylamine, 5 mM TCEP, 10 mM
methionine, overnight at room temperature.(25) The de-protected intermediate peptide was
purified by RP-HPLC and confirmed by ES-MS [KcsA(7082) intermediate peptide: observed
=11430.2+2.1, expected = 11431.9; KcsAG479) intermediate peptide: observed = 13206.3
+2.1, expected = 13207.9; KcsA®G470) intermediate peptide with the Trp68—3BT substitution:
observed = 13223.2+1.9, expected = 13224.9].

The second ligation reaction between the intermediate peptide and the corresponding N-peptide
thioester was carried out in POPC (1-Palmitoyl-2-Oleoyl-Glycero-3-Phosphatidylcholine)
lipid vesicles. The peptides at ~1 mg/mL were reconstituted into POPC lipid vesicles (10 mg/
mL in 0.1 M Sodium Phosphate, pH 7.4) and the ligation reaction was initiated by the addition
of sodium mercaptoethanesulfonic acid (MESNA) to 0.1 M. The reaction was carried out at
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37 °C and monitored by SDS-PAGE. The reaction generally proceeded to around 50%
completion after overnight incubation.

Folding reactions were carried out on the second ligation reaction mixtures without further
purification. For folding, the POPC lipid vesicles which contain the ligation product was
solubilized by the addition of SDS to 1% and reduced by the addition of DTT to 0.1 M. Folding
of the KcsA polypeptide was initiated by a 10-fold dilution into Soybean phosphatidylcholine
vesicles (Avanti Polar Lipids, 20 mg/mL in 50 mM 2-morpholinoethanesulfonic acid pH 6.4,
0.3 M KCI, 10 mM DTT). The mixture was sonicated in a water bath sonicator and then
incubated at room temperature. The extent of folding was monitored by the appearance of a
tetramer band on SDS-PAGE.(19)

Purification of semi-synthetic KcsA channels

For purification of the folded semisynthetic KcsA channels, the folding reaction was initially
dialyzed against 50 mM Tris pH 7.5, 150 mM KCI for removal of DTT. The folding mixture
was then solubilized by the addition of 40 mM decylmaltoside (DM, Anatrace) and the proteins
were purified from the lipids on a Co2* affinity column (Clontech). The folded tetrameric semi-
synthetic KcsA channels were separated from the unfolded monomeric protein and the un-
ligated peptides by size exclusion chromatography on a Superdex 200 column using a running
buffer consisting of 50 mM Tris pH 7.5, 150 mM KCI and 10 mM DM. The semi-synthetic
KcsA channels were reconstituted into lipid vesicles as previously described.(19)

Electrophysiological studies

The recombinant and semi-synthetic KcsA channels were reconstituted into lipid vesicles
composed of 1-Palmitoyl-2-Oleoyl-Glycero-3-Phosphatidylethanolamine (POPE) (7.5 mg/
mL) and 1-Palmitoyl-2-Oleoyl-Glycero-3-Phosphatidylglycerol (POPG) (2.5 mg/mL) at a
protein to lipid ratio of 1:400 for singe channel measurements and a ratio of 1:50 for multi-
channel, macroscopic currents used for reversal potential measurements. Channel activity was
measured using planar lipid bilayers as previously described.(20) For the reversal potential
measurements, the leak currents were determined by blocking the current through the channel
with 5uM agitoxin,, which was added to the external side.(35) Recombinant agitoxin, was
expressed and purified as previously described.(36)
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'
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Folding

