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Abstract Fourier transform infrared (FTIR) spectroscopy was
used to probe the secondary structure, orientation, and the
kinetics of amide hydrogen-deuterium exchange (HX) of the
small K* channel from Streptomyces lividans. Frequency
component analysis of the amide I band showed that SKC1 is
composed of 44-46% o-helix, 21-24% B-sheet, 10-12% turns
and 18-20% unordered structures. The order parameter S of the
helical component of SKC1 was between 0.60 and 0.69. Close to
80% of SKC1 amide protons exchange within ~3 h of D,O
exposure, suggesting that the channel is largely accessible to
solvent exchange. These results are consistent with a model of
SKC1 in which helices slightly tilted from the membrane normal
line the water-filled vestibules that flank the K* selectivity filter.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

K" channels are a widely distributed class of membrane
proteins involved in such basic cellular functions as the regu-
lation of electrical activity, signal transduction and osmotic
balance. Although gated by an array of different mechanisms,
it is apparent that all K* channels conform to a common
architectural motif in which multiple transmembrane seg-
ments are arranged as o-helical bundles [1], and these bundles
associate to form oligomers with fourfold symmetry [2,3]. The
most remarkable property of the Kt channel family is per-
haps the presence of a common ‘signature sequence’ or P-loop
that is thought to line the pore and forms the K" selectivity
filter [4-7]. This segment is highly conserved among members
of the K* channel family and has been used recently to iden-
tify potassium channel genes from several genome sequencing
projects [8,9].

Schrempf et al. [10] have reported the identification, clon-
ing, expression and single channel characterization of a 160
amino acid potassium channel from the genome of the Gram-
positive bacterium Streptomyces lividans. The Streptomyces
K™ channel (SKC1) is the smallest potassium-selective chan-
nel reported so far, and therefore constitutes an appealing
target for structural studies. SKCI1 contains a canonical P-
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segment (with 64% identity to the Shaker P-loop), flanked
by two putative transmembrane segments (Fig. 1A,B). Recent
biochemical studies [11,12] have clearly shown that this chan-
nel forms tetramers in detergent, while exhibiting an unusually
high oligomeric stability. Initial estimation of its secondary
structure from circular dichroism (CD) spectroscopy indicated
that SKC1 is mostly a-helical both in detergent and reconsti-
tuted in liposomes [11].

Here we have used transmission and polarized attenuated
total reflection (ATR) Fourier transform infrared (FTIR)
spectroscopy to study the secondary structure of reconstituted
SKCl1, the orientation of its helical component, and the ki-
netics of amide hydrogen-deuterium exchange (HX) in sup-
ported bilayers. Our results are consistent with the notion that
K* channels are formed by the oligomerization of bundles of
a-helices lining water-filled vestibules flanking the selectivity
filter.

2. Materials and methods

2.1. Expression, purification and reconstitution of SKCI

SKC1 was expressed and purified as described [11]. The channel
was mixed with detergent-solubilized asolectin and reconstituted by
dilution in PBS, this mixture was centrifuged at 100000X g for 1 h,
and the pellet resuspended in 1 ml PBS.

2.2. Planar lipid bilayer experiments

Reconstituted SKCI1 channels were incorporated into asolectin pla-
nar lipid bilayers formed according to the method of Mueller and
Rudin [13] using a 20 mg/ml solution of asolectin in decane. Record-
ings were performed using a home-made current to voltage converter,
the data filtered at 1 kHz and stored on a VCR tape for off-line
analysis.

