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Abstract

The selectivity filter of K* channels comprises four contiguous ion binding sites, S1 through S4.
Structural and functional data indicate that the filter contains on average two K* ions at any given
time and that these ions reside primarily in two configurations, namely to sites S1 and S3 or to sites
S2 and S4. Maximum ion flux through the channel is expected to occur when the energy difference
between these two binding configurations is zero. In this study, we have used protein semisynthesis
to selectively perturb site 1 within the filter of the KcsA channel through use of an amide-to-ester
substitution. The modification alters K* conduction properties. The structure of the selectivity filter
is largely unperturbed by the modification, despite the loss of an ordered water molecule normally
located just behind the filter. Introduction of the ester moiety was found to alter the distribution of
K*, Rb* and Cs* within the filter, with the most dramatic change found for Rb*. The redistribution
of ions is associated with the appearance of a partially hydrated ion just external to the filter, at a
position where no ion is observed in the wild type channel. The appearance of this new ion-binding
site creates a change in the distance between a pair of K* ions some fraction of the time, apparently
leading to a reduction in the ion conduction rate. Importantly, this finding suggests that the selectivity
filter of a potassium channel is optimized both in terms of absolute ion occupancy and in terms of
the separation in distance between the conducting ions.

Potassium channels are tetrameric proteins that conduct K* across cellular membranes,

selectively and at very high rates.1 All K* channels contain a highly conserved stretch of amino

acids, the signature sequence (T/S)XG(Y/F)G, that lines the narrowest part of the ion
conduction pathway, referred to as the selectivity filter (Figure 1A). The selectivity filter

contains four sequential K* binding sites, S1 to S4, each of which is formed by eight oxygen
atoms, which surround K* similar to an inner shell of water molecules when the ion is hydrated.
2,3 This form of molecular mimicry is at the heart of selective ion conduction by the channel;
binding of K*, but not other ions such as Na*, to the protein offsets the energetic cost of
dehydration. High-resolution structural studies indicate that, in the conducting state, the
selectivity filter contains two K* ions at any given time and that the occupancy of each of the
four binding sites is around one half.4 S Based on several lines of evidence,4' 5 two discrete
binding configurations are thought to dominate: in the (S1,53) configuration K* ions occupy
positions S1 and S3 with water molecules at the other sites, while in the (S2,S4) configuration
K* ions occupy positions S2 and S4 with, again, intervening water molecules (Figure 1B). lon
movement between these conducting states is likely concerted, that is to say the two ions in
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the filter are kinetically coupled. Simulations predict that maximal ion flux through the filter
is achieved when the two states are energetically equivalent. This effect can be understood at
an intuitive level by realizing that the energy difference between the two configurations
represents an energy barrier that must be overcome when the (S1,S3) and (S2,54)
configurations interconvert during the throughput cycle.

The above model of ion conduction predicts that perturbation of ion binding at one site in the
selectivity filter should be felt at the coupled site. This is, in fact, observed for the T75C mutant
of the bacterial potassium channel, KcsA, in which a reduction of ion occupancy at site 4 is
accompanied by a diminution of ion occupancy at site 2.6 That study exploited that fact that
four of the eight oxygen atoms in site 4 are contributed by the side-chain of Thr75, which is
part of the signature sequence, and is accessible to modification using conventional
mutagenesis. Extending this type of structure-activity analysis to positions S1-S3 is non-trivial
since they are constructed exclusively from backbone amide carbonyl oxygen atoms (Figure
1B). Techniques of chemical synthesis, rather than conventional mutagenesis, are better suited
to problems of this type.7’ 8 For example, amide-to-ester substitutions have been widely used
by chemists as a way of engineering the backbone of proteins.g‘12 This isosteric substitution
alters the hydrogen bonding characteristics of the backbone and, of particular relevance to the
present study, reduces the electronegativity of the carbonyl oxygen by roughly one half as
compared to a typical amide.13 Thus, incorporation of an ester linkage within the selectivity
filter of a channel would be expected to alter K* binding and hence conduction.

