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Voltage-sensor domains (VSDs) are specialized transmembrane segments
that confer voltage sensitivity to many proteins such as ion channels and
enzymes. The activities of these domains are highly dependent on both the
chemical properties and the physical properties of the surrounding
membrane environment. To learn about VSD-lipid interactions, we used
nuclear magnetic resonance spectroscopy to determine the structure and
phospholipid interface of the VSD from the voltage-dependent K channel
KvAP (prokaryotic Kv from Aeropyrum pernix). The solution structure of the
KvAP VSD solubilized within phospholipid micelles is similar to a
previously determined crystal structure solubilized by a nonionic detergent
and complexed with an antibody fragment. The differences observed
include a previously unidentified short amphipathic o-helix that precedes
the first transmembrane helix and a subtle rigid-body repositioning of the
S3-S4 voltage-sensor paddle. Using '°N relaxation experiments, we show
that much of the VSD, including the pronounced kink in S3 and the S3-54
paddle, is relatively rigid on the picosecond-to-nanosecond timescale. In
contrast, the kink in S3 is mobile on the microsecond-to-millisecond
timescale and may act as a hinge in the movement of the paddle during
channel gating. We characterized the VSD-phospholipid micelle interac-
tions using nuclear Overhauser effect spectroscopy and showed that the
micelle uniformly coats the KvAP VSD and approximates the chemical
environment of a phospholipid bilayer. Using paramagnetically labeled
phospholipids, we show that bilayer-forming lipids interact with the S3 and
S4 helices more strongly than with S1 and S2.

© 2010 Elsevier Ltd. All rights reserved.
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Voltage-sensor domains (VSDs) are one of the
principal molecular devices used to detect electri-
cal potentials across lipid bilayers. These domains
are characterized by a periodic set of positively
charged residues (usually Arg) that move in
response to changes in membrane electrical poten-
tial. Movement of these “gating charges” can be
used to arbitrate proton permeation pathways
within the VSD itself,'™ drive the opening and
closing (gating) of coupled ion-conducting pore
domains,® or modulate the activity of linked
enzyme domains.®

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.



592

NMR Structure and Lipid Interactions of the KVAP VSD

The crystal structures of voltage-dependent po-
tassium-selective (Kv) channels consist of four VSDs
that surround a central ion-conducting pore.” '
Independent movements of the VSDs synergistically
act to gate the channel.'" The overall structures of
the VSDs are well conserved and consist of four
transmembrane segments, termed S1-54, with the
gating charges located along S4. These domains
appear largely exposed to the membrane, and their
function is highly dependent on the chemical and
physical properties of the lipid environment.'*'?
The charged phosphate group is especially impor-
tant, as membranes devoid of phospholipids cannot
support Kv channel function.!'#!> Furthermore,
tarantula toxins that are known to partition into
the membrane'® interact with this domain and
influence channel activity.'”'®

Despite the growing appreciation for the impor-
tance of protein-lipid interactions, there is still much
to be learned. The crystal structure of the eukaryotic
Kv1.2-Kv2.1 “paddle chimera” contains a bilayer-
like arrangement of cocrystallized lipids between
the VSDs and the pore and between adjacent VSDs,
but lipids are largely absent over the entire outer
perimeter.'” Lipid molecules are critical for correct
channel conformation, as crystal structures deter-
mined in the absence of lipids contain distortions
within the VSDs.”® The exposure of KvAP (a
prokaryotic Kv from Aeropyrum pernix) and its
isolated VSD to membrane lipids has been inferred
from electron paramagnetic resonance spectroscopy
using conjugated nitroxide probes.!®?° Four trans-
membrane helices were clearly identified; however,
these experiments suffer from poor spatial resolu-
tion due to the long tether of the attached probes
(~7 A), and their interpretation rests on the
assumption that the mutated residues do not affect
the protein structure.

Here, we used nuclear magnetic resonance
(NMR) spectroscopy to characterize the solution
structure and dynamics of the isolated KvAP VSD
encapsulated in a phospholipid micelle. Using this
structure as the basis for further analyses, we
were able to provide an atomic-resolution descrip-
tion of the aqueous, hydrophilic, and hydrophobic
boundaries of the micelle and found that the
phospholipid micelle approximates the chemical
environment of a phospholipid bilayer. Next, we
further characterized the association of bilayer-
forming phospholipids using paramagnetically
labeled compounds and showed that long-chain
lipids preferentially interact with the S3 and S4
helices of the VSD. A recent study investigated
the secondary structure and dynamics of the
KvAP VSD solubilized in a mixture of the
detergents n-dodecylphosphocholine (DPC) and
lauryldimethylamine-N-oxide (LDAO).?" Our
results on secondary structure and dynamics are
in overall agreement with that work.

Results

Solution NMR structure of the KvAP VSD

Initially, we sought to identify conditions suitable
for NMR spectroscopy by recording '"H-""N hetero-
nuclear single-quantum coherence (HSQC) spectra
at 25 °C on uniformly '°N-labeled (*°N) KvAP VSD
solubilized in a variety of detergents. Gel-filtration
chromatograms suggest that the KvAP VSD is
relatively stable and monodisperse in many deter-
gents; however, NMR spectra in these detergents
showed a wide range of appearances, as judged by
both the number and the dispersion of observed
peaks (Fig. S1). The maltosides and glucosides, in
particular, exhibited poor spectral dispersion and
many fewer peaks than expected. In an earlier
work,” this protein was extracted from Escherichia
coli membranes using n-decyl-R-D-maltoside and
crystallized in n-octyl-p-D-glucoside, suggesting
that poor spectral quality in these detergents was
not likely due to an inconvenient property of the
protein (aggregation or conformational heterogene-
ity) but due to some property of the detergent
micelle or protein—detergent interactions. One of the
most promising detergents, the short-chain phos-
pholipid 1,2-diheptanoyl-sn-glycerol-3-phospho-
choline (D7PC), enabled high-quality spectra, and
the KvAP VSD had been stable, even at 45 °C, for
approximately 1 week before a significant loss of
signal intensity began to occur. The higher temper-
ature was chosen for further experiments because
additional peaks were observed in "H-">N HSQC
spectra compared to 25 °C.