2.3. Infrared spectroscopy

ATR FTIR spectra were measured on a Nicolet 740 infrared spec-
trometer. The spectra of SKCI1 solubilized in detergent or reconsti-
tuted in phospholipid vesicles were measured in an FTIR precision
liquid cell, using CaF, windows and 25 um Teflon spacers (Buck
Scientific, East Norwalk, CT). Supported lipid bilayers for the ATR
FTIR experiments were prepared as described elsewhere [14]. Proteo-
liposomes of asolectin with reconstituted SKC1 in H,O buffer (150
mM NaCl, 10 mM NaPi, pH 7.4) were injected into the ATR cell
containing a germanium plate with DPPC monolayers at both surfa-
ces and allowed to spread on the monolayer to yield supported bi-
layers. Then the cell was flushed with the same buffer to remove
excessive vesicles and ATR spectra of SKCI reconstituted in sup-
ported bilayers in HoO environment were recorded. This was followed
by flushing the cell with 10-12 volumes of D,O buffer (150 mM NaCl,
10 mM Tris, pH* 7.0). In amide HX experiments, the time point of
injection of the D,O buffer was taken as the zero time of exchange. A
spectrum was recorded immediately after injection of D,O buffer,
followed by recording of successive spectra with a periodicity of 32
min. All experiments were carried out at ambient temperature.

Curve-fitting of the amide I bands was performed based on the
frequencies of the five components of the second derivative spectra;
the three central frequencies were fixed while the two bordering fre-
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Fig. 1. Biochemical and functional properties of SKC1. A: Deduced amino acid sequence. The open boxes represent the extension of the puta-
tive transmembrane helices, and the shaded region identifies the highly conserved P-segment. B: Cartoon of the predicted transmembrane topol-
ogy for SKC1. C: SDS-PAGE analysis of purified SKC1 in dodecyl maltoside (lane 1) and after reconstitution in asolectin liposomes (lane 2).
D: Single channel traces form SKCI1 channels reconstituted into planar lipid bilayers. Top, traces obtained at —60 mV in symmetrical 150 mM
K3SOy, arrows point to the zero current level. Bottom, all-point histogram from the same data. Peaks have been fitted to a sum of Gaussian
components assuming that the bilayer contained two channels having a single channel current of 6.4 pA and a subconductance level with a cur-

rent of 3.1 pA.

quencies were allowed to float. The lineshape of all components was
Gaussian.

2.4. Processing of amide hydrogen exchange data

We employed two approaches to evaluate the kinetics of the amide
HX and fractions of residues involved in kinetically distinct popula-
tions based on time-resolved FTIR spectra of SKCI reconstituted in
supported membranes. In both cases, the time dependence of the
fraction of non-exchanged amide hydrogens was expressed as:

where a1, a; and a3 are the fractions of fast exchanging, slow exchang-
ing, and stable residues, respectively, and 1, and 1, are the time con-
stants of fast and slow exchanging amide hydrogens, respectively. In
the first method, the ratio of the integrated areas of amide 11 (~ 1545
cm™!) and amide I (~ 1655 cm™') absorbance bands at time point ¢,
normalized with respect to that ratio at time =0 (i.e. in H,O), was
used as the fraction of non-exchanged hydrogens:

(Aamidc II)
|: H :| _ Aamidel t (2)
H+D ' <Aamide H>
Aamidcl 0
In the second method, the spectrum of the reconstituted protein in
H,O buffer was subtracted from each subsequent spectrum measured
after injection of DoO buffer. The difference spectrum in the amide I
region consists of negative and positive parts. The absolute total areas

of the difference spectra at time point ¢ (|AAl;) in the amide I region
were converted to the fractions of non-exchanged amide hydrogens

by:

H]
H+D|,

where 7 stands for a time point corresponding to extensive deutera-
tion (in this study, 7=2920 min), and [H/(H+D)]r was evaluated by
Eq. 2 based on spectral changes in the amide II region at time 7. Then
the data points evaluated through Egs. 2 and 3 were plotted against
time of deuteration and described by Eq. 1, which yielded two sets of
parameters aj, ds, az, T; and To.