The nonsense suppression approach has previously been used to incorporate backbone esters
into the filter of the inward rectifier K* channel, Kir2.1.14 The tyrosine residue in the signature
sequence was replaced with a-hydroxytyrosine. This substitution is expected to perturb both
site 1 and site 2 in filter and indeed was found to reduce the conductance rate and mean open
time of the channel. This functional study did not, however, examine the effects of the ester
substitution on the structure or ion occupancy of the filter. Thus, the origins of the observed
changes in channel conduction could not be determined. In the present study we have used
protein semisynthesis to perturb selectively position S1 within the filter of the KcsA channel,
also through use of an amide-to-ester substitution. The consequences of this modification on
the structure and function of the channel have been investigated using electrophysiology and
x-ray crystallography. Overall, these studies reveal that subtle alterations in the electronics and
hydrogen bonding characteristics of the selectivity filter can lead to significant changes in the
binding and conduction of ions.

Materials and Methods

Chemical synthesis of depsi-peptides

Synthetic C-peptides corresponded either to residues 69-122 (with substitutions S69C and
A98G) or residues 70-122 (with the substitution V70C) of KcsA and in both cases contained
an ester linkage between residues Y78 and G79. The depsi-peptides were assembled by manual
solid phase peptide synthesis using a slightly modified version of the in situ neutralization/
HBTU (2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate)
activation protocol for Boc chemistry, as previously described.1® The ester linkage was
incorporated as follows: Glycolic acid (2.2 mmoles) dissolved in 4 mLs of DMF:DCM (1:1)
was activated with DIC (diisopropy! carbodiimide) (2.0 mmoles) in the presence of HOBT (N-
hydroxybenzotriazole) (2.4 mmoles) at 0 °C for 15 min. The mixture was then added to the
resin in the presence of 0.8 mmoles NEM (N-ethyl morpholine) and coupled for 10 min at RT.
The resin was then treated with a solution consisting of ethanolamine (16.3 mmoles) and
H>0 (5% v/v) in DMF for 30 min. This procedure resulted in removal of the formy! protecting
groups on the Trp residues and also eliminated any instances of double coupling of glycolic
acid through hydrolysis of the resulting ester bond. (In initial work, generation of the ester side-
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product was found to be a serious problem). Boc-Tyr(2,6-dichloro-Z)-OH was then coupled
to the alcohol using first DIC and then PyAOP ((7-azabenzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate) as the activating agents in a double coupling
procedure. Further chain assembly was carried out as previously described. 16 Protocols for
cleavage of the peptide from the resin and side chain deprotection using anhydrous HF and
purification of the peptide using RP-HPLC have been previously described and were used
without modification. 16

Purification of the N-peptide a-thioester

A dual fusion strategy was used for the expression of the N-peptides.16 The constructs
consisted of KcsA residues 1-68 or 1-69 sandwiched between Glutathione-S-transferase
(GST) at the N-terminus and the gyrA intein-chitin binding domain at the C-terminus. Bacterial
expression and initial isolation of the fusion protein from inclusion bodies were carried out as
previously described.16 Minor modifications to our published cleavage and purification
protocol were made in order to improve the final yield of protein, most notably the order of
removal of the GST and intein tags was reversed. In addition, a tricholoroacetic acid
precipitation step (10% at 0 °C) was introduced following removal of the GST tag. Washing
of the resulting precipitate with ice cold acetone was found to efficiently remove Triton X-100
detergent allowing superior protein recovery from the subsequent RP-HPLC purification step.

Semisynthesis of KcsAester

Two versions of KcsA®Ster were prepared and involved the ligation of complementary N- and
C-peptides using previously optimized conditions.16 Semisynthetic KcsASS®" analogues were
folded and purified essentially as described, 1’ except that the purification steps were carried
out at 4 °C and the concentration of KCI in the buffers was increased to 0.3 M from 0.15 M.

Electrophysiology

KcsASSte and the semisynthetic KcsA (also truncated at residue 122 and containing a A98G
mutation, referred to as wild-type throughout) were reconstituted into lipid vesicles composed
of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE, 7.5 mg/ml) and 1-palmitoyl-2-
oleoyl-phosphatidylglycerol (POPG, 2.5 mg/ml).4 For measurements of single channel
activity, the lipid vesicles were fused with planar lipid bilayers composed of POPE (15 mg/
ml) and POPG (5 mg/ml) painted over a 50 um hole in overhead transparency film separating
the internal and external solutions.18 The recording solutions used consisted of 10 mM
succinate, pH 4.0, 150 mM KCI on the internal side and 10 mM HEPES, pH 7.0, 150 mM KClI
on the external side. At least two conductance states were observed for KcsA®Ste and the wild
type control. Data reported are for the larger conductance state.