Resonance assignments for backbone (‘*HN, PN,
13C’, and *C*) and "*C" nuclei at 45 °C and neutral
pH were identified using transverse relaxation
optimized spectroscopy (TROSY) HNCA, HNCO,
HN(CO)CA, and HNCACB, and °N-edited "H-'H
nuclear Overhauser effect spectroscopy (NOESY)
experiments® recorded using deuterated KvAP
VSD samples (see Materials and Methods). These
spectra permitted the assignment of approximately
65% of the backbone nuclei. To resolve ambiguities,
we recorded HSQC, HNCA, and HNCO experi-
ments on samples with different combinations of
labeled amino acids so that specific amino acids and
amino acid pairs could be distinguished in crowded
regions of the spectra: (1) 13C,1°N Arg; (2) >N lle,
1-13C Val, 2-°C Leu; and (3) 1-"°C,15N Leu, 2-'°C
Gly, 2,3-13C Ala. Resonance assignments were
extended along the side chains using HC(C)H-
COSY, and "°C-edited and '°N-edited NOESY
experiments. Most ambiguities present among the
methyl resonances were resolved by repeating the
C-edited NOESY using methyl-specific labeling on
Ile, Leu, and Val residues (see Materials and
Methods).*> Complete backbone resonance assign-
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ments have been determined for 107 of the 147
residues, while 38 residues have been partially
assigned. Most of the partially assigned residues
miss only their '>C’ assignment such that almost
complete '"HY (97%), '°N (90%), and "*C* (95%)
assignments have been determined. Importantly,
peaks for 135 residues have been identified in the
HSQC spectra of the amide or methyl regions,
providing easily accessible probes for nearly every
residue within the KvAP VSD (Fig. 1).

The largely a-helical nature of this protein was
observed both in the characteristic pattern of local
nuclear Overhauser effect (NOE) cross-peaks in
NOESY spectra and in the backbone dihedral angles
derived from chemical shifts.”* However, the inter-
helical packing arrangement was uncertain, as many
side-chain contacts, especially those between methyl
groups exhibiting highly degenerate chemical shifts,
were highly ambiguous. To overcome this ambigu-
ity, we divided the structure calculation into two
stages (see Materials and Methods for more details).
In the first stage, we refined the individual secondary
structural elements using only dihedral restraints
and unambiguous local distance restraints (consist-
ing of interatomic 'HY, 'H®, and "H" distances less
than five residues apart). From these calculations,
four helical regions corresponding to the transmem-
brane helices 51-54 were clearly distinguished. We
then added unambiguous long-range distance

(a)

restraints (primarily aromatic-methyl and methyl-
methyl interactions) to obtain an ensemble of loosely
folded protein structures. During our second stage,
we gradually incorporated additional local and long-
range distance restraints based on the previously
determined set of structures. In this manner, we
could steadily reduce or eliminate NOE ambiguities
(Table 1 and Fig. 2). The final set of solution KvAP
VSD structures is well defined overall, with an
average root-mean-square deviation (r.m.s.d.) from
the mean coordinates of 1.22 A for a-carbons in
residues P25-K147 (Fig. 3).

Comparison of VSD structures

The solution structure (closest to the mean
coordinates) of the KvAP VSD in D7PC micelles
closely resembles the crystal structure of the KvAP
VSD solubilized in n-octyl-B-D-glucoside and com-
plexed to an antibody fragment (Fig. 4a).” The first
two transmembrane helices, S1 and S2, comprise
the region that is most similar between the two
structures, with an r.m.s.d. of 1.41 A for a-carbons
in residues H24-E45 (in S1) and residues Y59-Y78
(in S2). The largest deviation within this region is a
tilt in the extracellular end of S2 by ~2 A.
Surprisingly, S1 and S2 superimpose much better
onto the Kv1.2-Kv2.1 paddle chimera crystal
structure,’® with an rm.s.d. of 0.84 A (residues

104 4 S 24 1
i 1975,
°\G1o1 T47 E 5
106 + G120 685 — VA1V 15,8,
g N\ G134 e v ° Vidorh N3ty 25
108 A100 aag® G114 viaoyd Bg-vosy — T
T % G81 £ A145 V119y; ) V613‘ -0.2
i G13 ¢ 7 V277, vs%’3 "
o-as2 s =120 vaey 4 vy,
110 G19 o &  yo2 & val M {2
i L 4 T90 ¢ - V87 \Y|V217;,@'V ' “/ng68552
© 1 Zadee e sy o SLoS
1124 L97 5800~ A9 98y, D% L1135, L978,
97 580 NABNAIVBeY, | 1155, ®
€ 114 ] 512955 Y46 T N1\708/ i N %\UOSS?
S 5 M2 e2s o e geeRL.36%;
=) . S132 D72\ 1147 6., Yz Lsog2
“y/56/D82/01460. ¢ Phac LT2252/1.1485,
— 116 i 6. Rs7 103 ® 158
£ PRl R 0 R L1105 1558,
? g veg el W b &L, 5. oL pOR(LTOZ L1185,
8j pra® DB’;ﬁa‘sﬁ’ P ,%Lna B 5 ‘Lﬁﬁﬁ—?&if_f‘g&m&
Y78, -8 [}
120 1 EoTRIeS t40/168 L121/L128 (C) b 1943, 25 % L2609 [;6‘@ @Lszm
E i 12 @ 1403 1= L1185, %LHE&LSO&/LSS&/UZSB‘
122 € 1643 > L9156,/ B\ s L1138,
3 1 26 4 L1388 1635,
1 w70 g A ‘11275, L1484 | fos5, &
124 4 ‘e ~ i g . L1203,§ o ° Ls0d,
E O - 683 L1158,
o N @~1676. J 1 L1108,
126 Ri51 R 11830 & @\”315‘ 1 27
4 wroe & 1 ? 11065 J
128 4 ¢ 144 113057
T T T T T T T T T T T T T T T T T T T T T T T T T T 28 T v T T T T T T T
102 98 94 90 86 82 78 74 70 6.6 0.9 0.7 0.5 1.2 1.0 0.8 0.6 0.4
H (ppm) H (ppm H (ppm)
pp! ppm) pp!

Fig. 1. Amide and methyl resonance assignments for the KvAP VSD in D7PC micelles. (a) "H-"N HSQC spectrum
(21.1T, 45 °C) of "N KvAP VSD with assignments. Main-chain amide peaks for 132 residues (out of 141 residues expected
to be observed; five Pro) and N17°, Q49¢, and W70° side chains have been assigned. The missing residues are R6-D10, L26,
S$38, V42, and R117. Peaks that are aliased in the '°N dimension are shown in black (A100 and Arg®). (b) Enlarged view of
the congested area in (a) within the dotted square. (c) TH-13C HSQC spectrum (21.1 T, 45 °C) of the e methyl region of
2H,BCmetYLILY KvAP VSD in 98% (vol/vol) D,O with assignments. Methyl peaks for all 11 Tle have been identified. (d)
Leu/Val methyl region of the spectrum shown in (c). Peaks for 84 methyl groups (out of 92 peaks expected to be observed
from 16 Val and 30 Leu residues) have been identified. Missing assignments include L5°'/2, L8/%2, 1.29°! 1.102°%, 103",
1105, 1128, and L1292, Peaks from D7PC are shown in black.
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Table 1. NMR structure and refinement statistics for the
KvAP VSD

NMR restraints
Distance restraints (NOE)

Intraresidue (i=j) 220
Medium range (li—j| <4) 777
Long range (1i—j|>4) 155
Total 1152
Dihedral restraints (TALOS)
) 126
16 126
Total 252

Structure statistics
Ensemble r.m.s.d. (residues P25-K147)

Backbone heavy atoms (A) 1.22

All heavy atoms A) 1.61
NOE violations®

>0.1A 42.2+55

=03 A 47422

>05A 0.0£0.0

r.m.s.d. from experimental restraints®

Distances (A) 0.041+0.003
Dihedrals (°) 0.3+0.1
r.m.s.d. from idealized geometry®
Bond lengths (A) 0.004+0.001
Bond angles (°) 0.48+0.02
Impropers (°) 0.34+0.02
Ramachandran plotb (residues L11-R151)
Most favorable (%) 92.0+1.3
Additionally allowed (%) 6.9+1.5
Generously allowed (%) 0.8+0.7
Disallowed (%) 0.1+05
“Xplor-NIH.
®Procheck NMR.