According to current models of protein HX [15,16], each residue
can be found in two conformational states; in one of these states the
residue cannot undergo hydrogen exchange (HXincompetent State) and
the other is the readily exchangeable conformation (HXcompetent State):

- {ﬁli} X|AA], y

Kop Kop
HXincompctcnt ka HXcomchan Exchange (4)
.

where ko, and kg are the rate constants for opening and closing,
respectively, and kg is the rate constant for an unordered, solvent-
exposed peptide. The overall, experimentally observed HX rate con-
stant is:

konko
ko .= op 5
"~ ka + ko ®)

Since in most cases it has been found that k,>>ky, Eq. 5 can be
rewritten as:

kop
kobs = Eko (6)

Hydrogen/deuterium exchange is acid- and base-catalyzed, and k is
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determined by:

ko = kp [D+] + kOD[ODi] (7)
where kp and kop are the acid- and base-catalyzed rate constants. At
0°C, kp=3.54 M~ ! min~" and kop =3.24x10'° M~! min~! and the
corresponding activation energies are AE* (kp)= 15 kcal/mol and AE*
(kop)=2.6 kcal/mol [17-19]. Using these values, along with the dis-
sociation constant of D»0, Kw(D20)=10"192 [19] and neglecting
the effect of side chains [20], we find by Eq. 7 that at 20°C and pH*
7.0 (pD 7.4): ko=123.1 min~'. This corresponds to an exchange re-
action with a time constant of ~0.5 s. Now we can evaluate the
Gibbs free energy of dynamic opening to hydrogen exchange based
on ky and the measured rate constant, kops [15]:

AGux = —RTIn(kobs/ko) ®)

2.5. Order parameters and protein-to-lipid ratio
Order parameters for proteins and lipids in oriented bilayers are
defined as:

S = (3<cos’0>—1)/2 9)

where 0 is the angle between the molecular axis and the membrane
normal and the angular brackets indicate space- and time-averaging.
The order parameters were determined based on measured ATR di-
chroic ratios as described in Tamm and Tatulian [21].

3. Results

3.1. SKCI purification and reconstitution

SKC1 was purified as a SDS-insensitive tetrameric complex
running anomalously as a single 64 kDa band (Fig. 1C), as
reported previously [11,12]. Channels reconstituted in asolec-
tin liposomes by the dilution method were tested functionally
after incorporation into planar lipid bilayers. Fig. 1D displays
a typical series of single channel recordings obtained from
such reconstituted preparations. In agreement with Schrempf
et al. [10], we observe two distinct conductance states: in sym-
metrical 150 mM K,SO, solutions we find a main conduc-
tance state at ~ 140 and a subconductance state close to 75
pS. The 140 pS state was most frequently observed. This
purified preparation was subsequently used in all FTIR meas-
urements.

3.2. Secondary structure of SKCI

In Fig. 2A, the infrared absorbance spectra of SKC1 recon-
stituted in supported bilayers, phospholipid vesicles, and solu-
bilized in 1 mM DDM are shown in the protein amide I
(~1655 cm™') and lipid carbonyl stretching vibrational re-
gions (~ 1736 cm™!). The peak frequency of the amide I

Table 1
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Fig. 2. A: The infrared absorbance spectra of SKCI reconstituted
in DPPC/asolectin supported bilayers, phospholipid (asolectin)
vesicles, and solubilized in 1 mM dodecyl maltoside, in the protein
amide I and lipid carbonyl stretching vibrational region (curves 1, 2,
3, respectively). The spectrum 1 was recorded using parallel polar-
ized IR light, while the two others were measured using unpolarized
light. B: The overturned second derivatives of the curves presented
in A. Most prominent peaks in the original and derivative spectra
are marked. In all cases, the protein was exposed to D,O buffer
(150 mM NacCl, 10 mM Tris, pH* 7.0) for 2-3 h before recording
the spectra.

band at ~ 1655 cm™ ! indicates high o-helical content in the
protein in all three cases [22,23], while the shoulder at 1620-
1640 cm™! suggests the presence of considerable fractions of
B-structures and/or irregular components in SKCI. Analysis
of the corresponding second derivative spectra of SKCI1 pre-
sented in Fig. 2B reveals the components of the complex
amide I and lipid carbonyl bands. The most prominent