Crystallization of the KcsA®ster

The KcsA-1gG was purified from mouse hybridoma cell culture supernatant and the Fab
fragment was obtained by papain proteolysis as previouslg described.3 A complex of
KcsAESte" with Fab was formed using published protocols® and crystallized in the presence of
300 mM KClI at 20 °C using the sitting drop method. For each drop, concentrated KcsASSter-
Fab complex (7-15 mg/mL) was mixed with an equal volume of reservoir (20-25% PEG400,
50 mM magnesium acetate, pH 5.5-7.5). Cryo protection was achieved by increasing the PEG
concentration in the reservoir to 40%. All crystals were flash frozen in liquid nitrogen cooled
liquid propane for data collection. For crystallization in the presence of RbCI, the KcsA®Ster-
Fab complex was prepared in buffers containing KCI and then dialyzed against a buffer
containing 300 mM RbCI prior to crystallization. Crystals of the KcsAES®'-Fab complex in the
presence of CsCl were obtained as follows; crystals of the KcsA®S®'-Fab complex grown in
the presence of 300 mM KCI were washed 2x in a similar solution containing 300 mM CsCl,
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incubated overnight in the presence of 0.3M CsCl and then cryoprotected by increasing the
PEG concentration in the reservoir to 40%.

Crystallographic Analysis

Results

Data were collected at beam line X25 of the National Synchrotron Light Source, Brookhaven
National Laboratory. The data were processed and scaled using Denzo and Scalepack from the
HKL program suite.19 The structures were solved by molecular replacement using the
published KcsA-Fab structure (PDB code: 1K4C). The model obtained after molecular
replacement was modified to incorporate the amino acid substitutions that are present in the
ester mutant. The model was then refined by cycles of manual rebuilding using the program
020 and refinement using CNS.21 One dimensional electron density profiles were obtained
as follows. For the purposes of comparing the electron density in the ester mutant to the wild
type protein, the data sets for the ester mutant were scaled to 2.25 A for the K* data set, 2.4 A
for the Rb* data set and 2.75 A for the Cs* data set using the corresponding wild type data set
as the reference set. An Fo—F omit map was then calculated using the refined model with ions
and the selectivity filter residues removed as previously described.#> The one dimensional
electron density profile was obtained by sampling the omit map along the central axis of the
selectivity filter using Mapman.22 Coordinates of the KcsA®S®"-Fab complexes have been
deposited in the protein data bank.

Semisynthesis of an ester analogue of KcsA

The goal of this study is to determine the effects on structure and function of perturbing a single
K* binding site within the selectivity filter of KcsA using an amide-to-ester substitution. Of
the four backbone amides in the filter, only that between Tyr78 and Gly79 contributes to a
single ion binding site, namely site 1 (Figure 1B). Hence, the peptide bond between Tyr78 and
Gly79 was selected for replacement with an ester bond. We have previously reported the
semisynthesis of a truncated but functional form of KcsA.16: 17 These protocols provide
chemical access to the selectivity filter of KcsA and were used to replace the amide bond
between Tyr78 and Gly79 with an ester bond. Briefly, the synthesis employed expressed
protein ligation to assemble the target molecule from a recombinant N-terminal fragment
(residues 1-68) and a synthetic C-terminal fragment (residues 69-122) containing the desired
S1ester linkage (Figure 2A). The ligation product was folded to the tetrameric state using lipid
vesicles (Figure 2B).

The presence of a Hisg tag on the N-terminus enabled initial purification of the folded and
unfolded protein from the lipids using metal affinity chromatography. The folded tetrameric
protein was then separated from the unfolded molecules and unreacted peptides using gel
filtration chromatography. ES-MS of the purified protein indicated the expected mass for
KcsA-Y[COQ]-Gly79 (Figure 2D).

Unlike wild type KcsA, which migrates as a native tetramer on SDS-PAGE over a range of
temperatures,23 the KcsA-P[COO]-Gly79 analogue (hereafter referred to as KcsASStEn)
migrates predominantly as a monomer at RT (data not shown) and as a mixture of monomeric
and tetrameric states at 4 °C (Figure 2C). This finding reflects lower stability of KcsA®Ster
compared to the wild type channel. Similar behavior has been observed for a number of KcsA
mutants with substitutions around the selectivity filter.16, 24

Single channel activity of KcsAester

We reconstituted the purified folded KcsA®S® protein into planar lipid bilayers for
measurement of electrical activity. Single channel activity for the KcsA®S®" protein was readily
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detected. Representative single channel traces of the ester and wild type proteins are shown
(Figure 3A). The S1-ester substitution in the KcsA filter lowers the single channel conductance:
current-voltage curves show that the zero-voltage conductance of KcsA®Ste! is approximately
50% that of the wild type channel. Notably, the shape of the current-voltage curve is strongly
affected by the presence of the ester (Figure 3B). At large positive (> 100 mV) and large
negative (< —100 mV) membrane voltages current through the wild type channel is nearly
voltage independent, whereas the ester mutant exhibits a nearly linear dependence on voltage.