A162-E183 and F223-F242) (Fig. 4b). These helices
are especially stable, as amide protons from
residues in both S1 (140, V41, V43, and V44) and
52 (V61-A77) are resistant to exchange with
solvent when placed in a D,O buffer and are
likewise absent or have reduced amplitude in the
spectra of deuterated samples (Fig. S2).

Before S1, the NMR structure of the KvAP VSD
contains a short ~10-residue amphipathic o-helix
(S0) that lies approximately perpendicular to the
four transmembrane helices. This helix was not
modeled in the crystal structure, as no significant
electron density was observed for the first 15 amino
acids.” The helical structure of this region is clearly
identified by local NOEs; however, the precise
position of this helix is not well determined, as few
long-range NOEs were observed. Those that could
be identified involve residues at the intracellular end
of S2, suggesting that SO likely resides in a position
similar to that of an analogous helix in eukaryotic
Kv channels (Fig. 4b)."° This helix is required for
high-level KvAP VSD expression in E. coli, as
expression is barely detectable with a construct
that begins at M22 (removing S0) but is only slightly
reduced when only the first 10 residues that precede
S0 are removed (data not shown). The amphipathic

nature of this helix and its position at the edge of the
VSD structure suggest that it interacts with the
interfacial region of the D7PC micelle.

The largest difference between the solution struc-
ture and the crystal structure occurs in the S3b-54
“paddle” region. In the structure closest to the mean
coordinates, S4 is shifted close; to S2 by ~3 A, while
S3 is farther from S1 by ~5 A, resulting in a ~23°
twist in the orientation of the paddle with respect to
S1 and S2 (Fig. 4a). When compared to the NMR
ensemble, the crystal structure paddle is an outlier
(Fig. S3), and the different paddle positions likely
indicate genuine structural variation. The close
association between S2 and S4 in solution is
evidenced by the many NOEs observed between
the side chains of residue Y46 (S2) and the side
chains of residues R126 and 1127 (S4). For the crystal
structure, the KvAP VSD was cocrystallized with an
antibody fragment that binds to an epitope at the tip
of the paddle.”* " The altered paddle position
reflects the pliability of this region and suggests that
the paddle may adopt slightly different conforma-
tions, depending on the immediate lipid (or deter-
gent) environment. The overall structure of the
paddle remains similar (r.m.s.d. is 0.80 A for
residues A100-R126), suggesting that the paddle is
repositioned as a nearly rigid unit. Notably, the
positions of R133, K136, and the hydrophobic
“phenylalanine gap” residue L69 between them
near the center of the domain are in identical
locations, suggesting that small changes at the
periphery of the protein are not transferred to the
central packed core.

Backbone dynamics of the KvAP VSD

Both the crystal structure and the NMR structure of
the KvAP VSD reveal a significant kink in the middle
of S3 that divides this helix into two separate
segments (S3a and S3b). This structural distinction is
reflected by paddle antibody inhibition and by avidin
accessibility to tethered biotin during KvAP channel
activity.”” " While residues in S3a remain static
throughout the gating cycle, some residues in S3b
are externally accessible only when the membrane is
depolarized and the channel is open. This region
contains a highly conserved Pro residue (P99) and has
been suggested to serve as a hinge to permit the
movement of S3b and S4 during channel gating.”**

To determine the flexibility inherent in the KvAP
VSD, we probed the backbone dynamic properties
using TROSY-detected '°N relaxation measurements
at 14.1 T. Similar experiments have been performed
on the KvAP VSD in DPC/LDAO micelles.”’ Our
dynamics data are in excellent agreement with those
results. For a large protein—micelle system, the amide
longitudinal >N relaxation rate constants (R;) and
{('H}-'°N heteronuclear nuclear Overhauser
enhancements (hetNOESs) are sensitive indicators of
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Fig. 2. Summary of NMR restraints used to define the KvAP VSD structure. Secondary structural elements (2°) are
shown above the amino acid sequence (1°) and highlighted in gray. The VSD helices are identified by the pattern of
secondarzfochemical shifts for °C’, °C*, and *C” [A§(**C*); corrected for *H isotope shifts™ and graphed from -5 ppm to

+5 ppm]

plotted below the amino acid sequence, and the sequential and medium-range NOE cross-peaks (dxy) are

indicated by black lines connecting the residues (subscripts o= 'H*, p="H", and N ="H" indicate the atoms involved; for
Pro residues, 'H® was used in place of 'HY). The long-range NOE cross-peaks (d;j) defining the tertiary fold are also
shown. The total numbers of long-range (L; |i—j|>4), medium-range (M; 1< |i—j| <4), and sequential (S; li—jl =1)
NOEs are plotted (graphed from 0 to 20 NOEs) above the ensemble r.m.s.d. from the mean coordinates (for residues L11-

R151; graphed from 0 to 10 A).

fast picosecond-to-nanosecond timescale motion.
Residues at the N-terminus and the C-terminus
display larger R; (>1 s~ 1) and lower hetNOE (<0.4),
characteristic of highly flexible residues (Fig. 5a and
b). The SO helix is also highly mobile, consistent with
its poor placement within the NMR ensemble. The
S1-S2 loop contains some residues with low hetNOE
(<0.6), but the remainder of the protein is relatively
rigid, and both the 52-S3 region and the break in S3
have relaxation characteristics similar to those of
transmembrane helical elements (the average het-
NOE for residues in S1 and S2 is 0.73). Thus, these
regions are likely static elements of the structure
with little flexibility. The rigidity of the S3 kink
suggests that this extended structure is stable on
the picosecond-to-nanosecond timescale even in a
micelle environment.