Secondary structure of Streptomyces lividans potassium channel in detergent, phospholipid vesicles or substrate-supported bilayers deduced

from curve-fitting of amide I infrared absorbance bands*

1

Wavenumber, cm™ Assignment

Relative content, %

Detergent” Vesicles” Supported bilayers®
1673.3£0.3 Turn and sheetd 11.6+1.0 109%1.1 10.3+2.1
1656.2+£0.7 o-Helix 44,1+3.8 46.2+2.7 457+2.4
1641.8+£0.8 Irregular 17.6+4.3 19.6+3.4 18.6+2.0
1631.6+£0.6 B-Sheet 23.8%5.7 21.3+£3.6 22.8%3.3
1611.0£2.1 Side chains® 26%1.6 1.9£0.8 24%1.2

2SKCI in detergent or phospholipid membranes was exposed to D;O buffer (150 mM NaCl, 10 mM Tris, pH* 7.0) for several hours before

recording the infrared spectra. Therefore the protein should be regarded as partially amide-deuterated.

bSpectra of SKC1 in detergent or vesicles were measured by transmission technique.
“Spectra of SKC1 in supported bilayers were measured by attenuated total reflection technique.

dAntiparallel B-sheets generate split amide 1 vibrations, one at ~ 1630 cm™" and two between 1700 and 1666 cm™.

“Protein side chains containing amide groups or aromatic rings generate vibrations at this region.

1
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Fig. 3. The results of curve-fitting of the amide I bands of SKC1 solubilized in detergent (A), reconstituted in phospholipid vesicles (B) or sup-
ported bilayers (C). The frequencies of the component bands were obtained from the second derivative curves (Fig. 1B) and fixed during the
curve-fitting procedure, besides those at ~ 1673 and ~ 1611 cm™', which were not fixed. The amide I bands in A and B were obtained using
unpolarized light, and the one in C was recorded with parallel polarized light.

band in the amide I region is centered at 1656 cm™' and

corresponds to «-helical secondary structure. Additional
amide I components are also identified in the second deriva-
tive spectra. Components at ~ 1642, ~ 1631, and 1608-1615
cm~! are most likely generated by deuterated irregular struc-
ture, B-strands, and side chains, respectively [22-24]. The ab-
sorbance in the spectral region 1700-1660 cm™! is generated
by the turn structures and the high frequency antiparallel -
sheet counterparts. The absorbance band at ~ 1736 cm™!,
which represents the carbonyl stretching band of the phospho-
lipid, is present in the spectra of SKCI1 reconstituted in
vesicles or supported membranes and is absent in the spec-
trum of detergent-solubilized SKC1 (Fig. 2A), a clear indica-
tion that 1 mM DDM is enough to completely delipidate the
channel. Two components of the lipid carbonyl band at
~1743 and ~ 1726 cm™! are revealed in the second derivative
spectra (Fig. 2B), and are associated with carbonyl groups
with different hydration characteristics [25]. The frequencies
of the five components of amide I bands, shown in Fig. 2B,
were used as input parameters in a curve-fitting program to
determine the fractions of corresponding structures in the
protein. Results of curve fitting (Fig. 3 and Table 1) demon-
strate that the protein is composed of 44-46% o-helix, at least
20% B-strands (to estimate the total fraction of the antipar-
allel B-sheet, the higher frequency components should be tak-
en into account), 10% turns, and approximately 18% unor-
dered, or irregular structure. Interestingly, the secondary
structure composition of SKC1 does not noticeably depend
on the type of reconstitution system and is essentially identical
in detergent.

3.3. Amide hydrogen exchange

Amide hydrogen exchange experiments were carried out on
SKC1 reconstituted in supported membranes to gain addition-
al information on the dynamic structure of this protein, such
as the fractions of fast and slow exchanging residues, the