The single channel current at +200 mV was measured as a function of K* concentration in the
KcsAESte analogue and wild type KcsA (Figure 3C). The wild type channel current increases
in a nearly linear fashion over the range of 50-500 mM KCI, with no indication of leveling
off. This linear regime is a feature of many K* channels 18andis expected if the two K* binding
configurations, (1,3) and (2,4), are energetically balanced and if the rates of transition between
the configurations is rapid compared to the rate of entry of a third ion from squtlon (which
must occur in association with the exit of an ion from the opposite side of the f||ter) In contrast,
the current through the KcsA®Ster channel is smaller and increases only slightly over the same
K* concentration range. Indeed, the K* current nearly levels off with a maximum value that is
much lower than for the wild type channel. This * saturatlon is reminiscent of the Rb*
conduction-concentration curve of the wild type channel? and of the K* conduction-
concentration curve of the T75C mutant of KcsA.5 In both these cases, the observed effects
on conduction were attributed in part to loss of the energetic equivalency of (1,3) and (2,4)
conflguratlons.4 Of note, the Rb* conduction properties of the KcsAES®" channel were also
measured (data not shown) and were found to be very similar to those of the wild-type channel.

Crystallization of the KcsA®Ste" channel

To characterize the effects of the amide-to-ester replacement on ion binding to the selectivity
filter we determined the crystal structure of the KcsA®St" channel in the presence of K*, Rb*
and Cs*. The semisynthetic protein used in these crystallographic studies differed slightly from
that used in the preceding functional studies. Firstly, the ligation site employed in the
semisynthesis was moved to between S69 and V70, with these two residues being replaced
with Alaand Cys, respectively. This adjustment significantly improved the yield of the ligation
product, providing sufficient material for crystallographic analysis. Secondly, we reversed the
A98G mutation |n the inner helix, which permits electrophysiological measurements on the
truncated proteln 7 This change afforded protein crystals that diffracted to higher resolution.
Crystals of the KcsAESter channel were grown as a complex with an antibody Fab fragment as
previously described.3

Structure of the KcsA®Ste' channel

The structures of the KcsA®S®" analogue in the presence of K¥, Rb* and Cs* were solved by
molecular replacement using the wild type KcsA-Fab structure (pdb code, 1K4C) as a search
model. The structures containing K* and Rb* were both refined to 2.25 A resolution, while the
Cs* containing structure was refined to 2.75 A resolution. Data collection and structure
refinement statistics are given in Table 1. Overall, the KcsAESter structure is very similar to that
of the wild type channel determined at 2.0 A resolution.3 The root mean square deviation
(rmsd) between the KcsAESe and wild type KcsA structures in the presence of K* is 0.60 A
over the backbone and 0.64 A for all non hydrogen atoms. An electron density map calculated
using Fourier coefficients (2F,—F¢), for the selectivity filter of the KcsA®S®" analogue in the
presence of K* (Figure 4A), and the refined model (Figure 4B), show that the selectivity filter
region of KcsA®S®' s nearly identical to that of the wild type channel.

Amide-to-ester substitutions have been widely used in protein engineering,g_12 however,
there has only been one high-resolution structure of an ester-containing protein reported to
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date, a synthetic analogue of a small domain from a serine proteinase inhibitor.2® In this case,
the ester bond was found to be trans-planar. Based on analysis of the F, — F¢ electron density
omit map (with residues 77 to 80 omitted), the ester linkage between residues 78 and 79 is also
in the trans conformation (Figure 5A), although we cannot rule out minor deviations from
planarity. Also of note was the electron density corresponding to the ligation site (Figure 5B).
In the Fy—F electron density omit map (with residues 68 to 71 omitted) of this region, the
peptide backbone is clearly defined and confirms that an amide bond has indeed been formed
between Ala69 and Cys70 and that the L-stereoisomer of Ala69 is present.