One characteristic of amide HSQC (Fig. 1a) is
that peaks have a wide range of signal intensities.
Several residues within S3, notably L97 within the
S3 kink, have significantly lower-than-average
signal intensity. Chemical exchange provides an
additional relaxation mechanism when a nuclear
spin experiences a fluctuating environment and is
a sensitive indicator of conformational changes on
the microsecond-to-millisecond timescale. To de-
termine if reduced signal intensities are a result of
peak broadening due to chemical exchange, we
measured amide '°N transverse relaxation rate

constants (R,). Like R;, R, is sensitive to fast
timescale motion, as evidenced by the decreased
R; seen at the N-terminus and the C-terminus (Fig.
5c). However, large outlying R, is observed for
several residues throughout the VSD, indicating
that these sites likely experience additional peak
broadening.

We estimated the chemical exchange contribution
to Ry (Rex) using a TROSY-based Hahn-echo
transverse relaxation experiment.”” This method
uses the transverse 'H-""N dipolar/"*N chemical
shift anisotropy interference rate constants (n,,) to
determine R, rate constants that are independent of
chemical exchange (see Materials and Methods and
Fig. 54). For most of the residues in the KvAP VSD,
Re, rates are close to zero (| Re | <5571, indicating
that chemical exchange is not present (Fig. 5d). Four
regions (typified by residues H24, Y75, L97, and
L138) have large Rex (>10 s~ 1) and are mobile on the
microsecond-to-millisecond timescale. L97, in par-
ticular, has the largest Rey, suggesting that the S3
kink may serve as a hinge in the movement of the
paddle in response to changes in membrane voltage.

In the isolated VSD construct, residues R117-K147
form a continuous helix, S4. However, in the full-
length channel, 54 is expected to break and form the
“54-655 linker” helix that connects the VSD to the ion-
conducting pore.® In the Kv1.2-Kv2.1 paddle chi-
mera crystal structure, this break occurs at residues
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Fig. 3. Solution structure of the KvAP VSD. (a) Stereo image of the 20 lowest-energy structures (a-carbon trace)
superimposed using residues P25-K147. Helical segments are shown in dark gray, while loops are shown in red. The first
seven residues (L5-D10) are unconstrained (and unstructured in the ensemble) and have been removed for clarity. (b) A
ribbon representation of the structure closest to the mean coordinates. The transmembrane (S1, S2, S3a, S3b, and S4) and
other helices (S0 and S2/S3) are labeled. This and all other structure figures were generated using the program PyMOL.®!

H310-K312." In the VSD structural alignment (Fig.  appears that a vestige of the S4-S5 linker remains
4b), these residues reside near L138, which exhibits ~ and that the observed chemical exchange is likely
chemical exchange peak broadening along with  due to transient helix breaks in this region.

nearby residues. Thus, although the KvAP pore Two other regions also exhibit elevated R,: around
domain has been removed in the VSD construct, it residues H24 and Y75. H24 is located in the short
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loop between SO and S1, and Y75 is found at the C-
terminal end of S2 and interacts with residues in SO.
Thus, these two residues are expected to be sensitive
to the position of SO. The chemical exchange peak
broadening observed for H24 and Y75 is consistent
with the microsecond-to-millisecond timescale repo-
sitioning of S0. Combined with high R; and low
hetNOE, this suggests that SO exhibits mobility
across multiple timescales, further supporting the
hypothesis that S0 is dislodged in the absence of a
membrane bilayer.

Using the R,/ R; ratio for residues in the transmem-
brane helices, we determined that the KvAP VSD has
an isotropic rotational correlation time of 19.8+0.1 ns
at45 °C. This value is close to the 18.4 ns calculated for

Fig. 4. Comparison of VSD struc-
tures. (a) Superpositioning of KvAP
VSDs determined by crystallogra-
phy (chartreuse) and NMR spec-
troscopy (structure closest to the
mean coordinates; red) using o-
carbons of residues H24-E45 in S1
and residues Y59-Y78 in S2. (b)
Superpositioning of the KvAP VSD
NMR structure and the Kv1.2-
Kv2.1 paddle chimera VSD crystal
structure (using the o-carbons of
residues A162-E183 and F223-F242).
The Kv1.2 (light blue) and Kv2.1
(dark blue) portions of the chimera
are colored separately.

the KvAP VSD in DPC/LDAO (also at 45 °C),?! which
suggests that the D7PC and DPC/LDAO micelles are
of comparable size. Based on similar measurements
on soluble globular proteins,***' the KvAP VSD in
D7PC micelles has an apparent particle size of
approximately 50-60 kDa. This is in agreement with
the similarly sized B-barrel proteins OmpX,*
OmpA,* and PagP,** and suggests that the KvAP
VSD is a monomer under the current conditions.

KvAP VSD-micelle interactions
The NOESY spectra used for calculating the NMR

ensemble of structures also contain information
regarding water and detergent molecules at the
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protein surface. In a D7PC micelle, the molecules
form a continuous surface that surrounds the KvAP
VSD, and individual D7PC molecules cannot be
distinguished. While many NOEs at the water
resonance could be identified, D7PC resonances
(Fig. S8) are overlapped with protein resonances, so
an unambiguous assignment of detergent NOEs
was impossible for many residues. To overcome this
limitation, we utilized a '*C-filtered NOESY
experiment®™ whereby protons that are bound to
13C atoms are removed from our spectra. Thus, by
using a ">C,'”"N KvAP VSD sample, we eliminated
most protein NOEs, leaving only detergent NOEs in
the aliphatic portion of the spectrum. Notably, we
did not filter out signals from protons attached to
N nuclei so that NOEs to amide "H" could be used
to confirm our assignment of the protein resonance.

Inspection of water and detergent NOEs reveals a
noticeably graded pattern (Fig. 6). Consistent with
the native transmembrane locale of the VSD, NOEs
to water and the hydrophilic choline headgroup and
glycerol backbone portions of D7PC are restricted to
the intracellular and extracellular ends of the VSD
(Fig. 6a—c). NOEs at the water resonance may be the
result of a direct interaction with water (either via

NOE or via physical exchange of a proton) or an
NOE to a nearby group that exchanges with water (a
relayed NOE). In either case, water NOEs indicate
regions of the protein that are near an aqueous
environment. NOEs to the aliphatic tails of D7PC are
distributed throughout much of the protein and are
particularly dense along the transmembrane helices
(Fig. 6d and e). Many residues have NOEs to
multiple D7PC protons due to the dynamic nature
of the micelle structure and 'H spin diffusion within
individual D7PC molecules. Nevertheless, there is a
subtle distinction between NOEs to the two aliphatic
positions closest to the glycerol backbone (Fig. 6d)
and NOEs to the last four positions that include the
methyl tail (Fig. 6e). Although many residues exhibit
NOEs to both sets of aliphatic protons, residues near
the ends of the helices typically have more intense
NOEs to the first two positions, while the reverse is
true for more centrally located residues.