corresponding rate constants, and Gibbs free energies of sec-
ondary structure chain opening. In the course of amide hydro-
gen exchange the amide I band shifts to lower frequencies and
is significantly reshaped, as shown in the time-resolved spectra
of Fig. 4A. The difference spectra in the amide I region, pre-
sented in Fig. 4B, illustrate the decrease in absorbance inten-
sity at ~ 1680 cm™! and increase in absorbance intensity at
~ 1640 cm™! during deuteration. The intensity of the amide II
absorbance band at ~ 1545 cm™' dramatically decreases be-
cause of a ~90 cm™! downshift of this vibrational mode
upon amide HX. Both of these effects have been used to
quantitatively characterize the amide hydrogen exchange of
SKCl1, as described in Section 2. The data points of the two
curves of Fig. 4C are obtained by Egs. 2 and 3 based on
spectral changes of amide I and amide II bands. The two
curves simulated by Eq. 1 yield best fit parameters of
a1 =0.406, t1,=1246 min, a3=0.539, 1=129.4 min,
a3=0.055 (based on amide II band area changes) and
a;=0.467, 1,=0.896 min, ay=0436, 1,=165.3 min,

Table 2
Characterization of structural dynamics of SKCI1 by amide hydro-
gen exchange®

Method 1P Method 2

a 0.41 0.47
T; (min) 1.25 0.90
as 0.54 0.44
Ty (min) 129 165

as 0.055 0.096
AGyx 1 (kcal/mol) 2.93 2.74
AGyx o (kcal/mol) 5.63 5.77

2g; are the fractions of residues in ith population, characterized by
time constant of hydrogen exchange, t;, and free energies of dynamic
opening to hydrogen exchange, AGyx1; a3 is the fraction of stable
residues that are well protected from exchange.

bMethods 1 and 2 are based on spectral changes in the amide II and
amide I regions, respectively (see Section 2).
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Fig. 4. A: Time-resolved spectral changes in the amide I (I') and amide II (II") regions of SKCI reconstituted in DPPC/asolectin supported bi-
layers in response to amide H/D exchange. B: Difference spectra reflecting spectral changes in the amide I region in the course of amide H/D
exchange of reconstituted SKCI1. The difference spectra were obtained by baseline correcting and normalizing the amide I bands and subtract-
ing the spectrum recorded in H,O buffer from those recorded in D,O buffer. C: Time dependence of the fraction of non-exchanged protein res-
idues estimated based on the spectral changes in the amide II region (squares) and in the amide I region (circles). The curves were simulated
through Eq. 1 using parameters a; =0.406, k; =0.802 min~', @ =0.539, k3 =0.00773 min~', a3=0.055 (squares) and a; =0.467, k; =1.116

min~!, ay =0.436, ky =0.00605 min~!, a3 =0.096 (circles).

a3=0.096 (based on amide I band transformations). These
results show that 41-47% of the backbone amide protons of
SKCI1 reconstituted in supported bilayers exchange within a
time scale of 1 min, 44-54% of residues exchange with a time
constant of 2-3 h, and 5-10% of residues are resistant to HX,
or exchange with a time constant of >2 h. Time constants T;

and 1, were used to calculate, according to Eq. 8, the Gibbs
free energies of the dynamic conformational fluctuations of
amide groups in the corresponding kinetic populations. Val-
ues of AGux ~2.7-2.9 kcal/mol were obtained for fast ex-
changing amide groups, while the slower exchanging popula-
tion had values of AGyx ~ 5.6-5.8 kcal/mol (see Table 2).
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Fig. 5. A: ATR amide I bands of SKC reconstituted in a DPPC/asolectin supported bilayer at parallel and perpendicular polarization of the
infrared beam, exposed to D,O buffer for 2-10 min and for 48 h, as indicated. The order parameter, S=0.604-0.688 was calculated according
to Eq. 9, with o0=39° for the amide I transition moment of o-helices [38,39], the fraction of helix in SKC1 f=0.45 (Table 1), and Ef =1.9691,
£y =2.2486, E} =1.8917. The electric field components were calculated using an incidence angle y=45° and refractive indices n; =4, ny, =1.43,
and n3 =1.33 [40]. B: Polarized ATR absorbance bands of the lipid CH, stretching mode for a DPPC supported monolayer and after forma-
tion of a DPPC/asolectin supported bilayer with reconstituted SKCI, as indicated.