Replacement of an amide bond with an ester results in the removal of a hydrogen bond donor.
In the wild type channel, the G79 amide donates a hydrogen bond to a highly ordered water
molecule located in the protein core surrounding the selectivity filter (Figure 6A, B). This
buried water molecule mediates a hydrogen bond network that may play a role in stabilizing
the filter (Figure 6A, B). Thus, we were keen to see the effect of the ester modification on this
region of the protein. We did not observe electron density corresponding to this buried water
molecule in any of the three KcsA®SE' structures. Electron density is shown for the KcsA®Ster
analogue in the presence of K* (Figure 6C). The absence of defined density for the water
molecule in our structures indicates that the water molecule is no longer present or that it is
disordered. Despite the apparent absence of the water molecule, we see that the positions of
protein atoms remain essentially unchanged (Figures 4B).

Of particular interest are the positions of Glu71 and Asp80. In the wild type KcsA structure,
the side-chains of these residues are within hydrogen bonding distance of the ordered water
molecule, but are also close enough to form a direct carboxyl-carboxylate hydrogen bond
(Figure 6B). Mutagenesis studies suggzest that the Glu71-Asp80 interaction is important for the
stability of the native KcsA tetramer. 4 The KcsA®Ster tetramer is destabilized relative to the
wild type, as evidenced by the dissociation of subunits into monomers on SDS PAGE, raising
the possibility that the carboxyl-carboxylate interaction is disrupted. This is clearly not the
case. In fact, the carboxyl-carboxylate hydrogen bond is slightly shorter in the KcsA®ester
structures compared to the wild type KcsA structure (Figure 6B, 6D): 2.63 A in wild type
KesA3vs. 2.51 A (K+) and 2.55 A (Rb*) in the KcsASSE® structures. The Cs* KesASSt! structure
was not included in this comparison because of its lower resolution.

Distribution of ions in the KcsA®SteT filter

The amide-to-ester substitution has significant effects on the distribution of K*, Rb* and Cs*
ions in the selectivity filter. Electron density corresponding to K* ions bound in the selectivity
filter is shown for wild type KcsA (Figure 7A) and for KcsA®Ste" (Figure 7B). A smaller peak
of electron density is observed at site 1 of the ester filter relative to that of the wild type,
suggesting lower K* occupancy at this site. In contrast, the electron density at sites 2—4 is not
significantly altered. The magnitude of peaks can be appreciated in one-dimensional electron
density profiles, which suggest that K* occupancy at site 1 has been reduced by ~50% in the
ester channel (Figure 7C).

In addition to differences in the distribution of ions within the filter, important information is
also provided by ester-induced changes in the electron density for ions just outside the filter,
at its entryway. In the K* complex of the wild type channel, two electron density peaks at the
external entryway, labeled S-1 and SO in Figure 7A,C, were explained on the basis of (S1,S3)
and (S2,54) configurations within the filter. Specifically, a K* ion at the external entryway was
proposed to reside at S-1 when two ions inside the filter reside at the S1 and S3 positions

((S1,S3) configuration) and at SO when two filter ions reside at the S2 and S4 positions ((S2,54)
configuration). In the ester mutant two ions at the entryway are not clearly present. Rather, one
peak of density ‘outside’ the filter is near to S1, as if the location of the S1 ion is split between
its normal (S1) position and a new (S0.5) position, which is shifted slightly toward the external
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solution (Figure 7C). Thus, it appears as if the S1 ion of the wild type channel is distributed
over S1 and S0.5 positions in KcsA®S®r (see discussion).

The ester substitution also changes the distribution of Rb* and Cs™ ions in the selectivity filter
(Figure 8). The consequences are most dramatic for Rb*. In the wild type channel, Rb* ions
are observed at sites 1, 3 and 4, but essentially not at all at site 2.4 5 In the case of the
KcsAESt channel, we see strong electron density peaks at sites 2, 3 and 4, but, conversely,
very little density at site 1 (Figure 8A). This change in Rb* occupancy is clearly seen in the
one dimensional electron density profiles of the wild type and KcsAES®" channel structures
(Figure 8B). In addition to the changes within the filter, we also see the appearance of new
electron density in the entryway to the pore of the KcsA®Sr channel. This density is quite broad
but has a strong peak at a position between sites SO and S1. The amide-to-ester substitution
appears to have only a small effect on the binding of Cs* ions in the selectivity filter (Figure
8A, B). Careful comparison with the wild type channel shows that for Cs* the three peaks of
electron density are very slightly shifted toward the intracellular side in the KcsA8S®" channel
structure and the first peak is reduced and somewhat broadened (Figure 8A, B).