With the use of only the transmembrane helices
(51-54), the distribution of NOEs along the trans-
membrane axis of the KvAP VSD closely resembles
the dimensions of a lipid bilayer (Fig. 6f). NOEs to
the aliphatic tails of D7PC are observed over a span
of 30 A, centered about the middle of the VSD
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Fig. 6. VSD-micelle interactions. NOE cross-peaks to (a) water and to the (b) choline headgroup, (c) glycerol
backbone, (d) the first two aliphatic carbons, and (e) the last four aliphatic carbons of D7PC are mapped onto the
solution structure of the KvAP VSD. The diagram highlights the regions of D7PC included in mapping (not drawn to
scale). For NOEs to D7PC, the peak intensities were normalized by the number of D7PC protons, and the single most
intense NOE is shown in a darker color. (f) Histogram of NOEs to the transmembrane helices (S1-54) as a function of

distance from the center of the VSD.

(approximated by residues V39, 164, V98, and 1131
in S51-54, respectively). NOEs to the hydrophilic
headgroup and backbone occur within a 10-A
segment on both sides of the VSD, overlapping with
aliphatic NOEs by 5 A and providing a total
thickness of 40 A. Consequently, the D7PC micelle
approximates the dimensions and chemical envi-
ronment of a membrane bilayer.”

Paramagnetic phospholipid interactions

To investigate KvAP VSD interactions with
bilayer-forming lipids, we initially added several
different lipids into D7PC-solubilized "N KvAP
VSD in a stepwise fashion. While we observed
changes in many peak positions in HSQC spectra,
incorporation of more than a few millimolars of
lipids significantly reduced signal intensities and
degraded the overall spectral quality. As an alter-
native approach to studying long-chain lipid inter-
actions, we chose to incorporate paramagnetically

labeled lipids into KvAP VSD samples.?” Freely
diffusing lipids have the opportunity to interact
with the entire hydrophobic surface of the protein,
and the paramagnetic enhancement in spin relaxa-
tion (¢) is a combined function of both average
distance and residence time. A similar method,
using paramagnetically labeled fatty acids, has been
used successfully to study the lipid-interacting
surface of OmpX®® and membrane-associated
peptides.®

The stepwise addition of 1-palmitoyl-2-stearoyl-
sn-glycero-3-phosphocholine (PSPC) to the para-
magnetic group doxyl incorporated into position 16
of the stearoyl chain (16-doxyl PSPC) elicits a
significant decay in signal intensities for many
residues in the KvAP VSD (Fig. 7a). To determine
the relaxation enhancement, we used the peak
intensity ratio from separate 16-doxyl PSPC (Igoxy1)
and PSPC (Ipgpc) titrations. PSPC titration was used
to control for small but measurable shifts in peak
positions and to account for any changes in the
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using a linear gradient between white (e=0 mM ") and red (¢ >4 mM ). Residues with unknown ¢ are shown in gray.

The left image is in the same orientation as Fig. 3b.

sample over time. We limited the amount of lipids to
only a few lipid molecules per micelle so that the
relaxation enhancement is proportional to the bulk
concentration of lipids. Although the lipids are not
likely bilayered in nature at these concentrations, the
magnitude of ¢ provides a measure of the relative
affinity for long-chain lipids at a given region of the
protein.

Due to the large degree of overlap in 'H-"°N
HSQC spectra, we employed several samples with
different combinations of labeled amino acids to
adequately probe the VSD. Aside from a uniformly
labeled >N sample, we used 5N-labeled Gly, Ser,
Arg, Lys, and Phe (["’N]JGSRKF) samples, and '°N-
labeled Gly, Ser, Ala, Ile, Leu, and Val ([*°N]
GSAILV) samples. These were purified exactly in
the same way and contained sets of overlapping
residues that exhibited matching relaxation
enhancement (Fig. 56), thus establishing the repro-
ducibility of our measurements.

Titration data for residues in S4 illustrate the
typical behavior of the transmembrane helices (Fig.
7a): ¢ is close to zero near each end of the helix and
gradually increases for residues deeper in the
micelle. This basic mounded feature clearly distin-
guishes all four transmembrane helices, and the
apices identify the center of each helix (Fig. 7b). In
54, G134 and S135 have the maximum relaxation
enhancement where the signal is almost completely
eliminated at our first data point (estimated to be ~1

lipid per micelle). When mapped onto the KvAP
VSD solution structure (Fig. 7c), the helical centers
cluster to the middle of the domain and likely
represent the most centrally located portion of the
VSD when embedded in a membrane bilayer.

One prominent feature of paramagnetic relaxation
properties is that the maximal ¢ is not the same for
each of the four transmembrane helices. For S1 and
82, the maximum ¢ is ~3 mM™ !, whereas residues in
both S3 and 54 have an ¢ that is larger than what we
could measure (~8 mM™'). This suggests that
helices S3 and S4 interact more favorably with the
spin-labeled PSPC than do S1 and S2. This discrep-
ancy between helical segments is not due to the
doxyl group alone, as a similar titration using a
doxyl-labeled fatty acid did not show such a
pronounced difference in relaxation enhancements
(Fig. S7).

Discussion

The goal of this study was to provide a compre-
hensive description of a VSD within the context of a
phospholipid environment. Although a high-reso-
lution crystal structure of the KvAP VSD had
already been determined,” it was unclear whether
this structure represents the native membrane-
embedded conformation, since it was solubilized
in a nonionic detergent and complexed with an
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antibody. Antibodies to the paddle inhibit KvAP
activity by locking the VSD in a conformation that
presumably resembles an inactivated state of the
channel.""** Tt has been shown that KvAP cannot
function in the absence of phospholipids, and the
addition of intermediate-chain 1,2-didecanoyl-sn-
glycerol-3-phosphocholine is sufficient to restore
channel function.' In our present case, the phos-
pholipid environment is micellar in nature, so the
physical properties of a membrane bilayer are not
entirely native, but the chemical features surround-
ing the KvAP VSD should be similar to those of a
membrane. This proved to be a fruitful approach as
the solution and crystal structures exhibit several
differences throughout the VSD. By comparing
these two structures, we can provide insight into
the natural conformational variability found within
this domain.

An emerging theme in Kv channel structure is the
conformational freedom of the S3b-S4 paddle.*
This region occupies a diverse set of conformations
relative to the rest of the domain in crystal structures
of Kv VSDs”#' and other related channels.** This
region is unique because it exists outside the set of
coevolved residues in the Kv family,28 and this
segment can be transferred among Kv (and related)
channels while maintaining function.*> The slightly
different conformations observed under solution
and crystal experimental conditions provide further
support for its inherent mobility. The different
paddle positions observed in other Kv and related
channels are not solely due to differences in the
amino acid composition of this region but also
appear due to its flexibility as a unit.