3.4. Orientation of SKCI in supported membranes

The ATR amide I absorbance bands of SKC1 reconstituted
in supported bilayers are presented in Fig. SA at parallel and
perpendicular polarizations of the infrared light (both within
2-10 min and after 48 h of H/D exchange). Irrespective of the
degree of deuteration, the protein exhibits an ATR dichroic
ratio of 2.03-2.08, determined on the basis of peak frequencies
or integrated areas of amide I bands. Using these dichroic
ratios, the parameters % =1.969, £ =2249, £ =1.892,
o =39° [21] and f=0.45 (Table 1), we calculated the orienta-
tional order parameter of the helices of SKCI1 in supported
bilayers as S'=0.60-0.69. Assuming that all helices responsible
for dichroism are oriented similarly, these values corresponds
to an average tilt angle 8 =27-31° from the membrane normal.

It is reasonable to expect a correlation between the order
parameters of the transmembrane helices of a reconstituted
integral protein and the lipid hydrocarbon chains. The RATR
of the DPPC monolayer, deposited on the germanium plate,
was 0.94 (Fig. 5B). Using n3 =1 for air, which corresponds to
£ =0.6046, we calculate an order parameter S=0.68. The
dichroic ratio of the supported bilayer with reconstituted
SKCl1, after removing the excess vesicles, was 1.28, corre-
sponding to S=0.42 (calculated with n3=1.33 and
E} =1.8917 for water). The increased width and slightly higher
peak frequencies of lipid CH, stretching vibrational bands
also indicate a lower order of the lipid in the bilayer than in
the monolayer. In spite of a decrease in the lipid order param-
eter during formation of the bilayer, which presumably results
from exposure of the monolayer to an aqueous medium and
the presence of unsaturated (less ordered) hydrocarbon chains
in asolectin, the lipid is still reasonably well ordered in the
supported bilayer.

4. Discussion

We have investigated the secondary structure of SKCI1 us-

ing transmission and ATR-FTIR spectroscopy in an attempt
to determine: (1) the relative proportions of its secondary
structure components, (2) the dynamics and solvent accessi-
bility through H/D exchange and (3) the orientation of the
channel o-helices with respect to the membrane plane.

Our results clearly indicate that the a-helix is the dominant
secondary structure component in SKCI, having approxi-
mately 46% of its residues in this conformation. About 33%
of the channel adopts B-strand and turn structures and ~ 18%
of the molecule is in irregular conformation (see Table 1).
This secondary structure assignment is essentially identical
for the three different conditions tested (detergent, liposomes
and supported bilayers), a result we have taken as an indica-
tion of the structural integrity of the purified protein and one
which is consistent with its documented stability in detergent.
Nonetheless, we find a quantitative discrepancy in the abso-
lute amount of a-helices reported by FTIR and by CD spec-
troscopy. While the present results suggest about 46% a-helix
content, our previous CD measurements point to 55-59% o
helical content for reconstituted and detergent solubilized
SKCI1 respectively [11]. In fact, higher quality CD spectra of
detergent-solubilized SKC1 obtained at wavelengths down to
180 nm reveal helical contents of 58% (E. Perozo, unpublished
results). Lower o-helical estimates from FTIR have been re-
ported in the literature [26,27]. Due to the fact that CD and
FTIR are subject to different sources of error, they are con-
sidered complementary techniques in the estimation of the
secondary structure of proteins [23,27,28]. While B-sheets
and irregular structures are more reliably estimated from
FTIR spectra, CD spectra are superior in the quantification
of o-helices [27,28]. Thus, by combining the strengths of each
technique we can suggest that SKC1 is composed of ~ 55% o-
helix, ~30% B-structure and ~ 15% irregular structures.

The absence of the phospholipid carbonyl stretching band
at ~1736 cm™! of SKCI solubilized at I mM dodecyl malto-
side (Fig. 2A) directly indicates a complete detergent-mediated



S.A. Tatulian et al.IFEBS Letters 423 (1998) 205-212

delipidation of the channel and supports the view that SKCl1
is stable as a tetramer in the absence of phospholipids. This
result is a notable departure from the behavior of other ion-
selective channels, like the eel electroplax Na* channel [29], or
the Drosophila Shaker K* channel [30,31] where the stability
of the channel in detergent micelles is strictly dependent on
the presence of phospholipids.