Discussion

The conduction properties of potassium ion channels are exceptionally sensitive to mutations
within the selectivity filter,26 reflecting the fact that the steric and electronic properties of this
region of the channel are critical to ion conduction. The goal of the present study is to evaluate
the structural and functional consequences of an amide to ester substitution. This form of
mutation is much more subtle than any protein alteration achievable through amino acid
substitution and allows us to examine the role of main chain oxygen atoms in the K* selectivity
filter.

Esters are excellent peptide bond isosteres since they display a strong preference for the trans
conformation, although the rotational barrier for an ester bond is somewhat smaller than for
an amide (10-15 kcal mol™ vs. 18-21 kcal mol‘l).27 An amide-to-ester substitution has two
consequences for hydrogen bonding; a hydrogen bond donor is deleted by replacing the amide
NH with an ester oxygen and a hydrogen bond acceptor is weakened by replacing the amide
carbonyl with an ester carbonyl. 0 \We observe that the KcsASSEe" tetramer is less stable than
the wild type KcsA tetramer (Figure 2C). It is tempting to attribute this reduction in stability
solely to changes in hydrogen bonding, particularly since we see the complete disappearance
of electron density corresponding to a buried water molecule that normally accepts a hydrogen
bond from the G79 amide (Figure 6). Such an interpretation is, however, over simplistic since
it does not take into account possible effects of the amide-to-ester substitution on solvation,
van der Waals interactions, conformational entropy and electrostatics. While some of these
effects might be small, especially the van der Waals and entropic contributions, 10 the change
in electrostatics caused by amide-to-ester substitution is likely to be a contributing factor to
the lower stability of KcsA®S®" particularly since K* binding to the selectivity filter is
significantly altered (Figure 7).

An unexpected consequence of the amide-to-ester replacement is a reduction in the length of
the Glu71-Asp80 carboxyl-carboxylate hydrogen bond (Figure 6B, D). In the wild type
channel, the length of this carboxyl-carboxylate hydrogen bond is in the upper range of that
typically seen for carboxyl-carboxylates (average ~ 2.5 A), whereas in the ester analogue the
bond length is closer to the expected distance.28 Itis interesting that shortening of the carboxyl-
carboxylate hydrogen bond should accompany the loss of the ordered water molecule in the
protein core next to the filter. One interpretation of this is that the hydrogen bonds from the
buried water molecule compensate for, and perhaps lead to, a weaker carboxyl-carboxylate
hydrogen bond. With this in mind, we note that the 5-oxygen of Asp80 appears to hydrogen
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bond to both the Glu71 carboxyl group and the buried water in the structure of the wild type
channel (Figure 6B). The absence of the water in the KcsA®S®" structure suggests that this
oxygen no longer acts as a bifurcate hydrogen bond acceptor, possibly leading to a stronger
carboxyl-carboxylate hydrogen bond (Figure 6D). It is also conceivable that the ionization
properties of the carboxyl-carboxylate pair are altered by the absence of the buried water
molecule. One possibility is that in the wild type channel there is exchange between a carboxyl-
carboxylate-water configuration and a carboxylate-carboxylate-hydroxonium configuration.
In other words, the proton might actually be shared between the two carboxylates and the water.
Intuitively, this would lead to a net lengthening of the carboxyl-carboxylate bond for
electrostatic reasons. Additional analysis, perhaps employing quantum mechanical
calculations, will be required to explore this idea further.

The conductance of KcsA®Ster channel is lower than the wild type channel as indicated by single
channel measurements in planar lipid bilayers (Figure 3A). At positive voltages, the K* current
through the KcsA&S® channel is approximately 50% that of the wild type (Figure 3B). The
amide-to-ester substitution also leads to a pronounced saturation in the K* conductance-
concentration curve (Figure 3C). Such abehavior has been observed previously in two contexts:
Rb™* conduction through wild type KcsA 4 and K* conduction through the T75C mutant of
KcsA.B In these cases, the effect was explained in terms of a loss in energetic equivalency of
the two ion binding configurations. The amide-to-ester substitution does not alter the backbone
structure of the filter (Figure 4B); the backbone rmsd for the wild type KcsA and KcsASSter
structures from residue 75 to residue 80 is 0.15 A. Thus, the change in K* conductivity must
be related to the altered electronic properties of the filter resulting from the reduced
electronegativity of the ester carbonyl oxygen.l