One significant similarity between the solution
structure and the crystal structure is the presence of
the kink in S3. This elongated structure persists over
four residues (L97-A100) that reside in the middle of
the micelle. Residues at each end of this extended
sequence (V98 and L102) are some of the most
strongly affected by the spin-labeled lipids and are
expected to reside at the center of the membrane. The
fact that this extended conformation exists in both
structures and is relatively ordered on the picosec-
ond-to-nanosecond timescale signifies its stability in
a micelle environment. The irregularity of this
structure and the presence of a highly conserved
Pro residue have led to the suggestion that this
region acts as a hinge in the movement of the paddle.
The chemical exchange peak broadening observed
for L97 (Fig. 4b), which is consistent with motion on
the microsecond-to-millisecond timescale, provides
experimental support for this hypothesis.

The solution structure identified an additional o-
helix in the KvAP VSD at the N-terminus (S0) that is
also observed in the Kv1.2-Kv2.1 paddle chimera
structure.'” This helix was not modeled in the KvAP
VSD crystal structure, perhaps because its flexibility
across multiple timescales prevented significant

electron density to be observed. S0 is roughly
positioned between the intracellular end of S1 and
the intracellular end of S2, and the mix of NOEs with
water, hydrophilic D7PC resonances, and hydro-
phobic D7PC resonances establishes its interfacial
location. This helix is conserved among other VSDs,
and, in the context of a membrane bilayer, this helix
may perform a structural role in supporting S1 and
S2. This helix-forming segment is required for high-
level KvAP VSD expression, and we suggest that it
is an integral part of the VSD overall fold.

Using the solution structure as our reference, we
characterized the protein—-phospholipid micelle
interactions in atomic detail. We observed an
expected pattern of NOE cross-peaks: water and
hydrophilic D7PC NOEs were observed only for the
most intracellular and extracellular portions of the
VSD, and the transmembrane segments were
encircled by NOEs to the aliphatic D7PC chains.
The hydrophobic boundary identified by these
experiments is ~33 A, which is similar to the
hydrophobic thickness of a membrane but is much
longer than the hydrophobic tails of D7PC (~7 A). A
similar incongruity was observed for OmpX within
1,2-dihexanoyl-sn-glycerol-3-phosphocholine
micelles®® and suggests that the hydrophobic
surface of the protein determines micelle size. This
analysis provides a clear description of the micellar
environment surrounding the VSD and suggests
that the solution structure of the VSD approximates
a membrane-embedded conformation under these
conditions. This conclusion is further supported by
the similarity in amide peak positions in HSQC
spectra between this sample and the KvAP VSD
embedded in lipid—protein nanoparticles.**

Using paramagnetically labeled phospholipids,
we identified the primary interaction sites for
bilayer-forming lipids. In a native membrane,
closely associated lipids engulf the entire outer
perimeter of the VSD. Indeed, electron paramag-
netic resonance accessibility studies suggest that
all four transmembrane helices are equally ex-
posed to the lipid environment in the isolated
KvAP VSD."” However, the experiments shown
here suggest that these lipids will not interact
uniformly along the transmembrane surface of the
KvAP VSD.

The larger apparent affinity for PSPC along S3 and
S4 might reflect a greater actual affinity for
phospholipids near this region. Although it is
unknown which segment of PSPC would be
specifically recognized by the VSD, the phosphati-
dylcholine headgroup and glycerol backbone are
likely candidates due to the abundance of possible
specific interactions. As KvAP channel activity is
abolished in the absence of a phospholipid mem-
brane, Arg—phosphate interactions along S4 could
provide a mechanism for increased phospholipid
affinity in this region. In this case, D7PC molecules
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might also bind to this site but remain undetected in
the absence of a doxyl group. The association of
lipid molecules is expected to be intermediate to fast
on the chemical shift timescale, since separate lipid
chemical shifts are not observed in the NOESY
spectra for residues S3 and S4. This timescale is
consistent with the small but significant R., values
observed for many residues in S3b and S4 (Fig. 5d).

Alternatively, instead of a specific lipid binding
site, PSPC might compete less effectively with D7PC
along S1 and S2 than along S3 and S4. The surface
hydrophobicities of the four transmembrane helices
in the KvAP VSD are similar, with the regions most
strongly affected by doxyl PSPC being slightly
hydrophilic (Fig. S9). The S1 and S2 helices might
present a generic hydrophobic surface that is more
equally satisfied by detergents and long-chain
lipids. These are stable helices that are immobile
during the gating cycle of Kv channels and may
buttress the VSD during the movement of the
paddle and other regions of the protein.”’*® This
may be a general feature of similar supporting
helices in that their conformation and dynamic
properties are less connected to the membrane
milieu. In contrast, S3 and S4 could have less
uniform hydrophobic surfaces that might partially
be a result of an irregular structure within the
membrane. Although S4 is fully a-helical in the
KvAP VSD structures determined to date, a 10-
residue segment of S4 exists as a 3j¢-helix in the
Kv1.2-Kv2.1 paddle chimera crystal structure, and
an a-to-31¢ transition has been proposed to move the
gating charges across the lipid bilayer.'

While we do not know the precise mechanism
by which PSPC asymmetrically interacts along the
transmembrane surface, it appears that S3 and S4
have a more specific interaction with phospholi-
pids. Thus, these helices are more sensitive to the
immediate lipid environment and may be respon-
sible for the altered channel behavior in the
presence of different lipids and different mechan-
ical states of the membrane. Further experiments
are needed to delineate the specific mechanisms by
which the KvAP VSD interacts with the lipid
environment.

NMR spectroscopy has become a valuable tech-
nique for the study of integral membrane proteins.
Here we used NMR to determine the structure and
dynamics of a VSD and to characterize its interac-
tions with short-chain and long-chain phospholipids
in the context of a phospholipid micelle. The atomic
description of the micelle environment and the
difference in affinity for membrane lipids along the
protein surface likely could not have been obtained
using other methods. The approach used here is
broadly applicable and is expected to provide
additional insight into the structure, dynamics,
and lipid interactions of other integral membrane
proteins.

Materials and Methods

KvAP VSD sample preparation

To produce uniform isotopically enriched KvAP VSD
samples, we grew XL-1 Blue cells (Stratagene), which were
transformed with an expression vector,” in LB broth at
37 °C until the optical density (measured at 600 nm) had
reached ~0.8. The cells were then centrifuged for 10 min at
3000g and resuspended in a half volume of M9 minimal
medium (concentrating the cells twofold) supplemented
with 1 g L™" ISOGRO (Sigma-Aldrich) and 10 mg L'
thiamine using the appropriate isotopic enrichment, as
needed. After 1 h, protein expression was induced by the
addition of 0.5 mM isopropyl-B-D-thiogalactopyranoside,
and the cells were harvested 12-16 h later. By comparing
the spectra of deuterated and nondeuterated samples, we
estimated the average deuterium incorporation to be
~50% at nonexchangeable sites but greater than 90% at
the « positions.