Data on amide hydrogen exchange contain a wealth of in-
formation regarding the solvent accessibility, the strength of
hydrogen bonding, and dynamic structure of proteins. Indi-
vidual amide protons show specific rates of exchange that can
correlate with local mobility and structure as well as hydrogen
bonding state and steric protection. Protein HX data have
been described dividing amide protons into two to four kineti-
cally discrete populations [32-34]. Our HX data suggests that
SKCI1 residues may be clustered into three populations with
distinct secondary, tertiary and quaternary structural features.
One population, comprising 41-47% of residues, is character-
ized by a HX time constant of ~1 min, and a Gibbs energy
of opening to HX AGux ~ 2.8 kcal/mol (Table 2). This value
is close to the AG of amide hydrogen bonding (~ 3.1 kcal/mol
in water at 25°C), suggesting that these may be the residues
involved in solvent-exposed hydrogen-bonded secondary
structures. The residues of interhelical loops, transmembrane
helices lining the water pore, and those close to the mem-
brane/water interface, are indeed good candidates for such
residues. However, this fast exchanging population is likely
to include non-hydrogen-bonded residues that are not kineti-
cally resolved in our experiments. The second population,
encompassing 44-54% of residues, has a time constant of 2—
3 h, and AGyx ~5.7 kcal/mol. The best candidates for the
residues in this population are those involved in secondary
structures and partially accessible to water, such as lipid-ex-
posed helical residues, and non-hydrogen-bonded residues
partially buried in the protein. The third population includes
5-10% of HX-resistant residues and may comprise the resi-
dues of transmembrane helices at interhelical interfaces com-
pletely buried in the protein core. For comparison, H/D ex-
change studies in bacteriorhodopsin, where most of the
transmembrane segments are buried in the membrane, reveal
that more than 70% of the amide I protons remain unex-
changed after 48 h of incubation in D-O [35]. The fact that
only 20% of the amide I protons are protected from exchange
within ~3 h is not surprising, if we consider that SKCI
possesses a water-filled ion pore. As suggested for other Kt
channels, this pore communicates to the bulk solution
through intra- and extracellular ‘vestibules’, which will likely
contribute to the solvent accessible area of SKCI. In fact, a
correlation between high efficiency of HX and the presence of
water-filled pores or cavities have been suggested for other
transport proteins like the erythrocyte glucose transporter
[36] and the erythrocyte water channel aquaporin I [37].

We determined the molecular orientation in supported bi-
layers by polarized ATR FTIR spectroscopy using an angle
o =39° for the amide I transition moment [38,39]. We also
ascribed the dichroism of the amide I band to the helices of
the reconstituted protein, and suggested that the helices are
oriented similarly. This approach yielded an order parameter
S$'=0.60-0.69, values that correspond to a tilt angle 6 =27-31°
relative to the membrane normal. Considering the non-ideal
surface flatness of the substrate and that the measured RA™R
(which we attribute to transmembrane o-helices) could be
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contaminated by other helical or non-helical structures, our
estimate of the helical order parameter is likely to be lower
than its actual value. For example, our initial secondary struc-
ture predictions [11] have indicated potential helical segments
in both the N- and C-termini of the channel. Some of these
helices are clearly amphipathic and could sit parallel to the
plane of the membrane, thus producing an underestimation of
the order parameter of membrane-spanning helices.

Current views on potassium channel architecture suggest
that these membrane proteins are homo-tetramers formed
by the association of helical bundles with fourfold symmetry
around the potassium ion pathway [1]. Under this arrange-
ment, intra- and extracellular vestibules flank the narrow por-
tion of the aqueous pore (the selectivity filter). The present
results tend to support this type of model in the case of SKCI,
and by extension, for the general case of eukaryotic inward-
rectifier K+ channels whose topologies also include a P-loop
segment with two-transmembrane helices.
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