Fig. 1. The modular semi-synthesis of the KcsA channel

The KcsA polypeptide is synthesized by two sequential ligation reactions. The first ligation
reaction between a recombinantly expressed C-peptide and a chemically synthesized region of
interest (ROI) peptide yields the intermediate peptide. The Thz protecting group (green sphere)
on the N-terminal Cys of the intermediate peptide is removed and the de-protected intermediate
peptide is ligated to a recombinantly expressed N-peptide thioester to yield the KcsA
polypeptide. The KcsA polypeptide is folded in vitro to the native state. The modular strategy
can be used to assemble semi-synthetic KcsA channels in which the selectivity filter (left) or
the pore helix (right) is obtained by chemical synthesis. The protein segments obtained by
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chemical synthesis are colored red while the protein segments obtained by recombinant means
are colored grey. The ligation sites are represented by yellow spheres.
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Fig. 2. The Sumo fusion-proteolysis strategy for obtaining membrane spanning N-Cys peptides
a) The peptide of interest is expressed as a sumo fusion. The fusion protein is cleaved by the
sumo protease to generate the desired N-Cys peptide that is purified by RP-HPLC. b) SDS-
PAGE of the sumo fusion protein (lane 1) and the proteolysis reaction (lane 2) with P, sumo
protease; S, sumo protein; C, N-Cys KcsA (82-160) C-peptide. ¢) ES-MS of the purified N-
Cys KcsA peptide (82-160). Inset, reconstructed spectrum (Expected mass = 10220.6).
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Fig. 3. Semi-synthesis of KcsA(70.82)

a) SDS-PAGE of the first ligation reaction between the C-peptide (C, residues 82-160) and
the filter peptide (residues 70-81) to form the intermediate peptide (1, residues 70-160) at 0
min (lane 1) and 24 h (lane 2). b) ES-MS of the intermediate peptide. Inset, reconstructed
spectrum (Expected mass = 11431.9). ¢) SDS-PAGE of the second ligation reaction between
the N-peptide thioester (N, residues 1-69) and the intermediate peptide to form the KcsA
polypeptide at 0 min (lane 1) and 24 h (lane 2). d) SDS-PAGE showing the folding of semi-
synthetic KcsA by lipids. The unfolded monomeric (M, which corresponds to the KcsA
polypeptide, P) and the folded tetrameric KcsA (T) are indicated.
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Fig. 4. Single channel activity of semi-synthetic KcsA

Single channel traces for the wild-type (WT) KcsA channel, the semi-synthetic KcsA(70:82)
and KcsA(3470) channels recorded at +150 mV in 10 mM succinate/150 mM KCI (pH 4.0)
inside and 10 mM HEPES/150 mM KCI (pH 7.5) outside are shown.
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Fig. 5. The KcsA(Trp68—3BT) channel

a) Close-up view of the selectivity filter. The peptide backbone of residues 68—80 and the side
chains of residues Trp68 and Thr72 from one subunit and Tyr78 from an adjacent channel
subunit that are involved in a H-bond network are shown in stick representation (pdb code:
1k4c). K* ions are shown as magenta spheres. b) Representative single channel traces of the
KcsA(Trp68—3BT) channels recorded at +150 mV in 10 mM succinate/150 mM KCI (pH 4.0)
inside and 10 mM HEPES/150 mM KCI (pH 7.5) outside. c¢) Single channel current at +150
mV as a function of the K* ion concentration for KcsA(Trp68—3BT) (A) and wild-type KcsA
(o). Solid lines have no theoretical meaning. d) Macroscopic currents recorded using 10 mM
succinate and 150 mM KCI (pH 4.0) as the internal solution, and 10 mM HEPES, 20 mM KClI,
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and 130 mM NaCl (pH 7.5) as the external solution are plotted against the voltage applied to

determine the reversal potential (calculated reversal potential = —51 mV, measured = —48.3
2.2 mV).
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Fig. 6. Rb* conduction by KcsA(Trp68—3BT) channels

a) Representative single channel traces of the KcsA(Trp68—3BT) or wild-type KcsA channels
recorded at +150 mV in 10 mM succinate/150 mM RbCI (pH 4.0) inside and 10 mM HEPES/
150 mM RbCI (pH 7.5) outside. b) Single channel current at +150 mV as a function of the
Rb* ion concentration for KcsA(Trp68—3BT) (A) and wild-type KcsA(o). Solid lines have
no theoretical meaning.
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