For amino-acid-specific and methyl-specific labeling
patterns, a similar expression procedure was employed.
For specific labeling of amino acids, the ISOGRO
supplement was omitted, the isotopically enriched
amino acid (sodium salt) was included in the M9 media
at 50-100 mg L~ ! and all nonlabeled amino acids were
included at 100200 mg L~ L Similarly, to specifically label
the Tle®® and/or Leu®/ValY groups (denoted "*C™"™), we
added 50 mg L' sodium 2-keto-4-'*C-butyrate (for Ile)
and 100 mg L™ ! sodium 2-keto-3-methyl-d;-4-'°C butyrate
(for Leu/Val) in lieu of their respective amino acids.” Tt
should be noted that for Leu® and Val” methyl groups
labeled in this manner, one group within the pair is SCH,,
while the other is **CDs.

For all samples, the KvAP VSD was purified essentially
as described previously,” with the desired detergent and
buffer components adjusted during the final Superdex 200
gel-filtration purification step. Initial screening of deter-
gent conditions used 20 mM Tris (pH 8.0), 100 mM KCl,
and detergent concentrations at least twice the critical
micelle concentration. The optimized conditions consisted
of 20 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid (Hepes) (pH 7.0), 20 mM KCl, and 5 mM D7PC.
Fractions containing the KvAP VSD were concentrated to
between 0.1 and 0.5 mM, and 10 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid was added as internal refer-
ence. For samples purified in H,O, 10% (vol/vol) D,O was
also added. For all samples, the detergent concentration
listed is that of the gel-filtration buffer. The final KvAP
VSD samples consist of 147 residues: L5-K147 from KvAP
plus a remnant of the thrombin site (LVPR) attached to the
C-terminus. We note that a Leu (L5) replaces the first five
residues in the KvAP coding sequence MARFR.”

NMR data collection and analysis

NMR experiments were performed at the New York
Structural Biology Center using Bruker Avance or Avance
I instruments operating at static magnetic field strengths
of 14.1,18.8, and 21.1 T, equipped with z-shielded gradient
triple-resonance TCI or TXI cryogenic probes. The sample
temperature was maintained at 25 °C during the initial
screening of detergent and buffer conditions, and at 45 °C
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for all other experiments. NMR spectra were processed
using the NMRPipe software package® and analyzed
using the program SPARKY.*®

Chemical shift assignments

Resonance assignments for backbone IHN, BN, B¢,
and °C®, and *C" nuclei were identified using three-
dimensional (3D) TROSY HNCA (at 21.1 T), HNCO, HN
(CO)CA, and HNCACB (at 18.8 T) experimentszz’47
performed on 0.3 mM 2H,13C, 15N samples. Also, two-
dimensional (2D) TROSY HSQC and 3D '°N-edited
NOESY (mixing times T, =80 and 200 ms) experiments
(at 21.1 T) were recorded on a 0.3 mM H,'°N sample. In
addition to uniformly labeled samples, 2D HSQC, HNCA,
and HNCO experiments (at 18.8 T) were recorded on
0.3 mM samples with varied amino-acid-specific labeling
patterns designed to eliminate ambiguities: (1) '°C,"°N
Arg; (2) N Tle, 1-'°C Val, 2-"°C Leu; and (3) 1-°C,"°N
Leu, 2-3C Gly, 2,3-13C Ala. For the 3D experiments,
1024 x 25 to 1024 x 32 complex points were collected in the
observed 'Hx "N dimensions with spectral widths of
12.5 ppm x 25.6 ppm. In the 13C dimensions, 64, 64, 50, and
48 complex points with spectral widths of 15, 23, 16, and
10 ppm were used for HNCA, HNCACB, HN(CO)CA,
and HNCO, respectively. The NOESY experiments also
used 128 complex points and a spectral width of 12.5 ppm
in the indirect 'H dimensions. The 2D experiments using
specific amino acid labels were performed with approx-
imately twofold more complex points in the indirectly
detected dimensions.

Side-chain resonance assignments were based on 3D HC
(C)H-COSY *C-edited (aromatic and aliphatic) and N-
edited (Tmix=80 ms) NOESY experiments (at 21.1 T)
recorded on 0.5 mM *C,'°N samples in 99.9% (vol/vol)
D,0 and on a 3D ®N-edited "H-"H NOESY (Tnix =80 ms)
experiment (at 21.1 T) recorded using a 0.5 mM N
sample. To improve resolution within the Val and Leu
methyl regions, we recorded a 3D '*C-edited NOESY
(Tmix=100 ms) experiment on a 13cmethyl y v/ sample. HC
(C)H-COSY was performed with 512x96x64 complex
points and 7.8 ppmx 7.8 ppm x 44 ppm spectral widths in
the observed 'Hxindirect 'Hx'>C dimensions. The
NOESY experiments used 1024 x 256 complex points and
12.5 ppm x 10 ppm to 12.5 ppm x 12.5 ppm spectral widths
in the observed x indirect "H dimensions, and 32, 64, 48,
and 32 complex points for the '°C (aromatic), '*C
(aliphatic), 5N, and °C methyl dimensions with spectral
widths of 22, 30, 25.6, and 15 ppm, respectively.
Stereochemical assignments for Leu and Val methyl
groups were determined using 2D 'H-">C constant-time
HSQC experiments (at 21.1 T), with constant-time periods
set to 13.3 ms (=1/'Jcc) and 26.6 ms (=2/'Jcc), recorded
on a 10% "*C fractionally labeled sample in 99% (vol/vol)
D,0.%® The same HC(C)H-COSY and '°C-edited NOESY
experiments were also used to assign the D7PC resonances
(see Fig. S8).

Structure calculations

Structure calculations were carried out using the
simulated annealing protocol in Xplor-NIH**%% and
chemical shift-derived dihedral and NOE-derived distance

restraints. Backbone c}) and ¢ dihedral restraints were
determined from °N, 13C’, 3C*, and *C" chemical shifts
using the program TALOS.** Unambiguous (“good”)
matches were used, and the error for the dihedral restraint
was adjusted to at least 20°. Internuclear 'H-'H distance
restraints were determined from the signal intensities in
NOESY spectra. A wide range of peak amplitudes, where
residues that reside within the hydrophobic interior of the
micelle generally exhibit a significantly reduced signal
intensity, was observed. To reduce underestimation of
interproton distances, we first divided the NOE peaks into
two groups of residues based on their signal intensities in
2D spectra: one group consisted of residues from the four
transmembrane helices and short intervening loops, and
the other contained residues from the N-terminus and the
C-terminus, SO, and residues between S2 and S3b. Within
each set of residues, signal intensities were corrected for
the number of protons contributing to the peak and, based
on peaks arising from known distances, categorized as
strong, medium, weak, and very weak, corresponding to
distance ranges of 1.8-2.8, 1.8-3.5, 1.8-4.5, and 1.8-5.5 A,
respective£y. Distance restraints were represented by a
(X7~ %% sum over all contributing protons.