Crystallographic analysis shows that the ion occupancy of KcsA®Ste is altered compared to the
wild type channel: K* ion electron density at S1 is reduced by about 50% (Figure 7). This
reduction is qualitatively consistent with the diminished electronegativity of the S1 binding3
site due to the smaller dipole moment of an ester compared to an amide (1.7 D vs. 3.5 D).1
The reduction appears to come about through a shift of the outermost K* ion (S1 in wild type)
to the S0.5 position some fraction of the time (in other words, in some fraction of channels in
the crystal) (Figure 7C). This shift implies that in KcsA®S®" a partially hydrated K* ion at S0.5
is almost equally stable as a dehydrated K* ion at S1. It is likely relevant that the dipole moment
of a water molecule (1.8 D) is close to that of an ester.13 So we think that the amide-to-ester
conversion at site 1 of the channel tends to give the K* ion to the partially hydrated S0.5
position. This interpretation of the K* ion electron density in KcsA®S®" implies the existence
of three prevalent ion configurations ((S0.5, S3), (S1, S3) and (S2, S4)) instead of the two ((S1,
S3) and (S2, S4)) that dominate in wild type KcsA. Altered K* conduction in KcsAESE could
therefore be described not simply as a result of a shift in energy equality of (S1, S3) and (S2,
S4) configurations, but as the creation of a (S0.5, S3) configuration that replaces the (S1, S3)
configuration some fraction of the time.

What consequence would such a change have on ion conduction? Rates are not predictable
from structure alone, however, it is apparent that instead of having a conduction cycle in which
the filter fluctuates between (S1,S3) and (S2,54) configurations it will sometimes fluctuate
between (S0.5,53) and (S2,S4) configurations. As long as the throughput rate is influenced by
the transitions between configurations of paired ions in the filter (which is thought to be the
case4) then the creation of a new configuration is expected, except under very special
circumstances, to alter the conduction rate. Why in mechanistic terms might the rate be
reduced? One likely possibility is that the (S0.5,S3) configuration has an ‘unnatural’ spacing
between the pair of ions (i.e. center-to-center spacing between the pair of ions is 9.2 A for the
(S0.5,S3) configuration compared to 6.6 A and 6.5 A for the (S1,S3) and (S2,S4)
configurations, respectively). Among other effects, a change in distance between the ions will
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influence the electrostatic interaction between them. The observed effects of the ester
substitution on the ion distributions in the filter and on conduction rates leads us to propose
that equal spacing of ions in the selectivity filter is an important aspect of high conduction rates
through K* channels.

The occupancy of Rb* and Cs™ ions is also altered in the KcsASS" channel (Figure 7). The
effect is most dramatic for Rb*, in which case we see strong peaks of ion electron density at
sites 2, 3and 4 in the KcsA®Ster channel, as compared to sites 1, 3 and 4 in the wild type channel.
We also observe new Rb™* ion electron density centered between site Sg and S1 in the
KcsAESe structure, analogous to the situation with K*. Indeed, the K* and Rb* electron density
profiles are quite similar in the KcsA8St" channel. It is likely that creation of a S0.5 Rb* binding
site in the KcsA®Ser channel is at least partly responsible for the similarities in Rb* and K*
conduction. A change in ion occupancy is also observed for Cs*, though the effects are less
obvious than for K* and Rb*. It may be that Cs*, having the largest radius and lowest charge
density, may be less sensitive to perturbations of binding site electronegativity.

In summary, we have analyzed the functional and structural consequences of an amide-to-ester
substitution at the outermost position of the K* selectivity filter. The perturbation causes a
water molecule that forms a hydrogen bond with the amide nitrogen in the wild type channel
to disappear. The protein atoms maintain their wild type positions and thus the main effect on
ions in the selectivity filter should be mediated by the reduction of the dipole moment of the
carbonyls that form the K* binding site. The conductance of the channel is reduced, as is the
occupancy of the binding site. The reduction of the occupancy comes about because the K*
ion tends to shift to a position in which it can become partially hydrated. This change in ion
configuration is expected to effect the normal through-put cycle of K* conduction.
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Figure 1.