The structure calculation process was divided into two
stages. Initially, beginning from an extended structure, we
defined the secondary structural elements using only
backbone dihedral anéles and unambiguous local distance
restraints (among 'HY, 'H*, and "H" atoms less than five
residues apart). A loosely folded set of structures was
obtained by addition of unambiguous long-range distance
restraints. In these calculations, the temperature was set to
3500 K for 20 ps (time step, 10 fs) with the followinig
force constants ki kpopd angle=0.4 kcal mol™? deg
kirnpm er=0.4 kcal m0171 degiz; kbackb(gne dihedrals =D kcal
mol™! rad™; knop=20 kcal mol™' Al The physical
energy term constants were ramped during an additional
2 ps: katom radii:0~4'f01d to O.8—fold; kvan der Waals:O-004_
4 kecal mol™t A% Koond angle=04-1.0 kcal mol ! degfl;
Kimpropers=0.4-1.0  kcal mol ! deg_z. In the subsequent
cooling steps, the temperature was lowered to 100 Kin 25-K
decrements, while the NOE potential constant was ramped
from 20 to 30 kcal mol~* A~2, and the dihedral angle force
constant was set to 200 kcal mol™' rad™'. Each round of
calculations produced 100 structures, and the 20 lowest-
energy structures were chosen to represent the ensemble.

The tertiary fold was gradually refined using successive
rounds of calculations with additional local and long-range
distance restraints. Each round of calculations was per-
formed starting from the lowest-energy structure deter-
mined in the first stage. Additional “unambiguous”
restraints were added only if a single assignment was
present within 7 A in the structure ensemble. We also
incorporated ambiguous restraints with up to three possible
assignments. After each round of calculations, the NOE
assignments were reevaluated and adjusted as necessary.
These calculations were performed in a similar manner as
described above, with the following modifications. The
initial high temperature was 3000 K for 10 ps ( time step, 2 fs)
and cooled to 25 K in 12.5 -K decrements. The van der Waals
terms were used throughout the calculation, with radii force
constants beginning at 0.9-fold and ramping to 0.8-fold
during the cooling steps. Additional torsion angles®
(ramped 0.002-1) and hydrogen-bonding potentials’ were
also added. Although the second round of calculations was
performed starting from a partially folded structure, an
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equivalent set of structures is obtained using the final set of
restraints starting from an extended structure (the r.m.s.d.
for a-carbons in P25-K147 is 1.2 A between the two lowest-
energy structures).

Relaxation rate and diffusion measurements

Amide relaxation measurements used 0.3 mM 2H,'°N
KvAP VSD samples (at 14.1 T). Ry and R, relaxation rates
and hetNOE were measured using standard se uences
modified for TROSY-based detection of the signal® with
512x150 complex pomts and 12.5 ppm x 25.6 ppm spectral
widths in the "Hx N dimensions. Nine R; experiments
incorporated relaxation delays between 0.02 and 1.5 s,
while 10 R, experiments used delays between 8 and 92 ms
at an interval of 7., =1 ms between the centers of nitrogen
pulses in the Carr—Purcell-Meiboom-Gill pulse train. R,
and R, rate constants were determined by the best single-
exponentlal fit to the signal intensities using the program
Curvefit.”> Uncertainties in the rate constants were
estimated using a Monte Carlo algorithm, with the error
in signal intensity approximated by baseline noise. The
proton-saturated and unsaturated hetNOE experiments
were collected in an interleaved manner. Four experi-
ments, with the average and standard error taken as
hetNOE and uncertainty, respectively, were performed.

The m,, rate constants were measured using a TROSY-
based Hahn-echo sequence® with 512x150 complex
points and 12.5 ppm x25.6 ppm spectral widths for the
THx 15N dimensions and a relaxation delay of 21.6 ms.
Four experiments, with the average and standard error
taken as rate constant and uncertainty, respectively, were
performed. The chemical exchange contribution was
determined as Rex=Rp—Kry, where k=1.65+0.19 is the
average R/, ratio for residues not subject to chemical
exchange line broadening (generally residues with
R,<35s '; see Fig. S4).

R»/R; ratios for residues within helical segments were
used to calculate rotatlonal diffusion time using the local
diffusion approach implemented in the program
r2rl_diffusion.”® An isotropic diffusion model was as-
sumed, as little improvement was observed using an
axially symmetric model.

D7PC NOE measurement

The 3D *C-filtered NOESY experiment (at 18.8 T) was
recorded on a 0.5 mM °C,'*N sample in 10% (vol/vol) D,O
with 1024 x200x64 complex points and 12 ppmx
12 ppm x 43 ppm spectral widths in the observed

"Hxindirect 'Hx'C dimensions. The joint composite-
rotation adiabatic-sweep pulse sequence was used,* with
T, of 4.8 ms and a longer mixing time (T, =200 ms) to
accentuate long distance interactions. WURST-20 adiabatic
pulses™ were used with an 80-kHz frequency sweep and 7,
of 2.1358 ms.”® Where present, NOE cross-peaks to amide
protons were used to confirm the protein assignment.

Paramagnetic lipid titrations

A single batch of purified KvAP VSD, after having been
concentrated to 0.3 mM, was split into two equal samples.
Paramagnetic 16-doxyl PSPC and diamagnetic PSPC

lipids (Avanti Polar Lipids, Inc.), dissolved in chloroform,
were aliquoted and dried under an argon stream. The
dried lipid film was resuspended by the D7PC-solubilized
KvAP VSD and incubated at room temperature for 30 min
before data collection. Fast HSQC®” spectra were acquired
(at 18.8 T) using INEPT delays of 5.5 ms, a 3-9-19
WATERGATE pulse element,” and 512x150 complex
points with 12.5 ppmx25.6 ppm spectral widths in the
TH x 15N dimensions. Lipid concentrations were limited to
<2 mM to minimize simultaneous interactions with
multiple paramagnetic agents, so that the paramagnetic
relaxation enhancement is proportional to the bulk
concentration of lipids. The relaxation enhancement e
was determined from smgle—exponentlal f1ts to the Lyoxy1/
Ipspc peak intensity ratios using Curvefit>® according to
the relation Igoxy1/Ipspc =exp(= z;c) where c is the concen-
tration of lipids (see Hilty et al.*®). Baseline noise was used
as the uncertainty in peak intensity, and the error in € was
estimated using a Monte Carlo algorithm. Results from
three samples ( 5N, ['*N]GSRKF, and [*°N]GSAILV) were
combined, and the average and standard error were used
for residues with multiple data points.

Accession numbers

Chemical shift assignments have been deposited in the
BioMagResBank under accession number 16957. Coordinates
for the NMR ensemble of structures have been deposited in
the Protein Data Bank under accession code 2KYH.
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