The selectivity filter of K* channels. (A) The KcsA channel is depicted in ribbon representation.
Only two opposite subunits of the tetrameric protein are shown. The selectivity filter region
(residues 75-79) is colored red. K* ions bound to the selectivity filter are depicted as green
spheres. (B) Close-up view of the selectivity filter. Two of the subunits are shown in stick
representation. The K* binding sites in the selectivity filter are labeled. The arrow indicates
the peptide bond that was replaced by an ester bond.
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Figure 2.

Semisynthesis of KcsA®S®r, (A) SDS-PAGE gel (12%) of the expressed protein 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). (B) SDS-PAGE gel (12%) of the folding reaction showing the ligation
product before (lane 1) and after the addition of lipid vesicles (lane 2). (C) SDS-PAGE gel
(12% at 4 °C) of wild type KcsA (lane 1) and purified KcsA®S®" (lane 2). For panels B and C;
T, tetramer; M, monomer. (D) Electrospray MS of purified KcsA®Ste": Inset, reconstructed
spectrum (expected mass, 13059.0 Da).
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Figure 3.

Electrophysiological analysis of KcsA®S®", (A) Representative single channel traces of the
KcsASSEr or wild type KcsA channels recorded at +200 mV in 10 mM succinate/150 mM KCI
(pH 4.0) inside and 10 mM HEPES/150 mM KCI (pH 7.0) outside. (B) Single channel current
as a function of the membrane voltage in the above solutions for wild type KcsA (o) and
KcsAESe (o). Solid lines have no theoretical meaning. C) Single channel current at +200 mV
as a function of the K* ion concentration for wild type KcsA (o) and KcsA®SE' (o). Solid lines
have no theoretical meaning.
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Figure 4.

Structure of the selectivity filter of KcsASS®", (A) Stereo view of the electron density of the
selectivity filter of KcsASS®', The 2F,—F; electron density map contoured at 2.0 is shown
with residues 71-80 shown as sticks and K* ions in the selectivity filter depicted as green
spheres. (B) Stereo view of the superimposition of residues 71-80 of the KcsAESte! (red) and
the wild type KcsA (blue).
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Figure 5.

A) Fo—F¢ omit map (residues 77-80 omitted) contoured at 3.0c showing the ester bond
introduced between Y78 and G79 B) F,—F.; omit map (residues 68—71 omitted) contoured at
3.00 showing the peptide bond formed between A69 and C70 by the expressed protein ligation
reaction.
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Figure 6.

A) 2F,—F. map contoured at 2.0c showing the buried water molecule present behind the
selectivity filter of KcsA. B) Hydrogen bond interactions formed by the water molecule with
the surrounding protein residues in wild type KcsA are indicated. C) 2F,—F. map contoured
at 2.0c of KcsASSte showing the lack of a buried water molecule. D) Hydrogen bond
interactions formed behind the selectivity filter in KcsA®S®" are indicated.
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Figure 7.

K* binding to the selectivity filter of KcsA®Ster, Electron density along the central axis of the
selectivity filter of the wild type KcsA (A) and KcsA®S® (B) in a Fo—F omit map (residues
75-79 and K* ions omitted) contoured at 3.0c. (C) One dimensional plot of the electron density
sampled axis of the selectivity filter for wild type KcsA (blue) and KcsASS®" (red).
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Figure 8.

Rb* and Cs* binding to the selectivity filter of KcsA®S®", A) Electron density along the central
axis of the selectivity filter of wild type KcsA and KcsA®Se" in a Fy—F, omit map (residues
75-79 and ions omitted) contoured at 3.0c is shown. B) One dimensional plot of the electron
density sampled along the central axis of the selectivity filter for wild type KcsA (blue) and
KCSASSET (red).
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KCI RbCI CsCl
Resolution (A) 2.25 2.25 2.75
Rsyma 0.073(0.51) 0.079(0.462) 0.087(0.434)
Completeness(%) 98.1(96.3) 98.9(99.9) 97.0(98.5)
Refinement statistics
Rfree/Rwork(%)b 24.2/23.3 25.1/23.3 27.1/23.9
Mean B-factor (A?) 58.9 52.2 57.9
Root mean square difference
Bond lengths (A) 0.013 0.014 0.008
Bond angles (°) 1.6 1.7 14

a . . . . .
Rsym = Z |lj — <Ii>|/Zlj where <lj> is the average intensity of symmetry-equivalent reflections.

b . ] . .
R =% |Fo — Fcl/ZFq, 5% of the reflections that were excluded from the refinement were used in the Rfree calculation.

Numbers in brackets are statistics for the last resolution shell.
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